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FOREWORD

The fundamental motivation for the growing international concern about the 
environment is that expanding economic and technological activities of mankind are 
contributing to rapid and potentially stressful changes in the global ecosystem, in 
ways we are only now beginning to understand. These changes may have harmful, 
far-reaching consequences in the near future via direct effects on the biosphere — 
including human beings — and, indirectly, via the alteration of life supporting condi
tions. Anticipated global warming as a result of the rapidly increasing concentration 
in air o f some trace constituents such as carbon dioxide, methane, carbon monoxide, 
ozone, halocarbons, nitrogen and sulphur oxides may serve as a prominent example 
of such consequences.

The current changes in the global ecosystem are also affecting the hydrological 
cycle. Pollution and degradation of water resources are already major environmental 
problems of global significance. While the demand for water is increasing, its avail
ability is being reduced as a result of the cumulative impact o f industry, agriculture 
and the growing human population. Pollution, salinization and overexploitation of 
water resources are the most common symptoms of growing anthropogenic pressure 
on the hydrological cycle. Degradation of water resources is not restricted to indus
trialized countries; it is of growing concern also throughout the developing world.

Environmental isotopes, whose distribution in natural compounds is governed 
by environmental conditions, are among the most powerful tools for investigating 
past and current environmental changes. In particular, they have proved to be very 
useful proxy indicators of climate related parameters such as surface air temperature, 
relative humidity of the atmosphere and amount of precipitation. Radioisotopes 
released to the atmosphere during nuclear bomb tests made possible a study of the 
dynamics of transport and mixing processes in the atmosphere as well as a global 
tracer experiment on the hydrological and carbon cycles. This unintended experi
ment, not yet completed, substantially improved our understanding of these two vital 
compartments of the global ecosystem.

Thorough understanding o f the past environment is a prerequisite for any 
meaningful prediction of the Earth’s ecosystem behaviour as a consequence of 
natural evolution of climate and the anthropogenic stress. Important conclusions on 
past environment conditions can be derived from the analysis of isotope ratios 
preserved in various environmental archives such as polar and mountain glaciers, 
deep sea sediments, lacustrine sediments, old groundwater, tree rings, etc. Current 
models of the announced changes need continuous refinement and calibration; 
environmental isotopes may substantially contribute to their further development.

It was against this background that the International Atomic Energy Agency 
organized this Symposium on Applications of Isotope Techniques in Studying Past 
and Current Environmental Changes in the Hydrosphere and the Atmosphere which 
was held in Vienna from 19 to 23 April 1993. A wide spectrum of themes was



discussed, covering both the ‘present’, and the ‘past’ of the global atmosphere/ 
hydrosphere system. The presentations were organized in five major topics: (i) iso
topes in atmospheric studies; (ii) isotopes in the soil-plants-atmosphere system; 
(iii) degradation of water resources; (iv) palaeohydrology and palaeowaters; and (v) 
isotope indicators of climatic changes. Case studies as well as methodological aspects 
of various isotope techniques being applied in the above listed fields of research were 
represented during the Symposium.

The Proceedings contain the 33 oral papers and 37 poster presentations. It is 
hoped that they will contribute to a widespread and more efficient use of isotope tech
niques in global change research.

EDITORIAL NOTE

The Proceedings have been edited by the editorial staff o f the IAEA to the extent 
considered necessary fo r  the reader’s assistance. The views expressed remain, however, the 
responsibility o f the named authors or participants. In addition, the views are not necessarily 
those o f the governments o f the nominating Member States or o f the nominating organizations.

Although great care has been taken to maintain the accuracy o f information contained 
in this publication, neither the IAEA nor its Member States assume any responsibility for  
consequences which may arise from its use.

Throughout the text names o f Member States are retained as they were when the text 
was compiled.

The use o f particular designations o f countries or territories does not imply any judge
ment by the publisher, the IAEA, as to the legal status o f such countries or territories, o f their 
authorities and institutions or o f the delimitation o f their boundaries.

The mention o f names o f specific companies or products (whether or not indicated as 
registered) does not imply any intention to infringe proprietary rights, nor should it be 
construed as an endorsement or recommendation on the part o f the IAEA.

The authors are responsible fo r  having obtained the necessary permission fo r  the IAEA 
to reproduce, translate or use material from sources already protected by copyrights.

Material prepared by authors who are in contractual relation with governments is 
copyrighted by the IAEA, as publisher, only to the extent permitted by the appropriate national 
regulations.
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WATER TRACERS 
IN THE ECHAM
GENERAL CIRCULATION MODEL

G. HOFFMANN, M. HEIMANN
Max-Planck-Instítut für Meteorologie,
Hamburg, Germany

Abstract

WATER TRACERS IN THE ECHAM GENERAL CIRCULATION MODEL.
A water tracer model has been installed into the ECHAM General Circulation Model 

(GCM) parametrizing all fractionation processes of the stable water isotopes ( 'H j^O  and 
'Н 2Н 160). A five year simulation was performed under present day conditions. Emphasis is 
placed on the applicability of such a water tracer model to obtaining information on the quality 
of the hydrological cycle of the GCM. An analysis of the simulated *H180  precipitation com
position indicates too weakly fractionated precipitation over the Antartic and Greenland ice 
sheets and too strongly fractionated precipitation over large areas of the tropical and subtropi
cal land masses. It can be shown that these deficiencies are connected with problems of model 
quantities such as the.precipitation and the resolution of the orography. The linear relationship 
between temperature and <5l80  value, i.e. the Dansgaard slope, is reproduced quite well in 
the model. The slope is slightly too flat, and the strong correlation between temperature and 
6180  vanishes at very low temperatures compared to the observations.

1. INTRODUCTION

The water isotopes ^ ^ O  and 1H2Hl60  are among the most interesting 
tracers in climate research. The isotopic water molecules pervade the whole hydro- 
logical cycle and undergo fractionation during any evaporation and condensation 
process. The enrichment in the liquid (or solid) phase relative to the vapour phase 
depends on temperature, amount of precipitation, relative humidity and many other 
physical parameters. The relationship between water tracers and climate parameters 
has been investigated by empirical and theoretical studies [1, 2]. Such studies are 
usually based on simple Rayleigh precipitation models, and the calculated ôl80  
mainly reflects the temperature difference between the sites of evaporation and 
precipitation.

Recently, isotopically different water tracers have been used to test the hydro- 
logical cycle of General Circulation Models (GCMs) [3,4]. Fractionation processes 
take place whenever evaporation and condensation occur. Therefore, modelling of 
water tracers is a good independent test of the hydrological cycle of a GCM, which 
is probably the most critical process of a climate model. For example, water tracer 
concentrations transport information on the location and on how precipitation is
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produced in the model. The isotope content of the precipitation is sensitive to many 
different parameters and circumstances. First, it is sensitive to the height where 
condensation has taken place because of the strong vertical gradient of the isotopic 
vapour content. Second, it is sensitive to the amount of precipitation by affecting, 
in a feedback mechanism, the vapour from which the new precipitation will be 
generated later. Third, it is sensitive to the kind of precipitation by which it has been 
produced; for example, large raindrops typical of deep convective clouds do not 
completely equilibrate with their surroundings. Therefore, the isotopic composition 
of the precipitation is a kind of integral property of the atmospheric model.

The model results can be compared with global IAEA measurements consisting 
of monthly means of isotope concentration in rain and snow on a fairly dense, 
worldwide station network spanning more than twenty years. It should also be 
possible with the model results to reproduce certain empirical relations discovered 
by Dansgaard [1]; in particular, the temperature effect (a linear relationship between 
the surface temperature and the ô180  value) is an important diagnostic feature of the 
hydrological cycle. For this reason we have implemented water tracers in the 
ECH AM model by parametrizing all the fractionation and transport processes. Here 
we describe the results of simulations with the ECHAM model which is the Hamburg 
version of the GCM of the European Centre for Medium-Range Weather Forecasts 
(ECMWF) [5]. It is a spectral GCM which explicitly resolves waves up to zonal 
wavenumber 21 in the version employed in the present study (T21). The non-linear 
terms are calculated on a 64 x 32 Gaussian grid corresponding to a horizontal 
resolution of about 5.6° x 5.6°. The present model version has 19 levels in the 
vertical dimension defined on hybrid surfaces.

2. THE WATER TRACER MODEL

GLOMAC is a tracer transport module which has been embedded in the 
ECHAM. GLOMAC uses a semi-Lagrangian advection scheme for tracer trans
port [6] and calculates scavenging processes in the clouds. The model has been tested 
by using the atmospheric tracers 210Pb, 7Be, 222Rn and the halocarbon F ll  (for 
details see Refs [7, 8]).

We have modified this model by implementing water tracers, which requires 
the specification of the various fractionation processes between the isotopes. There 
are five important parts in the ECHAM model which describe the transport and 
storage of water (liquid and vapour) — and therefore the water tracers:

(1) Adiabatic transport;
(2) turbulent vertical diffusion including evaporation at the surface;
(3) vegetation and soil processes;
(4) large scale condensation;
(5) convective condensation.
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Specifically:

(1) The adiabatic transport of moisture and tracers in the model is computed by 
a semi-Lagrangian scheme. This part was adapted from the GLOMAC nodule.

(2) The vertical diffusion equation is solved in the same way for water tracers as 
for moisture. Four different evaporation fluxes are specified over land:
(1) from snow covered soils; (2) from skin water reservoirs and from ground
water (either from (3) bare soils or from (4) vegetated areas). These fluxes are 
expressed as

Jqx = pChCx|u|(q* -  qsat(Ts, ps)) (1)

Here, Ch is the transfer coefficient for moisture, Cx is the fractional area 
index of the specified surface water pool (1-4), q* is the specific moisture of 
the lowest model level and q ^  is the saturation specific humidity. The water 
tracer flux over land Jxc0nt is computed by simply multiplying this moisture 
flux Jq with the isotopic ratio of the corresponding surface water pool, XWP:

J x  Cont =  X w p  Jq^ ( 2 )

We modify the water tracer flux over ocean surfaces, Jx0 ce> by using a differ
ent saturation value x^,:

JxOce = pCh|u|k(x* -  X s a ,)  (3)

Xsat(Ts, Ps) =  qsa«(Ts, P s^ ^ C D R o c ea n  (4 )

Here, x* is the tracer mixing ratio in the lowest model level, ot the fractionation 
factor, Rocean the mean oceanic isotope concentration, and the saturation 
mixing ratio of moisture. We account for the isotopic disequilibrium due to 
kinetic effects of the ocean surface with the air just above during evaporation 
by a factor к [9] which depends on the wind velocity.

(3) The four different surface water pools over land are balanced in a way similar 
to water. Runoff, infiltration and drainage are taken into account without any 
fractionation process (the enrichment of heavy isotopes in vegetation does not 
seem to be important [4]) .

(4) The ‘large scale condensation’ part of the model corresponds to the large, 
non-convective storm fronts. The model resolves some internal cloud 
processes such as condensation of vapour into cloud liquid water and ice, 
autoconversion of droplets into rain and re-evaporation of falling rain. Some 
of these processes are quite slow relative to the residence time of the tracer.
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Complete isotopic equilibration is therefore assumed for the isotopic water 
tracer according to the formula (closed system):

^  = a(T)— (5)
4cond Я

Here, x and xcond are the mixing ratios of the isotopes in the vapour and the 
condensed phase, respectively, and q and qcond are the corresponding mixing 
ratios of moisture. Cloud liquid water tracers, which also equilibrate with the 
surrounding vapour, are implemented analogously to moisture as a prognostic 
variable. Solid isotope condensate is formed exclusively below — 40°C and in 
a mixture with liquid between 0°C and —40°C. However, since the residence 
time of solid condensate is much shorter a Rayleigh (or open) system is 
assumed according to

- ^ -  =  a ( T ) -  (6)
dQcond 4

According to this formulation only the newly formed solid condensate which 
is extracted immediately from the system is in equilibrium with vapour.

(5) The convective precipitation is parametrized by a mass flux scheme which has 
been implemented in ECHAM. Such a parametrization distinguishes among 
three types of clouds depending on the boundary conditions: deeply penetra
tive, shallow and midlevel convection. The newly formed condensate is calcu
lated as in the stratiform case (closed system for liquid, open system for solid 
condensate). However, since convectively formed drops are significantly 
larger, only 50% of these drops are assumed to reach isotopic equilibrium with 
the surrounding vapour. In addition, these large raindrops undergo kinetic 
fractionation below the cloud base. This is taken into account by a modified 
effective fractionation factor.

3. DISCUSSION OF THE RESULTS

A five year run of the water tracer model with 180  and deuterium has been 
performed at T21 resolution. We have initialized the integration of a control run with 
the ECHAM model at the first of January of year 8 . The atmospheric tracer concen
tration was initialized with a constant value. The initial concentration in the different 
surface pools was calculated according to the Dansgaard slope relationship (ô180  =
0.69 t -  13.6700) in order to facilitate faster equilibration. Atmospheric concentra
tions, surface pools and evaporation fluxes reached equlibrium after a spin-up time 
of about three months.
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6’ 80  in the precipitation observations 
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FIG. 1. Observed annual mean bI80 ‘ in precipitation. IAEA data and additional data in the 
Antarctic and Greenland are interpolated onto a global model grid. Very dark shaded areas 
correspond to dI80  values < —36°/00, dark shaded areas to < -28°/00 and light shaded 
areas to <  —8 7 00.

S,eO in the precipitation ECHAM - Mean over four years

-90 0 90 180
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FIG. 2. Annual mean 6lsO in precipitation predicted by ECHAM in T21 resolution. Shading 
as in Fig. 1.
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Figure 1 shows the observed annual mean ô180  in precipitation. In order to 
obtain global coverage the 6180  values had to be interpolated from the IAEA net
work onto the model grid. Measurements of the isotope concentrations of snow cores 
in the Antarctic and in Greenland were added [10-13]. The results of the last four 
years of the run were averaged. Figure 2 shows the corresponding model results. 
The most important characteristics are the following:

(1) The general isotope ratio pattern, parallel to the annual mean temperatures (i.e. 
a latitudinal structure) is reproduced. The precipitation over the tropical oceans 
between 30°N and 30°S also shows the expected isotope ratio between —2700 
and - 4 7 oo.

(2) Thé precipitation over the ice sheets of Greenland and the Antarctic as simu
lated isotopically is too heavy. The precipitation which is most strongly fractio
nated over these areas deviates by nearly 6700 from the observed maxima of 
—327oo (Greenland) and — 55700 (Antarctic), respectively. In particular, 
the extension of the area with the isotopically lightest rain (<  —36700) over 
the east Antarctic ice sheet is much too small. This holds true although the 
computed temperature in this region is lower than the observed values (up to 
6°C), from which one would expect an even stronger fractionation. The reason 
for this model deficiency may be due to the poor horizontal resolution (the 
Antarctic is represented by two grid points in meridional direction only). This 
will be investigated in a forthcoming run with higher resolution (T42).

(3) North Africa shows completely wrong concentrations caused by numerical 
problems. In order to calculate the isotopic concentrations in these regions, 
very low precipitation values must be divided by the corresponding isotope 
values, which are also very small.

(4) The simulated strong isotope signal over northern India is caused by the 
Himalayas. This ‘altitude effect’ is also observed near the Rocky Mountains 
and the Andes. If a vapour parcel is lifted, the subsequent precipitation events 
generate more and more isotopically lighter rain because of the preceding 
depletion of heavier isotopes in vapour by the increased cooling of the air. This 
effect does not show up in the observations (Fig. 1) since there are no stations 
near the Himalayas in the IAEA network.

(5) Four further regions show false isotope concentrations: The ‘cold signature’ 
of strongly fractionated rain extends too far south into Central America; the 
Amazon basin, southern Africa and western Australia deviate by about —6700 
from the observed values, lying between —2 and —6700. Deficiencies of the 
model in temperature and precipitation and in the representation of the orogra
phy may explain these problems. In order to obtain an overview of the quality 
of these three quantities, we have computed the ô180  value by using mean

3.1. Mean annual <5180  in precipitation
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annual temperature (T in °C), annual precipitation (P in m-a ') and altitude 
(H in m) from the model according to the formula:

ô180  = (0.576T -  0.0114T2 -  1.35P
+ 4.47P2 -  0.147VH -  9.80) x 10‘3 (7)

This formula was obtained by a regression between observed ô 180  values and 
the corresponding T, P and H [14]. We obtain a similar error pattern by com
paring Fig. 3 with the measurements (Fig. 1): southern United States/Mexico, 
the Amazon basin, southern Africa and — less pronounced — western Austra
lia show deviations of nearly —47 00 up to - 8 7 00 in 0180  due to errors in T, 
P and H alone. We conclude, therefore, that the differences between model 
results and observations of the isotope ratio in precipitation are caused by 
model quantities such as precipitation and altitude rather than by the parametri- 
zation of the fractionation processes.

In summary, the land-sea contrast in 0180  seems to be systematically 
overestimated by the model, which indicates additional problems in the 
parametrization of either surface processes or water tracers.

6,eO in the precipitation ECHAM - fitted from  T,P and H

-90 0 90 180

-90 0 90 180
Longitude

FIG. 3. dlaO in precipitation calculated from regression formula (7) using annual mean 
temperature, precipitation and altitude values predicted by ECHAM. Shading as in Fig. I.



Annual Cycle: Model Results and IAEA Data

FIG. 4. Seasonal cycle o f bl80 , temperature and precipitation at three different stations. Observations and model results. Error bars indicate the 
monthly variation o f the four simulated years and o f the whole observation period, respectively.
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Mean annual temperature in С

FIG. 5. Upper diagram: mean annual temperature versus 6I80  at all available stations and 
results o f a linear regression. Lower diagram: the same fo r  all model grid points (mean over 
four years).

3.2. Seasonal cycle of ô180

A comparison of the seasonal cycles of isotope ratios, temperature and precipi
tation at three different stations is shown in Fig. 4. They represent three different 
cases: (1) The model fits the ô180  data, and simulated temperature and precipitation 
agree also quite well with the observations. (2) The model does not fit the 6180  
data, but the model deficiencies in T and P give us a hint why. (3) The model does 
not fit the data for unknown reasons.

Case (1) applies to the Chicago station. It is remarkable that the large seasonal 
difference of about — 12°/oa is reproduced at this inland station.

Case (2) applies to the Truk station, Easter Caroline Islands, at 7° N and 
152° E in the western Pacific. The deviations of the simulated ô180  from the obser
vations are significant from July to October, which corresponds to the period of lar
gest errors in precipitation. In this region, the <5180  variations are dominated by
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precipitation (over 20°C the relationship between ô180  and temperature breaks 
down and the amount effect dominates). The error of about 220 mm per month in 
the predicted precipitation during this period explains the ô180  error of about 
2.5700- It is difficult to reproduce in a GCM the detailed structure of the intertropical 
convergence zone because this structure is highly variable. To obtain a better statistic 
of the precipitation in this region, we have to integrate the model over a longer period 
(at least over ten years).

The station in Vienna represents Case (3). Although the seasonal cycles of T 
and P predicted by the model indicate too marine conditions for this Central Euro
pean station, i.e. a seasonal temperature difference of only 14°C instead of 20°C and 
a much too wet climate all year round, this cannot explain the complete lack of seaso
nality in the simulated ô180  values. Possibly, this deficiency is due to too strong 
tracer transport from the oceanic sources. This will be investigated by a run with 
higher resolution which should improve this transport.

Figure 5 shows an alternative approach to obtaining an overview on a global 
scale. In order to reproduce the Dansgaard slope we have plotted the annual mean 
ô180  versus temperature for all model grid points. In the lower temperature range 
(<0°C) we find a good correlation (r = 0.94) with a slope of 0.54 ô180/°C , which 
is too flat relative to the observed value of 0.64 ô180/°C  (with r = 0.96). However, 
the correlation in the model already weakens at about 0°C, while the observations 
show a significant correlation up to 15°C. The reason for this discrepancy which is 
also observed in the LMD model [15] is not clear.

The amount effect dominates above 15 °C, and the temperature correlation 
vanishes (r = 0.15 in the observations, r = 0.12 in the model, with a slope of
0.06 0180/°C in the observations and 0.05 <5180/°C  in the model).

4. CONCLUSIONS AND OUTLOOK

We have implemented a water tracer model in the ECHAM climate model 
using a parametrization scheme similar to that employed by Jouzel et al. [4]. The 
annual mean and the seasonal cycle of <5lsO were analysed in order to verily the 
hydrological cycle of ECHAM. The water tracer model fails to reproduce the annual 
mean S180  value over large areas of the tropical and subtropical land masses by 
about - 6 °/00. We have demonstrated that these deficiencies depend partly on model 
predicted quantities such as temperature, precipitation and orography. Therefore, it 
will be interesting to investigate a run with higher resolution, which might improve 
at least the precipitation fields and the representation of the orography.

Marine stations show a less pronounced seasonal cycle relative to continental 
stations, which is due to the permanent vapour source guaranteeing nearly constant 
isotopic boundary conditions (0180  «  0) throughout the year. The isotope concen
tration of the vapour which determines the isotope content of the precipitation varies
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therefore only slightly with sea surface temperature. Over the continents, not only 
is the seasonal temperature cycle stronger, but also re-evaporation of isotopically 
light water from the soil becomes more important when the isotopic vapour is farther 
away from its oceanic sources. A too weak seasonal cycle of ô180  at continental 
stations such as Vienna therefore indicates a too strong marine influence.

In a next step, the analysis of the deuterium excess (d = ÔD — 8<5180) will 
offer more information on details of the hydrological cycle. Furthermore, we plan 
to perform some sensitivity studies with the water tracer model to investigate the 
importance of the different fractionation processes. For example, the degree of 
equilibration of falling raindrops with the surrounding vapour (100% for large scale 
and 50% for convective clouds, respectively) is chosen quite arbitrarily and can be 
varied in sensitivity runs. The quality of the simulated hydrological cycle depends 
crucially on the resolution of the model. Therefore, we shall repeat the experiment 
at T42 resolution.

Furthermore, we intend to run the model under palaeoclimatic boundary condi
tions thereafter. Such an experiment offers the possibility of comparing the model 
results directly with proxy measurements (i.e. isotope concentrations in palaeowaters 
and ice). In addition, we can test the assumption whether the widely used relationship 
between ô180  and temperature also holds in reconstructing the climate of the past.
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Abstract

MODELLING GLOBAL DISTRIBUTIONS OF 222Rn, 210Pb and 7Be IN THE 
ATMOSPHERE WITH GENERAL CIRCULATION MODELS.

The global distributions of 222Rn, 210Pb and 7Be in the atmosphere are simulated with 
an aerosol/climate model set up by implementing parametrizations for passive tracers and par
ticularly aerosols into an existing general circulation model (GCM). One aim of this approach 
is to test, calibrate and, if necessary, correct parametrizations in order to improve modelling 
confidence for other tracers for which observational control is more limited. As a further step, 
one can examine the model results to check the simulated climate and unravel atmospheric fea
tures which control the distribution of these tracers. Compared to other species, the sources 
of 222Rn, 210Pb and 7Be are relatively well known and highly differentiated. They are there
fore appropriate for checking and calibrating an aerosol/climate model. Emerging from a 
homogeneous continental source, 222Rn is a telluric gas which provides a test of transport 
away from the Earth’s surface. Atoms of 210Pb and 7Be attach themselves very quickly to 
fine particles in the lower and upper atmospheres and can thus be considered to behave like 
aerosols with a low rate of sedimentation. Simulated surface 210Pb and 7Be concentrations 
are smaller than the values observed, probably indicating that deposition is too high in the 
model.

1. INTRODUCTION

The Earth’s atmospheric environment has become increasingly influenced by 
human activity. Now, with the advent of numerical models, we can attempt to access 
the global interactions between different components of our climate system: chemis
try, aerosols, radiation, clouds and atmospheric dynamics. One major uncertainty in

15
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such global models is the parametrization of subgrid scale processes such as clouds, 
radioactive effects, vertical transport and deposition. Parametrizations for sources, 
turbulent vertical diffusion near the surface, transport by large scale circulation, con
vective mixing, sedimentation, scavenging and removal by rain and snow have previ
ously been developed for desert and sea salt aerosols. Some uncertainties, 
particularly with respect to source regions and deposition processes, have been iden
tified. A large number of experiments have shown that certain tracers such as radon, 
lead and beryllium play a significant role in determining these new parametrizations.

1.1. Beryllium

The isotope 7Be is a useful tracer of atmospheric transport processes. It has 
a continuous, global and well understood source function and is produced naturally 
in the atmosphere. Atoms of 7Be are the result of spallation reactions induced by 
high energy cosmic protons and neutrons on nitrogen and oxygen in the atmosphere. 
We have adopted the Lai and Peters [1] source distribution. In our model, 7Be 
atoms are chemically very reactive and attach to atmospheric aerosols shortly after 
they have been formed. Since most of the particulate surface area is found on 
particles with diameters between 0.03 and 1 цт, the beryllium atoms usually bind 
themselves to these submicrometre dust. In effect the beryllium atoms travel in the 
atmosphere with these particles until 7Be undergoes radioactive decay (half-life 
t ,a  = 53 d) or until the particles leave the troposphere and are deposited on the 
Earth’s surface. Previous results of a simulated 7Be annual average budget for the 
total atmosphere estimate a 59% loss of 7Be to radioactive decay and 41 % to depo
sition (largely wet deposition in stratiform precipitation) [2]. Since the primary loss 
process for 7Be in the troposphere is wet deposition, modelling 7Be should provide 
a good test for wet scavenging.

1.2. Radon

Radon (222Rn) has been used in a number of instances to test for vertical mix
ing in tracer models [3, 4]. Since radon decays radioactively, with a half-life of 
3.8 d, radon modelling provides a test for transport away from the continental sur
face source. Radon is a telluric gas and is continually produced by the radioactive 
decay of radium (226Ra), which has a concentration of about 1 pg/g in dry soil and 
vegetation. Therefore radon is emitted naturally from the Earth’s surface. It escapes 
from the soil by plant transpiration and by diffusion through soil pores. The subsur
face gradients of temperature and the soil air pressure fluctuations enhance soil radon 
mass transport [5]. Only a small fraction of radon (1-10%) finally escapes from the 
soil [6].
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The productivity of 222Rn in soils is variable in time and space [7], and the 
details of this variability are not well known. In our model, we assume that the 
productivity distribution is spatially uniform. Exhalation is controlled by several fac
tors, including soil moisture, frost and vegetation cover. However, there are many 
additional uncertainties regarding the factors of this control. It has been observed that 
seasonal soil freezing significantly reduces 222Rn emission [3, 7]. Therefore, the 
only soil control we retain is a possible dependence on soil freezing. When soil- 
atmosphere 222Rn exchange is allowed, we use turbulence based formulations (see 
Section 2.1). Continent covered by peramenent ice does not exhale 222Rn. Radon 
emission by the surface of the oceans is weak [8 , 9], and we neglect this source in 
the model.

1.3. Lead

The radioactive nuclide 210Pb is the first long lived (half-life тй = 22.43 d) 
decay product of 222Rn. Because of its low vapour pressure, 210Pb attaches 
indiscriminately to aerosol surfaces. The median diameter of the aerosols carrying 
210Pb (and 7Be) is most frequently in the range of 0.3-0.4 цт, and 90% or more 
are present on particles with a diameter smaller than 1 цт. This nuclide was also 
chosen because of the large amount of climatological concentration and deposition 
data. It should be appropriate for testing deposition in the model.

2. MODEL DESCRIPTION

The base climate model is the GISS (Goddard Institute for Space Studies) 
Model П [10] general circulation model (GCM). The climate is simulated in line with 
the aerosol. This method appears to be more accurate than other global tracer models 
such as offline models. Indeed, in this GISS GCM the dynamics terms are computed 
every 15 minutes. The physics terms, including radiation, are evaluated each hour. 
It allows for a better account of many climate processes of importance for aerosol 
control: turbulence, convection, precipitation, etc. [11] (Fig. 1). On the other hand, 
running the climate along with the aerosol makes computing costs rather high. Con
sequently, only the coarse resolution version of the GCM could be used. Thus, the 
grid resolution is 7.82° X 10°: 36 longitudes and 24 latitudes are regularly dis
tributed on the globe. In the vertical, nine irregular layers are distributed between 
the surface and the top of the model atmosphere (10 mbar).

Figure 1 shows the main processes which control the aerosol distributions. One 
of the first considerations in the tracer simulation is its source which can be in the 
soil (222Rn) or directly in the atmosphere (7Be). In the first case, the exchange of 
the soil to the atmosphere must be formulated.
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FIG. 1. Atmospheric tracer components in the GISS aerosol/climate model.

2.1. Model surface

Surface grid elements in the GISS GCM have appropriate fractions of land, 
land ice, ocean and sea ice as prescribed by the observations. A soil reservoir is 
defined for each land fraction. The volume of this reservoir is arbitrary and adjust
able. We have taken a characteristic soil depth of 1 m, and the soil porosity has been 
estimated to be 0.1 [7]. In order to take into àccount these two parameters, we con
sider an equivalent soil reservoir volume 10 cm thick, in which radon is produced 
and stored at a fixed rate of 12 000 atoms-m_2-s_1. If the soil temperature is 
above 0°C, soil 222Rn is exchanged with the atmosphere.

The radon exchange flux is handled in a way similar to the computation of sur
face fluxes of heat, moisture and momentum in the GCM. A bulk formula aero
dynamic law is used between the ground and an intermediate ‘surface’ level 30 m 
above:

Fg = p Cd Ws (Qg -  Qs) (1)
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Between the surface level and the first dynamic layer of the GCM, we use a turbulent 
diffusion expression:

Fs = P Kd Qs (2)
sl

where Qg, Qs and Qj are the tracer mixing ratios in the soil reservoir, at the surface 
level and in the first atmospheric layer, respectively; Cd is a drag coefficient; p is 
the density and Ws is the velocity of air near the surface; IQ is the turbulent vertical 
diffusion coefficient. Zsi is the difference between Z¡ and Z2, the altitudes at the 
first atmospheric layer and the surface level, respectively. The values of Cd, p, Cd, 
Ws and Kj are provided by the climate model. If we assume that the surface layer
is in a state of equilibrium, Fg equals Fs, and the radon flux from the soil to the
atmosphere is given by:

p _ v  _  Kd Cd Ws (Qs -  QP ■
fg  Гг p Í3)

8 8  K„ + zs, cd ws
Once injected into the atmosphere, radon (and the other tracers) are vehiculated by 
the general circulation model and mixed by convection.

2.2. Convective mixing and large scale transport

Convection is a key subgrid scale process causing vertical transport of 
moisture, sensible heat and momentum in addition to determining convective precipi
tation and clouds, which couple dynamical and radiative processes in the atmosphere 
[9]. In the GISS model, dry convection is simulated as a complete overturning of 
the air through the height of an unstable column. Since air and aerosols are already 
mixed together when a convective event occurs, the vertical distribution of aerosol 
is uniform. In moist convection, air parcels ascend in the unstable cloudy fraction 
of a column in order to reach a state of equilibrium in that same fraction. At the same 
time, dry air subsides in the complementary cloud free fraction. Again the aerosol 
is moved and mixed along with the air itself. Moist convection does not produce a 
homogeneous vertical distribution of tracer. However, as it is deeper than dry con
vection, moist convection is very efficient at carrying surface produced tracers high 
into the atmosphere [12].

As a fair trade-off between computing cost and numerical performance, the 
‘slopes’ scheme [13] is used to compute the large scale tracer advection. Since aero
sol distributions can be very steep, limits are imposed on the slopes in order to pre
vent the generation of spurious negative values. Even with limits, the slopes scheme 
is much less diffusive than an upstream scheme, and it is more stable than second 
and fourth order schemes [13].
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2.3. Dry deposition

Since lead and beryllium are attached to particles, they are sensitive to dry 
deposition. We use the same parameterization described in Section 2.1 but with 
Qg = 0. We usually add a gravitational term computed by using Stokes’ law, but 
here we assume that sedimentation is negligible compared to the aerodynamic com
ponents, since 210Pb and 7Be trade to very small dust particles. This is presently 
consistent with the treatments of other fluxes in the GCM, but it also means that dry 
deposition is controlled only by turbulence.

2.4. Wet deposition

Wet removal takes two forms. First, when the precipitation is formed in a layer 
of the climate model, a fraction of the aerosol contained in that layer is incorporated 
in the precipitation and falls; this is called nucléation. Second, when precipitation 
forms above a layer of the model and sweeps across that layer, a fraction of the aero
sol is removed by collision; this is called impaction.

In the event that precipitation re-evaporates below the cloud, the aerosol incor
porated in the precipitation is released. For both kinds of scavenging the washed 
fraction is expressed as:

A Q  =  Q i [1 -  e<-“p>] (4)

where Q¡ is the mass of aerosol before scavenging, P is the precipitation and a  is 
a coefficient which is a function of the scavenging process (nucléation, impaction) 
and precipitation type (solid, liquid).

TABLE I. YEARLY AVERAGE MIXING RATIOS IN FIRST LAYER 
(c is the concentration or mixing ratio)

Tracer*
With dry and wet 

depositions
Without wet 

deposition
Without dry 
deposition

Observations

“ R n 0.16 <  с <  120 0.16 <  с <  120 0.16 <  с <  120 Continents:
(pCi/ш 3 STP) 60 <  с <  150 

Oceans: с <  10

2 1 ° p b 0.9 <  с <  420 10 <  с <  1800 10 <  с <  2100 10 <  с <  1500
OtBq/m3 STP)

7Be 0.05 <  с <  2.7 0.5 <  с <  6.0 0.5 <  с <  6.2 1 <  с <  5
(mBq/ш3 STP)

'  1 Ci =  3.7 x  1010 Bq.
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222Rn (pCi/m3 STP)

-1Ô0 -120 -60 0 60 120 , 180 

LONGITUDE

210Pb (iiBq/m3 STP)

•180 *120 -60 0 60 120 180 

LONGITUDE

7Be (mBq/ш3 STP)

•180 -120 -60 0 60 120 180 

LONGITUDE

FIG. 2. GISS aerosol!climate model: concentrations in the first layer; two-year simulation; 
values are yearly averages.
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3.1. Comparison between observations and models

Table I shows average quantities from observations and simulations. Observa
tions have been obtained from compiling measurements performed by Larsen 
(Surface Atmospheric Sampling Program (SASP) [14] and from Lambert [8]). Quan
tities of 222Rn in the first layer of the model atmosphere seem to coincide with Lam
bert’s observations (see also Fig. 2). This preliminary comparison also shows that 
the surface concentrations for 7Be and 210Pb are small compared to those in the 
SASP data sets. This could be a consequence of excessive efficiency of the dry 
and/or wet deposition processes. In order to illustrate this assumption we have per
formed sensitivity tests.

3. RESULTS

3.2. Sensitivity tests for dry and wet deposition

To test the impact of wet deposition, we have given a value of zero to the alpha 
parameters in Eq. (4) and therefore prevented all interaction between aerosols and 
precipitation. Table I shows that atmospheric concentrations increase very signifi
cantly, which confirms that wet scavenging is an efficient removal process. A careful 
analysis of wet deposition flux is necessary to evaluate if the model wet removal is 
overestimated. Diy deposition in the model may also be too effective. The results 
of the SASP data sets are in keeping with simulations without dry deposition 
(Table I). In fact, very near the surface, the diffusion of small particles is no longer 
controlled by turbulence [15]. Brownian motion takes over and drastically limits the 
atmosphere-surface exchange efficiency. We are currently in the process of setting 
up a new parameterization to account for Brownian diffusion. We will define two 
sublevels (instead of one currently) in the boundary layer, and therefore three flux 
processes: turbulent diffusion, aerodynamic diffusion and Brownian diffusion. The 
Brownian diffusive flux will be expressed as:

Fb = p Kb Qb ~  Qg (5)
AH

where Kb is the Brownian diffusion coefficient (= 5  x 10“ 10 m2-s_1), p is the 
density, ДН is the height of an intermediate ’Brownian’ level 10 cm above the 
ground and Qb and Qg are the tracer mixing ratios at this ‘Brownian’ level and at 
the ground level, respectively. In the near future, Kb will also be a function of 
different vegetation types pre-existing in the model. This new parametrization is 
expected to reduce very significantly the dry deposition in the model.
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These preliminary experiments do not represent an exhaustive work, but pro
vide us with some useful results. In effect, the model simulates an Earth-like aerosol 
system. Although this is not an accurate reconstruction of the real world, it provides 
a good experimental basis for progress, laying the groundwork for future climate 
model experiments. The radon simulations provide valuable results, but lead and 
beryllium concentrations are still smaller than observations. We have identified an 
excessive efficiency of deposition processes. The parametrization of the wet deposi
tion is still highly empirical. For a better understanding of this process, a larger num
ber of experiments are necessary. Future work should also increase the size of the 
data set used for comparison and make more detailed comparison with the observed 
deposition and vertical profile concentrations possible. In addition, we have 
observed that the dry deposition velocities are too high in this model. This is proba
bly due to the fact that, very near to the surface, diffusion of small particles is con
trolled by Brownian mixing rather than turbulence. It is expected that a better 
parameterization for dry deposition, taking into account a Brownian layer, should 
improve the results substantially.
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Abstract

LONG RANGE TRANSPORT OF CAESIUM ISOTOPES FROM TEMPERATE LATI
TUDES TO THE EQUATORIAL ZONE DURING THE WINTER MONSOON PERIOD.

An air radioactivity monitoring study carried out at Dalat, Viet Nam, since 1986 has 
revealed distinct peaks of caesium isotope concentrations in air and fallout during the period 
of December and January when the monthly average air temperature was lowest and dry fal
lout dominated. These peaks provide evidence of the intrusion of more radioactive cold air 
masses from temperate northern latitudes during the development of large scale anticyclones, 
frequently observed in the most active winter monsoon period. The high dry fallout velocity 
(about 10 cm/s), determined from the measured concentrations, clearly demonstrates one of 
the most relevant features of cold air masses: behind the cold front, vertical air motion is 
descending. The role of other processes such as injection of radioactive air from the 
stratosphere and local resuspension of soil dust has been shown to be insignificant. The 
interpretation of the experimental results was based on the analysis of environmental- 
meteorological factors as well as the behaviour of other naturally occurring radionuclides.

1. INTRODUCTION

A radioactivity survey conducted in Viet Nam during the 1980s showed quite 
low levels of 137Cs in air, fallout and other environmental objects. The typical 
values were many times lower than those of most European and higher latitude coun
tries. This is in agreement with the latitudinal distribution of the global radioactive 
fallout from nuclear weapon tests. Other fission and activation products were not 
detected, except during the period from May to July 1986, immediately following 
the Chernobyl accident. Under such conditions, an air radioactivity monitoring study 
is still of importance in providing a basis for assessing suspected accidental releases 
of radioactivity into the atmosphere. Furthermore, such a monitoring study could 
provide information on seasonal variations of air radioactivity and their correlation 
with the seasonal changes of weather and meteorological conditions as well as long 
range air circulation involving high activity air masses.

25



26 HTEN et al.

Sampling and measurement of radionuclide concentrations with respect to 
various aspects of the environment have been routinely conducted at Dalat 
(11°57'N, 108°26'E, 1500 m above sea level (a.s.l.)) since 1986. The study has 
revealed distinct maxima of airborne and deposited caesium isotopes.

During the period from May through July 1986, a variety of fission and activa
tion products was detected in both the airborne filter and fallout at Dalat, about 
10 000 km away from the damaged Chernobyl reactor. Chernobyl accident debris 
was also observed in Hanoi (21°01' N, 105°48' E, 10 m a.s.l.) and Ho Chi Minh 
City (10°47' N, 106°40' E, 10 m a.s.l.) during the task force campaigns. It is shown 
in our previous paper [1] that during that period these radioactive species followed 
different trajectories to Viet Nam, resulting in quite different levels of activity con
centrations in air and fallout at the three above cited locations.

Besides the Chernobyl peaks, the monitoring study has revealed regular peaks 
of 137Cs for both the air and fallout during December and January, when the 
monthly average temperature was lowest and dry fallout dominated. For I34Cs, an 
activation product of Chernobyl origin, such a peak was detected in both the air and 
fallout only during the period from December 1986 to February 1987.

The peak levels of caesium isotopes were observed during the period of most 
active atmospheric circulations in the West Pacific tropical zone, under the influence 
of the quasi-permanent Asiatic high pressure centre. This indicates the role of winter 
monsoons in transporting cold air with higher isotope concentrations from temperate 
northern latitudes into the tropical zone. A preliminary explanation of this fact is 
reported in our previous paper [1]. In this paper evidence of this process will be 
provided by involving information on meteorological and weather factors and on the 
behaviour of other environmental radionuclides. Some typical features of cold air 
masses transported by winter monsoons to the equatorial zone will also be revealed 
from the analysis of the experimental data.

2. EXPERIMENTS AND RESULTS

As the concentrations of caesium isotopes in air were very low, a large volume 
of air (about 100 000 m3) was collected every month, followed by radioactivity 
measurement of the filter on a low background gamma spectrometry system. An air 
sampler with a flow rate of 760 m3/h was used in the experiments. Air dust was 
collected on a 0.48 m2 FPP-15-1.7 Petrianov filter. The uncertainty of the flow rate 
given above is estimated to be no less than 15-20%. This has, however, caused only 
little concern as such an uncertainty has affected the experimental activity concentra
tions uniformly for all aerosol samples and all radionuclides. Wet and dry fallout was 
collected throughout the month in three stainless steel trays, each of a cross-section 
of 0.4 m2. Gamma spectra were measured by using a low background system with 
high purity Ge detector of 15% efficiency and 1.9 keV FWHM for the 1332.5 keV
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“ Co line. The measuring time was often no less than 20 h, yielding detection limits 
for both the caesium isotopes in the air and fallout not exceeding 0.02 piBq/m3 and
0.01 Bq/m2, respectively. Concentrations of naturally occurring radionuclides, 
such as 7Be, 40K, 232Th, etc., were also quantitatively determined through their 
gamma lines.

FIG. 1. Monthly variations o f caesium isotope concentrations in fallout and air in Dalat
(1986-1991): (a )137Cs (-----------), I34Cs (-) in fallout; (b )137Cs (-------------------------- ), 134Cs(--------)
in air; (c) precipitation.
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Monthly variations of 137Cs and 134Cs activity concentrations are shown in 
Fig. 1 (a) and (b), covering the period 1986-1991. Figure 1(c) shows the monthly 
precipitation totals recorded at the Dalat meteorological station. The caesium isotope 
maximum observed in Dalat during December 1986 to February 1987 appeared sur
prisingly high compared to the Chernobyl peak observed eight months earlier [1]. 
Both caesium isotopes were detected in that winter. The activity ratio indicates their 
predominant Chernobyl origin. In subsequent years the 137Cs peak decreased quite 
rapidly while the 134Cs level was apparently lower than its detection limit.

3. ASSESSMENT OF SOME POSSIBLE MECHANISMS

Seasonal variations of airborne and deposited radionuclides were observed and 
discussed by many researchers. Owing to the short residence time of these species 
in the lower troposphere (about one month), any seasonal variations of their activities 
should reflect the seasonal change of their inputs into the atmosphere. To identify 
the origin of the observed winter peaks some mechanisms potentially responsible for 
that seasonal change will be assessed.

3.1. Injection of radioactive air from the stratosphere by the stratosphere-
troposphere exchange (STE) process

For cosmogenic and nuclear weapon produced radionuclides with a rather 
large inventory in the stratosphere, the so-called spring maximum has been well 
documented, especially at monitoring stations of temperate northern latitudes [2, 3]. 
Such a maximum has been explained by the injection of radioactivity from the 
stratosphere due to the STE process, being intensified during spring and early sum
mer near the polar front and subtropical jet stream of the northern hemisphere. In 
this work, peaks were observed during December and January, about four to five 
months earlier, when the rate of STE was still at its annual minimum level. 
Moreover, the caesium isotope concentrations in air and fallout decreased very 
rapidly to their former levels within one to two months while the rate of STE varied 
rather slowly and quasi-sinusoidally with time [2].

Aoyama [3] observed a STE spring maximum of Chernobyl derived caesium 
isotopes in fallout in April 1987 at Tsukuba, Japan. Its intensity was almost three 
orders of magnitude lower than the initial tropospheric Chernobyl peak, suggesting 
that the stratospheric inventory was only about 0.5% of the total release of the 
caesium isotopes. In this work, the caesium isotope peak detected in the 1986-1987 
winter was also predominantly of Chernobyl origin. However, it was as pronounced 
as the Chernobyl peak observed eight months earlier [1]. This again indicates that 
STE was not responsible for the peaks observed in this work. It could be said that 
no spring maximum induced by the STE process was detected in our monitoring
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study. This is true for 7Be as well. Although this radionuclide was detected with 
much higher accuracy owing to its relatively high activity level in air (about
1 mBq/m3), the temporal variation of 7Be is so irregular that no seasonal change 
trend could be identified unambiguously. It is likely that STE plays an insignificant 
role at low latitudes.

1986 1987 1988

FIG. 2. Monthly variation o f (a) precipitation, (b) average air temperature, (c) dust concen
tration in surface air and (d) 232Th deposition rate. The arrows indicate the caesium isotope 
maximum. M , A , N  and F stand for May, August, November and February, respectively.
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Intensified local resuspension of soil dust in the dry season may induce the 
increase of airborne and deposited caesium isotopes. As shown by data in Fig. 2(c), 
covering the period from April 1986 to March 1988, the dust concentration in air 
exhibits a maximum in February, slightly later (about one to two months) than the 
maximum of the caesium isotopes. The role of the local resuspension of soil dust can 
be assessed by utilizing data on other nuclides and comparing the activity ratios of 
nuclides in surface soil with those in airborne and deposited dust. The 137Cs/134Cs 
and 137Cs/232Th activity ratios would serve as criteria for that comparison.

The mean 137Cs activity in the surface soil at Dalat in 1987 was (3.0 + 0.4) 
Bq/kg, while 134Cs has not been detected in soil in Viet Nam. Measurements of soil 
samples collected after the Chernobyl accident in an area with weathered ultrabasic 
rocks having very low uranium and thorium contents (less than 10'1 ppm) yielded 
an upper limit of 0.05 Bq/kg for the 134Cs concentration in surface soil, corre
sponding to a 137Cs/134Cs activity ratio greater than 60. This is in contrast to the oc
currence of 134Cs in both the air and fallout in winter 1986-1987 with a 137Cs/134Cs 
ratio of about 2.8, typical of Chernobyl derived caesium isotopes.

The activity ratio 137Cs/232Th could not support the local resuspension 
mechanism either. Thorium in atmospheric dust has been considered as being among 
crustally derived elements, such as Al, Si, Sc, etc., contained in aluminosilicate dust 
particles (see, e.g. Ref. [4]). In our experiment, the maximum of 232Th activity 
concentrations in air and fallout occurred in February, at the same time as thé maxi
mum of dust concentration was observed. As an illustration, Fig. 2(d) shows the 
monthly 232Th deposition rate for the period of September 1986 to March 1988. It 
is evident that 232Th can be regarded as a marker of resuspended soil particles. The 
average activity concentration of 232Th in surface soil at Dalat is (90 ± 4) Bq/kg, 
yielding a 137Cs/232Th activity ratio of (0.033 ± 0.006). The corresponding values 
for the deposited dust ranged from 5.0 to 10.6 in December and January (when the 
caesium isotope maximum occurred) and decreased to 0.08-0.6 in February and 
March (when the dust concentration in air was maximum). Very high enrichment of 
137Cs in dry deposition during the period of December and January again indicates 
a very insignificant contribution of resuspended soil dust in the observed peaks of 
caesium isotopes.

The temporal behaviour of 40K has shown poorer correlation with that of the 
dust concentration in air than was the case for 232Th. Probably, there were other 
sources of airborne 40K, e.g. products emitted into the atmosphere from forest 
fires, which affect a large forest area in the central plateau of Viet Nam during the 
dry season. The assessment of such a potential source of 40K needs further study.

3.2. Local resuspension of soil dust
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4. THE ROLE OF WINTER MONSOON IN TRANSPORTING HIGH
ACTIVITY AIR FROM TEMPERATE NORTHERN LATITUDES

The peaks of caesium isotopes were observed in December and January 
when the monthly average temperature was lowest and dry fallout dominated 
(Fig. 2(a), (b)). This suggests that cold continental polar (cPk) air masses move 
towards the equator during the most active period of winter tropical monsoons, to 
supply higher caesium isotope concentrations. Such a circulation of cPk air from the 
northeast often reaches very low latitudes during December and January, when the 
intertropical convergence zone is aligned in the southern hemisphere up to 10° S. 
cPk air moves from a source region over the Asian interior (the quasi-permanent 
Asiatic high pressure centre). It is well known that the latitudinal distribution of 
stratospheric fallout from nuclear weapons tests shows a maximum around this lati
tude (40-50° N). Concerning the Chernobyl debris, a modelling prediction [5], cal
culated for the beginning of May 1986, showed a marked radioactive plume 
dispersed around this latitude band over the Asian continent with elevated activity 
concentration over the region of the Asiatic high pressure centre. As a consequence, 
the soil in this region could be enriched with caesium isotopes, and the resuspension 
of soil particles could, to a great extent, maintain a high radioactivity level of the 
surface air there. Furthermore, in the upper atmosphere, Chernobyl isotopes should 
also have maximum concentration around this latitude belt. This assumption is based 
on the known intensified flow of radioactivity from STE during, the northern spring 
when the accident occurred, and the influence of the westerly zonal circulation in 
the upper atmosphere. Fallout from the stratosphere was another source contributing 
to the high level of caesium isotope concentrations in the lower troposphere of that 
region.'Measurements from the post-Chernobyl period are so scarce that it is impos
sible to establish a latitudinal distribution of 137Cs concentration in air for Far East 
Asia. However, a few data available for the years 1986-1987 [1] appear to confirm 
a considerable difference between concentrations at Dalat and those at higher latitude 
locations of the region. Thus, the increase of 0.3 /xBq/m3 at Dalat in December 
1986 (Fig. 1) can be attributed to the intrusion of the colder, more radioactive air 
from higher latitudes.

The role of cold air masses in transporting more radioactive air from temperate 
latitudes to the tropical zone has been well demonstrated by Dmitrieva et al. [6] in 
a study of atmospheric /3 activity of air during an Atlantic, Indian and Pacific Ocean 
cruise. Sharp increases in near surface air were observed when the ship crossed a 
cold front from the warm air side, and always just behind the cold front in the ridge 
of the anticyclone. The monthly sampling procedures adopted in this study could not 
reveal the fluctuations of air radioactivity in connection with the passage of any cold 
front. Moreover, such cold fronts are usually only weakly defined at low latitudes 
(south of 15° in southern Indochina). But, as will be shown below, a relevant charac
teristic of the cold air behind the cold front, i.e. its descending vertical motion [7],
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can be identified from the data obtained above. The dry fallout velocity can be 
approximated by dividing the fallout concentrations (Bq/m2-s) by the air concentra
tions (Bq/m3). The resulting velocities for airborne caesium isotopes are in the 
range of 5-15 cm/s; these values are much higher than those measured in the follow
ing months after the Chernobyl accident in Europe, North America and China [1] 
(about 0.1 cm/s) and indicate descending motion of cold air during December and 
January at Dalat. Meanwhile, quite different values of dry fallout velocities, ranging 
in the interval of 0.4-1 cm/s, were obtained for the two naturally occurring isotopes 
232Th and 40K during the periods of caesium isotope maximum. This again indicates 
different sources of these radioactive species. While particles bearing naturally 
occurring radionuclides are being continuously generated in the surface air from the 
soil, air masses with elevated caesium isotope concentration intrude from subtropical 
latitudes and descend to the surface layer only several times a month in December 
and January during the propagation and development of anticyclones.

5. CONCLUSIONS

Winter peaks of 137Cs in air and fallout were observed at Dalat in five succes
sive years from 1986. The presence of 134Cs in the first of these peaks (1986-1987) 
showed that Chernobyl debris was present. The regular occurrence of these annual 
peaks during the season of the most active winter monsoon suggests that they are due 
to the intrusion of more radioactive air from higher latitudes. The 137Cs concentra
tions yielded quite high estimates of dry fallout velocity ascribed to the descent of 
air behind the cold front in the ridges of the associated anticyclones.

The results obtained clearly demonstrate that air pollutants from mid-latitude 
Asian industrialized regions would be transported far into the equatorial zone in the 
period of active winter monsoons. Furthermore, in the weather conditions affected 
by winter monsoons, any air pollution caused by local industries would be horizon
tally, rather than vertically, dispersed, owing to the descending motion of dry air 
behind the cold front.

REFERENCES

[1] HIEN, P.Z ., BINH, N.T., TRUONG, Y., BAC, V.T., NGO, N.T., Variations of 
caesium isotope concentrations in air and fallout at Dalat, South Vietnam, 1986-91, 
J. Environ. Radioact. (1993) (in press).

[2] PERKINS, R.W., ROBERTSON, D.E., THOMAS, C.W., YOUNG, J.A., “ Compar
ison of nuclear accident and nuclear test debris” , Environmental Contamination Fol
lowing a Major Nuclear Accident (Proc. Symp. Vienna, 1989), Vol. 1, IAEA, Vienna 
(1990) 111.



IAEA-SM-329/13 33

[3] AO Y AM А, М., Evidence of stratospheric fallout of caesium isotopes from Chernobyl 
accident, Geophys. Res. Lett. 15 (1988) 327.

[4] DUCE, R.A., ARIMOTO, R., RAY, B.J., UNNI, C.K., HARDER, P.J., 
Atmospheric trace elements at Enewetak Atoll: Concentrations, sources, and temporal 
variability, J. Geophys. Res. 88 (1983) 5321.

[5] BEIRIGER, I .M ., FAILOR, R .A ., MARSH, К.V ., SHAW, G .E., Radioactive fallout 
from the Chernobyl nuclear reactor accident, J. Radioanal. Nucl. Chem., Articles 123 
(1988) 21.

[6] DMITRIEVA, G. V ., KRASNOPEVTSEV, J. V ., MALAKHOV, S.G ., Some peculiar
ities of fission product concentration distributions over oceans in the tropical zone and 
their connection with atmospheric processes, J. Geophys. Res. 75 (1970) 3675.

[7] GODSKE, C.L., BERGERON, T., BJERKNES, T., BUNGAARD, R.C., Dynamic 
Meteorology and Weather Forecasting, Joint Publication of AMS, Boston and Carnegie 
Institution of Washington, USA (1957).





IAEA-SM-329/8

TREND ANALYSIS OF TEN YEARS 
OF CHANGES IN RADIOACTIVE 
SUBSTANCES IN THE ATMOSPHERE 
AT CHIBA, JAPAN

M. ABE, K. KUROTAKI, S. SHIBATA, H. TAKESHITA 
National Institute of Radiological Sciences,
Ghiba

S. ABE
Nuclear Safety Technical Center,
Tokyo

Japan

Abstract

TREND ANALYSIS OF TEN YEARS OF CHANGES IN RADIOACTIVE SUBSTANCES 
IN THE ATMOSPHERE AT CHIBA, JAPAN.

Atmospheric radionuclide concentrations have been measured continually since 
October 1980 at the National Institute of Radiological Sciences at Chiba, Japan. Gamma emit
ting nuclides have been detected in air filter samples at Chiba during the past decade from 
1980 to 1992. Cosmic ray produced 7Be, the artificial radionuclides 103Ru, 106Ru, 131I, 
134Cs, 137Cs, l40Ba, 140La, 141Ce, 144Ce and others due to the 26th Chinese nuclear weapon 
test on 16 October 1980, to the Chernobyl reactor accident on 26 April 1986 and to other 
sources have been found. In comparing airborne 7Be with other nuclides, cosmic rays Mid 
ozone as to their long and short term data, differences were found among the trends, and some 
particular characteristics were distinguished. These differences and characteristics could be 
explained in terms of stratospheric circulation, constant or instantaneous production, 
tropopause gaps, etc.

1. INTRODUCTION

It is very important for environmental preservation to know the short and long 
term behaviour of stable or radioactive substances in the natural environment. Air
borne radionuclide concentrations have been measured continually since 
October 1980 at the National Institute of Radiological Sciences (NIRS), located at 
Chiba, in order to study atmospheric radionuclide distributions and the factors 
controlling them, and to evaluate the radiation dose to humans due to atmospheric 
radionuclides.

In this paper, the trend in airborne radionuclide concentrations at Chiba during 
the past decade from 1980 to 1992 is studied and discussed.
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TABLE I. LOCATIONS OF OBSERVATIONS
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Locations Altitude a.s.l.

Gamma activity Chiba, Japan 35°38' N 140-06' E 20 m

Cosmic rays Tokyo, Japan 35°75' N 139°72' E 20 m

Mt. Norikura, Japan 36°11' N 137°55' E 2770 m

Kiel, Germany 5 4 °3 4 'N 10°12' E 54 m

Ozone Tateno, Japan 36°03' N 140°08' E 30.5 m

2. MATERIALS AND METHODS

Airborne particulates have been continuously collected on glass fibre filters 
with a high volume air sampler at a mean flow rate of 1 m3/min for every 24 hours 
over a period of three years (1981-1983) and semiweekly or weekly during another 
period (1984-1992). The collection efficiency of the filter is better than 99.9% for 
particles larger than 0.3 /xm.

The sampling station has been set up on the roof of the NIRS building located 
at Chiba. The sites of observation on airborne radioactivity and reference data of 
cosmic rays and atmospheric ozone used here are given in Table I.

All filter samples were measured directly by using a Ge(Li) gamma ray 
spectrometer. All airborne radionuclide concentrations have been corrected to the 
middle of the sampling period; in so doing, their radioactive decay was taken into 
account.

3. RESULTS AND DISCUSSION

Gamma emitting nuclides detected in the air filter samples at Chiba (NIRS)
during the period from October 1980 to September 1992 were usually the cosmo-
genic nuclide 7Be, and occasionally artificial radionuclides such as 103Ru, 106Ru, 
131I, 134Cs, 137Cs, 140Ba, 140La, 141Ce, 144Ce, and other nuclides mainly resulting 
from the 26th Chinese nuclear weapon test on 16 October 1980 and the Chernobyl 
reactor accident on 26 April 1986.

The trend in the concentrations of these airborne radionuclides at Chiba during 
the past decade has been investigated from various points of view. Items affecting 
airborne radionuclide concentration include:
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(1) regions of original production (stratosphere, troposphere, earth’s surface);
(2) production rate;
(3) characteristics of radionuclides (half-life, physical and chemical state, etc.);
(4) meteorological conditions (regional or global);
(5) air mass transport from stratosphere to troposphere;
(6) others.

Many cosmogenic nuclides such as 3H, 14C, 7Be, 10Be, 22Na, 32P, 33P, 35S 
have so far been detected in the atmosphere. Detectable radionuclides depend upon 
both the counting time and the sample size. Under our experimental conditions, we 
could only measure 7Be.

The monthly mean airborne 7Be concentrations at Chiba are shown in Fig. 1 
for the period from October 1980 to September 1992. It has generally been consid
ered that a seasonal variation of airborne 7Be concentrations observed by many 
researchers [1-7] has only one spring peak every year. It can, however, be seen from 
Fig. 1 that the long term pattern of airborne 7Be concentration at Chiba shows sig
nificant seasonal changes with two peaks, i.e. in spring and autumn of every year. 
Similar patterns were also found by us [8].

Successive monthly data for atmospheric total ozone and cosmic ray neutrons 
at three observatories between 1980 and 1992 are also plotted in Fig. 1. Long term 
trends in 7Be and cosmic rays resemble each other but atmospheric ozone shows a 
different behaviour. Abrupt decreases both in 1982 and 1991 are shown in Fig. 1 
for cosmic rays and 7Be. Simultaneous hilly profiles have appeared on cosmic rays 
and 7Be from 1983 to 1989 in this figure. In addition, shallow depressions in 1982 
and 1990 are to bé seen. We did not find any typical profile of shorter term change 
in Fig. 1.

Annual means (Table П) in each series of monthly data are plotted in Fig. 2 
for all observation points or items (7Be, ozone and cosmic rays), to bring out the 
long term change more clearly. This kind of smoothing reveals long term change 
profiles of these items except in the case of ozone.

Correlation coefficients between cosmic rays, atmospheric ozone and airborne 
7Be concentration for both yearly and monthly data are given in Table Ш, where 
good correlation is to be found between cosmic rays and 7Be, but no correlation 
between 7Be or cosmic rays and ozone for the yearly data, which indicates the 
simultaneity of 7Be and cosmic rays. Monthly data have almost zero correlation for 
all items.

In the stratosphere 7Be is produced by the bombardment of cosmic rays, so 
there is good correlation between the long term variation of 7Be (which is not 
affected by short term meteorological conditions) and the cosmic rays.

Since tropospheric 7Be is affected by both fallout through tropopause gaps 
and various meteorological conditions, the correlation between yearly or shorter 
term data of 7Be and of cosmic rays is not good.
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cosmic rays at three stations (Tokyo, Norikura, Kiel) and the total amount of ozone at Tateno.



IAEA-SM-329/8 39

a
<D
DC

a
ф
DC

Month

6000

■Sw
с3
о
О

4000

2600

-K ie l

Cosm ic rays

■ Tokyo

- Norikura

■ ■ I_I_L-
1 2 3 4 5 6 7 8 910111213 

Month

Year

FIG. 2. Yearly change o f airborne 7Be 
concentration at Chiba, o f cosmic rays at 
three stations (Tokyo, Norikura, Kiel) and 
total amount o f ozone at Tateno (annual 
mean over ten years).

Month

FIG. 3. Seasonal change o f airborne 7Be 
concentration at Chiba, o f cosmic rays at 
three stations (Tokyo, Norikura, Kiel) and 
total amount o f ozone at Tateno (annual 
mean over ten years).



40 ABE et al.

TABLE П. ANNUAL AVERAGES OF AIRBORNE 7Be CONCENTRATION 
(mBq/m3) AT CHIBA, COSMIC RAY INTENSITY (counts/h) AT THREE 
STATIONS (TOKYO, NORIKURA, KIEL) AND TOTAL RELATIVE OZONE 
CONCENTRATION AT TATENO DURING THE PERIOD FROM 1981 TO 1991

Year 7Be
Cosmic rays

Ozone
Tokyo Norikura Kiel

1981 4.20 3525 5599 318

1982 4.58 3483 2612 5530 318

1983 4.13 3544 2666 5717 312

1984 3.59 3555 2670 5806 316

1985 4.70 3630 2733 6104 298

1986 5.00 3667 2773 6282 314

1987 5.53 3661 2774 6307 310

1988 4.63 3577 2727 5965 308

1989 4.13 3427 2625 5413 308

1990 3.87 3417 2712 5350 311

1991 3.42 3366 — 5361 313

TABLE Ш. CORRELATION COEFFICIENTS FOR YEARLY AND MONTHLY 
DATA BETWEEN AIRBORNE 7Be CONCENTRATION AT CHIBA, COSMIC 
RAYS AT THREE STATIONS (TOKYO, NORIKURA, KIEL) AND TOTAL 
AMOUNT OF OZONE AT TATENO

Between 7Be and cosmic fays Yearly data Monthly data

Tokyo 0.782
Norikura' 0.454
Kiel 0.794

Between 7Be and ozone

0.305
0.118
0.301

Tateno -0 .2 6 2 0.106
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Mean seasonal changes for airborne 7Be, cosmic rays and atmospheric ozone 
from 1980 to 1992 are shown in Fig. 3. Cosmic rays show little relative changes. 
This means that cosmic rays have very little or zero seasonal change. Ozone shows 
seasonal changes with one spring peak and one autumn depression. The relative 
width of the seasonal change (0.26) is not so small in comparison with the cosmic 
ray case but small against the 7Be case to be stated later. Ozone has a seasonal 
change with a smaller spring hill and a smaller autumn depression in comparison 
with its mean level. These flat hills and flat depressions are formed by modulation 
with the stratospheric circulation.

In the troposphere of middle látitudes 7B¿ has two sharp peaks (in spring and 
in autumn) and two sharp valleys (one deep valley in summer and one shallow valley 
in winter); 7Be is constantly produced in the stratosphere, and much of it falls into 
the troposphere through gaps of the tropopause (where there are jet streams), both 
in spring and in autumn.

In the daily change of airborne natural 7Be and the artificial nuclides due to 
the 26th Chinese nuclear test, at Chiba (NIRS) during the period from October 1980 
to October 1981 [9] we find that airborne 7Be has two peaks (one in spring and one 
in autumn), and some artificial nuclides also have two peaks similar to the case of 
7Be. Injection of artificial nuclides into the stratosphere in this case occurred only 
once but natural 7Be is constantly supplied in the stratosphere. So the distribution 
of artificial nuclides in the stratosphere is largely affected by stratospheric circula
tion; this does not apply to the 7Be case. Artificial radionuclides are concentrated 
in spring and higher latitudinal zones and vice versa in autumn. In the middle latitudi
nal zone, jet streams appear both in spring and in autumn. Therefore, a large amount 
of artificial radionuclides in the stratosphere falls into the troposphere in spring and 
not in autumn, because the reservoir of artificial nuclides in the stratosphere in the 
middle latitudinal zone is exhausted. This excludes an autumn peak except in very 
rare cases, as with the 26th Chinese nuclear test. On the other hand, the 7Be reser
voir is constantly supplied and not exhausted, leading to an autumn peak. Long term 
measurement of natural 7Be was useful in a comparative analysis of artificial 
radionuclides data due to the Chernobyl reactor accident.
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Abstract

CARBON ISOTOPIC COMPOSITION OF ATMOSPHERIC METHANE IN NEW 
ZEALAND AND ANTARCTICA.

A series of carbon isotope and concentration determinations for methane in air samples 
collected in New Zealand and Antarctica are presented. The 13C methane data show a 
seasonal cycle which is attributed to methane released by large scale biomass burning in tropi
cal regions and irregular incursions of air from the northern into the southern hemisphere. 
Carbon-14 data from Baring Head, New Zealand, are used to infer the current level of ‘fossil’ 
methane in the atmosphere.

1. INTRODUCTION

Measurements of methane in air extracted from polar ice cores show that its 
concentration has more than doubled in the past several hundred years to a present 
atmospheric value of about 1700 ppbv1 [1]. This increase is of concern because 
methane is an important participant in stratospheric and tropospheric chemistry and 
contributes to the atmosphere’s radiative properties. In the stratosphere, methane 
oxidation influences ‘ozone hole’ chemistry through the production of water and 
methyl peroxy radicals [2]. In the troposphere it is a major regulator of hydroxyl and 
a source of hydrogen and carbon monoxide [3]. The increasing atmospheric burden 
of methane has been attributed to various agricultural and industrial sources and 
widely varying budgets of estimated source strengths have been reported in the 
literature [4].

High precision isotopic measurements of methane in the atmosphere in con
junction with concentration determinations provide an important way of constraining 
the possible sources and sinks of the gas [5]. For example, if a methane sample has

1 1 ppbv =  1 part per billion (109) by volume.
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a relatively low 13C content but contains significant 14C, it is almost certainly of 
recent biogenic origin. If, however, a methane sample contains no 14C, it is of 
fossil origin, possibly derived from coal or natural gas. In this manner, carbon 
isotopes can be used as a ‘fingerprinting’ technique to determine the relative 
strengths of various atmospheric methane sources by their isotopic ‘signatures’.

In this work we present and interpret new atmospheric methane carbon isotopic 
and concentration data from Baring Head, New Zealand, and Scott Base, Antarctica.

2. EXPERIMENTS

To resolve the relatively small seasonal and latitudinal variations occurring in 
13C and 14C in atmospheric methane, high precision measurements are required. 
Also, because sampling needs to be carried out at remote sites and aboard aircraft, 
the sampling equipment should be portable. In addition we need to verify that 
samples processed will provide reproducible results by using traceable standards and 
processing procedures which can be duplicated in any isotope and air chemistry 
laboratory.

We have developed a technique meeting these requirements based on the field 
collection and laboratory processing of whole air samples. The method is fully 
described in Ref. [6] and brief details will be given here.

The air samples are collected in 22 and 70 L stainless steel tanks using a 
Thomas oil free piston compressor and a drying trap containing 200 g of 3 mm 
Alltech 13X molecular sieve pellets. The tanks are typically pumped to about 7 bar 
(7 x 105 Pa) providing enough air for several 13C and 14C determinations. Sub
samples are typically 30-50 and 250-500 L at STP for 13C and 14C, respectively.

On arrival in our laboratory the air samples are first measured for methane 
content by gas chromatography with flame ionization detection. The gas chromato
graph, a Hewlett Packard HP5890 Series П, is calibrated against primary standard 
reference materials (SRMs) prepared by the US National Institute of Technology 
(NIST). NIST was formerly known as the National Bureau of Standards (NBS). The 
SRMs used are NIST number 1660a (sample 13-32-D) and NIST number 1658a 
(sample 12-34-D). We have also routinely exchanged calibrated air samples with the 
CSIRO Division of Atmospheric Research in Aspendale, Australia. This has 
provided us with a second calibration based on the US National Oceanic and 
Atmospheric Administration’s (NOAA) methane concentration scale [7].

After analysis by gas chromatography, methane is extracted from the air 
samples on a high vacuum line using a combination of cryogenic trapping and com
bustion processes to remove species which could interfere with the methane carbon 
isotopic analysis. First all residual water, non-methane hydrocarbons, N20  and C02 
are removed from the air sample by cryogenic trapping. This is followed by removal 
of CO through oxidation to C02 on iodine pentoxide in the form of Schütze reagent.
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Finally, methane in the air sample is converted to C02 and water at 750°C over 
platinum on an alumina support. The volume of this C02, which contains the 
methane carbon isotopic information, is measured in a manometer, and the yield of 
the extraction process is calculated with respect to the methane concentration of the 
original air sample. The sample is then stored for isotopic analysis.

Carbon-13 analyses are performed using stable isotope mass spectrometry. 
Calibration is performed versus a light barium carbonate standard especially devel
oped for atmospheric methane 13C determinations. This standard, NZCH, is 
currently undergoing evaluation by a number of laboratories and is available from 
the IAEA in Vienna. 13C /12C ratios are expressed as parts per mille in the delta 
notation using

Ô13C = (Rs/Rr  -  1) x  1000 (700)

where Rs and Rr  are the 13C/ 12C ratios of the unknown samples and the reference 
standards, respectively. Gas working standards are also used to check laboratory 
processing procedures and mass spectrometry calibration. The standards used are:

(1) Natural air samples stored in stainless steel tanks and routinely exchanged with 
other laboratories.

(2) Mixtures of methane in synthetic air stored in high pressure cylinders.

The gas working standards are routinely processed with other ‘unknown’ air 
samples and provide an independent check on the 13C methane data.

Carbon-14 analyses are made using accelerator mass spectrometry. After 
analysis for 13C, the C02 is frozen back into a sample bottle, converted into a 
graphite target [8] and measured versus NIST modem 14C oxalic acid standards. 
Values are reported in per cent modem carbon (pmc) following the protocol of 
Stuiver and Polach [9].

Over the past four years the technique has been used to make about 400 13C 
and about 100 14C analyses of methane in air samples collected in New Zealand, 
Antarctica and North America. The precision of the method, la  about the mean of 
multiple determinations of subsamples taken from the same air sample for 13C and 
14C, is 0.05 / O O  and 1.5 pmc, respectively2.

3. RESULTS AND DISCUSSION

In New Zealand, air samples are collected at Baring Head, the New Zealand 
clean air monitoring station located at 41.4° S, 174.9° E. Four day back trajectories 
calculated for the site during strong southerly winds show that air sampled there is

2 la = 1 standard deviation.
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typically derived from the lower troposphere at 55° S, occasionally from as far south 
as 70° S, regions remote from continental land masses. Back trajectory analyses 
show that tropical and subtropical air often reaches the site during local northerly 
winds. Baring Head thus provides the opportunity of measuring well mixed air of 
widely different origins. Southerly winds are on shore at Baring Head but, under 
northerly conditions, air passes over farm and forest land in the immediate vicinity 
of the sampling station, leading to possible contamination by local sources of 
methane. However, analysed air samples collected during northerly winds at Baring 
Head usually have methane concentrations within 1 or 2 ppbv of parallel air samples 
collected in onshore winds at coastal areas to the north of Baring Head. This effect, 
currently the subject of further study, is caused by a combination of local topography 
and wind ‘tunneling’ in the Cook Strait, a 30 km wide channel separating the North 
and South islands of New Zealand. Baring Head is situated on an 80 m cliff over
looking the Cook Strait to the south. Only when winds are light, less than 10 knots, 
and from the sector 350° to 40°, have we found that air samples collected at Baring 
Head show methane concentrations elevated above those determined in well mixed 
baseline air.

FIG. 1. Atmospheric methane concentration fo r  samples collected at Baring Head during 
winds o f 10 knots and greater in the sector 40-350° (small solid points) and for Scott Base, 
Antarctica, during all winds (larger open circles). Error bars are 1 a about the mean o f 
multiple concentration determinations by gas chromatography. Errors for the Scott Base data 
are similar to those fo r  Baring Head and have been omitted for clarity.
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FIG. 2. Atmospheric methane l3C values for samples collected under the same conditions as 
in Fig. 1. The small solid points and error bars are data from Baring Head, New Zealand, 
and the larger open circles without error bars are data from Scott Base, Antarctica.

In Fig. 1, methane concentration data for samples collected at Baring Head 
from August 1989 to February 1993 are plotted for the sector 40° to 350° and for 
wind speeds of 10 knots and higher. The data show a persistent seasonal cycle 
superimposed on a secular trend and are similar to data reported for the southern 
hemisphere by Steele et al. [10] for Cape Grim, Australia and Aoki et al. [11] for 
the Japanese Antarctic station at Syowa. Also plotted in Fig. 1 are data from Scott 
Base, the New Zealand Antarctic station at 78° S. These data closely follow the 
secular and seasonal trends observed in methane concentration at Baring Head.

The major removal mechanism for methane in the atmosphere is oxidation by 
the OH radical. As OH increases in the Austral summer, methane is rapidly 
removed, reaching a minimum in February/March. The seasonal cycle at Baring 
Head shows considerable interannual variability, however. For example, values in 
the latter half of 1991 are anomalously high. The average increase in methane con
centration over the measurement period was about 9 ppbv/a, or a secular trend of 
about 0.5% of the atmospheric methane burden per year.

In Fig. 2, 13C methane data for Baring Head are plotted for the same sector 
as the concentration data. The data show a persistent but irregular seasonal cycle 
with a minimum in the Austral spring and a maximum in early summer. The phase 
of this cycle is consistent with a kinetic isotope effect which preferentially leaves 
methane enriched in 13C in the atmosphere during oxidation by hydroxyl. However, 
the amplitude of the observed cycle is much larger than that expected on the basis
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of laboratory determinations of fractionation occurring during the reaction of 
methane with OH [12]. In August 1992 we observed record depleted values of 
-4 7  •67oo following a peak of —47.07oo in December 1991. This maximum cor
related with anomalously high methane concentrations observed at Baring Head in 
the latter half of 1991.

We interpret the causes of this interannual variability and the large amplitude 
of the cycle as due to a combination of changes in the rate of interhemispheric trans
port [13] and episodes of southward transport of isotopically heavy methane during 
spring, generated by large scale biomass burning in the tropics [14]. These regions 
contain tropical rain forests (C3 plants, <513C about -2 8 7 00) and Savannah regions 
(C4 plants ô13C about -1 2 7 00) both of which produce methane during combustion 
with <513C near that of the parent material — considerably more enriched in 13C than 
atmospheric methane.

In December 1992, a rapid drop in methane concentration, 10 ppbv, was 
accompanied by a dramatic increase in 13C (see Figs 1 and 2). Trajectory analyses 
for this period indicate that, whereas air at Baring Head earlier in the month was 
derived from 60° S, later in the month it came from tropical regions. In the summer, 
methane concentrations measured during southerly winds at Baring Head are often 
higher than those measured during northerly winds. This is due to a latitudinal 
gradient in methane concentration caused by faster removal of methane in tropical 
regions by hydroxyl in summer. This difference is not apparent in winter when the 
rate of change in the methane concentration is much slower. The slight lags observed 
in the methane concentration maxima of 1991 and 1992 between Baring Head and 
Scott Base are probably due to this effect (see Fig. 1).

Carbon-13 data from Scott Base plotted in Fig. 2 show similar features to the 
Baring Head record but with a smaller peak to peak amplitude. This is consistent 
with our interpretation that the seasonal cycles of 13C observed at Baring Head and 
Scott Base are modulated by the transport of isotopically heavy methane from 
tropical regions.

The major sources of atmospheric methane are believed to be biogenic, includ
ing ruminant animals and rice paddies from which methane is produced by anaerobic 
bacteria [5]. These sources contain contemporary 14C levels because they contain 
radiocarbon recently derived from atmospheric C02. Other sources, such as 
methane from coal mines and leaking gas mains are fossil in origin and contain no 
14C. In principle, therefore, measurements of the 14C content of atmospheric 
methane can be used to determine the ‘fossil’ fraction of methane currently in the 
atmosphere. In terms of containing or reversing the increasing burden of atmospheric 
methane, this fraction is extremely important, particularly if it is large, because fossil 
releases of methane will be easier to control than biogenic releases.

In practice, however, the determination of a fossil fraction is complicated by 
uncertainties in the release rate of 14CH4 from pressurized water reactors (PWRs) 
and in biospheric 14C derived from atmospheric tests of nuclear weapons [15].
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Fig. 3. Atmospheric methane 14C fo r  air samples collected at Baring Head, New Zealand. 
The filled and open circles represent data obtained by an early cryogenic technique and the 
method reported in this work, respectively. The trend line is a least squares fit to the ,4C data 
determined by the method in this work.

Carbon-14 atmospheric methane,data from Baring Head are shown in Fig. 3. 
The data indicate a persistent increase with time, about 2 pmc/a, which we attribute 
to the increasing amount of 14C in methane released by PWRs. Earlier 14C data 
taken during 1987 and 1988 and shown as the filled circles in Fig. 3 were obtained 
by using a technique based on cryogenic collection of atmospheric methane on acti
vated charcoal [15]. Later data, shown as the open circles in Fig. 3, are more precise 
and are based on the technique described here.

Despite the improvement in precision, however, considerable scatter still per
sists. We attribute some of this scatter to the same changes in transport that affect 
13C in atmospheric methane. In particular, two measurements in late 1991 are the 
highest values in the later record and correlate with the anomaly in methane concen
tration observed at that time. We attribute these higher concentrations and 14C in 
methane at Baring Head to large incursions of northern hemisphere air into the 
southern hemisphere in 1991. Since PWRs are located almost exclusively in the 
northern hemisphere, we expect 14C to be higher there.
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Since the 13C seasonal cycles are highly irregular and relatively large and the 
data sets are short, we cannot yet derive a reliable estimate of any long term trend 
of 13C in atmospheric methane. Current 13C levels in atmospheric methane are due 
to an aggregate of methane sources and the removal process by OH; any changes 
in the secular trend can be interpreted as changes in the relative strengths of methane 
sources. For this reason it is important that more high precision 13C atmospheric 
methane determinations be made at several sites in both hemispheres. For these 
measurements to be useful, it is essential that laboratory techniques and standards 
are intercalibrated.

Taking the release rate of 14C from PWRs and other uncertainties into 
account, we have used the 14C methane data obtained at Baring Hèad to estimate the 
‘fossil’ fraction of atmospheric methane at 17-25% [16]. In order to improve this 
estimate, more precise measurements of 14C in atmospheric methane at additional 
sites in both hemispheres are required. In particular, precise determinations of the 
interhemispheric gradient of 14C in methane will allow closer evaluation of 14C 
releases from PWRs, leading to better estimates of the fossil fraction of atmospheric 
methane.

REFERENCES

[1] ETHERIDGE, D.M., et al., Changes in tropospheric methane between 1841 and 1978
from a high accumulation-rate Antarctic ice core, Tellus 44B (1992) 282.

[2] CRUTZEN, P.J., et al., On the potential importance of the gas phase reaction
CH30 2 +  CIO — ClOO + CH30  and the heterogeneous reaction HOC1 +  HCl — 
H20  +  Cl2 in “ Ozone Hole” chemistry, Geophys. Res. Lett. 19 11 (1992) 1113.

[3] LOGAN, J.A., et al., Tropospheric chemistry: a global perspective, J. Geophys. Res. 
86 (1981) 7210.

[4] LASSEY, K.R., et al., A source inventory'for atmospheric methane in New Zealand 
and its global perspective, J. Geophys. Res. 97 D4 (1992) 3751.

[5] CICERONE, R.J., OREMLAND, R.S., Biogeochemical aspects of atmospheric
methane, Glob. Biogeochem.-Cycles 2 (1988) 299.

[6] LOWE, D .C., et al., Determination of the isotqpic composition of atmospheric
methane and its application in the Antarctic, J. Geophys. Res. 96 D8 (1991) 15 455.

[7] MASARIE, K.A., et al,, A rule-based expert system for evaluating the quality of long
term, in situ, gas chromatographic measurements of atmospheric methane, NOAA 
Tech. Mem. ERL CMDL-3, Boulder, CO (1991).

[8] LOWE, D.C., JUDD, W.J., Graphite target preparation for radiocarbon dating by 
accelerator mass spectromètfy, Nucl. Instrum'. Meth. Phys. Res. B28 (1987) 113.

[9] STUIVER, М., POLACH, H.A., Reporting of l4C data, Radiocarbon 19 (1977) 355.
[10] STEELE, L.P., et' al., Slowing down of the global accumulation of atmospheric

methane during the 1980’s, Nàture 358 (1992) 313.

4. CONCLUSIONS



IAEA-SM-329/9 51

[11] AOKI, S., et al., Measurements of atmospheric methane at the Japanese Antarctic 
station, Syowa, Tellus 44B (1992) 273.

[12] CANTRELL, C. A., et al., Carbon kinetic isotope effect in the oxidation of methane 
by the hydroxyl radical, J. Geophys. Res. 95 (1990) 22 455.

[13] HEINTZENBERG, J., BIGG, E.K., Tropospheric transport of trace substances in the 
southern hemisphere, Tellus 42B (1990) 355.

[14] LASSEY, K.R., et al., Atmospheric methane and its carbon isotopes in the southern 
hemisphere: Their time series and an instructive model, Chemosphere 26 (1993) 95.

[15] LOWE, D .C., et al., Radiocarbon determination of atmospheric methane at Baring 
Head, New Zealand, Nature 332 (1988) 522.

[16] MANNING, M.R., et al., The use of radiocarbon measurements in atmospheric 
studies, Radiocarbon 32 (1990) 37.





IAEA-SM-329/10

TEMPORAL VARIATION OF 180  AND 
DEUTERIUM EXCESS IN PRECIPITATION,
RIVER AND SPRING WATERS 
IN ALPINE REGIONS OF SWITZERLAND

U. SCHOTTERER 
Physikalisches Institut,
Universitat Bern,
Bern, Switzerland

K. FROHLICH, W. STICHLER 
International Atomic Energy Agency,
Vienna

P. TRIMBORN
Institut fiir Hydrologie der GSF München,
Neuherberg, Germany

Abstract

TEMPORAL VARIATION OF 180  AND DEUTERIUM EXCESS IN PRECIPITATION, 
RIVER AND SPRING WATERS IN ALPINE REGIONS OF SWITZERLAND.

The paper presents results of combined 180  and 2H analyses of precipitation, river and 
spring water samples collected from 1983 to 1992 in the Alpine region of Switzerland. The 
data obtained prove that there is a good correlation between the surface air temperature and 
the monthly mean lsO content in precipitation, river and spring waters of the study area. The 
observed S180  temperature coefficient ranges from about 0.8 to 0.9°/oo iper °C. These results 
are consistent with values derived from the IAEA/WMO Environmental Isotopes in Precipita
tion Network. During the observation period the deuterium excess dex (dex =  ô2H — 8ô180) 
in precipitation at stations along a north-south cross-section over the Alps showed a seasonal 
variation and an apparent altitude effect. At Locarno (370 m a.s.l.), a distinct minimum of 
about 7.5°/00 occurred in July and a maximum of 12700 in September. At the stations Kleine 
Scheidegg (2060 m a.s.l.) and Santis (2500 m a.s.l.), the annual mean deuterium excess was 
generally higher than at Locarno. The maximum value of 13.5 700 was found to occur in 
October/November at the Santis station. The long term trend of the deuterium excess was 
studied in precipitation and spring waters of the Kleine Scheidegg region. The results obtained 
suggest a slight decrease of this parameter from 1983 to 1992. In the paper the experimental 
results are discussed with respect to the potential of the deuterium excess in climate related 
studies.
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One of the most serious effects of the anticipated climate change on mankind 
is related to changes in the water cycle. These changes are associated with alterations 
in the temperature controlled processes of evaporation and condensation and thus are 
expected to become manifest in shifts in the 180  and 2H content of atmospheric 
precipitation.

The isotope ratios 180 / 160  and 2H/'H in water have for a long time been used 
as indicators of the palaeoclimate [1]. Recently, it was found that long term changes 
in the 180  content of precipitation over mid and high latitude regions during the past 
three decades closely followed long term changes of the surface air temperature [2]. 
It can be shown that the 180  temperature coefficient of about 0.67oo per °C found 
by the authors is, to a good approximation, equal to the product of the equilibrium 
isotope enrichment factor and the relative temperature coefficient of the atmospheric 
vapour pressure. This suggests that the isotopic temperature coefficient on which 
most of the palaeoclimatic applications are based mainly depends on the temperature 
and vapour pressure conditions at the precipitation sampling site.

In addition to the individual isotope ratios 180 / 160  and 2H/'H, also their 
relationship in terms of the deuterium excess, dex = <52H -  8<51S0  has for a long 
time been considered as an indicator of atmospheric moisture circulation and climate 
(see, for example, Ref. [3]). It was shown [4] that there is a well established relation
ship between the deuterium excess and the physical conditions, especially the humid
ity, in the source region of the atmospheric water vapour (Fig. 1(a)). A more recent 
example of the potential of the deuterium excess as a palaeoclimate indicator is the 
sudden drop (within 20 years) of the deuterium excess observed in polar ice (Fig. 
1(b)) which was formed at the end of the cold spell of the Younger Dryas [5].. This 
drop can be interpreted in terms of an increase in the relative humidity referred to 
sea surface temperature at the origin of the atmospheric moisture in the North 
Atlantic. The increase in the relative humidity may be caused by increasing air 
temperature and/or decreasing sea surface temperature, or by shifts in the surface 
currents of the North Atlantic.

In general, the deuterium excess of precipitation depends mainly on kinetic 
isotopic effects associated with evaporation processes. Therefore, the deuterium 
excess is expected to provide climatic information that cannot be obtained by obser
vation of the individual isotopic ratios 180 / 160  or 2H /1H. However, in addition to 
evaporation in the oceanic source region, there are further evaporation processes 
which may affect the deuterium excess in precipitation. For example, subcloud 
evaporation processes may cause a decrease in the deuterium excess of the raindrop
[6]. In this case, the parameters affecting the change of the deuterium excess include 
atmospheric temperature and humidity as well as elevation of the cloud above sur
face. Furthermore, admixture of air moisture evaporated from free water surfaces 
results in an increase of the deuterium excess of the atmospheric water vapour [7].

1. INTRODUCTION
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FIG. 1. (a) Dependence o f deuterium excess dex on relative humidity Rh referred to satura
tion at sea surface temperature Ts (from Ref. [5]). (b) Change o f I80  content and da  in 
Greenland ice during the termination o f Younger Dryas (from Ref. [5]).

In the case of extreme, continentality, recycled continental moisture may be the 
dominating contribution to precipitation. The reconstruction of the seasonal isotopic 
pattern derived from ice core analyses of a cold Mongolian glacier made it possible 
to define the source of moisture [8]. The deuterium excess increased with increasing 
ô180  as is demonstrated in Fig. 2(a). The labels indicate consecutive samples, in the 
given case starting with No. 141 in autumn/Winter and following back in time 
approximately for a whole seasonal cycle. Thus, in winter the deuterium excess 
appears to be more strongly depleted than in summer. This is in contrast to the 
seasonal pattern of isotopes in precipitation dominated by oceanic moisture sources, 
where thé deuterium excess has been found to decrease with increasing <5180 . This 
finding will be discussed in a forthcoming paper from which Fig. 2(b) is taken, 
showing the mean monthly deuterium excess as a function of the ô l80  values in 
precipitation at the Vienna station [9]. The months are indicated by labels. The 
inverse deuterium excess/6180  cycle found in Mongolian fim samples characterizes 
precipitation originating from recycled continental water vapour which in the given 
case seems to be produced by evaporation from lakes and swamp areas appearing 
during summer in Sibiria.



(a) Tsast Ula Glacier, Mongolia: Consecutive Ice Core Segments

5 6  SCHOTTERER et al.

8180 (%o)

(b) Vienna, Austria: Monthly Precipitation (30-Years Mean)
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FIG. 2. Deuterium excess da  plotted versus &isO o f (a) fim  taken from a cold Mongolian 
glacier; (b) monthly precipitation o f  the Vienna sampling station. The arrows connecting the 
sample numbers follow a seasonal cycle. For better comparison with the Vienna data, the 
samples are connected in the inverse mode to start the plot also in winter/spring.
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In view of the complexity of the processes affecting the deuterium excess and 
the still poor analytical accuracy, the interpretation of the deuterium excess in terms 
of climatic parameters appears to be more complicated than the one of the individual 
isotope ratios 1 8 0 / 160  or 2 H / 1 H. The following is an attempt to find further 
experimental evidence for the potential of this isotopic parameter in climate related 
studies. In particular, long term observations at selected Swiss stations, where con
tinuous records of deuterium and l 8 0  were available, are examined with respect to 
a possible response of the deuterium excess to the surface temperature increase 
recently observed in this region. The paper includes results o f deuterium excess 
determinations of samples which since the early eighties have been taken from 
precipitation, river water and groundwater of the study area.

2. RESULTS AND DISCUSSION

The Alpine area was chosen for two reasons. First, continuity and reliability 
of data necessary for such a study are available not only for precipitation but also 
for river and spring waters. Secondly, the Alpine chain acts as an air mass divide 
which makes the area sensitive to changing atmospheric circulation patterns. The 
region of interest and the location of the sampling stations are shown in Fig. 3.

As can be seen from Fig. 4, the monthly surface temperature at 2000 m a.s.l. 
(Kleine Scheidegg and Grimsel stations) increased from 1983 to 1992, the trend 
being more pronounced in winter than in summer. This increase in atmospheric tem
perature was found to be associated With an increase in the ¿>180  values of the 
monthly precipitation. Major discrepancies derive from periods of unusual or 
extreme precipitation patterns, i.e. from 1988 to 1990, when winter precipitation in 
the Alpine region was nearly totally missing. Nevertheless, the <5180  temperature 
coefficient of 0 .8 2 7 oo per °C appears to be in good agreement with recently reported 
values [2]. Figure 4(c) demonstrates that the changing isotopic pattern of precipita
tion is also reflected by the pattern of shallow groundwater (spring First). The damp
ing of the yearly 1 8 0  variations in the spring water (flote the changed scale in ô 1 8 0 ) 
and the small time lag compared to the atmospheric signal are due to changing 
infiltration conditions and the mean subsurface residence time of the water amount
ing to 2 to 4 years [10].

In this context the question arose of whether rivers, representing greater hydro- 
logical systems, also show the isotopic imprint of the observed global warming 
trend. For this purpose, monthly weighted means of ô 180  were derived from dis
charge proportional monthly water samples collected from rivers Rhine and Rhone 
before they enter Lake Constance and Lake Geneva, respectively. At these locations, 
the rivers represent a catchment area of a total of more than 10 000 km2. Glaciers 
contribute 16% to the discharge of river Rhone (mean altitude 2130 m a.s.l.) but only
1.4% to that of river Rhine (mean altitude 1800 m a.s.l.).
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(a) Air Temperature at 2000 m a.s.l.
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(b) 8180  in Precipitation at 2000 m a.s.l.

Kleine Scheidegg — Grimsel

(c) 8180  in Springwater at 2000 m a.s.l.

— »-—  Spring First

FIG. 4. Variation o f monthly mean air temperature (a) and 618О in precipitation (b) at two 
observation stations at 2000 m a.s.l. from 1983 to 1992 and (c) the d,sO response o f a 
nearby spring to the changing 6,80  input during the same period.
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of more continental moisture sources. An alternative explanation could be seen in 
a change of the conditions at the moisture source dominating in the Alpine region. 
This source is located in the North Atlantic. Whether in this case the main precipita
tion source shifts to a region of the North Atlantic with higher relative humidity, or 
the sea surface temperature decreases, or the surface currents of the ocean shift 
slightly, cannot yet be decided.

3. CONCLUSIONS

The complexity of the processes governing the evolution of deuterium excess 
and the still poor analytical accuracy appear to be the major reasons why deuterium 
excess has not yet been often used as a climatic indicator. In an attempt to shed more 
light on the potential of deuterium excess as a climatic parameter, combined 1 8 0  

and 2H analyses were carried out on samples of precipitation, river and spring 
waters collected in the Alpine region of Switzerland.

In particular, long term observations at selected stations, some óf which are 
located at high altitudes, have provided new data on this parameter and stimulated 
attempts at a better understanding of this parameter and of its relevance to climatic 
studies. An apparent altitude effect and a slight long term decrease of deuterium 
excess are the major experimental findings of this study. In view of analytical uncer
tainties and a lack of further data, a detailed interpretation of the experimental data 
appears to be premature. Such an attempt will be made in a forthcoming paper 
including these and further results derived from the IAEA/WMO database on 
environmental isotopes in precipitation.
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Abstract

COMPUTATIONS OF LOCAL ISOTOPIC RESPONSE OF THE HYDROLOGICAL SYS
TEM TO A GLACIAL CLIMATE.

Three numerical experiments were performed with a combined climatic/hydrologi
cal/isotopic model along a west-to-east traverse across northern California (USA) to assess the 
likely climate conditions at the last glacial maximum (LGM) responsible for observed isotopic 
signatures. The climate model calculates monthly average temperature and precipitation for 
10 km x  10 km cells. The first experiment (ДТ) involved a reduction o f temperature from 
modern values at all points o f the traverse by 5°C. The second (ДР) was a doubling o f precipi
tation. The third (ДТ +  ДР) was a hybrid o f those two in which both temperature and precipi
tation were varied by the same amounts as in the individual experiments. In assessing the 
results the authors concentrate on differences between a control experiment (representing 
modem climate conditions) and each LGM experiment for precipitation, atmospheric vapour 
and groundwater. They focus their attention on two points: the upwind end of the traverse at 
the coast and the downwind end o f the traverse 200 km inland. The ДТ experiment produces 
the greatest variations near the coast while the ДР experiment produces the greatest changes 
inland. This observation supports the notion that a hybrid model is the correct one. Illustrating 
the complex nature o f interactions in isotopic systematics, the authors find that the ДТ +  ДР 
experimental results are distinctly not the simple algebraic sum of the other two experiments. 
It is found that the ДТ +  ДР experiment is the preferred solution; but the correct answer is 
expected to include spatially varied changes in these variables.

I. INTRODUCTION

The best documented excursion in isotopic signatures in the global hydrologi
cal system occurred during the last glacial maximum (LGM) about 18 000 years ago
[1], when meteoric water was more depleted than at present [2]. A number of
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mechanisms have been hypothesized to help understand the physical processes 
responsible for the isotopic difference [3-5]; however, some of them operate in com
peting ways so that the net effect is difficult to ascertain.

To help to decipher the character o f climate change in the western United 
States of America during the LGM we use a mathematical model o f the climatic/ 
hydrological/isotopic (CHI) system. Our analysis is computed for an 800 m bar 1 

wintertime air mass trajectory that extends 200 km from the Pacific coast of northern 
California through northwestern Nevada at approximately 41°30' N, the latitude of 
Traverse I of Ingraham and Taylor [6 ]. Our traverse represents maximum changes 
in the isotopic composition of water vapour as it is advected from west to east and 
includes several physiographic and hydrological provinces.

Our objective is to study the isotopic effect o f imposed major changes in two 
climate variables (monthly temperature and precipitation) that can be expected to 
produce variations in the isotopic signature of surface waters. We use the numerical 
output of a high resolution model ( 1 0  km x  1 0  km grid cells) o f local orographic 
climate in the western United States of America [7, 8 ] that is solved with boundary 
conditions representing larger scale controls on climate (regional wind patterns, 
geopotential height fields, sea surface temperatures, etc.). This climate model is 
coupled to hydrological and isotopic models [9] so that the isotopic results o f exter
nally imposed climate change can be evaluated.

The initial version of the CHI model considered only cumulative wet season 
precipitation and temperature and did not incorporate residual surface water storage 
[10]. Evaporation (without fractionation) was held constant along the traverse; 
despite that, it was found that the isotopic record is consistent with evaporative 
recycling in the area currently studied. A more recent version of the CHI model 
represented fractionation during evaporation of surface water at a rate that varied 
linearly along the transect [3]. We found that both the supply and the transport of 
evaporatively recycled water may be important influences on isotopic signatures in 
northern California.

The current version of the CHI model extends this earlier work by using 
monthly (rather than wet season) temperature and precipitation, by including com
prehensive calculations of elements of the surface water hydrology and by explicit 
computation of isotopic processes in each of these elements. The climate model has 
been parametrized to differentiate solid and liquid precipitation. Surface water 
balance includes storage, the residual being available in the next month. Isotopic 
calculations consider separately the signatures of additions, deletions and the initial 
signature of last month’s residual water. Transpiration (without fractionation) is 
computed separately from evaporation (which is fractionated).

1 1 ba r =  105 Pa.
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Our estimates of climate [7, 8 ] are obtained from a statistically calibrated 
Lagrangian solution along air mass trajectories representing the seasonal extremes 
of atmospheric circulation. In addition to wind trajectories, the boundary conditions 
include sea surface temperatures, terrain, geopotential height fields and radiation 
balance. The climate model is capable of representing orographic effects through a 
set o f independent variables calculated along the trajectory and at the point in ques
tion and solves for monthly temperature and precipitation. The equations used are 
derived from a canonical analysis of the instrumental record and can produce solu
tions on a 1 0  km square grid based on a digital elevation model at that scale.

Phase changes during precipitation are differentiated according to temperature 
at 2 km altitude (approximately 800 .mbar). We assume supercooled liquid exists in 
the temperature range 0°C to -  15°C. Below - 1 5 °C all precipitation is considered 
solid, and above 0°C liquid. Fraction of solid versus liquid is interpolated linearly 
between these extremes. Condensation temperature is extrapolated from surface tem
perature by using an environmental lapse rate for the standard atmosphere of 
6.5°C/km  [11]. So, for example, if the surface temperature is 9°C, at the condensa
tion level it will be — 4°C; 4/15 or approximately 27% of the precipitation will occur 
in solid form. Apart from their effect on fractionation we do not differentiate 
between precipitation phases.

Other atmospheric parameters include precipitable water content of the 
atmosphere (vertically integrated to 500 mbar) at the coastal (upwind) end of the 
traverse and spatially dependent advection velocities. The methods are described 
more fully by Craig and Ingraham [9].

Hydrological computations are performed on a monthly basis and parametrize 
interception loss, Hortonian overland flow, saturated overland flow, evaporation, 
transpiration and baseflow. Parameter values are under user control and the specific 
values used are listed in a later section. Potential évapotranspiration is estimated with 
the Blaney-Criddle equation [12]. Surface water storage occurs in a single layer 
‘soil’ o f constant field capacity. Interception loss is a fixed percentage of growing 
season precipitation and does not fractionate. Hortonian overland flow is taken as 
a fixed percentage of precipitation after interception has been subtracted. Saturated 
overland flow occurs whenever the field capacity is exceeded. Baseflow is a fixed 
fraction of the storage term at the end of the month after all other balances are com
plete. Water remaining in storage at the end of a month is available to satisfy 
évapotranspiration and baseflow demands during the subsequent month. This model 
has been reported by Craig and Ingraham [13, 14] and will be further detailed by 
Craig and Ingraham [9].

We compute isotopic distillation (fraction of vapour remaining) as the ratio of 
precipitation to atmospheric vapour. Vapour flux is calculated from precipitable 
water content of the atmosphere and 800 mbar velocities for 1 0  km square cells

2. CLIMATE/HYDROLOGY/ISOTOPE MODEL
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assuming strictly zonal flow. The initial value of ÔD of precipitation at the coast 
(from which the isotopic composition of downwind cells is calculated recursively) 
is a fixed parameter under user control. Both vapour-to-solid and vapour-to-liquid 
phase changes occur with appropriate temperature dependent fractionation factors.

3. LAST GLACIAL EXPERIMENT

Alternative ideas have been postulated about the character of climate change 
in the western United States of America at the time of the LGM. On the one hand, 
it has been suggested that the proxy record of palaeoclimate indicates a major 
decrease in annual temperature; changes of the order of - 5 ° C  or more have been 
proposed [15-17]. At the other extreme, some researchers [18] have concluded that 
a large increase (up to a doubling) o f precipitation alone, with little or no change 
of annual precipitation, is sufficient to explain the geological record. The hybrid 
view — that a decrease in temperature of this magnitude accompanied by up to a dou
bling of precipitation is the most likely climate state to have existed at the LGM — 
has also been endorsed [19-24]. These are the major hypotheses that are currently 
being debated.

TABLE I. INITIAL CONDITIONS AND PARAMETER VALUES USED 
IN THE EXPERIMENTS REPORTED IN THIS PAPER

Initial conditions

ÔD at coast
Precipitable water at coast 
Fraction o f transpiration at coast 
Fraction o f transpiration at 200 km

Parameter values

Velocity adjustment 

Consumptive use coefficient 

Interception fraction 

Hortonian overland flow fraction 

Baseflow fraction 

Field capacity o f soil

0.70 

0.70 

0.12 
0.05 

0.05 

300 mm

-5 0 ° /Oo 
17 mm 
0.80  
0.20
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TABLE П. EXPERIMENTAL RESULTS, RELATIVE TO THE CONTROL AND
AT 200 km INLAND RELATIVE TO THE COAST
(All values represent hydrogen isotope ratios reported in units o f  per mille)

At coast, relative to control

Precipitation Vapour Groundwater

AT + 5  -6 +2
ДР -2 0 - 5

ДТ +  ДР + 4  —6 -2

At 200 km inland, relative to control

ДТ + 3  -8 - 7

ДР - 3 5  - 1 3 - 5 4

ДТ +  ДР - 3 6  -2 1 - 2 8

At 200 km inland, relative to coast

ДТ -10 -12 +2
ДР -4 1  - 2 3 - 3 8

ДТ +  ДР - 4 8  - 2 5 -1 5

We hope to shed light on this debate by using the capabilities o f the CHI model 
to evaluate the isotopic consequences of each of these three hypotheses. To do this, 
a simplified experiment has been designed in which we run the CHI model imposing 
those climate conditions and compare the numerical results to observed isotopic 
information. Isotope signatures are well known from the southwest o f the United 
States of America for this time period [25-27] and the change, about -1 0 7 oo, 
appears to correspond with changes observed elsewhere in the world [1, 2, 5, 27].

In each of the three model runs all boundary conditions, initial values and 
parameters are held constant (Table I), only the climate variables — temperature 
and/or precipitation at each point — are modified to introduce the change in control
ling factor whose effects are being examined. In the first experiment, temperatures 
for each month at each point are decreased from their modem values by 5°C. In the 
second experiment, precipitation for each month at each point is doubled over 
modem values. In the third experiment, both temperature and precipitation values 
are so changed at each point.
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There is a fourth experiment, the ‘control run’, which is performed to provide 
a basis for comparison to each LGM experiment. Indeed, it is just the differences 
between control run and LGM experiment that we report here (Table П). We believe 
that these differences are more reliable and informative than absolute values. 
Although computations are performed at 10 km steps for the length of the traverse, 
for simplicity we report results only for the first point computed at the coast ( 1 0  km 
inland) and for the last point computed (200 km inland). The results are grouped 
accordingly in Table П, which lists ÔD for precipitation, atmospheric vapour and soil 
moisture. Since the evolution of atmospheric vapour is such an important pheno
menon in the isotope systematics of this area [6 , 28], we also report differences in 
isotope ratios between the coast and 200 km inland (Table П).

It should be noted that the experiments reported here do not include a represen
tation of changes in the amount of precipitable water or advection velocity, or initial 
isotopic composition at the coast. These factors certainly did change at the LGM; 
however, we believe that the results obtained here are qualitatively the same as in 
experiments in which those factors were represented explicitly. In general, the com
puted changes at 2 0 0  km inland are greater than those at the coast, which agrees with 
observations in Europe [29].

4. ISOTOPE SYSTEMATICS

Two major factors control the isotopic composition of water at any location: 
fractionation and distillation [1, 30]. In this section we outline the application of this 
concept to interpreting changes in isotopic signatures within the western United 
States of America and in our area of study in particular.

Lower saturation vapour pressure over the ocean due to decreased sea surface 
temperatures at the LGM resulted in lesser vapour flux to the atmosphere. This 
would tend to result in lower precipitable water content and lower absolute humidity. 
This lower absolute humidity would exacerbate isotopic depletion by increased 
rainout. Increased meridional velocities in the upper atmosphere at these latitudes 
would result in increased flux of precipitable water along the traverse. In all our 
runs, we have kept the precipitable water content at the coast and the advection 
velocities constant so that these complicating factors do not arise in interpreting the 
results.

Lower surface temperatures in themselves mean that fractionation factors, and 
so the amount of fractionation, will be increased over modem conditions. Lower 
temperature also will result in larger ratios of solid-to-liquid precipitation at the con
densation level. This higher ratio will tend to increase the net fractionation factors. 
Both of these effects tend to produce enriched precipitation, all other things being 
equal. However, this results in greater depletion of the remaining vapour so that, far
ther downwind, the precipitation will be derived from more depleted vapour and so
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will itself be more depleted. Thus, the coastal (upwind) end of the traverse will show 
enriched precipitation (relative to à control run) and the inland end of the traverse 
will display depleted precipitation.

Lower temperature will have an additional effect by decreasing rates of 
évapotranspiration (as computed from the Blaney-Criddle equation). This has three 
foreseeable consequences: ( 1 ) the distillation isotopic effect: groundwater will be 
less distilled and so less enriched relative to a control run; (2 ) the distillation volume 
effect: return flux to the atmosphere (recycling) will be decreased, leading to lower 
precipitable water content downwind that is somewhat depleted isotopically (relative 
to a control run); and (3) the fractionation isotopic effect: the lower surface tempera
ture will result in greater fractionation of the evaporate and enrichment of the 
remaining soil moisture, all other things being equal and relative to a control run. 
The relative contributions of these three items cannot be specified a priori.

Precipitation has a distillation isotopic effect. If precipitation is doubled more 
distillation occurs and so the remaining vapour will be depleted relative to a control 
run; the precipitate at the same point also will be depleted relative to the control run. 
Downwind the remaining vapour will be even more depleted relative to the control 
run, and so the resulting precipitation also will be more depleted relative to the con
trol run.

Increased precipitation also will tend to result in greater amounts of soil 
moisture. This will, in most locations and for many months, result in increased 
évapotranspiration. The greater amounts of soil moisture available for évapotranspi
ration will tend to result in lesser enrichment (relative to the control run) of both the 
surface water and the resulting evaporative vapour. The increased amount of 
évapotranspiration (since more potential évapotranspiration can be satisfied) will 
tend to result in more enriched soil moisture and evaporative vapour (relative to the 
control run). These two effects drive the isotopic signatures in opposite directions 
(relative to the control run) and, again, it is not possible to specify a priori which 
will dominate.

5. DISCUSSION

5.1. ДТ ru n

The stable isotopic composition of the vapour is more depleted, and the 
precipitation is more enriched than in the control run at the coast. This is expected 
since, at the upwind end of the traverse, the effect o f temperature in giving a larger 
fractionation factor is, at the coast, the exclusive new process introduced, and this 
forces greater isotopic separation between vapour and resultant liquid. At 200 km 
inland, the same pattern of changes with respect to the control run is computed, and 
the precipitation and vapour are depleted more, relative to that at the coast, than is
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the case in the control run. This is reasonable since the higher fractionation rates 
throughout the traverse dominate the various new processes at work and result in a 
more rapid isotopic evolution of the air mass.

The groundwater at the coast is also more enriched than in the control run, as 
it is forced by the more enriched precipitation and the effects of terrestrial recycling 
have not taken hold. The resultant groundwater at 200 km is depleted relative to the 
control run by an amount that roughly corresponds to the observed global change.

5.2. AP run

The stable isotopic composition of the vapour of the ДР run is essentially iden
tical to that of the control run (at the coast). We attribute this to the negligible 
cumulative effect of distillation at the coast. The depletion of groundwater at the 
coast (relative to the control run) is within the range suggested by global data; 
however, the inland groundwater is more depleted (relative to the control run) than 
would be expected to prevail during the LGM [1]. We attribute this phenomenon to 
the fact that the increased precipitation results in increased soil moisture and in a dis
proportionately smaller increase in actual évapotranspiration, so that evaporative 
enrichment is less effective than in the control run. As we shall see in the ДТ +  ДР 
run, this effect is moderated by a decrease in temperature.

The compositions of precipitation and vapour become more depleted inland 
(relative to the control run), and at 2 0 0  km the precipitation is some 35 7 0 0  more 
depleted than in the control run. We attribute these changes primarily to the distilla
tion isotopic effect. The alternative process at work, increased evaporative recycling, 
would not produce a more depleted vapour or groundwater.

5.3. ДТ +  ДР run

The stable isotopic compositions of vapour and resultant precipitation at the 
coast of the combined run show the effects of both individual runs; however, the 
effects o f this combined run more closely mimic the effects of the ДТ than of the 
ДР run. The change relative to the control run of the stable isotopic composition of 
the vapour of the combined run at 2 0 0  km inland is the algebraic sum of the relative 
depletion observed in the two individual runs. However, the resultant precipitation 
at 200 km inland more closely mimics the results o f the ДР run. We conclude that 
the ДТ term dominates vapour and precipitation processes at the coast and the ДР 
term is more important at 2 0 0  km inland.

As is the case in the ДР run, groundwater is greatly depleted relative to the 
control run. The degree of depletion (relative to the control run) is considerably 
lower than in the case of the ДР run. We attribute this moderation to the effects of 
lower fractionation factors during evaporation due to the decreased temperature, 
which leads to greater enrichment during evaporation.
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Increasing precipitation alone (ДР experiment) produces an inland ground
water that is far more depleted relative to the control than that expected to exist dur
ing the LGM. A reduction in temperature alone (ДТ experiment) serves to deplete 
the inland groundwater by a reasonable amount. The combination of lower tempera
ture and increased precipitation (ДТ +  ДР experiment) serves to moderate the 
depletion observed when increasing the precipitation alone. Therefore, with respect 
to groundwater signatures at 200 km inland, the ДТ experiment yields the preferred 
solution and the ДТ +  ДР experiment yields an acceptable one.

None of the presented models accurately describes the stable isotopic composi
tions of precipitation and groundwater thought to prevail during the LGM. Decreas
ing temperature alone produces a precipitate at the coast that is too enriched, while 
increasing the precipitation alone produces an inland groundwater that is too 
depleted. However, the above results are informative in that they suggest that some 
combination of increased precipitation and reduction in temperature is required to 
explain the conditions that prevailed during the time of the LGM. Increasing the 
precipitation without a decrease in temperature produces satisfactory results at the 
coast; however, a decrease in temperature is required to produce satisfactory results 
at 2 0 0  km inland.

The present experiments are limited to constant decreases in temperature 
and/or increases in precipitation at every point along the traverse; however, the 
results presented indicate that the decrease in temperature may be greater inland than 
at the coast, while the increase in precipitation may be greater at the coast than 
inland. In light of this, we hypothesize that at some inland location (between the coast 
and 2 0 0  km inland) the stable isotopic effects of a decreasing temperature and an 
increasing precipitation would have equal weight in explaining the stable isotopic 
compositions of precipitation and groundwater during the last glacial.

6. INTERPRETATIONS
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Abstract

INFLUENCE OF ENVIRONMENTAL PARAMETERS ON THE FRACTIONATION OF 
OXYGEN ISOTOPES IN THE LOCAL ECOSYSTEM.

Sudden changes in the ô 180  values of subsequent precipitations can be used as a tool 
to study the water movement in the ecosystem, especially in the soil. Oxygen isotopes were 
observed during a whole season. The water vapour in the air is in close equilibrium with the 
actual precipitations. The 6 180  values of leaf water reflect the actual weather conditions, 
while the values o f twigs and stalks correspond to the actual ô 180  values o f precipitation. An 
intense precipitation in summer had penetrated down to the 40 cm layer, a distance which is 
typical for the water movement during the whole growth period. Starting in the warm season, 
the soil has a constant 6 180  value, corresponding to the mean of the local precipitation. Dur
ing summer, évapotranspiration leads to an enrichment, especially in the upper layers. Starting 
in November, however, the soil water pool is refilled and can supply the local groundwater.

1. INTRODUCTION

The dominant fraction of the biomass is water. In addition, water is one of the 
limiting factors for the abundance o f terrestrial life. Nearly all free water at the 
earth’s surface (about 98%) is collected in the oceans. On land the precipitation and 
the soil water fraction are the basis for the growth of plants and, consequently, for 
the structure and development of terrestrial ecosystems. Surprisingly, the water 
movement in the unsaturated zone of the soil is not completely understood, so far. 
But any conclusions from present to past environmental conditions require the pre
cise knowledge of the nowadays ‘isotopic environment’, including the soil water and 
its annual cycle.

Soil is an object difficult to handle. It is not only inhomogeneous, containing 
all phases — gaseous, liquid or solid —, but is also distinctly stratified, as one may 
see even by a rapid inspection. This structure is caused by the movement of water 
within the soil whereas the general tendency to move downward is the result o f the 
gravitational force. But the deposition of water by successive precipitations cannot
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be simply described as a corresponding pattern of water layers in the soil. After its 
deposition the water is released to the atmosphere either by evaporation or by trans
piration. The transpiration process is actively regulated by the plants themselves, but 
the water used originates from different depths of the soil. The actual position of an 
active root zone can hardly be predicted. The depth and the activity of plant roots, 
especially for annual plants, vary during the season.

If  we take into account the annual variation of the isotopic content of precipita
tions plus a large variation between single precipitation events, it is surprising to 
observe a constant isotopic composition of oxygen in the deeper layers of the unsatu
rated zone and the groundwater. At least, this is the result of observations in Central 
Europe since 1974 [1 ,2 ]. During the annual cycle an enrichment in the 180  isotope 
is observed in the soil layers close to the surface, but not in deeper layers. Lysimeter 
experiments using labelled water have demonstrated the role of plant roots for the 
water balance of the soil [3, 4]. Apart from these varying influences, the local 
groundwater at Jülich remains constant.

In the observation of ecosystems it is only the natural variation that can serve 
as a tool for studying the water turnover in the soil and in the plants. The ‘label’ is 
the difference between successive precipitations. An example for an annual observa
tion period will be presented. At a small forest site at the Research Centre Jülich, 
precipitation, air water vapour, soil, twigs and leaves were collected. Continuously 
recorded weather data are available. Therefore, the role of these parameters may be 
considered to test the hypothesis that isotope data allow a reconstruction of climate 
changes in the past.

On the other hand, a single extraordinary precipitation event during the obser
vation period demonstrates that one has to be careful in assuming constant isotopic 
conditions. An example for such changes is taken from our sampling programme of 
musts and wines o f Germany. Tendencies o f the isotopic composition within and 
between the years o f harvest should directly reflect the weather conditions during the 
development of the grapes.

2. MATERIAL AND METHODS

2.1. Location and  sam ple collection

The weather data (temperature and relative humidity of air, data and amount 
of precipitation) were continuously recorded by a special service of the Research 
Centre Jülich (ASS-UW).

Precipitations were collected close to the Institute of Radioagronomy in bottles 
to minimize losses by evaporation. The bottles were replaced at the beginning of each 
month. Air humidity was frozen out of an air stream at —80° at labour days from
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8.00 to 12.00 a.m. only. Thus daily data, except for holidays, Saturdays and 
Sundays, are available.

Plant and soil samples were collected at a small forest site in the area of the 
Research Centre Jiilich. The soil is o f pseudogley type. Originally, the level of the 
saturated zone o f soil water was high, but in the course of open air coal mining 
nearby the level was drained off. The forest is domineered by some old beeches 
(.Fagus silvático L .), but not too dense so as to suppress younger trees. The typical 
zonation of a deciduous forest in Central Europe will be found: a canopy of big trees, 
a zone of smaller trees, a zone of shrubs and the layer of herbs and/or grass. An 
alder (Alnus glutinosa Gaertn.) represents the trees, a willow the shrubs 
(Salix spec. L .). Representative grass and herb material was collected according to 
the season including the most abundant species at each date of sampling. In collecting 
plant material one has to separate dead parts o f plants for their isotopic fractionation 
is by physically driven processes only.

Small soil cores were collected by using a Pürkheimer drill o f about 2.5 cm 
inner diameter. The drilling must be controlled carefully and has to be repeated if 
stones or roots have disturbed the structure of the core. Usually, the core is small 
enough to provide suitable profiles. Its disadvantage is the small sampling diameter 
but, on the other hand, the disturbance caused by the drilling procedure must be kept 
as small as possible.

2.2. Oxygen isotope measurement

The measurement of oxygen isotope ratios according to Epstein and Mayeda
[5] does not depend on compounds other than water. Therefore wet plant material 
(leaves or twigs) as well as soil can be brought into direct contact with the superna
tant carbon dioxide, avoiding further preparation procedures such as vacuum distilla
tion. For example, distillation is not always complete. Therefore, systematic errors 
due to isotopic fractionation can easily be introduced.

Intensive studies have demonstrated that one has only to ensure the presence 
of a sufficient amount of water in the sample. The time of isotopic exchange over
night will be sufficient to provide equilibrium conditions. Coarse material such as 
twigs should be cut down to pieces.

2.3. Mass spectrometry

The ¿>180  measurements were performed by a SIRA П (VG/FISONS) using 
common infrared mapping system (IRMS) techniques. All ô values are related to the 
Vienna SMOW/SLAP scale [6 ]. The method was confirmed by an intercalibration 
o f an AFNOR/CEE group. The internationally accepted set of standards is useful, 
not only in ecology and palaeoclimatology, but also for the control o f food and 
beverages.
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FIG. 1. Monthly means o fd ,sO values o f precipitation and water vapour in the air as well 
as air temperature during the observation period 1986-1987, at Jülich.

FIG. 2. Amount and date o f precipitations during the observation period (vegetation period 
1986-1987).
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3. RESULTS AND DISCUSSION

3.1. Precipitations and  a ir  w ater vapour

At our site in Central Europe the ô 180  values of the precipitations have a dis
tinct annual cycle (Fig. 1). The groundwater represents the long time average of the 
local precipitation. Therefore, at a first glance, it seems to be sufficient to collect 
precipitations at monthly intervals only. The results to be presented later on will, 
however, encourage the collection of single precipitations.

The maximum o f the ô 180  values in precipitation is observed in summer 
while a distinct minimum is always seen in winter, mosdy in February. The local 
mean o f <5180  in Jülich is 7 .65°/00. The close correlation between air temperature 
and the ô 1 8 0  values of the precipitations is not caused by physical effets at the 
observation itself. No mechanism is known that could explain this correlation from 
a simple reason.

The reason is the different geographic origin of the precipitations. In general, 
summer precipitations originate from warmer regions in the south. Winter precipita
tions often stem from air masses loaded over the northern Atlantic. But weather is
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FIG. 3. Relative humidity and 6,sO values o f  water vapour in the air collected on labour 
days from 8 to 10 a.m.
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a complex phenomenon, and even precipitations following each other may not only 
vary in the amount of water rained off but also in their isotopic composition. 
Figure 2 reports the dates and amounts of precipitations during the period observed. 
The three arrows point to two periods which will be discussed in detail later on, a 
first period in July (one arrow alone) and a second one in September.

Figure 1 also presents the ô 180  values of the water o f the air (air humidity). 
It seems to be in equilibrium with the precipitation, i.e. close to the water/water 
vapour equilibrium. For modelling purposes one may assume the validity of these 
equilibrium conditions. In contrast to air humidity, precipitations are short lasting 
events. Nevertheless, the results indicate a rapid exchange between the precipitation 
deposited at the soil surface and the supernatant air mass. Observations following 
release experiments of elementary tritium and noticing the re-emission of the reac
tion product — tritiated water — from the soil to the air have confirmed this rapid 
and intense exchange [7]. Consequently, even short changes of the <5180  values of 
precipitations may be detected in the air humidity (Fig. 3, minimum around 
1986-07-09).

In the record of the daily mean temperatures (not shown) the periods of special 
interest have low temperatures, but these periods can in no way be distinguished 
from other periods since the natural scattering is too large. There is no direct correla
tion with the relative humidity o f the air, either the parameter ‘relative humidity of 
the air’ is a combination o f the dew point and the air temperature; therefore one can
not expect too much information. As will be demonstrated later, during the rain 
period in September a higher relative air humidity was observed. In general 
however, these two common weather parameters are not very useful when the iso
topic composition of water is used as an indicator.

3.2. Twig and leaf water

The 6 180  values of the water o f twigs and stalks (Fig. 4) correspond to the 
range of local precipitations during the vegetation period. All species have flat roots. 
The increase of the ô 180  of twigs from alder and willow is the result of the loss of 
leaves during the winter season. Then, the twig itself loses water, and, consequently, 
the 180  of their water will be enriched. In contrast, in the active herbs the <5lsO 
values of the water in the stalks do not increase.

The leaf water samples show two minima, a very pronounced one in July and 
a less distinct one in September. The two should result from different processes and 
can be understood only after one has determined the ô180  of the soil water. The 
minimum in July is the result of a preceding rain period. Neither air temperature nor 
relative humidity yield additional information. Looking at the ô180  of air humidity 
one would assume that a short negative precipitation and resulting negative air 
humidity (see Fig. 3, beginning o f July) are responsible for this minimum. The 
whole weather situation (wet and cold) is reflected by the decrease of SlsO in leaf



IAEA-SM-329/15 89

water. It is well known that even short, but distinct changes in the isotopic composi
tion of air humidity may alter the corresponding composition of leaf water.

3.3. Soil water

Figure 5 shows the <5180  profiles of soil water in the upper layers during the 
observation period, i.e. one season. Looking at the profiles, one should take into 
account two limitations: first, the sampling area (diameter o f the drill) is very small; 
secondly, plants roots take actively part in the water movement in the soil. Neverthe
less, a clear picture will be obtained.

At the start o f the growth season in April, a homogeneous <5180  profile is 
observed. It has been refilled during winter when évapotranspiration was low. Later 
on, with increasing biological activity and temperature, the water pool o f the soil is 
exhausted more and more. In the surface layers the évapotranspiration fractionates 
the oxygen isotopes, resulting in an enrichment in 1 8 0 .  This effect may be sup
ported by isotopically heavy rains in summer. But there are some lighter rainfalls 
too, which can be seen in deeper soil layers. The profiles are difficult to interpret 
as they are not so clear as the distribution curves resulting from pulse tracer experi
ments. On the other hand, between August 5 and 8 , an isotopically heavy precipita
tion is detectable. Starting in November, when évapotranspiration is reduced, the 
water reservoir o f the soil is refilled and brought back to an isotopically constant 
profile.

This seems to be in contrast with the observations of the distribution curves 
after labelling but, at least, a multiple pulse finally should result in a well mixed 
homogeneous profile, too. During winter, the groundwater reservoir is recharged. 
Only during that part of the year is evaporation low enough to allow transport o f the 
surplus to deeper layers. This is the time of the year when, under Central European 
conditions, percolate can be obtained in measurable amounts.

Surprising was another way of data presentation: the drawing of a series of 
depth profiles was replaced by a separate presentation of each level (Fig. 6 ). Now, 
the minimum in September has an extraordinary position within the annual course, 
especially, if one looks at the 1 0  and 2 0  cm layer, not at the samples from the surface 
layer. A sudden flowdown to 40 cm can be demonstrated. One can imagine that in 
summer an intense precipitation can penetrate deeply into the dry soil. Again one will 
not obtain additional information from the temperature and relative humidity of the 
air. The relative humidity is increased during the rain period, but this information 
only supports the information from rainfall observation.

3.4. Must samples during the harvest period

An additional example will be given from a program where weather data also 
play a role in the interpretation o f oxygen isotope results (Fig. 7). The data are a
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FIG. 6. Course o f  5 ,sO in different soil layers during the observation period (vegetation 
period 1986-1987).
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small part of a program for improving the control o f origin and quality of wines. 
Starting 1986, each season a large set o f representative samples of German musts 
and wines was collected. In contrast to the leaves, the water reservoir of the grape 
berries is large and the surface/volume ratio is low, i.e. the transpiration is too low 
to produce a fast change in the oxygen isotopic content of the water in the berries.

Nevertheless, the ô180  values of must, which is not altered by fermentation to 
wine, show distinct courses during the harvest period. There is a large scatter 
between the years (e.g. 1989) and within a year (e.g. 1988). Using wines as well 
dated and localized samples of water, one has to take this disadvantage into account. 
A first analysis o f the data has shown that the weather conditions and precipitations 
are responsible for this effect. For wine harvest rain is also an important factor. If 
rainfall is intense the water may quickly be taken up by the plants and be transported 
into the berries. There the enrichment is immediately diluted. An irrigation experi
ment with wine plants, conducted last autumn under field conditions in Jülich, has 
provided a first confirmation of this effect.

4. CONCLUSIONS

Using the natural isotopic composition o f biological material as a memory for 
the ‘isotopic environment’ and therefore of the climate conditions during its forma
tion, one has to take sudden changes into account. All biological structures or sub
stances, which store the isotopic composition o f the time they are synthetized or built 
up, represent a limited time range only. Changes during that period are stored too. 
They may be interpreted as significant drastic changes rather than short lasting 
extreme situations.

In contrast to palaeoclimatology, for ecological studies such effects are useful, 
as they are natural labels o f transport processes in the ecosystem. The case of deep 
penetration o f summer precipitation may not only be of ecological significance, but 
may also be of interest to the fate of agrochemicals. In the observation period 
reported here, a single rain has penetrated as deep as a label ( 1 8 0  enriched water) 
that was applied in spring and moved 30 cm down during the whole vegetation 
period until mid August [3].

The observations reported here also draw attention to the observation that the 
‘isotopic environment’ may change from year to year significantly.
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Abstract

COSMOGENIC NUCLEAR METHODS FOR DETERMINING SOIL EROSION AND 
FORMATION RATES.

Nuclear reactions are going on continuously in all matter in the universe. In fact, it 
would be difficult to find a site which is devoid of nuclear reactions. The rates o f reactions 
are, however, often very low so that their studies require very sensitive techniques for the 
measurement o f the included nuclear isotopic changes. Recent advances in the field of 
accelerator mass spectrometry have now made it possible to sensitively measure several iso
topic ratios for long lived radionuclides, e.g. l0Be/9Be, 36C1/C1 and 26A1/A1, 14C/C, at ratios 
o f >  10~15-10"14. This accomplishment has now made it possible to measure a suite o f radio
nuclides produced by cosmic rays and radiogenic energetic particles in a variety of materials. 
Cosmogenic and nucleogenic 3He has been studied recently in several terrestrial solids as a 
result o f recent advances in mass spectrometry and selective 3He extraction methods. As a
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consequence of these developments, it is now possible to study the evolutionary history of a 
host of surficial materials, and the rates of diverse geophysical/geochemical processes. In the 
paper, these developments are briefly reviewed, and the new nuclear methods for the study 
of soil erosion and formation rates are discussed.

The importance of studying soil formation and erosion rates in geo
morphology, biological production and carbon sink source functions cannot be over
emphasized. Very limited success has, however, been achieved in quantitative ‘age’ 
dating of soils and their constituents. Soils contain a very diverse and complex set 
of chemicals and minerals arising from water-rock interactions. Being ‘open’ sys
tems in the chemical and nuclear sense, they have defied quantitative nuclear dating. 
Identification of the time related evolution of patterns of isotope fractionation has, 
however, permitted limited application of the uranium trade dating method to 
sediments, as discussed by J.N . Rosholt and T.L. Ku (see Muhs et al. [1]).

In this paper, we discuss two quantitative nuclear methods applicable to the 
study of soil dynamics: one for determining soil erosion rates using in situ cosmo
genic radionuclides 1 4 C, 10Be and 2 6 A1, and the other for determining formation 
rates using the atmospheric cosmogenic radionuclide, 1 0 Be. These radionuclides, 
covering a wide range of half-lives ( 1 4 C: 5730 a; 2 6 Al: 0.7 Ma; 1 0 Be: 1.5 Ma), 
have been detected in soils/rocks using the accelerator mass spectrometry [2-4].

In certain favourable cases, the in situ produced cosmogenic radionuclides 
1 4 C, 10Be and 26Al can be used to determine soil erosion rates [3, 5]. We have 
exploited a unique situation favourable for quantitative soil erosion rate determina
tion, namely the presence of a quartz vein in a soil profile in Reston (Virginia, USA). 
The concentrations of 1 4 C, 10Be and 26Al in the vein are expected to arise primarily 
because o f their in situ production by cosmic rays. For the case of steady state 
erosion, the nuclide concentration at the surface o f a soil chronosequence reaches a 
stationary value [5] o f N (atoms-g"1):

where P is the nuclide production rate (atom s-g " 1 - s '1) at the surface, X is the 
nuclide disintegration constant (s-1), ц  is the absorption coefficient for cosmic rays 
in the rock ( —1/60 c m '1), and e is the erosion rate (c m -s '1). The value of 60 cm 
for l l /л is based on an absorption distance of 150 g -cm ' 2  for cosmic rays and an ad 
hoc value of 2.5 g -cm ” 3  for the soil density.

The measured concentrations of 14C in two quartz vein samples, 
(6.2 ±  0.9) X 104  and (2.2 ± 0 .1 )  X 104  atoms - g '1, from surface and 50 cm
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depth, respectively, yield a consistent value of erosion rate of ( 1 . 1  ±  0 .2 ) x  
1 0 ~ 2  c m -a '1.

In situ 14C is ideal for estimating erosion rates in the vicinity of é — X/д 
(Eq. 1), say, for values o f 10“ 3  <  e <  3 x  10“ 2  c m -a '1. Soil renewal rates and 
‘low’ soil erosion rates fall in the bracket 1-5 t - a _I, as pointed out by Revelle [6 ]. 
This corresponds to erosion rates of 5 X 10”3 -2 .5  X 10“ 2  cm -a"1, well in the opti
mum range of 1 4 C. The in situ method discussed here should be applicable to coarse 
grain quartz in residual soil profiles. Among the three nuclides 1 4 C, 10Be and 2 6 Al, 
the nuclide 14C has the shortest half-life and, therefore, the shortest memory of any 
previous exposure history. Studies o f the nuclides I4 C, 26Al and 10Be should there
fore help eliminate uncertainties due to any prior exposure history of quartz grains 
and thereby uniquely fix the soil erosion rates.

The most promising method for dating soils appears to be the cosmogenic 
atmospheric 10Be because o f its suitable half-life (1.5 Ma). The longest lived 
nuclide in the U-Th series which can be used for dating soil minerals is 2 3 0 Th; it has 
a half-life o f 8  x  104  a. Studies by Brown and Pavich and their colleagues resulted 
in extensive studies of soils, and they have been able to obtain some correlation 
between hold-up time of soils, or the net erosion rates o f soils [2, 7]. A serious 
problem with 10Be is that it is found to be mobile in soil which prevents a quantita
tive treatment. This is evidenced by the fact that one observes a variety o f 10Be 
depth profiles, a maximum surface or at depths o f several metres no decrease at 
greater depths, or a monotonie decrease with depth. So far 10Be studies have only 
yielded the principal result that the integrated amount of 10Be is approximately 
inversely related to the erosion rate at the site.

We have now explored the feasibility [8 ] o f determining ages of authigenic soil 
minerals by determining 1 0 Be/9Be ratios in them, following a model proposed by 
Lai et al. [5]. In this model, the ' ’’B e /^ e  ratios in the authigenic phases are fixed 
in certain ratios at the time of formation. The initial ratio is expected to be well con
strained within narrow limits at a given site, an assumption which seems plausible 
on the basis o f soil dynamics and is also borne out by experimental data.

To test the 1 0 Be/9Be method o f dating authigenic soil minerals, we measured 
^Be concentrations in more than 60 global soil samples where 10Be concentrations 
had already been determined (see Lai et al. [5]). The ^ e / ^ e  ratios were observed 
to be much more narrowly constrained than the spread in the absolute 10Be concen
tration in the ensemble of soil samples.

We have studied ' ^ e / ^ e  ratios in authigenic minerals from several soil pro
files: slightly alkaline and acidic kaolinitic soils, and oxide rich soils. To understand 
the geochemistry of beryllium in the soils, we studied the concentrations of Be, Al, 
Fe and 10Be in several phases: adsorbed phase (leachable with warm hydrochloric 
acid), organic phase, clay phase, Fe hydroxide phase, Al hydroxide phase, detrital 
silicate phase and also in soil water. The different phases were extracted by using 
well known chemical procedures.
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TABLE I. INFERRED RATES OF SOIL FORMATION AND AGES BASED ON 
1 0 Be/9Be RATIOS IN AUTHIGENIC MINERAL PHASES

™ , Soil age
Thickness of Rate of formation------------------------------------

A +  В horizon ___ « . .  „
, (10 cm-a ) Inferred age Apparent age
(cm)

Soil sample

(Ma) (Ma)

Type I: Slightly alkaline soils 

Great Valley soils 180 5.1 ±  2.3 3.5 ±  1.6

Yugoslavia Core M6 80 3.2 ±  1.6 2.4 ±  1.3 —

Type II: Acidic soils 

Yugoslavia Core M4 >335 6.2 ±  1.9 5.4 ±  1.7

China Hat soils > 300 4.6 ±  2.7 6.5 ±  3.8 2 .5-3  [7]

Type III: Oxide rich soils 

South Mali ferrierite 1200 8.1 ±  1.8 14 ± 3 .0 10a

Côte d’Ivoire bauxite 1000 11.1 ±  4.4 9.0 ±  3.6 3b

Range in the present work 3.2-11.1 2.5-14

Tardy, unpublished data. 
Boulange, unpublished data.

The essential observations based on more than 100 10Be determinations are:
(1) the total 10Be concentrations range between 0.2 and 1.5 x  109  atoms/g in 80% 
o f the cases; (2 ) the ' ^ e / ^ e  ratios lie between 0 . 0 1  and 1 . 0  x  1 0 “ 8  in different 
phases, in 80% of the cases; (3) the adsorbed phase shows highly variable concentra
tions of ^ e  and 10Be with the highest 10Be concentration in the A horizon and 
higher ' ^ e / ^ e  ratios than in other phases by factors of 3 to 5; (4) in relatively 
young soils, the authigenic phases, clay and A l-Fe hydroxides, contain 30-80% of 
9Be and 1 0 Be, and the '^ e /^ B e  ratios increase with depth by factors of 1.5 to 2.5;
(5) the ratios in soils older than 20 Ma lie in the ranges of 10~n -10~10.

The results seem to support the model proposed by Lai et al. [5] for incorpora
tion of 10Be and 9Be in authigenic soil minerals, after homogenization in the upper 
soil layers over extended periods o f time (Ю 2 —1 0 3  years), which averages out tem
poral variations in the 10Be fallout and precipitation rates. From the observed depth 
variations in the 10Be concentrations in kaolinitic and oxide rich soils, the soil for
mation rates are deduced to lie in the range (3-10) X 10~ 5  cm - а '1. Our results to
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date are summarized in Table I. The concentrations of 10Be were below our limit 
o f measurement (constrained by the presence of adsorbed 1 0 Be), in two oxide rich 
soils of > 2 0  Ma age, consistent with expectations.

The present study demonstrates that the ratios of 1 0 Be/9Be in authigenic 
phases in soils can be used for dating the soil minerals and soil formation rates. Fur
ther studies are required to decipher the complex mechanism o f incorporation of Be 
in soil minerals. Studies of soil water at the weathering zone at depths are also needed 
for directly measuring the ^ e / ^ e  ratios at the time of formation.
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A bstract

FIELD AND LABORATORY NUCLEAR TECHNIQUES IN RADIONUCLIDE TRANS- 
TORT STUDIES: METHODOLOGY, TECHNOLOGY AND CASE STUDIES IN THE 
TERRITORY OF THE RUSSIAN FEDERATION EXPOSED TO RADIOACTIVE 
CONTAMINATION DUE TO THE CHERNOBYL ACCIDENT.

The nuclear techniques used in studying migration mechanisms and characteristics of 
radionuclides released into the environment as a consequence of the Chernobyl accident are 
described and evaluated. These include nuclear well logging in profiling soil density, moisture 
and clay particle content; artificial isotope tracer (including multitracer) technology for 
simultaneous in situ determination of the velocity of tritiated water and injected/released 
radionuclide (^Sr, l3 7 Cs) movement; their diffusion/dispersion coefficients and K¿ and 
retardation factors (R); a Chernobyl radionuclide survey of soils, sediments, surface waters 
and groundwaters to estimate the radioecological conditions and consequences; natural stable 
(D, 1 80 , 1 3C) and radioactive (T, 1 4C, 2 2 6 Ra, 2 2 8 Ra) isotope methods for evaluating the 
genesis and mean residence times of groundwaters (MRTw) and contaminants (radio
nuclides) (MRTc). For the assessment of the vulnerability and the prediction of possible 
contamination of exploited shallow and deeper groundwaters by the reactor radionuclides 
(mainly, 137Cs and ^Sr), two approaches were applied: (1) determination of the mean 
residence time of groundwater by means of the environmental tritium data and the retardation 
factor (determined by laboratory and field tracer experiments); (2 ) direct experimental 
determination of the recharge rate and the migration characteristics of radionuclides in the 
unsaturated zone.
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This paper has been prepared on the basis o f methodological, theoretical and 
experimental (both laboratory and field) investigations carried out during 1988-1992 
at the territory of the Russian Federation (Kaluga, Tula, Bryansk regions) and in 
some other areas affected by the Chernobyl radionuclide fallout (Fig. 1, Table I).

The total activity of the released radioactive substances (without including 
radioactive isotopes of noble gases) is, as estimated in May 1986, about 1.9 EBq 
(1 EBq =  10 1 8  Bq), which corresponds to 3.5% of the total radioactivity accumu
lated in the reactor at the moment of the accident [1]. The release of ^ S r , 131I and 
1 3 7 Cs, the most dangerous radionuclides in medicobiological terms, amounted to
8.1, 270 and 37 PBq (1 PBq =  101 5 Bq), respectively [1].

The discharge of 239>240Pu into the environment is estimated to have been 
approximately 0.2 PBq [2]. Table I represents the surface of the contaminated area 
of the CIS (Commonwealth of Independent States) for the 137Cs concentrations as 
determined in December 1990 on the basis of the results of the gamma ray aerial 
survey [2]. According to these data, the territory examined by this aerial survey con
tains approximately 0.95 MCi (35 PBq) of 137Cs with an area deposited activity 
higher than 1 Ci/km 2 . 1

Approximately 30% of radionuclides released fell out on the territory of the 
Ukraine, about 50% in Belarus and about 15% in the Russian Federation [3]. The 
total area contaminated in the Russian Federation is equal to 47 170 km 2  if we con
sider the 137Cs area deposited activity of 1 Ci/km 2  to be the lower boundary of the 
contamination front. Such levels o f 137Cs contamination were established from the 
results of the aerial gamma survey carried out in the regions of Bryansk, Tula, 
Kaluga, Oral, Ryazan’, Belgorod, Voronesh, Lipetsk, etc. Within the Russian terri
tory, over 90% of the human settlements are equipped with centralized water supply 
using groundwater. Water withdrawal is carried out from aquifers in Devonian, Car
boniferous and Cretaceous formations. More than 200 rural settlements (villages and 
collective farms) take water from dug wells and shallow wells constructed in the 
phreatic (shallow and unconfined) aquifers located in Quaternary sediments [4].

The investigations carried out in the Russian territory affected by the 
Chernobyl accident had the following objectives:

— To determine the content o f reactor radionuclides in surface waters and 
groundwaters, bottom sediments of reservoirs and soils of the unsaturated zone 
(including the uppermost layer);

— To analyse the operation of pumping stations for water supply, including the 
determination of mean residence times (MRTw) of groundwaters in the 
exploited aquifers by using hydrogeological data as well as distributions of the 
environmental isotopes;

1. INTRODUCTION

1 1 Ci =  3.7 x 1010 Bq.
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FIG. 1. Radioactive caesium from Chernobyl spread over territories inhabited by 
825 000 people.

TABLE I. SURFACE OF CONTAMINATED AREAS (km2) FOR DIFFERENT 
137Cs AREAL DEPOSITION LEVELS (Ci/km2)

Areal deposition level o f l37Cs 
(Ci/km2)

Over 40 15-40 5-15 1-5

Ukraine 640 820 1 990 34 000

Belarus 2 150 4 210 10 170 29 920

Russian Federation 310 2 130 5 450 30 280

Total 3 100 7 160 17 610 94 200
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— To test and to improve a combination of environmental and artificial tracer 
techniques (including multitracer techniques) for determining key migration 
parameters (K¿ and retardation factors, diffusion/dispersion coefficients, 
MRTw);

— To assess the vulnerability of groundwater systems to radioactive contaminants 
and to predict the possible penetration of reactor radionuclides into the 
exploited aquifers;

— To work out relevant recommendations on safe water supply and further field 
investigations needed.

TÁBLE П. GROUNDWATER CHEMISTRY OF AREA STUDIED

REGION
Town

Exploited horizon
Mineralization 

Range Average 
[mg/L] [mg/L]

Water type

BRYANSK
Novozybkov

Q i i- iii 150-800 210 Hydrocarbonate-sodium-
calcium

Vyshkov
Klintsy
Starodub

Kampan-Maastricht 
o f upper Cretaceous

180-530 280 Sulphate-hydrocarbonate-
magnesium-calcium

Turon-Maastricht 
o f upper Cretaceous

200-600 300 Sulphate-hydrocarbonate-
magnesium-calcium

TULA
Plavsk

Q i- i i i 180-1200 230 Hydrocarbonate-calcium

Cheremoshna
Tolstaya

Dubrava

Zavolzhsk-Zadonsk 
aquifer o f upper 
Davonian-lower 
Carboniferous

250-2000 310 Sulphate-hydrocarbonate-
magnesium-calcium

KALUGA
Elensky

Q i - ih 150-1800 180 Hydrocarbonate-calcium

Zhizdra Zavolzhsk-Zadonsk
aquifer

190-600 230 Sulphate-hydrocarbonate-
magnesium-calcium

Upinsk aquifer 
of lower 
Carboniferous

220-800 300 Sulphate-hydrocarbonate-
calcium
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The territory under study is located in the Russian Plain. It includes part of the 
drainage basins of the Volga and Oka rivers and the entire basins of the Dnepr, Sozh 
and Desna rivers.

The hydrological conditions of the territory under study as well as the condi
tions of groundwater consumption are estimated to be favourable from the points of 
view of groundwater recharge and vulnerability. This is justified by the fact that 
85-90% of the water intakes studied are exploiting the artesian groundwater of the 
Upper Devonian (Trans-Volga, Trans-Don) and Carboniferous (Upinsk, Yas- 
nopolyansk, Oka-Protva, and Kashira-Myachikov aquifers) ages. All these aquifers 
are overlaid by clayey deposits with thicknesses ranging from 1 0  to 1 0 0  m and more, 
i.e. they can be considered rather well protected against surface contamination. Of 
considerable significance in the water supply for the northwestern area of the study 
territory are the Albian-Senomanian and Turonian-M aastricht aquifers. Here, 
however, water is also withdrawn mainly from water bearing layers protected from 
contamination stemming from the surface. The wells with poorest protection are 
located in the Quaternary formation and, particularly, in alluvia recharged by the 
river water.

The groundwater chemistry of the regions studied is shown in Table II.

2. HYDROGEOLOGICAL CONDITIONS OF THE REGIONS STUDIED

3. METHODS USED TO STUDY RADIONUCLIDE MIGRATION IN 
THE GEOLOGICAL ENVIRONMENT

3.1. Laboratory studies

The laboratory work includes the following investigations:

(1) Alpha, beta and gamma spectrometric measurements of ^ S r , 1 3 4  137Cs and 
226, 228j^ a  jn ro c k s  an(j bottom sediments as well as in concentrates obtained 
from the surface and groundwater samples;

(2) Measurements of tritium and radiocarbon content in natural water samples, 
using a low level liquid scintillation counting method;

(3) Mass spectrometric determinations of D, 1 8 0 ,  and 13C in natural water 
samples;

(4) Radiotracer laboratory experiments to determine K j or/and R factors in soil 
samples;

(5) Column diffusion and batch sorption experiments along the previously devel
oped techniques [5, 6 ].
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The lowest detection level o f 137Cs is 10~ 1 3  to 10 ' 1 4  Ci/L for preconcentrated 
water samples; 10~n to 10“ 1 2  Ci/kg for soil samples (1 kg) and 10" 1 2  Ci/L for 
non-concentrated water samples of 1 L volume.

The tritium content in natural water samples (0.5 L) was measured after 
electrolytic enrichment (enrichment factor about 40), by using a liquid scintillation 
spectrometer (Intertechnica-SL-3000). In the case of tritium tracer experiments with 
tritiated water, the soil water was recovered by a high temperature vacuum 
distillation technique. In this case, tritium was measured by a CBC-2 type liquid scin
tillation spectrometer. Stable isotopes (D and 1 8 0 )  and radiocarbon ( 1 3 C) in ground
water were determined by using the routine methods.

Kd factors were estimated by routine batch technique, mainly in field 
experiments.

3.2. Multitracer experiments in the unsaturated zone

The basic idea of a multitracer experiment consists o f labelling both the water 
(as a carrier) and the contaminant(s) of interest. The water molecules can be labelled 
directly by tritium, deuterium or 180  [7], which makes these tracers optimal for 
in situ multitracer technology.

The retardation factor can be estimated as follows:

R =  Uw/Uc =  Hw/Hc (1)

where Hw and Hc are penetration depths of the tritium and radionuclide peaks, 
respectively.

We also note that, approximately,

R =  aD w/D r (2)

with an accuracy determined by our knowledge o f the structural parameter a.
On the other hand, the retardation factor can be linked up with the classical 

sorption distribution coefficient by

R =  1 +  Kd ^  (3)

where p is the soil bulk density (g/cm3), W is the porosity for saturated soils or the 
relative volumetric humidity for unsaturated soils; K j is a sorption distribution 
coefficient in cm 3 /g. We point out here that some other representations o f the 
Kd and R factors might exist.

During the period of investigation (1986 to 1990), no meaningful shift o f the 
radionuclide peaks (within the spatial resolution of the sampling technique used) 
was observed from which the value of Uw could be derived directly with the
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accuracy needed. This will be done in the future. Nevertheless, the lower limit of 
R may be estimated by assessing the resolution (AHcmin is about 3 cm) of the 
method used to measure the location of tracer peaks and the tritium penetration depth 
Hw. Furthermore, remarkable widths of the spatial tracer distributions have been 
observed and used to calculate the effective diffusion/dispersion coefficients and, 
hence, the R and K j factors (see Eq.(2)).

The diffusion coefficients calculated for 90Sr lie in the range from
1.1 x  10‘u  to 2 X 10" 1 2  m 2 /s, and those for 137Cs are in the range from
1.7 x  10~ 1 2  to 1 x  10 ' 1 3  m 2 /s, which agrees well with the data published for the 
soil in question. The retardation factors vary within the range (0.23-5.9) x  102  for 
^ S r  and from several tens to 1.3 X 104  for 1 3 7 Cs, depending on the clay particle 
content. The calculated Kd coefficients are in the range o f 5.9 to 124 for 90Sr and 
in the range of 26 to 3900 for 1 3 7 Cs, which agrees rather well with the values deter
mined in laboratory batch experiments.

4. RADIONUCLIDES IN NATURAL WATERS STUDIED

All data obtained over the area studied (Bryansk, Kaluga, Tula and Moscow 
districts) during the field seasons of 1989-1992 are collected in Table III. Additional 
data have recently been published in Refs [8 , 9]. Note that in Table III the order 
numbers (first column) and the register numbers (second column) are given.
The register numbers are related to the isotope database (see also Table IV).

Some samples were obtained in 1989 and 1992 and may be considered as 
regime records. Data obtained in 1989 are labelled by an asterisk. Throughout, 
activities are measured and presented in units of pCi/L (water) or pCi/g (soil, 
sediment).

4.1. Evaluation of the background level

The initial stage of a contamination can be fixed if  a ‘background’ level is 
known. Unfortunately, there are no definite data concerning these radionuclides of 
interest, especially with respect to their content in groundwaters.

The data obtained by VSEGINGEO recently surveying east Moscow are used 
(Table Ш). Here, the surface contamination is not higher than 8-16 /xR/h with an 
average of about 11-12 /iR/h.

In this territory radiocaesium concentrations have been found to be in the range 
of 0 .3-0 .7  pCi/L in surface waters and < 0 .1 -0 .2  pCi/L in artesian (60-100 m) and 
shallow (several metres) groundwaters. The latter figures are likely to be close to 
a regional radiocaesium background or blank.



TABLE III. RADIONUCLIDE CONTENT IN NATURAL WATERS STUDIED

No. No.
(reg.)

Region Point Depth
(m)

Source
Radionuclide content

226Ra
sum

(pCi/L)

228Ra
sum

(pCi/L)

137Cs
dissolved
(pCi/L)

sum
(pCi/L)

l34Cs
dissolved
(pCi/L)

sum
(pCi/L)

1 1 Tula c. Plavsk A a < 0.2 1.45 0.46 0.56 < 0.1 £ 0.2
2 Tula v. Rakhmanovo S < 0.2 0.87 0.37 2.7 < 0.1 £ 0.2
3 28 Tula v. Petrovka 0.3 S 0.7 1.1 1.01 1.59 < 0.1 £ 0.2
4 29 Tula v. Urusovo 4 D 1.66 1.35 0.25 0.99 < 0.1 < 0.2
5 30 Tula v. Baburino S 1.77 2.08 < 0.1 0.58 < 0.1 £ 0.2
6 31 Tula v. B. Kolodez S < 0.1 0.25 < 0.1 0.26 < 0.1 £ 0.2
7 32 Tula v. Krasnolese 10 D 3.02 2.56 1.32 2.02 < 0.1 £ 0.2
8 33 Tula v. Kuzmenki S < 0.2 0.62 0.67 2.08 < 0.1 £ 0.2
9 34 Tula v. Minovo 2 D < 0.2 3.2 0.11 0.21 < 0.1 £ 0.2

10 35 Tula v. Prilepy S < 0.2 0.63 0.73 0.83 < 0.1 < 0.2
11 36 Tula v. Mokroe 4 D 1.22 1.69 0.47 0.87 < 0.1 £ 0.2
12 37 Tula v. Toi. Dubrava S 0.74 2.39 0.82 0.97 £ 0.1 £ 0.2
13 38 Tula v. Cheremoshna 5 D 1.29 1.27 1.43 4.73 £ 0.1 0.42

14 39 Tula v. Zmejevo S 4.64 3.4 1.84 69.35 < 0.1 4.24

15 40 Tula v. Pirogovo S £ 0.2 2.36 0.25 0.38 £ 0.1 0.2
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16 41 Tula v. Kuznetsovo 2 D

17 42 Tula v. Olen’ S

18 68 Kaluga v. Yagodnoe 2 D

19 69 Kaluga v. Melikhovo 2 D

20 70 Kaluga v. Krapivna s
21 71 Kaluga v. Sorokino s
22 72 Kaluga v. Bel. Kamen’ 4 D

23 73 Kaluga v. Dubna 5 D

24 74 Kaluga v. Medyntsevo 3 D

25 75 Kaluga s. Dudorovskij 4 D

26 Kaluga s. Elenskij 2 D

27 Kaluga v. Sudimir 3 D

28 78 Kaluga v. Chernyshevo 7 D

29 134* Bryansk c. Novozybkov 60 A

30 134 Bryansk c. Novozybkov 60 A

31 133* Bryansk c. Novozybkov 60 A

32 133 Bryansk c. Novozybkov 60 A

33 Bryansk c. Novozybkov 60 A

34 Bryansk c. Novozybkov 60 A

35 Bryansk c. Novozybkov 60 A

2.05 0.41 0.58 0.8 < 0.1 < 0.2
0.46 2.3 0.66 1.13 < 0.1 < 0.2
2.4 2.59 0.13 0.22 < 0.1 < 0.2
4.26 1.78 0.64 2 £ 0.1 S 0.2
1.16 2.72 1 1.73 < 0.1 < 0.2
1.89 4.2 2.65 5.19 < 0.1 < 0.2
4.04 9.07 0.4 2.09 < 0.1 < 0.2
4.78 0.95 2.39 3.3 < 0.1 < 0.2
3.59 1.81 11.61 17.47 0.54 1.05

1.21 1.35 2.85 4.44 0.14 0.24

0.91 3.64 0.36 0.36 < 0.1 < 0.2
1.63 3.69 0.3 0.4

2.1 5.87 1.15 1.25 < 0.1 < 0.2
;0.2 < 0.2 < 0.1 < 0.2 < 0.1 < 0.2
2.66 0.6 1.7 2.03 < 0.1 < 0.2

;0.2 < 0.2 < 0.1 < 0.2 < 0.1 < 0.2
5.31 < 0.2 3.4 3.71 < 0.1 < 0.2

;0.2 < 0.2 0.6 1.2 < 0.1 < 0.2
;0.2 < 0.2 < 0.1 < 0.2 < 0.1 < 0.2
;0.1 0.1 0.6 0.6 < 0.1 < 0.2
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TABLE III. (cont.)

No. No.
(reg.)

Region Point Depth
(m)

Source
Radionuclide content

226Ra
sum

(pCi/L)

228Ra
sum

(pCi/L)

137Cs
dissolved
(pCi/L)

sum
(pCi/L)

134Cs
dissolved
(pCi/L)

sum
(pCi/L)

36 Bryansk c. Novozybkov 6 D < 0.2 2.1 0.7 2 < 0.1 < 0.2
37* Bryansk v. Demenkab 14 D < 0.2 < 0.2 < 0.1 < 0.2 < 0.1 < 0.2
38 Bryansk v. Demenka 14 D 5.1 0.5 2.2 7.2 < 0.1 < 0.2
39 Bryansk v. Demenka 4 D 1.5 < 0.2 3.1 3.43 < 0.1 < 0.2
40 122 Bryansk v. Demenka 15 G 2.7 2.4 ' < 0.1 < 0.2 < 0.1 < 0.2
41 Bryansk v. Demenka 16 G 1.6 4.1 1 1.1 < 0.1 < 0.2
42 Bryansk v. Demenka 9 G 2.4 4.4 0.6 0.7 < 0.1 < 0.2
43 Bryansk v. Demenka 15.4 G 2 < 0.2 1.1 1.7 < 0.1 < 0.2
44 Bryansk v. Demenka R 10.05 < 0.2 6 6.5 < 0.1 < 0.2
45 Bryansk Demenka Barki 3.35 G < 0.2 7.1 1 1.3 < 0.1 < 0.2
46 Bryansk v. Kama 6.5 G < 0.2 < 0.2 < 0.1 < 0.2 < 0.1 < 0.2
47 129 Bryansk v. Kama 7 D 1.7 2.5 3 5.9 < 0.1 < 0.2
48 Bryansk s. Vyshkov 3 D < 0.2 < 0.2 < 0.1 < 0.2 < 0.1 < 0.2
49 Bryansk s. Vyshkov R 1.2 5.2 3.3 4 < 0.1 < 0.2
50 114 Bryansk s. Vyshkov R 4.1 < 0.2 17.6 18.5 < 0.1 < 0.2
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51 Bryansk s. Vyshkov A

52 Bryansk s. St. Vyshkov 12 D

53 115* Bryansk s. Zlynka 7 D

54 115 Bryansk s. Zlynka 7 D

55 Bryansk s. Zlynka A

56 Bryansk v. Babaki 14 D

57 Bryansk v. Babaki 25 G

58 Bryansk c. Svyatsk 30 G

59 119 Bryansk c. Svyatsk 20 D

60 Bryansk c. Svyatsk A

61 Bryansk v. St. Bobovichi R

62 120 Bryansk v. St. Bobovichi R

63 116 Bryansk v. St. Bobovichi 10 D

64 Bryansk v. N. Bobovichi 5 D

65 100 Bryansk s. Zabor’e R

66 Bryansk s. Zabor’e 10 R

67 102 Bryansk s. Zabor’e 2 D

68 103 Bryansk s. Kras. Gora 6 D

69 104 Bryansk v. Yalovka 9 D

70 Bryansk f. Grenyachka A

2.3 4.8 0.4

1.06 3.6 1.5

< 0.2 < 0.2 < 0.1
2.7 3.3 < 0.1

< 0.2 < 0.2 < 0.1
< 0.1 < 0.1 6.63

< 0.1 < 0.1 0.3

< 0.1 < 0.1
2 1.8 9.5

6.9 0.2 0.6
6.83

1.8 < 0.2 5.9

1.5 1.58 1.9

0.9 0.2 0.22
2.9 7 2.6
0.3 1.8 7.9

1.7 1.1 2.3

1.3 0.8 0.5

1.6 0.5 0.8
2.1 < 0.2 <  0.1

1.1 < 0.1 < 0.2
3.2 < 0.1 < 0.2

< 0.2 < 0.1 < 0.2
< 0.2 < 0.1 < 0.2
< 0.2 < 0.1 < 0.2

12.15 0.4 1.07

0.34 0.03 0.13

0.04 < 0.2
23.7 < 0.1 0.9

1.05 < 0.1 < 0.2
10.31 1.24 1.34

7.4 0.5 0.6
8.4 < 0.1 0.4

0.32 < 0.1 < 0.2
2.8 < 0.1 < 0.2

38.5 0.8 2.2
3.2 < 0.1 < 0.2
0.63 < 0.1 < 0.2
1.5 < 0.1 < 0.2

< 0.2 < 0.1 < 0.2
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TABLE III. (cont.)

No. No.
(reg.)

Region Point Depth
(m)

Source
Radionuclide content

226Ra
sum

(pCi/L)

228Ra
sum

(pCi/L)

137Cs
dissolved
(pCi/L)

sum
(pCi/L)

,34Cs
dissolved
(pCi/L)

sum
(pCi/L)

71 Bryansk f. Gremyachka S 3.9 1.2 13.2 24 < 0.1 < 0.2

72 132 Bryansk f. Gremyachka R 5 3 21 21 < 0.1 < 0.2
73 Bryansk f. Gremyachka L 1.5 0.2 14.6 25.2 0.8 1.6
74 105 Bryansk v. Vereshchaki R 1.9 6.1 1.5 1.6 < 0.1 < 0.2

75 106 Bryansk v. Vereshchaki 5 D 2.9 1.5 1.3 1.4 < 0.1 < 0.2
76 107 Bryansk v. Barki R < 0.1 < 0.1 70.5 70.5 6.9 6.9

78 110 Bryansk s. Dobrodeevka 6 D 1.3 5.6 1 9.5 < 0.1 3.1

79 113 Bryansk v. Sennaya 2 D < 0.2 5.9 16.6 17.3 < 0.1 < 0.2

a A — artesian groundwater 
S — spring
D — dug well ( shallow groundwater
G -  well J
L — lake 
R — river 
c. — city 
v. — village 
f. — farm 
s. — settlement

b Data obtained at the same point in 1989 are labelled by an asterisc.
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4.2. Forms of radionuclides in water samples

The technique elaborated and used allows two possible forms of radionuclide 
occurrence to be distinguished in the sampled water.

It has been found (Table III) that a soluble form of radiocaesium is 
predominant, giving 6 8 - 1 0 0 % of its total amount in surface water samples taken 
mostly in the Bryansk region. The same form is dominant (50-100%) in the shallow 
water samples throughout the Bryansk and Kaluga regions. Here a remarkable por
tion of the dug well and spring waters has about 100% of soluble radiocaesium. At 
the same time, water samples from the Tula region, at least most o f them, show an 
occurrence of the insoluble (colloidal) form or even complete absence of the soluble 
form.

Artesian water samples (Novozybkov, Plavsk) also demonstrate the dominance 
o f the soluble part in the total radioactivity although they represent carbonaceous 
aquifers.

4.3. Radiocaesium in ground waters

The radiocaesium concentrations in shallow and artesian waters are at some 
places 1 0 - 1 0 0  times higher than the ‘background’.

During the period of the field survey (August to October 1992), the radio
caesium contents were:

— In shallow ground waters (wells, dug wells, springs):
0 .2-0 .4  pCi/L in the Moscow region;
0 .2-4 .7  pCi/L in the Tula region;
0 .2-3 .3  pCi/L in the Kaluga region;
0.2-70 pCi/L in the Bryansk region.

— In artesian groundwaters (wells):
0 .1-0 .2  pCi/L in the Moscow region;
0 .2 -0 .6  pCi/L in the Tula region;
not measured in the Kaluga region;
0 .3-3 .7  pCi/L in the Bryansk region.

The caesium activity determined has a definite Chernobyl origin, since the 
ratio 1 3 4 C s/137Cs is 0.5, normalized to the corresponding values for 1986. The 
predominance of the soluble form can explain these facts generally, but not in detail. 
For example, the question remains why the radionuclides can so quickly, only 
six years after their release, reach underground horizons where they have been 
detected at those levels at which they have been recorded.

There is another important fact: an increase of the radiocaesium content has 
been observed in both the shallow waters and the artesian water supply wells.
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The third experimental fact is a direct relationship between the surface con
tamination density and increasing (if any) radiocaesium content in the groundwater 
studied as well as an increase in the number of water points where radiocaesium was 
found.

A certain correlation was also observed between the radiocaesium activity and 
the depth of the water taken off.

. Besides, a wide variation in radiocaesium content at sites with the same con
tamination density was noted, which clearly proves, the, influence of the local 
variability of

— the self-protection of the geological strata overlapping the aquifers and
— the breakthrough radionuclide velocity.

The differences in the content of soluble and insoluble radiocaesium forms (as 
well as radium) are supported by differences in the recharge and geochemical 
conditions of the territories studied.

An example is the Tula region, where some technogenic factors and karstifica
tion processes cause higher turbidity of both surface and groundwaters and, in turn, 
a prevalence of the insoluble form of radiocaesium.

Within the framework of known schemes and models used for evaluating 
groundwater vulnerability, the facts given above do not have a full explanation. 
New, non-traditional approaches should be sought. From this point of view, a 
combination of the natural isotope and nuclear well logging technologies 
and the related mathematical modelling seems to be a promising approach.

4.4. Radionuclides in the soil profile

As any groundwater contamination starts by water being infiltrated through 
soil layers, it would be interesting to look at the radionuclide distribution in the soil 
profiles. From Figs 2 and 3, it is seen thát radiocaesium is distributed down to a 
depth o f 50-80 cm. The caesium soil content reaches maximum values of 
2000-10 000 pCi/g within the uppermost layer o f the aeration zone. These profiles 
were obtained within the Novozybkov experimental site. The main feature of the 
profiles observed is their remarkable ‘tailing’, suggesting the real existence of a 
‘fast’ migration component in the total picture of radionuclide transport through the 
aeration zone (see also Section 5),

It is supposed that the best manner of describing such forms of profile is based 
on the log-normal model [ 1 0 , 1 1 ].
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The concept on which our considerations are based consists of using natural 
isotope distributions to evaluate the groundwater vulnerability to a possible surface 
contamination.

Isotopes such as D, 1 8 0 ,  T and 14C enter the natural water systems by 
atmospheric precipitation. This is the reason why they may be considered as tracers 
not only of water turnover but also of radionuclide (contaminant) transfer if they are 
released at the earth surface.

About 100 water points throughout the area of interest were sampled for 
natural isotope analysis. It should be pointed out that the field season of 1992 was 
relatively dry. The fUll isotope data are given in Tables IV and V. The following 
denotations are used: A — artesian groundwaters pumped by deep wells; G, D and 
S — shallow groundwaters of wells, dug wells and springs; P — precipitation; R — 
rivers; L — surface reservoirs (lakes).

5.1. Isotope content of the atmospheric precipitation

In addition to several individual measurements (Table IV), the isotope precipi
tation records of many years were used, taken from the stations Minsk and Ryazan’. 
The averaged annual stable isotope content of precipitation does not vary essentially 
along the ‘Minsk-Ryazan”  profile. For Minsk and Ryazan’, the ô values for 
deuterium and 1 8 0  are - 7 8 7 00, - 1 1 .0 7 oo and - 8 7 7 00, —11.8700, respectively. 
The stable isotope composition of precipitation found for the Bryansk, Kaluga and 
Tula regions lies close to these values.

As everywhere in the continental area, a seasonal effect, with the minimum D 
and 1 8 0  content o f precipitation in winter and the maximum in summer, is observed 
in the area under study. For example, 6 ,80  =  - 1 4 .5 7 00 and - 8 .7 7 0 0  in winter 
and in summer, respectively, in Minsk. In Ryazan’ these values are - 1 5 .6 7 00 and 
- 8  7 00, respectively. Within the area investigated an absolute difference of 6 -7 7 0 0  

in the ô 1 8 0  values for winter and summer precipitation is established.
In Table VI, average annual tritium concentrations of the area studied are 

presented. They have been reconstructed by using several neighbouring stations 
(Minsk, Ryazan’, Tambov, Moscow) and were used as an input function in order 
to calculate the mean residence time of water (MRTw) from tritium data in the 
groundwater sampled.

5.2. Isotope content of surface waters

We see from Tables IV and V that the surface water isotope content is rather 
uniform and shows relatively small dispersion compared with other kinds of water. 
This can be explained by similar recharge conditions and relatively good mixing.

5. ENVIRONMENTAL ISOTOPES IN NATURAL WATERS
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Stable isotope enrichment due to the evaporation effect is noted. The tritium concen
trations are now lower in the surface water bodies than those in rivers and 
atmospheric precipitations, because of mixing o f groundwaters and surface waters 
feeding these reservoirs.

The mean ô l80  values for all rivers sampled are practically the same, except 
for those of the Tula region, where ô 180  =  —11.17 00, i.e. these waters are slightly 
depleted.

The tritium content is 24.4, 29 and 31 TU for the rivers of the Tula, Kaluga 
and Bryansk regions, respectively, which may be interpreted in terms of a difference 
in the recharge and water turnover conditions. The formally calculated MRTw is 
estimated to be distributed between 4-5  years and 32 years. An increase in the 
MRTw values is rather characteristic o f large rivers (see Tables IV and V) and is 
caused by their larger watershed area, as well as by the predominance of the ground
water discharge during the dry season of 1992.

5.3. Isotope content of shallow groundwater

Tables IV and V yield information on the isotope content of waters taken from 
dug wells (D), springs (S) and wells (G). They all belong to the Quaternary shallow 
horizon.

In general, the shallow horizon is characterized by increased tritium and 
depleted l80  content compared to the same quantities for precipitation. It is remark
able that the depleted <5I80  values are an evidence in favour of the essential 
recharge input o f winter precipitation during snow melting periods and direct cold 
rain infiltration.

The tritium content shows a tendency to be inversely proportional to the depth 
(or thickness) o f the aeration zone. A wide variability of MRTw values for the shal
low aquifers is observed. From these results, a varying degree of vulnerability of 
shallow groundwater to pollution is expected. It is worth noting that the water turn
over time in the Kaluga region is longer than that in the Bryansk and Tula regions, 
but the reasons for this seem to be different. In the first case the influence of the 
inhomogeneities of the Quaternary deposits plays the main role, whereas in the 
second case the intensive karstification of the Tula area is decisive.

A slight correlation between the tritium content values in shallow waters and 
in deep waters has been observed. On the other hand, no correlation has been found 
between the 14C content and depth. The l4C values are distributed within the range 
of 60-110% (pmc) as is foreseen by the theory. These facts suggest that the recharge 
of the shallow horizons studied is rather modern and could be provided by direct 
infiltration of modern water. This also means that vulnerability of shallow ground
water to pollution should mainly depend on retardation effects.



TABLE IV. ISOTOPE CONTENT OF NATURAL WATERS STUDIED

No.
(reg.)

Region Point3 Source
Depth

(m) Date
Tritium

(TU)

ô l80
(° /00)

5D

( 7 00)

14C

(pmc)

1 Tula c. Plavsk A 70 30 Aug. 1991 15 -1 2 .5 -7 1 64

2 Tula c. Plavsk A 70 9 Jun. 1992 22 -1 2 .3 -9 1 65.7

3 Tula c. Plavsk A 70 30 Aug. 1991 21 -1 1 .4 ' - 7 8

4 Tula c. Plavsk A 70 9 Jun. 1992 13 - 12.6 - 9 6

5 Tula s. Teploe A 70 30 Aug. 1991 12 -1 3 .3 - 9 4

6 Tula s. Volovo A . 60 31 Aug. 1991 23 -1 2 .7 - 9 0

7 Tula v. Kurkiho A 70 31 Aug. 1991 4 -1 1 .7 - 7 5

8 Tula s. Epifan’ A 80 31 Aug. 1991 0 -1 1 .5 - 7 9 45

9 Tula c. Sokolniki A 70 31 Aug. 1991 14 - 12.1 -8 7

10 Tula c. Sokolniki A 70 31 Aug. 1991 12 -1 3 .1 - 9 7

11 Tula : s. Nbvougol’nyj A 70 1 Sep. 1991 18 ■ —12.2 -9 1

12 _ Tula s. Sev.-Zadonsk A 80 1 Sep. 1991 13 -1 2 .9 -100
13 Tula s. Komsomolskij A 25 2 Sep. 1991 32 -1 2 .7 -9 1

14 Tula s. Shakhterskij A 23 2 Apr. 1991 32 -1 1 .7 - 9 8

15 Tula s. Dubovka A 125 2 Apr. 1991 8 -1 3 .6 - 9 9

16 Tula s. Partizan A 140 2 Apr. 1991 24 -1 3 .2 -10
17 Tula c. Uzlovaya A 100 2 Apr. 1991 2 -1 3 .1 -9 1

18 Tula c. Kirejevsk A 86 3 Sep. 1991 13 -1 3 .4 - 9 2
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No.
(reg.)

Region Point3 Source
Depth

(m)
Date

Tritium
(TU)

ô 180
(700)

ÔD
(700)

14C
(pmc)

19 Tula s. Oktyabr’skij A 36 3 Sep. 1991 41 -1 2 .7 - 9 5

20 Tula s. Borodyanskij A 72 3 Sep. 1991 48 -1 1 .9 - 9 3

21 Tula s. Priupskij A 25 4 Sep. 1991 25 -1 2 .5 -86
22 Tula c. Lipki A 80 4 Sep. 1991 11 - 12.1 - 8 9

23 Tula c. Sovetsk A 30 5 Sep. 1991 25 -1 0 .5 - 7 3 75

24 Tula s. Arsenovo A 110 5 Sep. 1991 14 -1 2 .3 - 8 7

25 Tula s. Belev A 15 7 Sep. 1991 8 — 12,2 - 9 5 57

26 Tula c. Plavsk S 30 Aug. 1991 23 - 11.2
27 Tula v. Sukhaya Lokna S 10 Jun. 1992 42 -1 2 .5 - 9 6 57.3

28 Tula v. Petrovka s 11 Jun. 1992 32 -1 3 .2 - 9 7 91.5

29 Tula, v. Urusovo D 3 12 Jun. 1992 30 -1 2 .7 -1 0 4 68.1
30 Tula v. Boburino s 13 Jun. 1992 27 - 10.6 - 7 9

31 Tula v. Bel. Kolodets S 15 Jun. 1992 30 -1 0 .5 -88
32 Tula v. Krasnolese D 4 16 Jun. 1992 48 -1 2 .5 - 9 8

33 Tula v. Kuzminki S 18 Jun. 1992 30 -1 0 .9

34 Tula v. Minov.o D 3 20 Jun. 1992 40 -1 1 .4 -8 3

35 Tula v. Prilepy S 21 Jun. 1992 38 - 12.8 - 8 7

36- Tula v. Mokroe D 3 23 Jun. 1992 52 - 12.1 - 8 7 93.6
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TABLE IV. (cont.)

No.
(reg.)

Region Point8 Source
Depth

(m)
Date

Tritium
(TU)

ô180
(e/ . . )

5D
( 7 o o )

14c
(pmc)

37 Tula v. Tolst. Dubrava D 4 25 Jun. 1992 -1 3 .4 - 8 9

38 Tula v. Cheremyshnya D 5 27 Jun. 1991 -1 1 .3

39 Tula v. Zmeevo S 29 Jun. 1992 35 - 12.2
40 Tula v. Pirogovo S 1 Jul. 1992 32 - 12.8 -88
41 Tula v. Kuznetsovo D 4 3 Jul. 1992 47 - 11.8 - 8 7 110
42 Tula v. Olen’ S 5 Jul. 1992 44 -1 1 .5

43 Tula Tula-Plavsk R 29 Aug. 1991 19 - 9 .5 -7 1

44 Tula c. Plavsk R 30 Aug. 1991 24 -1 1 .5 - 9 7

45 Tula v. Mikhaylovskoe R 31 Aug. 1991 25 - 11.2 -68
46 Tula v. Epifan’ R 31 Aug. 1991 32 - 10.0 - 7 9

47 Tula c. Sovetsk R 5 Sep. 1991 10 - 9 .4 -8 1

48 Tula c. Odoev R 5 Sep. 1991 21 - 9 .4 -8 1

49 Tula c. Zhilev R 7 Sep. 1991 15 -1 0 .9 - 7 3

50 Tula Lokna, mouth R 9 Jun. 1992 25 -1 2 .5 - 9 6

51 Tula v. Rakhmanovo R 10 Jun. 1992 17 -1 2 .3 - 9 0

52 Tula c. Plavsk R 9 Jun. 1992 21 - 12.8 - 9 2

53 Tula v. Arany R 15 Jun. 1992 24 - 11.8 - 8 5

54 Tula v. Kuzminki R 18 Jun. 1992 42 -1 1 .3 -88
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No.
(reg.)

Region Point3 Source
Depth

(m)
Date

Tritium
(TU)

ô'*0
(e/ . . )

êD
(°/00)

14C
(pmc)

55 Tula Arsenyevo-Odoev R 28 Jun. 1992 39 -1 0 .3 -7 2

56 Tula v. Zmejevo R 29 Jun. 1992 27 -1 2 .7 -8 8

57 Kaluga s. Dudorovskij A 22 Oct. 1991 53 -1 1 .7

58 Kaluga s. Elenskij A 75 23 Oct. 1991 <0.1 -1 2 .8 -9 5

59 Kaluga c. Sudomir A 70 25 Oct. 1991 4 -1 1 .8 -8 9

60 Kaluga c. Zhizdra A 48 25 Oct. 1991 37 -1 1 .3 -7 8 52

61 Bryansk s. Ivot’ A 100 28 Oct. 1991 5 -1 1 .5 -8 1

62 Bryansk s. By tosh A 78 28 Oct. 1991 <0.1 -1 2 .2 -9 5

63 Bryansk s. Lyubokhna A 100 29 Oct. 1991 <0.1 -1 1 .7 -7 4 7

64 Bryansk c. Starodub A 130 30 Oct. 1991 1 -1 3 .2 -9 7 3.5

65 Bryansk c. Vyshkov A 110 1 Nov. 1991 12 -1 1 .2

66 Bryansk s. Mirny A 175 1 Nov. 1991 7 -1 1 .4

67 Bryansk s. Zaymishche A 100 2 Nov. 1991 5 -1 1 .3 -9 3

68 Kaluga v. Yagodnoe D 2 21 Aug. 1992 63 -1 0 .3 -6 9 66.9

69 Kaluga v. Melikhovo D 2 23 Aug. 1992 53 -1 1 .0 -7 7 52.8

70 Kaluga v. Krapivna S 24 Aug. 1992 66 -1 0 .4 -7 9

71 Kaluga v. Sorokino S 26 Aug. 1992 47 -1 0 .6 -8 2

72 Kaluga v. Bel. Kamen’ D 3 27 Aug. 1992 59 -1 0 .9 -7 3 96.3
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TABLE IV. (cont.)

No.
(reg.)

Region Point3 Source
Depth

(m)
Date

Tritium
(TU)

ô l80
( ° /c o )

ÔD
(°/.=)

l4C
(pmc)

73 Kaluga v. Dubna D 5 29 Aug. 1992 55 -1 0 .7 -8 3

74 Kaluga v. Medyntsevo D 3 31 Aug. 1992 11 -1 0 .9 -8 1

75 Kaluga s. Dudarovskij D 4 31 Aug. 1992 25 -9 .8 72.5

76 Kaluga s. Elenskij D 3 2 Sep. 1992 61 -1 1 .0 - 7 0

77 Kaluga v. Sudomir D 4 4 Sep. 1992 58 -1 1 .7

78 Kaluga v. Themyshovo D 4 6 Sep. 1992 70 -1 0 .7 84.7

79 Kaluga c. Peremyshl R 22 Oct. 1991 24 - 9 .9 -6 7

80 Kaluga Elenskij -Khvastov ichi R 24 Oct. 1991 18 - 9 .4 -6 6

81 Kaluga c. Zhizdra R 25 Oct. 1991 20 -9 .3 -6 0

82 Bryansk s. Lubokhna R 29 Oct. 1991 37 -1 0 .2 -6 8

83 Bryansk v. Istopki R 31 Oct. 1991 25 -1 0 .0

84 Bryansk c. Vyshkov R 1 Nov. 1991 18 -1 0 .3 -6 9

85 Kaluga c. Ludinovo R 27 Oct. 1991 32 -1 0 .7 -6 7

86 Kaluga s. N. Peski R 20 Aug. 1992 33 -1 0 .7 -8 1

87 Kaluga s. Bel. Kamen’ R 27 Aug. 1992 29 -1 1 .2

88 Kaluga Elenskij-Khvastovichi R 2 Sep. 1992 24 -9 .0

89 Kaluga v. Kamenka R 9 Sep. 1992 38 —10.8 -6 5

90 Kaluga c. Peremyshl R 9 Sep. 1992 36 -1 1 .0 -7 4
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No.
(reg.)

Region Pointa Source
Depth

(m) Date
Tritium

(TU)
ô l80

(e/ . . )
ÔD

(°/00)
14C

(pmc)

91 Kaluga v. Chernyshovo R 27 Aug. 1992 40

92 Tula c. Plavsk P 30 Aug. 1991 32 -1 0 .5 -8 0

93 Orel v. Alabyevo P 6 Jul. 1992 44 -6 .4

94 Kaluga s. Dudorovskij P 31 Aug. 1992 41 - 9 .0

95 Kaluga v. Cheremoshnya P 6 Sep. 1992 39 - 6 .0

96 Orel c. Orel R 8 Sep. 1991 30 -1 0 .2 -7 5

97 Orel c. Orel A 8 Sep. 1991 34 -1 1 .3 -7 9 74

98 Tula v. Bel Kolodets L 15 Jun. 1992 28 -6 .8

99 Orel v. Alabyevo A 2 Nov. 1992 42 -1 2 .6 -9 8

100 Bryansk s. Zabore R 17 Aug. 1992 25 -10 .29

101 Bryansk s. Zabore D 10 17 Aug. 1992

102 Bryansk s. Gordeevka D 2 17 Aug. 1992 31

103 Bryansk c. Kras. Gora D 6.5 19 Aug. 1992 39 -11 .3

104 Bryansk v. Yalovka D 9.5 19 Aug. 1992 43 -1 1 .0

105 Bryansk v. Vereshchaki L 19 Aug. 1992 28 -7 .9

106 Bryansk v. Vereshchaki D 5.5 19 Aug. 1992 30

107 Bryansk v. Barki R 20 Aug. 1992 63 -1 1 .0

108 Bryansk v. Demenka D 4.5 20 Aug. 1992 33 -1 1 .0
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TABLE IV. (cont.)

No.
(reg.)

Region Point3 Source
Depth

(m)
Date

Tritium
(TU)

ô 180
П о . )

ÔD 14C 
( 7 00) (pmc)

109 Bryansk v. Demenka D 7.5 22 Aug. 1992 39 -1 1 .9

110 Bryansk v. Dobrodeevka D 6 23 Aug. 1992 41 - 9 .8

111 Bryansk c. Vyshkov R 23 Aug. 1992

112 Bryansk c. Vyshkov A 23 Aug. 1992

113 Bryansk v. Sennaya D 2 24 Aug. 1992 37 -1 0 .7

114 Bryansk c. Vyshkov L 24 Aug. 1992 33 - 5 .8

115 Bryansk c. Zlynka D 7.5 24 Aug. 1992 34 -1 0 .5

116 Bryansk s. Nov. Bobovichi D 5.5 25 Aug. 1992 44 -1 0 .8

117 Bryansk s. St. Bobovichi D 10 25 Aug. 1992 19 -10 .1

118 Bryansk v. Demenka L 28 Aug. 1992 28 - 9 .2

119 Bryansk c. Svyatsk D 20 29 Aug. 1992 43 -9 .3

120 Bryansk s. St. Bobovichi R 29 Aug. 1992 21 - 8 .4

121 Bryansk s. St. Vyshkov D 12 30 Aug. 1992

122 Bryansk v. Demenka A 18 31 Aug. 1992 23 -1 0 .6

123 Bryansk v. Demenka A 12 1 Sep. 1992

124 Bryansk G 3.35 2 Sep. 1992

125 Bryansk Induktor A 40 5 Sep. 1992

126 Bryansk c. Novozybkov D 6.5 29 Sep. 1992

DUBINCHUK 
et al.



No.
(reg.)

Region Point3 Source
Depth

(m)
Date

Tritium
(TU)

5 I80
("/..)

¿D 14C 
( 7 00) (pmc)

127 Bryansk v. Demenka A 19 30 Sep. 1992

128 Bryansk c. Svyatsk A 1 Oct. 1992

129 Bryansk v. Karpa D 7 4 Oct. 1992 29 -1 0 .8

130 Bryansk v. Demenka S 4 Oct. 1992 72 -1 1 .0

131 Bryansk r. Demenka, well 7/4 G 18 5 Oct. 1992 21 -1 1 .0

132 Bryansk f. Gremyachka R 6 Oct. 1992 135 -1 0 .9

133 Bryansk c. Novozybkov A 65 28 Oct. 1992 20 -1 1 .0

134 Bryansk c. Novozybkov A 65 29 Oct. 1992 10 -1 1 .3

135 Bryansk f. Gremyachka R 29 Oct. 1992 28 -1 1 .0

a c. -  
A -

city; v. — ' 
artesian; D

village; f. — farm; s. — settlement.
— dug well; G — drilled well, shallow; S — spring; R — river; L — lake, pond; P — precipitation.
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TABLE V. AVERAGED ISOTOPE CONTENT OF WATERS STUDIED

126 DUBINCHUK et al.

Surface waters Groundwater

Precipitation Lake River Shallow
Spring Dug well

Deep 
Artesian well

Overall 

T (TU) 37.3 31 40 41. 16

D (•/„ ) - 7 8  »  —87a -7 7 .3 -8 7 -8 3 -8 6

180  (°/00) -1 1  «  -1 2 -7 .4 -1 0 .6 -1 1 .4 -1 1 -11 .1

14C (pmc) — — — 79 81 46

Bryansk 

T (TU) 30 31 72, 34.5 8.3

D (7 00) — — -6 8 -8 8

“ O (7 00) — '-7 .6 4 -1 0 .3 11 -1 0 .7 -11 .5

14C (pmc) — — 5

Kaluga 

T (TU) 40 29.4 56.5 50.6 23.5

D (7 00) — — -6 8 .6 -8 0 .5 -7 5 .5 -87.33

180  (700) -7 .5 — -10 .22 -10 .5 -1 0 .8 -1 1 .9

14C (pmc) — — — 74.6 52

Tula 

T (TU) 32 28 24.4 33.3 43.4 18

D (700) -8 0 -8 2 .9 -8 9 .2 -9 1 .3 - 8 6

180  (7 00) -1 0 .5 -6 .8 -11 .1 -1 1 .7 -1 2 .7  . -1 2 .4

14C (pmc) — ■. — 74 90 61

a o  stands for an interval of expected variations taken from Minsk and Ryazan’ station 
records.
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TABLE VI. AVERAGED ANNUAL TRITIUM CONCENTRATIONS IN 
ATMOSPHERIC PRECIPITATIONS OF THE AREA STUDIED

Year TU Year TU Year TU Year TU

1953 15 1963 3963 1973 90 1983 57

1954 368 1964 2325 1974 127 1984 35

1955 58 1965 934 1975 127 1985 35

1956 146 1966 752 1976 101 1086 30

1957 157 1967 404 1977 99 1987 28

1958 670 1968 274 1978 99 1988 26

1959 762 1969 296 1979 77 1989 26

1960 207 1970 198 1980 52 1990 25

1961 246 1971 135 1981 57 1991 24

1962 1340 1972 155 1982 49 1992 23

5.4. Isotope content of deep (artesian) groundwaters

These waters are characterized by a decreased concentration of T, 14C and 
180  compared with surface and shallow waters (Tables IV and V). The relationship 
between D and 180  is close to Craig’s line, with some scatter of the experimental 
points. No remarkable correlation is observed between the tritium and I80  contents. 
Nevertheless, the lowest ô 180  values tend towards the lowest T and l4C content, 
which may speak in favour of some contribution of waters of a colder period.

No strong correlation between T and 14C has been noted for shallow aquifers. 
On the other hand, such a correlation is quite remarkable for artesian waters. The 
fact that small tritium content and measurable 14C concentration have been recorded 
simultaneously is an evidence in favour of a mixing of ‘old’ artesian and ‘young’ 
shallow waters.

5.5. Tritium residence time and radionuclide contamination of groundwaters

Tritium (as well as radiocarbon, in some sense) is released into the under
ground hydrosphere from the earth surface with meteoric waters that are infiltrated 
through the aeration zone, and by filtration from rivers and surface reservoirs (lakes, 
swamps, ponds, etc.) where they have direct interconnection with aquifers.
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Thus, tritium  (and also 14C) trace those contam inants that are regionally dis
tributed as, e .g ., the Chernobyl radionuclides. This tracing is fully adequate if a con
tam inant has a retardation factor o f  R =  1 or, in other w ords, if  the sorption 
distribution coefficient K j =  0. As 197Cs, 90Sr and other radionuclides are not con
servative m igrants (their K j 0  and R ^  1), it is to be expected that their appear
ance (if any) may be observed w here tritium  is observed. The delay o f  a given 
contam inant, when com pared with tritium , is determ ined by the mean residence 
(travel) tim e o f w ater and the retardation factor; they are related as follows: 
T c =  TWR. The m ost appropriate situation relates to the case w here the contaminant 
decays during the Tc period.

In any case, tritium  data, in addition to inform ation on the residence tim e o f 
w ater itself, give an idea about possible ‘fast’ m igration pathways o f  the con
taminant. Taking into account possible retardation factors, tritium  data allow an esti
m ate o f the norm al or ‘slow ’ com ponent o f  the contam inant flow into aquifers. They 
constitute an approach towards evaluation o f  groundwater aquifer vulnerability.

As lithological data can be obtained independently, the expected retardation 
factors can be obtained for the geological layers which constitute a protection shield 
for shallow horizons. A com bination o f  these data with the tritium  data provides an 
estim ate o f  the M RTc and, subsequently, the groundwater vulnerability. M oreover, 
knowing Tw and Tc independently, one can estim ate the unknown retardation factor 
for the system as a whole.

The radiocaesium  content is rem arkable in aquifers in which the tritium  con
centration is equal to, o r slightly higher than, that o f  m odern atm ospheric precipita
tions. Increased radiocaesium  concentrations in groundwaters are observed for 
Tw <  50-100  years. A scatter in the experim ental points in the vertical direction 
for the same T w and tritium  values dem onstrates the influence o f  inhomogeneities of 
the surface contamination density as well as the local variability o f the retardation 
param eters o f  the strata overlying the aquifers sampled.

A decrease in the effective retardation factor R (i.e. a decrease in aeration zone 
thickness, soil density and clayeyness, and/or an increase in soil humidity) as well 
as a decrease in M RTw (i.e. an increase o f the infiltration flow) results in an 
enhanced vulnerability o f  groundwater to pollution and vice versa. This is why less 
protected aquifers show an increased tritium  and radionuclide content.

Judging from  the results obtained, we may conclude that waters with Tw >  
200 years may be regarded as com pletely protected with respect to 137Cs contam i
nation. Nevertheless, we note that this advantage may be lost by intensive water con
sumption causing deep w ater depression and, as a consequence, an additional input 
o f  younger and m ore contaminated waters.

In the territory  investigated, numerous sampled sites have relatively small Tw 
and, consequently, are potentially vulnerable to pollution. F or these aquifers, 
retardation phenom ena play the m ain role in their protection against surface radionu
clide contamination.
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We are here speaking about mean residence times. In a realistic situation, 
however, we have to do with some residence time distribution which definitely has 
a ‘slow’ and a ‘fast’ wing. Thus, ‘mean characteristics’ may underestimate ‘fast’ and 
overestimate ‘slow’ migration flows.

It seems that a key to estimating the ‘fast’ migration flow, the most dangerous 
effect at the first stages of contamination, is provided by the analysis of the depen
dence of radionuclide concentration on the tritium content and the residence time of 
the groundwaters. We shall later on return to possible ways of estimating the ‘fast’ 
migration flow and to a discussion of the importance of natural isotope tracer data 
in obtaining information on groundwater vulnerability.

6 . PREDICTION OF GROUNDWATER VULNERABILITY 
TO RADIONUCLIDE CONTAMINATION

6.1. Prediction on the basis of MRTw and retardation factors:
Aeration zone as a protective shield

An attempt to forecast the Chernobyl radionuclide content changes in shallow 
groundwater aquifers was made on the basis of concepts of:

— the mean residence time of water (MRTW = Tw) determined by means of the 
environmental tritium content in the groundwater studied and in local 
precipitations;

— the retardation factors (R) measured by multitracer experiments in the field or 
laboratory experiments using a batch technique.

Three basic prediction models are used:

— the piston flow model [5, 12, 13]
— the perfect (complete) mixing model (PMM) [5, 12-16]
— the log-normal distribution model (LNDM) [10, 11].

6.1.1. The algebra of residence times for the aeration zone

Let us assume that the aeration zone (AZ) consists of n lithological layers 
(Fig. 4) through which recharge q takes place downwards to the water table. The 
total thickness of the aeration zone is given by

H = ¿ H i
i = 1

(6 .1)
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É infiltration
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F/G. 4. Block scheme of multilayer aeration zone: i: layer number; H¡: thickness of i-th 
layer; W¡: relative volumetric humidity of i-th layer; R¡: retardation factor (RF) for a given 
component of i-th layer; Twi: mean residence time of water (MRTW) in i-th layer; r ri: mean 
residence time of a given component in i-th layer.

where H¡ is the thickness of the i-th layer characterized by a certain property. The 
total water volume contained in the AZ per unit area is equal to

Vw = £  Vw¡= D  w ¡Hi

= W W h J h  = WH = Vw (6.2)

where W is the humidity averaged over all layers of AZ, given by

W = £  W¡Hi/H (6.3)

The retardation factor averaged over all layers is given by

Rh = £  H ^/H  (6.4)

We can also define a retardation factor averaged over the thickness and humidity of 
the individual layers as follows:

Rw = £  WjHjRj/HW (6.5)
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where W is détermined by Eq. (6.3). Rw represents the total effective retardation 
factor of the aeration zone.

If an infiltration flow rate per unit area (q) is given, the mean residence time 
of water in the i-th layer may be written as

rwi = W,H,/q = V/q (6.6)

Consequently, the total MRTW for the system as a whole is given by

Tw = D  rwi = £  WiWq = ^  WiHi/H^(q/H)

= WH/q = Vw/q = tw (6.7)

Relations (6.6) and (6.7) are valid for any conservative migrant. Evidently, the mean 
residence time for a non-conservative component (MRTC) in the i-th layer will be 
given by

t c¡ r wlR,  ( 6. 8)

Thus, in the system as a whole, the total mean residence time for such a component 
equals

Tc = £  rci = £  TwiRi = D  (WiHi/qJRi = HRh/q = (HW/q)

X ^  WARi/HW^ = TWRW (6.9)

where rwi, Rw and W are determined by Eqs (6.6), (6.5) and (6.3), respectively. 
Furthermore, an effective total retardation factor for the system as a whole can be 
introduced independently as follows:

R = Tc/Tw = ^  = Rw (6.10)

This result may be generalized: the total mean residence time of a component 
in a multilayered body is the product of the total mean residence time of water and 
the effective total retardation factor:

Te = TWRW (6.11)

Any system with a known total mean residence time of the component I,, can 
be subdivided into n blocks (layers, compartments) with thé same residence time of
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tiiis component in each block. Then, all rci = tc = const, and a representation of 
the following form exists:

T c =  ^  r ci =  nrw (6.12)

A similar operation can be performed for the residence time of water:

Tw =  £  rwi =  nrw (6 .13)

A natural soil body can easily be subdivided into blocks with equal values of 
Tc in two equivalent ways: (i) by evaluating Tc and taking an arbitrary number of 
blocks, and (ii) by using the natural lithological subdivision and invoking the princi
ple of the least common multiple.

The relationships given above lead to practical algorithms in calculating 
parameters describing the vulnerability of groundwaters if they are protected by the 
aeration zone.

6.1.2. A multicompartment migration model and its parameters

It is assumed that the system is stationary and consists of a cascade of n reser
voirs (compartments, blocks, layers) with complete mixing of water and a compo
nent (Figs 4 and 5). Assuming steady state conditions, we have:

qr = q¡ = qd = qw = const, Vwi = const, V = ^  Vwi = const (6.14)
i = 1

Generally speaking, the individual Vwi values may be different even if the system 
under consideration is stationary. Hence, the particular residence time of water ( t w ¡) 

may be different, too (see Eq. (6.6)).
From the condition of complete mixing in all blocks, we conclude that

Q = Q  = Cri+1 (6.15)

Input Output
C(jM=Cr¡ C(j¡ = Cr¡+i Cdn

—tu hzh tu—нт—Hzzi— t h
1 2  i - 1 i i + 1 n

4f1 4dn

FIG. 5. Block scheme of multicompartment cascade model.
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It is also assumed that the component of interest may be removed from migra
tion by some process of first order kinetics, e.g. by radioactive decay with a charac
teristic lifetime of та = l / \ a = T1/2/0.693, where \ a is a kinetic decay constant and 
T1/2 is the half-life.

It may also be suggested that the ‘pore solution-soil matrix’ interactions obey 
a linear equilibrium sorption isotherm. In this case, a delay of the given component 
with respect to water movement will exist and will be described by a retardation 
factor, R.

Let us now make the next important step in our assumption. Let the rci values 
be equal for all compartments of the model, rci = tc = const.

Finally, we consider the case of instantaneous release of a contaminant with 
a surface contamination density of Mq Ci/km2 at the instant t = 0. The contaminant 
released enters the first block of the model, for example an upper layer of the AZ. 
The following blocks represent the downward soil layers, and the final, n-th, block 
represents the shallow groundwater horizon.

6.1.3. General solution to the model

We have found a general solution to this model for the case where the mean 
residence time of the component in all blocks is the same (rci = tc = const):

C,(t) -  W q i i >
(n -  1)!

(6.16)

= (Mo/q)#cn(t/Tc)ex p (-t/rc) =  CoPn-Kt/rJexpi-t/Tc)

where

C„(t) is the component concentration in the porous solution in the
n-th block (layer) at instant t;

C0 = M0/qrc is the same for the porous solution within the first block at
instant t = 0 (instant of release);

$ cn(t) is the residence time distribution function (RTDFc) of the
component in the system as a whole;

P„_i(t/rc) is the standard Poisson distribution.

The retardation factors are generally defined by Eq. (6 .8). The residence time 
distribution function of water (RTDFw) in the system as a whole can be derived from 
Eq. (6.16) by assuming R = 1, i.e.:

<b ™ 7'w(t/Tw)n~ 1ex p (-t/rw)
®wnw . 14l Tw ^ n -l(^ c )  (6*17)(n -  1)!
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The total mean residence times of the component and of water are given by relation
ships (6.12) and (6.13), respectively. The dispersions of the MRTs are a2n(t) = nrc 
and CTwn(t) = Птп- The maximum concentration of the component is present in the 
i-th block at tmax = (i — l)rc; on the other hand, at an arbitrary instant of time such 
a maximum is observed in the block with the number imax =  (t +  t c) / t c . 

Apparently, this number represents the space co-ordinate in the direction of 
migration.

*
6.1.4. Criteria o f groundwater vulnerability

It is intuitively felt that any criterion intended to estimate the vulnerability of 
groundwater to pollution has to be explicitly connected with the degree of retardation 
of a given contaminant on the way from the surface to the aquifer. The degree of 
attenuation of the output component concentration compared with the initial porous 
solution concentration in the upper soil layer immediately follows from Eq. (6.16):

K„(t) = C„(t)/C0 = (t/Tc) - 7 — —  exp(-t/rc) = P„ -1 (t/7-c)exp(-  t/rc)
(n -  1)!

(6.18)

We see that Kn(t) is the product of two factors. The first factor describes hydraulic 
transport of the contaminant, taking into account retardation as well as dilution 
effects. The second factor characterizes the influence of radioactive decay or any 
other process described by the first order kinetics. Groundwater is protected against 
a given contaminant when the output contaminant concentration does not exceed 
some permissible level (PL), i.e. Cn(t) <  Cpi. Thus, a quantitative criterion of 
groundwater vulnerability can be introduced as follows:

f  = K„(t)/Kpi = Cn(t)/Cpi <  1 (6.19)

Kpl = Cpl/(M0/qrc) = Cpl/C0 (6.20)

If f  < 1, a given system is protected against a given contaminant and vice 
versa. The f  criterion includes the influence of hydraulic transport, dilution effects, 
retardation phenomena, contaminant stability, surface contamination density, 
infiltration rate, lithology of the geological cross-section, and, finally, the permis
sible concentration level as established by some agreement or a law.

6.1.5. Initial stage o f contamination

For small t or, more accurately, for t/rwR < 1, i.e. in the initial stage just 
after the instantaneous release of a radionuclide, its content in the groundwater
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aquifer is increased according to the following asymptotic relationship derived from 
Eq. (6.16) if, in addition, th a <  1:

Cn(t) =  C0t/nrwR = C0t/TWR) = C0t/Tc (6.21)

Accordingly, the contaminant concentration has to increase inversely propor
tionally to the mean residence time of water (Tw = ntw) and the retardation factor 
R in the protective body as a whole. In other words, this increase is inversely propor
tional to the mean residence time of the component in the system, Tc.

6.1.6. Fast component o f  migration flow

It is likely that a ‘fast’ migration is connected with the flow of infiltrating water 
in such a way that no retardation mechanism can set in. In this case, we may assume 
that the mean residence time of the contaminant is approximately the same as that 
of water, i.e. Tcf = Tw. At the same time, the ‘slow’ component of contaminant 
flow has a mean residence time given by Eq. (6.11).

Assuming that the relative contributions of the ‘slow’ and ‘fast’ components 
are pi and p2, respectively, and using the routine procedure of mixing equations for 
the field data, we can calculate the contributions of these two flows in the common 
picture of the contamination discussed.

It is also seen that the Tc and Tw values, as key parameters of the model, take 
into account the heterogeneity of the geological medium, distributions of soil humid
ity and density, the soil sorption distribution coefficient, lithology, thickness of the 
soil protective body and the recharge rate.

The model developed provides an estimate for the current and the maximum 
contaminant concentrations in each layer of the migration medium, ‘slow’ and ‘fast’ 
components of the contaminant flow, the interrelationship between the residence 
times of water as a carrier and its contaminants, possible current and maximum 
degrees of attenuation and, finally, the relevant criterion of vulnerability. These are 
the characteristics to be used in evaluating, mapping and forecasting groundwater 
vulnerability to pollution.

The MRT values used in the model may be given or determined by direct 
hydraulic calculations, multitracer field experiments, field observations of environ
mental tritium as well as by geochemical survey.

6.2. Prediction of radionuclide migration through the aeration zone

The model and algorithms presented above were used to predict the vertical 
migration of 137Cs and ^Sr in the aeration zone of some selected sites in the terri
tory of the Russian Federation (Bryansk region).



TABLE VII. PREDICTIONS OF GROUNDWATER VULNERABILITY TO POLLUTION BY ^Sr AND 137Cs (BRYANSK 
REGION, NOVOZYBKOV EXPERIMENTAL SITE)
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cm/a Years Years Ci/km2 Years Ci/km2

1 30 0.6 23 1.63 — — 103.1 122 3.4 x 10'3 28.3 9.7 x  10“2 10.3

5 30 2.1 173 7.8 X 10‘3 — — 27.4 1083 2.7 x io-13 —  ' — 2.7

6 30 1.0 62 2.5 x  10-' — — 58.1 430 1.1 X 10'6 — — 5.8

9 30 0.9 92 8.7 x  10~2 — — 63.8 584 2.8 x 10“8 — — 6.4

11 50 1.2 21 1.1 — — 30.0 124 1.9 x 10~3 —  — 3.0

12 30 4.1 238 1.4 X 10'3 — — 13.5 1749 7.4 x 10-2°
—  — 1.4

13 30 0.9 65 2.2 x  10'1 — — 63.8 564 4.5 x 10‘8 —  — 6.4

14 30 1.0 59 2.8 x 10~' — — 59.3 363 5.8 x lO’6 —  — 5.9

16 30 1.2 66 2.2 X 10“‘ — — 47.9 411 1.8 x 10‘6 —  — 4.8

17 30 1.3 132 2.6 X 10’2 — — 45.3 728 9.6 x Ю - Ю
—  — 4.5

18 30 0.7 66 2.2 x  10'1 — — 87.8 551 6.2 x 10'8 —  — 8.8

20 30 1.7 102 6.3 x  10~2 — — 33.3 702 1.8 x io-9 —  — 3.3

21 30 1.5 114 4.3 x  10'2 — — 39.1 672 3.5 x 10-9 — — 3.9

DUBINCHUK 
et al.



cm/a Years Years Ci/km2 Years Ci/km2

22 30 0.9 117 4.0 X 10“2 — 63.1 807 1.5 X 10-Ш - 6.3

23 30 2.3 181 6.3 X 10'3 — 25.0 1116 1.3 X 10"13 — 2.5

24 30 5.9 364 5.6 X 10~5 — 9.0 2714 3.0 X io-29 — 0.9

25 50 0.3 22 1. 1 0.2 2.1 X 10 '1 144.6 125 1.9 X 10'3 34.7 6.4 X 10'2 14.5

27 50 0.5 33 5.3 X lO’1 0.2 1.1 X 10 '1 70.5 141 1.1 X 10'3 34.7 4.1 X 10'2 7.1

28 50 2.8 111 2.7 X 10'2 0.65 1.9 X 10"2 12.2 840 4.3 X 10‘n 26.6 1.1 X 10'9 1.2

29 100 0.3 17 7.7 X 10 '1 0.65 5.0 X 10 '1 72.3 112 1.4 X 10’3 26.6 3.7 X 10'2 7.2

32 30 4.7 356 6.9 X 10'5 0.65 4.5 X 10'5 11.6 3132 2.7 X 10’33 26.6 7.1 X io-32 1.2

33 30 0.6 99 7.0 X 10-2 0.2 1.4 X 10'2 93.3 576 3.4 X 10"8 34.7 1.2 X 10'6 9.3

35 30 1.3 137 2.2 X 10 2 0.2 4.4 X 10'3 47.1 838 7.4 X 10-" 34.7 2.6 X 10'9 4.7

36 30 4.4 306 2.4 X 10-4 0.7 1.7 X 10"4 12.5 2343 1.2 X io-25 25.8 3.0 x lO '24 1.2

37 30 2.9 232 1.6 X 10‘3 0.7 1.1 X 10'3 19.6 1702 2.12 X io-19 25.8 5.5 X Ю-.8 1.9

38 30 2.5 183 6.0 X 10‘3 0.7 4.2 X 10'3 23.3 1568 4.4 X Ю-is 25.8 1.1 x  НГ16 2.3

43 30 0.7 29 1. 1 0.7 7.7 X 10 '1 89.1 276 5.1 X 10‘5 25.8 1.3 X 10'2 8.9

f  — groundwater vulnerability coefficient (Eq.(6.19)); Cpl ( l37Cs) = 1000 pCi/L (tentative); Cp] (^Sr) =  100 pCi/L (tentative).
Tc — Mean residence time of a component in the aeration zone, in years (Tc =  RTw).
Tw — Mean residence time of water in the aeration zone, in years.
R — Effective retardation factor of the aeration zone.
M0 — Surface contamination density, in Ci/km2.
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Initial information was derived from the nuclear well logging data and indepen
dent estimates of the recharge rate. In accordance with the model presented, the total 
and partial residence times of radionuclides and water were calculated. Then, the 
profiles in the aeration zone for all sites investigated were subdivided into n layers 
with equal MRTc (tc = Tc/n) and used in further calculations of the vulnerability 
coefficient f  by using Eqs (6.16) to (6.18).

The f  values were calculated for two values of surface contamination density: 
M0 = 1 Ci/km2 and for those values of Mq that were determined directly at the 
given sites by means of a radiometric survey. In addition, f  values were calculated 
at each site for the actual Tc values obtained and for Tc = Tw (i.e. R = 1) in order 
to get some idea of a possible ‘fast’ migration.

The results from the Novozybkov experimental site are shown in Table VII. 
It is seen that groundwaters are completely protected if Tc >  300 years and 
Tw > 10-50 years, even for a surface contamination of ~  100 Ci/km2.

At the places studied or at similar ones with 10 Ci/km2 of 137Cs the permis
sible level may have been reached and, possibly, in some places even surpassed for 
a value of Tc in the range from several to about 30 years. In such places, the con
centration maxima will be observed for slow migration in the upper layers of the AZ 
in 10-30 years after the accident. Similar conclusions have been already made in our 
previous papers on the basis of more simplified models.

In the case of ‘intermediate’ values of the surface contamination density 
(within 40-50 Ci/km2 for 137Cs and 1 Ci/km2 for ^Sr and for Tc «  10-30 years), 
the f  value will possibly grow and, after this time, concentration maxima are 
expected even for the ‘slow’ migration component. If the contamination density is 
more than 100 Ci/km2 for 137Cs and 10 Ci/km2 for ^Sr, then, on the assumption 
of Tc =  10-30 years, the permissible level will definitely be surpassed. There is an 
additional safety reserve, i.e. a lateral influx and admixture of fresh uncontaminated 
waters, or a mixing of upper, contaminated waters with those from deeper layers.

A practical ‘transparence’ of the AZ within the territory studied concerning an 
eventual input of the ‘fast’ migration component is to be stated. For 137Cs or ^Sr, 
the ‘fast’ migration, if it were predominant, could, 5-10 years after the accident, 
many times exceed the permissible level in the shallow horizon. Fortunately, the 
contribution of the ‘fast’ migration, although it has been observed (see Section 4), 
does not exceed several per cent. At places with very small thickness of AZ 
(swamps, flood lands, water meadows, local accumulating depressions, etc.), under
layered with weakly sorptive soils (fine sands), even a low contamination density 
(1-5 Ci/km2) may produce remarkable contamination of the shallow groundwaters. 
This prognosis is supported by current information from the contaminated regions.

By analogy with the data obtained for shallow horizons, we can make a 
preliminary statement on the vulnerability of artesian aquifers.

If their Tw is >  10 years and if the total effective retardation factors for the 
radionuclides studied in overlayered and water bearing bodies exceed 10, in other
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words, if in these bodies Tc > 100, then the artesian waters are protected during 
the whole lifetime of ^Sr and 137Cs. This conclusion is valid for ‘slow’ migration. 
The following facts should be underlined:

— The results obtained are related to the infiltration rates averaged over many 
years. Deviations from these values can be remarkable.

— The seasonality of recharge may lead to additional variability of the ground
water vulnerability.

— The observed increase in the radionuclide content in shallow and even in 
deeper groundwater aquifers only five to six years after the accident proves the 
existence of the fast migration component.

It should be noted that the model used and the predictions obtained did not take 
into account surface liquid and solid runoff of radionuclides as well as their possible 
accumulation in erosion traps.

- FIG. 6. Migration o f 90Sr in the unsaturated zone fo r  experimental sites 1 and 2.
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As is well known, usually an attempt is made to describe the migration of a 
substance in geological media by a model taking into account hydraulic transport, 
retardation phenomena and diffusion or dispersion processes. The models explicitly 
involving diffusion/dispersion are considered to be closer to the natural migration 
conditions. Generally, the diffusion/dispersion models are based on the classical 
Fick’s laws which, in turn, generate some analytical solutions incorporating 
Gaussian type (normal) distributions or some of their derivatives [5, 12-14].

However, in the experimental study of migration (including the present one), 
some deviations from the Gaussian distribution were observed, particularly in the 
movement of tritiated water and other tracers in the unsaturated and saturated 
zones [10, 11].

For example, Fig. 6 shows a ^Sr migration curve obtained from the analysis 
of the radionuclide distribution in the unsaturated zone at an experimental site. The 
shape of this curve suggests that the migration process does not follow any 
regularity, neither a Gaussian nor an exponential distribution model. Several possi
ble explanations for such effects exist, including an accelerated non-Gaussian migra
tion, percolation effects, macroscopic heterogeneity of geological media, selective 
colloid transfer, non-linear kinetics of interactions between solutes and soils, etc. All 
these effects are described in the literature as possible explanations of the observed 
deviations from the classical diffusion scheme.

Nevertheless, a more general approach to describing these migration abnor
malities has recently been proposed and developed [10, 11].

In this approach, the component particle pathway distribution function is postu
lated as a log-normal one, i.e.:

6.3. Prediction based on the log-normal distribution

where <X> is the mean particle pathway over the whole distribution, X the mean 
geometric particle pathway, S the pathway projection on an arbitrary S axis, <S> the 
mean pathway projection onto the same axis; h = l/2 1/2<jlg the distribution parame
ter, a¡.g the logarithmic dispersion of the particle pathways; and

We see that Eq. (6.22) is an analogue of the Gauss distribution for a case where 
the migration takes place in an infinite or semi-infinite one dimensional body with 
the instantaneous particle source located at the point with co-ordinates x = 0 , t = 0 . 
It can also be used for modelling the dispersion picture of the migration, provided 
this model refers to the centre of a moving particle cloud. For this, we have a mean 
penetration depth H = Uwt, where H is the co-ordinate of the particle cloud centre

(6 .22)
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of mass and U is the mean velocity of the cloud movement. Then a dispersion can 
be incorporated in Eq. (6.22), on the assumption that <S> oc t 1/2. In turn, <S> can 
be related to the half-width of the distribution, S1/2, and the dispersion coefficient 
as follows:

S1/2 = 2<S>10"3/4h2 * °'4343, Dc = S1/2/16t In 2 (6.24)

The above equations enable a theoretical estimate of the radionuclide time dis
tribution in the soil profile on the basis of the data on diffusion coefficient Dc, 
infiltration velocity Uw, distribution coefficient Kj or retardation factor R. Further
more, from the experimental tracer distribution data, we can determine the values 
of Uw, Uc, Kd or R by means of the related inverse calculation.

The multitracer data from experiments performed at about 25 experimental 
sites in the area contaminated by radionuclides were used to estimate the related 
diffusion coefficients. The values obtained vary from the range of 10“7-10 '8 cm2/s 
for sands and sandy loam to the range of 10~9-1 0 'w cm2/s for loams and clays. The 
diffusion coefficients of 137Cs are 2-10 times lower than those for ^Sr, which 
agrees with earlier accepted values [11]. By comparing the velocities of tritium and 
radionuclide migration, the retardation factors R and Kd were determined in situ. 
The values of Kd are in the range of 26-3900 for 137Cs and 6-124 for ^Sr. The cal
culated radioactivity for the upper layers of shallow groundwater is in satisfactory 
agreement with the values determined by observation.

6.4. Local-regional prediction based on the thermodynamic approach

As a result of research work carried out recently by VSEGINGEO a new 
approach to estimating recharge through the aeration zone has been worked out and 
used in different landscape and hydrology situations. The approach has been tested 
in humid (Baltic countries, European part of Russia), arid and semi-arid zones 
(Middle Asia, South Ukraine, Volga region of Russia, area affected by the 
Chernobyl fallouts) [6 , 8]. The following sources of initial information for recharge 
estimates were used:

— Some standard maps (of Quaternary depositions, freezing conditions, soil 
geography, geomorphology, tectonics and plant cover);

— A database on soil moisture distributions and moisture transfer parameters 
(coefficients of soil moisture conductivity), collected mainly in our own 
investigations;

— Our own database on recharge flow rates (RFRs) collected throughout the 
European part of Russia.
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TABLE v m . MEAN AND MAXIMUM ANNUAL RECHARGE FLOW RATES 
(RFR) THROUGH THE AERATION ZONE AND WATER TRAVEL TIMES IN 
YEARS. BRYANSK, KALUGA AND TULA REGIONS OF THE RUSSIAN 
FEDERATION.8

Lithological Forest Open area
type of deposits Annual (April) Annual (April)

Thickness of aeration zone: 1-5 m

Sands 310 1800 300 1400
0.16-0.78 0.027-0.14 0.16-0.8 0.048-0.24

Sandy loams, 260 1500 250 1200
loams 0.37-1.8 0.087-0.44 0.37-1.9 0.11-0.53

Moraine loams 110 700 100 550
1.3-6.6 0.29-1.46 1.4-6.8 0.35-1.8

Loess loam — — 250 —

0.37-1.87

Thickness of aeration zone: 5-10 m

Sands 96 180 185 540
2.1-4.2 0.82-1.64 1.2-2.4 0.51-1.1

Sandy loams, 64 180 110 300
loams 5.3-10.6 2.4-4.8 3.5-6.9 1.6-3.2

Moraine loams 29 55 48 91
20-40 12-24 14-27 7.5-15

Loess loam 51 95 85 160
12-24 7-14 8-15 5-10

Thickness of aeration zones: >  10 m

Sands 40 68 110 200
> 10 > 5 .6 >3 .8 >2.3

Sandy loams, 30 54 73 130-
loams >21 >21 >9.5 > 6 .4 ,

Moraine loams 23 38 36 65
>52 >32 >94 >20

Loess loam 51 95 85 160
>30 >18 >19 >12

a The numerators of the fractions represent the recharge flow rate (mm), the denominators 
indicate the water travel times (a).
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FIG. 7. Map showing the recharge flow rate and mean residence (travel) time o f water and 
a conservative component (Bryansk, Kaluga and Tula regions).

(1) Alluvial and fluvioglacial sands:
H  =  1-5 m, q = 310 mm/a, Tw — 0.16-0.78 a

(2) Alluvial and fluvioglacial sands:
H  =  5-10 m, q = 185 mm/a, T„ =  1.2-2.4 a

(3) Alluvial and fluvioglacial sands:
H  > 10 m, q =  110 mm/a, Tw =  3.8 a

(4) Fluvioglacial and moraine sands and light sandy loams:
H  = 1-5 m, q — 260 mm/a, Tw =  0.37-1.8 a

(5) Moraine sands and light sandy loams (sometimes with pebbles and boulders):
H  s  5-10 m, q =  110 mm/a, Tw — 3.5-6.9 a

(6) Eluvial-deluvial and moraine sandy loams and clays:
H  > 10 m, q =  36 mm/a, Tw =  33.8 a

(7) Loess loamy sands and sandy loams:
H  =  1-5 m, q =  250 mm/a, Tw =  0.37-1.87 a

(8) Loess sandy loams:
H  > 10 m, q =  63 mm/a, Tw > 18.8 a

(9) Peat marsh lands
(10) Lithological and genetic boundaries

For further information see Refs [8, 17].
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The methodology worked out and applied includes:

— A typification and regionalization of a territory on the basis of infiltration con
ditions and self-protective properties of AZs;

— A local-regional evaluation and forecast of RFRs as well as the mean water 
travel velocities through the aeration zone;

— forecast of the protection features of AZs with regard to conservative con
taminants having retardation factors equal to 1, taking into account these types 
and pore structures of the AZ soils.

A thermodynamic approach, in particular a moisture palette method [8 , 17], 
is used to estimate RFRs through AZs. It yields monthly, yearly and multiannual 
averages of RFR values in the different regions in the typical geological morphologi
cal and landscape conditions. The maximum RFR values appear during April, the 
minima from September to February.

In Table УШ and the map in Fig. 7 annually averaged and maximum RFR 
values are given for the Bryansk, Kaluga and Tula regions where radionuclide and 
isotope surveys have been carried out. Also given are the mean residence (travel) 
times of water (MRTw) valid for a conservative pollutant moving through the AZ 
without retardation. The MRTw parameters have a regional minimum in sandy AZs 
with thicknesses not exceeding 5 m (western part of Bryansk region). On the other 
hand, minima of water and contaminant velocities are expected for sites with AZs 
consisting of loamy soils with thicknesses of about 10 m. Such conditions are charac
teristic of the Tula region. The rest of the territory of interest shows intermediate 
properties.

For different sites within the same region, the individual RFR values may 
differ substantially from those given in Table УШ. For example, they may be 
200-400 mm per year within irrigation sites up to 5000 mm per year within towns; 
200-40 000 mm per year in flood lands; up to 3700 mm per year in swamp areas; 
and, finally, 300-1500 mm per year within sand dune hollows. In contrast, there 
may be areas with negligible RFR. These are tops of sand dunes (<  1 mm per year) 
or wood lands with mixed fir woods where the AZ thicknesses are more than 5 m 
(0.25 mm per year).

These data on RFR have been used to carry out a prognosis of the radiocaesium 
migration through the AZ to shallow groundwaters.

7. CONCLUSIONS

An analysis of the natural conditions of central Russia has shown that radionu
clides released into the environment because of the Chernobyl accident have under
gone a further redistribution caused by landscape features and hydrological 
processes. Radionuclides were observed in shallow and even some artesian aquifers.
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Since the unsaturated zone consists mainly of sandy layers and is relatively thin, the 
vulnerability of shallow aquifers essentially depends on the recharge flow rate and 
the retardation parameters of the soils. The dominant factor is the clay particle con
tent in the soil. The tritium and radiocarbon data are very helpful in the local and 
regional evaluation of the vulnerability of groundwaters.

A combination of artificial isotope tracer field experiments and natural isotope 
surveys is the most effective method of obtaining the information that is needed for 
reliable forecasts.

The methodological approaches proposed and developed seem to be fruitful in 
interpreting and predicting changes of the radioecological situation in groundwater 
aquifers. Further investigations in this direction should be Undertaken. The 
Chernobyl radionuclides released into the environment must be used to verify the 
mathematical models and different methodological approaches. The best way to 
achieve an adequate prognosis on the further fate of the Chernobyl radionuclides in 
the underground hydrosphere may lie in using alternative approaches such as those 
reported here.
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Abstract

CAESIUM-137 INVENTORIES IN ALASKAN TUNDRA, LAKE AND MARINE SEDI
MENTS: AN INDICATOR OF RECENT ORGANIC MATERIAL TRANSPORT?

Tundra sampling accomplished in 1989-1990 at Imnavait Creek, Alaska (68°37' N, 
149°17' W) indicates that inventories of 137Cs (102-162 mBq/cm2) are close to expectations 
based on measured atmospheric deposition for this latitude. Peak accumulations of 137Cs are 
typically observed at 4 to 10 cm depth, associated with organic materials, and above any 
mineral soil. Accumulated inventories of 137Cs in tundra decrease by up to 50% along a tran
sect to Prudhoe Bay (70°13' N, 148°30' W). Atmospheric deposition of 137Cs decreased 
with latitude in the Arctic, but shifts in deposition would have been relatively small over this 
distance (200 km). This suggests recent loss of 137Cs and possibly associated organic matter 
from tundra over the northern portions of the transect between Imnavait Creek and Prudhoe 
Bay. This hypothesis is supported by observations of maximum 137Cs accumulations occur
ring in surface layers of the more northern tundra that was sampled* rather than at depth, as 
at Imnavait Creek. If 137Cs is being remobilized in northern Alaska, increased deposition 
should be evident in lake and marine sediments. Sediments from Toolik Lake 
(68°38' N, 149°38' W) showed widely varying 137Cs inventories, from a low of 
22 mBq/cm2 away from the lake inlet to a high between 140 and >200 mBq/cm2 near the

* Also: Graduate Program in Ecology, University of Tennessee, TN, USA.
** Present address: Instituto de Física, Universidad Nacional Autónoma de México, 

México, D .F., México.
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main stream inflow. This supports the hypothesis of recent accumulation of caesium and possi
bly organic material in Arctic lakes, although additional sampling is needed. Marine sediments 
collected in the Bering Sea and Chukchi Seas, including near the Yukon River delta region, 
show generally lower inventories than in tundra or lake sediments, although complete invento
ries are unavailable because of radiocaesium buried to depths greater than 20 cm beyond the 
sampling capabilities used. This depth of burial is probably a result of high bioturbation in 
benthic communities on the Bering and Chukchi continental shelves.

1. INTRODUCTION

Approximately 14% of the Earth’s terrestrial carbon is stored as organic peat 
within Arctic tundra ecosystems [1]. In northern Alaska, relatively large masses of 
organic matter are lost annually from Arctic watersheds, and carbon biomass is 
apparently not at long term steady state [2-6]. Some of these materials are deposited 
in lakes [7] and may also be transported into nearshore marine sediments. 
Caesium-137 is an anthropogenic product of nuclear testing (half-life 30.2 a) that 
was introduced into the biosphere after ~  1953 as a result of fallout deposition. This 
radionuclide is predominantly detected within the top 10 cm of tundra, associated 
with mosses, lichens and other vegetation, rather than underlying mineral soil 
[8-11]. The apparent lack of steady state conditions in carbon accumulation in 
northern Alaska tundra and peatlands, coupled with the presence of a radionuclide 
tracer associated with organic materials only since —1953, suggested the potential 
value of studying lake and marine sediment radiocaesium inventories relative to 
regional variations in tundra inventories. These regional variations in radiocaesium 
associated organic materials may be important in following recent changes in carbon 
biogeochemical cycles in the Arctic. As a result, we have been investigating the fate 
of 137Cs and organic carbon potentially associated with it that has been produced 
since the initiation of nuclear testing.

While analyses of Arctic radiocarbon in organic material (e.g. Ref. [2]) pro
vide a longer term perspective of carbon fluxes, 137Cs inventories and accumulation 
patterns potentially provide a sharper indication of the fate of carbon synthesized 
recently in the presence of this radionuclide. This is particularly important because 
of the shift in Arctic tundra from a carbon sink to a carbon source that has apparently 
occurred during historic time, possibly as a result of lowered water tables accelerat
ing soil decomposition, as well as the loss of dissolved organics [6]. We hypothe
sized that patterns of organic material loss since the peak of atmospheric deposition 
in 1964 should reflect current patterns and inventories of 137Cs distribution, once 
chemical behaviour differences in caesium in fresh water, marine and tundra soils 
were taken into account. Because of the possible influence of climate variability on 
carbon fluxes, we also took advantage of a relatively large temperature gradient 
existing between Imnavait Creek (68°37' N, 149° 17' W) and Prudhoe Bay
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(70°13' N, 148°30' W). Mean July temperatures between these two locations, sepa
rated by approximately 200 km, decrease from 12°C to 4°C [12]. Atmospheric 
deposition of 137Cs decreased with increasing latitude in the Arctic, but the shift in 
deposition would have been relatively small over this distance [13-15]. Thus we 
expected that differences in 137Cs inventories and the patterns of deposition within 
tundra profiles over this temperature gradient could be related to the fate of organic 
carbon produced since ~  1950, except that respired as carbon dioxide.

The questions to be studied, therefore, included whether 137Cs remains within 
the tundra, and if so, at what depth, or whether it has been eroded into lakes 
or marine systems. Of course, the chemical behaviour of organic carbon and 
caesium is far from identical, but previous sampling we accomplished in 1989 at 
Imnavait Creek indicated that inventories of 137Cs (102-162 mBq/cm2; 
mean = (131.1 ± 24.5) mBq/cm2, n = 4), predominantly concentrated above any 
mineral soil layers, were close to expectations (as of 1985), based on atmospheric 
deposition for latitudes between 60° and 70° N, namely 144 mBq/cm2 [10, 16]. 
Peak accumulations of 137Cs were typically observed at 4 to 10 cm depth, which is 
similar to independent studies of the soil distribution of bomb derived 14C at 
Imnavait Creek (D. Schell, personal communication). Because of the strong appar
ent association between 137Cs and tundra vegetation, we expected that where there 
had been short term loss of tundra, inventories of 137Cs in tundra would also 
decrease, while in lake sediments and, to a lesser extent, in Arctic marine sediments, 
there might be levels of I37Cs higher than expected, based upon atmospheric depo
sition. We also anticipated that catchment scale differences in 137Cs inventories, 
such as within the Imnavait Creek waterhsed, should be apparent, with smaller 
inventories observed in upslope areas and downward movement of 137Cs and 
associated organic material. Transport of 137Cs is not necessarily dependent on 
organic carbon transport, but one of the most important components of organic car
bon loss in this tundra ecosystem is in the dissolved organic phase [3-7]. Since 
caesium behaves as a potassium analogue in intracellular matrices, we hypothesized 
that loss of dissolved organic carbon might be well correlated with caesium losses.

The expected 137Cs distribution in Arctic marine sediments is also influenced 
by oceanographic currents, bioturbation, and greater cation exchange and solubility 
in seawater [17, 18], as well as additional sources derived from nuclear material dis
posal, particularly in the former Soviet Union. Nevertheless, as part of our hypothe
sis of a link between radiocaesium and organic carbon losses, we expected that 
137Cs associated with eroded organic materials nevertheless might be present in 
greater accumulations within river delta and other near shore sediments.

2. METHODS

Twelve tundra cores were collected in August 1990 within the Imnavait Creek 
watershed (Fig. 1). Collections were made in both upslope and riparian zones within



150 GREBMEIER et al.

depth
(cm)

100.3 mBq/cnrï 129.8 mBq/cm'
45

93.4 mBq/cm2 176.7 mBq/cm

FIG. 1. Inventories (in mBq/cm2) o f  m Cs activity in tundra at Imnavait Creek, Alaska, as 
o f August 1990. The site numbers are consistent with previous sampling [10]. Instrumental 
errors for whole cores are approximately ±1%  o f the total inventory.



о

2

4

6

8

10

0

4

8

12

16

20

2

6

10

14

18

2

6

10

14
18

22

0
2
4
6
8

10
12
14

. h
>е В
п  о
giv
ig P
ГУ-

IAEA-SM-329/21 151

0 1

;i>6 -Г
''60.6 mBq/cm 

Milepost 389 
"Ice Cut"

53.1 mBq/cm 
Milepost 408 
Prudhoe Bay

T I I I I

Beaufort Sea

100.0 mBq/cm 
Milepost 362 
Pump Station 2

—i—i—i—i- i—i 
20 40 60

114.0 mBq/cm 
Milepost 325 
"Ice Hill"

20 40 60 80

142.2 mBq/cm2 
Milepost 313 
Pump Station 3

-T~r.~l-- 1--1---1--ГТ
20 40 60 80 100 120

*65.6 mBq/cm2 
Milepost 306 
Department of 
Transportation Camp 160‘w

20 40 60
,2m Bq/cm'

entortes (in mBq/cm2) o f I37Cs activity in tundra between Imnavait Creek and 
i, Alaska, as o f July 1991. Mileposts numbers given are the marked distances from  
the Dalton Highway near Livengood, Alaska. ‘Ice Cut’ and ‘Ice H ill’ are local
i to nearby sections o f highway; the pump stations referred to are oil pipeline 
mts. Instrumental errors for whole cores are approximately ±1% o f the total



152 GREBMEIER et al.

sediment depths in cm 
radioactivity in mBq/cm

N

............. .

Toolik Lake

E 10
о

g- 15 
О

20

25

°1

5

tr
10 f

15

Station 1
20

9  Station 2
Total Inventory Total Inventory
•  core 1: 163.00 •  core 1: 28.75
о core 2: 140.83 25 o core 2:202.65

15

20

25

Station 4
Total inventory
•  core 1: 54.67 
О core 2: 22.59

0 10 20 30 40 50 60 70

Station 3

Total Inventory
•  core 1:165.29 
O core 2: 215.32

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 о 10 20 30 40 50 60 70
137 2

------------------------------------------  Cs (mBq/cm ) -------------------------------------

FIG. 3. Distribution o f sediment cores and 137Cs inventories (in mBq/cm2) in sediments 
from Toolik Lake, July 1991. Instrumental errors for whole cores are approximately ±1%  o f  
the total inventory.
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the 2.2 km2 headwater basin and consisted of 15 cm diameter sectioned cores 
extending from the surface to the bottom of the seasonally active layer (above per
mafrost). Similar sectioned cores were collected in July 1991 at six sites between 
Imnavait Creek and Prudhoe Bay (Fig. 2), along the Dalton Highway connecting 
Prudhoe Bay with Imnavait Creek and, ultimately, Fairbanks. All samples were col
lected in undisturbed tundra at least 300 m from the road right-of-way. Samples were 
sectioned in the field and sealed within jars for direct non-destructive gamma 
counting.

Eleven sediment cores were collected in July 1991 from six locations within 
Toolik Lake (68°38' N, 149°38' W), using a gravity corer. This oligotrophic lake 
is approximately 20 km west of Imnavait Creek and is ice free from mid-June to mid- 
September. It is not connected hydrographically to Imnavait Creek, which does not 
flow into any major lakes before entering the Kuparak River. The Lake covers a
1.5 km2 area with mean and maximum depths of 7 and 25 m, respectively [19]. 
The lake has two inlets and an outlet, with a central sill dividing the inlets and outlets 
from a smaller subbasin on the west side of the lake (Fig. 3). Our sampling was 
designed to document the inventories of 137Cs in lake sediments subject to deposi
tion from the inlets of the lake and along the dominant flow path leading to the outlet 
(Fig. 3). Cores were sectioned and sealed within aluminium cans at the University 
of Alaska Toolik Lake Field Station before return to the laboratory for radioisotope 
counting.

A total of seven sediment cores have been collected on three cruises in the Ber
ing and Chukchi Seas: the July-September 1988 RV Akademik Korolev Third Joint 
USA-USSR Expedition to the Bering and Chukchi Seas (two cores), and two cruises 
of the RV Alpha Helix in June 1990 (four cores) and September 1992 (one core). 
All cores were collected using a HAPS (133 cm2) sampler, in shallow (<50 m) 
continental shelf waters except for the single core collected in 1992, which was 
obtained from an apparent sediment accumulation zone at 400 m depth in Barrow 
Canyon, off the north coast of Alaska (Fig. 4). Sediment cores were sectioned ship
board and returned to the laboratory for radioisotope counting.

The assays of 137Cs in tundra, lake sediment and marine sediment samples 
were accomplished at Oak Ridge National Laboratory using low background, high 
resolution, germanium gamma ray detectors equipped with a Nuclear Data Model 
9900 microprocessor system programmed to record gamma spectra in 4096 chan
nels. The detectors had been calibrated for the geometries of the containers using US 
National Institute of Science and Technology traceable standards. Data are provided 
in the SI unit for radioactivity, the becquerel (Bq). Over whole cores, the instrumen
tal uncertainly is ~  1 % of the caesium inventory reported.
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3.1. Tundra within Imnavait Creek watershed

Tundra core sampling accomplished in 1990 at Imnavait Creek, Alaska, 
indicated 137Cs inventories, as of 1990, of 76.9 to 176.7 mBq/cm2 (Fig. 1; 
mean = (116.0 ±  28.7 SD) mBq/cm2, n = 12). Peak accumulations of 137Cs with 
depth were typically observed at 4 to 10 cm below the surface (Fig. 1), similar to 
distributions found in 1989 [10]. However, there was no obvious distribution pattern 
to indicate downslope movement of 137Cs within the catchment as we might have 
expected if caesium was being mobilized. The lowest and highest inventories (76.9 
and 176.7 mBq/cm2) were observed at mid-slope sites and both higher and lower 
than average inventories were observed in the stream riparian zone (Fig. 1).

3.2. Tundra between Imnavait Creek and Prudhoe Bay

Inventories of 137Cs in tundra (mBq/cm2) were as much as 50% lower than 
mean inventories at Imnavait Creek, at three locations along a 200 km transect from 
Imnavait Creek northward to Prudhoe Bay (Fig. 2). Lowest inventories were 
observed in coastal plain tundra near Prudhoe Bay and at a Brooks Range foothill 
site near an Alaska State Department of Transportation highway maintenance camp 
(Fig. 2). Maximum I37Cs accumulations were also closer to the surface than most 
cores collected from Imnavait Creek (Figs 1 and 2).

3.3. Lake sediment cores from Toolik Lake

Lake sediments showed widely varying 137Cs inventories, with accumulations 
as low as 22 mBq/cm2 remote from the lake inlet (station 4, Fig. 3), and as high as 
140-215 mBq/cm2 near stream inflows (stations 1, 2 and 3, Fig. 3). The spatial 
variability in 137Cs inventories was high, however, particularly at station 2 near the 
lake inflow, where separate cores had inventories of 28 and 202 mBq/cm2.

3.4. Marine sediment cores from the Bering and Chukchi Seas

All seven marine sediment cores collected in 1988, 1990 and 1992 show gener
ally lower inventories (Fig. 4) than in tundra and lake cores, although the inventories 
reported are minima because, in all cases, radiocaesium continued to be detected at 
the base of each sediment core, unlike most of the lake sediment and tundra cores. 
The two lowest inventories (>14 mBq/cm2 and >  15 mBq/cm2) were collected in 
Shpanberg Strait, southeast of St. Lawrence Island, and north of Bering Strait, both 
areas of high current flow where sedimentation is reduced [20].

3. RESULTS
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Three of six tundra cores collected along a 200 km transect from Imnavait 
Creek northward to Prudhoe Bay had 137Cs inventories significantly below the 
anticipated atmospheric deposition at this latitude (~  144 mBq/cm2; [6,10]; 
Fig. 2). Two of these three cores were collected in the topographically level coastal 
plain, while generally higher inventories were observed in the Brooks Range 
foothills to the south. These patterns suggest a significant loss of anthropogenic 
137Cs, particularly in the Arctic Coastal Plain. More detailed sampling within the 
Imnavait Creek watershed in 1989 [10] and 1990 (Fig. 1), however, has failed to 
reveal a consistent pattern of downslope migration and concentration of the radionu
clide. Lake sediment cores instead indicate that inventories of the radionuclide may 
be elevated near lake inlets (Fig. 3). In most cases, lake sediment cores collected 
near the main inlet to Toolik Lake had inventories higher than in tundra at Imnavait 
Creek. However, in one core close to the inlet, and elsewhere away from the lake 
inflow, inventories much lower than the mean terestrial inventories from Imnavait 
Creek were observed. Low inventories of 137Cs away from the inlet are consistent 
with the low sedimentation rate of Toolik Lake [19], but the higher inlet inventories 
support the hypothesis of recent accumulation of radiocaesium and, perhaps, organic 
material associated with it. Although the link between 137Cs and organic carbon loss 
must be considered only a hypothesis, these patterns are consistent with findings that 
Arctic lakes serve as deposition points for organic carbon and, subsequently, as con
duits for carbon dioxide loss to the atmosphere [7]. Since our work suggests that 
radiocaesium losses have been greater along the Arctic coastal plain than in the 
Brooks Range foothills where Toolik Lake is located, there is an obvious need for 
additional lake sediment surveys, particularly in lakes closer to Prudhoe Bay.

It is possible that atmospheric variability in deposition of 137Cs has played a 
role in the generally decreasing inventories between Imnavait Creek and Prudhoe 
Bay, but the difference in deposition of 137Cs would have been relatively small over 
this 200 km distance [13-15]. Additional evidence consistent with the loss of 137Cs 
is the presence of maximum accumulations in near surface layers (2-6  cm) of the 
more northern tundra compared to 4-10 cm depth at Imnavait Creek (Figs 1 and 2). 
Although there is a large temperature gradient between Imnavait Creek and Prudhoe 
Bay, with mean July temperatures decreasing from 12°C to 4°C [12], the low inven
tory observed near the Alaska State Department of Transportation maintenance 
camp, close to Imnavait Creek (Fig. 2), suggests that factors other than temperature 
must be involved in the apparent loss of 137Cs. If the apparent radiocaesium loss is 
in fact linked to documented organic carbon losses from Arctic tundra [2-7], it may 
be due to hydrological changes including the lowering of the water table that would 
increase rates of soil decomposition [6] and an accelerated loss of dissolved organic 
carbon. Another factor that may affect 137Cs remobilization directly, but remains 
unexplored, is that the wet coastal plain tundra near Prudhoe Bay may have more

4. DISCUSSION
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anoxic conditions and higher soil ammonia concentrations, which could result in 
ammonium ion competition for caesium ion binding sites [21].

Ultimately, marine sediments should reflect the contributions of terrestrially 
derived 137Cs, particularly since binding of terrestrially derived 137Cs is not readily 
reversible in the marine environment [17, 18]. Marine sediment cores that we have 
collected in 1988, 1990 and 1992, including those collected close to the Yukon River 
delta, generally show lower inventories than in tundra (Fig. 4), and the lowest inven
tories were observed in or near straits with high current flow. Although these inven
tories are generally lower than those observed in tundra and near the inlet of Toolik 
Lake, 137Cs is detected at the bottom of almost all marine sediment cores we have 
collected; so the inventories reported are minima, and it would be incorrect to state 
categorically that marine inventories are significantly lower than those on land. 
Burial of 137Cs to depths below our sediment sampling capabilities is probably due 
to high biological activity on the Bering and Chukchi continental shelves [22]. Some 
radiocaesium has also been accumulated by benthic organisms [23]. Dissolved or 
water borne 137Cs can also be detected in the water column, and the inventory 
integrated over the depth of the Bering and Chukchi Seas ranged from 8.1 to 
12.6 mBq/cm2 in 1988 [24]; consequently, most of the radiocaesium burden is 
deposited within the sediments. Although there has been increasing concern over 
Arctic radioactive contamination, these relatively low inventories do not, by 
themselves, provide direct evidence for major contamination of the Bering and 
Chukchi Seas. We have detected trace levels of nuclear reactor by-products, includ
ing 241Am, 155Eu, 103R u  and 237Np in a few surface sediment samples (unpublished 
data, 1993) and in the future will be making these data available, as well as additional 
137Cs data, on a per gram dry weight basis, from a much larger number of oceano
graphic stations where only surface samples were collected in 1990 and 1992 
(Fig. 4).

This study, in conclusion, suggests that there have been significant losses of 
137Cs in northern Alaska, where it is stored in tundra vegetation, above the underly
ing mineral soil. Separate studies indicate that organic carbon in dissolved form is 
also being lost from tundra ecosystems. The chemical behaviour of caesium analo
gous to that of potassium and the presumed presence of radiocaesium in intercellular 
matrices with organic matter suggest the possibility of 137Cs being a useful indicator 
of organic carbon loss, particularly in its dissolved forms. Additional lake, marine 
and tundra sampling, as well as better understanding of where precisely radiocae
sium is bound to organic materials, however, is necessary before this isotope can be 
successfully employed as a tracer in Arctic tundra.
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Abstract

INDUSTRIAL EFFLUENT DISCHARGES IN COASTAL WATERS: OPEN AND 
CONFINED BODIES.

Radionuclides have long been in use for various measurements of coastal environment 
contamination. As to effluent disposal impact evaluation, its proper utilization depends on the 
discharge type as well as on characteristics of the receiving system. Industrial effluents, even 
at smaller flow rates, may be more deleterious than domestic wastewaters. Besides, their 
degrading effect will increase as one passes from open to confined waters; estuaries are the 
most sensitive coastal ecosystems. Industrial effluents also differ from wastewaters in that they 
may eventually be denser than sea water and, not infrequently, laden with particulates. In such 
circumstances, multiple tracers are instrumental. In any case, tracer measurements should 
always be backed by hydrological observations, often in conjunction with physicochemical 
and biological surveys. Only then will tracers be able to deploy their full potential. However, 
radiotracers may not be very effective in very dynamic systems such as estuaries. In these 
cases, natural tracers, when properly used, may assist or even substitute artificial ones. Salin
ity is the most obvious tracer of this type. The paper briefly describes some of the work 
performed in Brazil, each case dealing with a special situation.

1. INTRODUCTION

Industrial effluents are usually discharged in smaller quantities than domestic 
wastewaters but, on the other hand, are much more multifarious, toxic and refractory 
in the environment. The typology of receiving water bodies is another crucial param
eter defining the disposal problem. This paper comments on some work performed 
in different situations in Brazilian waters.

Disposal in open water bodies is illustrated for two quite different effluents. 
One is solid waste (gypsum); in addition to the transport mechanisms during the 
dispersive settling phase, the behaviour of the settled insoluble residue at the ocean 
bottom had also to be accounted for. Laboratory and modelling work helped to
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complete the impact evaluation. In another open water disposal situation, the recircu
lation of cooling water from a power plant was considered. Now, one has to do with 
a buoyant effluent; nonetheless, sediment transport problems also intervene inas
much as intake and outfall works will interfere with, and will possibly be hampered 
by, sediment transport.

Oil production and transport may give rise to a wide range of environmental 
impacts on coastal waters. Spills or intermittent discharges involve concentrated 
effluents; however, their tracer simulation can be carried out by well established 
methods [1]. Continuous discharges entailing larger quantities of less concentrated 
effluents occur in units such as oil terminals. The problem here is their location: 
usually in the calm waters of channels or bays, frequently heavily affected by urban 
or harbour areas situated in the neighbourhood. In the example given here an assess
ment of the prevailing conditions had to be made by monitoring both the effluent and 
the receiving water body. This illustrates the need for complementary physicochemi
cal (or biological) measurements.

Contamination from oil production and by-product processing may threaten the 
delicate equilibria in estuarine systems. In small estuaries, radiotracers can be effi
ciently applied to define hydrodynamic and mixing capabilities. However, in 
medium to large systems the tracer cloud is literally exploded during flow reversal 
episodes. In such cases natural tracers may be helpful.

2. DISCHARGES IN OPEN WATERS

Phosphoric acid plants are prolific gypsum generators, accumulating huge 
piles of solids as well as creating environmental havoc. This impure gypsum is about 
90% soluble in sea water, being contaminated with fluorine, low pH heavy metals 
and much more. Since these plants are frequently located near the coast, the idea of 
disposal in the sea through outfall or dumping is natural. Obviously, extensive 
impact assessment measurements have to be carried out, including hydrological, 
chemical and biological surveys. In these studies, radiotracers can be useful at two 
stages of the ensuing processes: turbulent dispersal and settled residue behaviour.

Such a study was performed for a planned outfall (1600 m3-h_1 total liquid 
flow rate, 1600 t-d -1 solid CaS04) at Imbituba, at the southern coast of Brazil. 
Obliquely ascending dense jets were to be sped upwards from the outfall ports near 
the bottom, attain an apex and fall down after a while. It was calculated that the resi
dence time of the particulates in this arched path is long enough for the gypsum to 
get dissolved, leaving behind the siliceous insoluble fraction of about the same 
density as the sandy bottom sediment, but somewhat finer. The jets are energetic 
enough to achieve the required dilution in the rising stage, thus equating its density 
with that of sea water at half depth. Further spreading plus dilution by turbulent and 
shear mechanisms in the far field can be evaluated by the classical tracer methodol-
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ogy coupled to dispersion models [1, 2]. Instantaneous injections of the tracer 
(82Br) create radioactivity clouds which are successively scanned and numerically 
integrated to generate the plume which would correspond to the continuous discharge 
mode. Dispersion parameters are evaluated by model fitting (inverse problem); non
linear search algorithms are required to cope with this task. This is no novelty, but 
for this particular effluent the dispersion coefficients were also important in predict
ing the spread of the settling non-solubles. This was accomplished by an advection- 
dispersion model [3], which can also be most useful in dredge spoil modelling. It 
assumes a Gaussian concentration distribution, which for the particle fallout rate at 
position (x, y, zb) yields:

where (xq, y0, zq) are the initial co-ordinates, zb is the depth, w is the fall velocity, 
ax and cry are the standard deviations, and Dz = (l/2)(dcr2/dt) is the dispersion 
coefficient at the vertical axis. The last three parameters are determined from tracer 
measurements. The impact at the ocean bottom can be evaluated by integrating in 
time, Rw = |E  dt, and converting the deposition rate Rw into the mound height 
growth rate Rz (cm-a-1):

where e is the void deposit ratio and p the particle density, both determined in labora
tory tests. Isogrowth curves computed in this way exhibit the pattern shown in 
Fig. 1.

The above calculation, complemented by hydraulic assessments, informs on. 
the possibility of the outfall being buried by its own refuse. However, once settled 
the particles do not stay there forever. Therefore, another concern was the definition 
and the quantification of the movement of the particles on the sea-bed, with their 
impact and eventual return to the shore. This could be accomplished by using 
labelled ( 189Ir, Ц  = 74 d) ground glass as tracer, with the same size distribution as 
for the non-solubles. The tracer movement could be followed during one summer 
and winter and disclosed mild offshore drift (the cloud centre of gravity moved by 
45 m), together with resuspension and/or burial of the particles.

Large heated water flows from the secondary cooling system of nuclear power 
plants (NPPs) are discharged into the ocean. Being warmer than the ambient water 
they will float, just as urban wastewater does; but since they are so bulky, they have 
to be discharged through channels directly at the ocean surface and are subjected to

X exp (X -  Xp)2 _  (y -  y0)2 _  [Zp -  zb -  Wt]2 
2a2 2<jy 4D* (1)
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FIG. 1. Predicted growth rate distribution o f non-soluble gypsum particle deposit over the 
ocean bottom at Imbituba (cm-a~!).
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complicated boundary interactions. Besides damaging the biota, heated water may 
recirculate to the intake site and impair the plant efficiency. The site for a planned 
NPP (cooling water flow rate Q = 80 m3-s_i per NPP; temperature rise AT = 
7.5°C) at Iguape, at the southeastern coast of Brazil, was studied for over two 
years. Some tracer runs were performed for dispersion evaluation, but they had a 
limited scope as statistical requirements would overburden the working team and 
raise costs. Therefore, in addition to extensive hydrological recording, ancillary 
tracers such as drift cards were used. The data thus gathered were fed into mathemat
ical models that estimate the chances of recirculation and the comparative perfor
mances of outfall designs.

Sediment tracer measurements (192Ir labelled ground glass) were also signifi
cant in this connection since both intake and outfall structures would interfere with, 
and be hampered by, sediment transport. The tracer tests were performed hand in 
hand with hydraulic surveys and a thorough characterization of the bottom sediment. 
The tracer balance method devised by Courtois and Sauzay quantified the transport 
characteristics of bottom [4] sediment off the surf zone. It amounted to 
150 kg-m -1 -d_I, within 700 and 1400 m offshore during summer. These data 
were correlated with the hydrodynamic forcing functions, especially wave action. 
During winter the radiotracer method was hindered by the quite energetic sea condi
tions which dissipated the tracer cloud. Transport along the coast (about 
500 000 m3-a_I) was estimated on the basis of local and neighbouring wave 
climates.

One most useful piece of information was obtained from surveying the back
ground activity of the bottom sediment. Fine particles exhibit higher radioactivity 
levels than coarser ones, owing to their distinctive scavenging action. Moreover, 
wave action sorts the fine fractions seawards and the coarse fractions shorewards. 
The limiting line between high and low background counts was observed to drift back 
and forth some 900 m between summer and winter, remaining nearly parallel to the 
coast line. Figure 2 depicts the state of affairs. This finding emphatically confirmed 
the frontal sediment transport pattern, onshore in summer and offshore in winter; 
furthermore, it supported and enhanced the scope of the tests with artificial tracers 
(which were defective in winter).

3. DISCHARGES IN CONFINED WATERS

A typical case is the Sâo Sebastiâo oil terminal, which serves the Sâo Paulo 
region: it is the country’s largest terminal and is sited inside a strait, right in the 
middle of one of the most highly praised places in Brazil. Oil spills from ships and 
discharges from land based activities were recurrent events so that a waste treatment 
system terminating in an outfall was devised. This is an instance of reclamation of 
a body of water that had been under strain for some years. Hence the obvious tracers



FIG. 2. Shifting o f the natural radioactivity level o f bottom sediment at Iguape.
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(b)

FIG. 3. Distribution o f vertical gradients along Sâo Sebastiâo channel: (a) salinity (a); 
(b) dissolved oxygen (DO).
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in this case were the discarded contaminants themselves, together with water quality 
indicators. Artificial tracers were left to rate the performance of the treatment units.

The representative parameters surveyed were: pH, temperature, water density, 
suspended and settleable solids, turbidity, oil and grease, biological oxygen demand 
on five days (BOD5), phenols, NH3 nitrogen, C l- , and S2-. The procedure lasted 
one summer and one winter. Samples were collected along the channel at different 
depths. Basic hydrological information was available from the terminal authorities. 
Even though covering a minimum acceptable time period (schedules and budgets are 
always tight), the implied logistics were burdensome as analyses called for qualified 
laboratories and minimal waiting time. Anyway, the results allowed estimates to be 
made of the present contamination and its spatial and temporal distributions and 
provided the database for the outfall design.

Stratification being common in confined water bodies draining humid basins, 
the outfall jet would suffer the interference of variable density profiles in the water 
column. A survey and statistical analysis of previous density records had to be 
carried out. Within certain bounds, all above mentioned parameters can be regarded 
as tracers; in particular, they back up the vertical salinity profiles and evince their 
effect on contaminant segregation. Figure 3 shows some of the measured vertical 
gradients alongside the channel; here, ДС = Csurface -  Сьо^щ, С being a generic 
parameter. Longitudinal concentration profiles at various depths are directly calcu
lated from such sampling schemes. As will be shown later, longitudinal profiles can 
be used to give rough estimates of the dispersion parameters, besides pointing out 
the more heavily affected areas.

Estuaries are a very special kind of confined water environment, comprising 
highly productive but vulnerable processes. In the State of Sergipe, in northeast 
Brazil, there are two estuaries less than fifty kilometres apart. One of them, the 
Japaratuba River, is quite small; but it runs through one of the largest oil production 
fields in the country. The other, the Sergipe River, is medium sized and has attracted 
process industries fed by the neighbouring petroleum.

A field study has been conducted to ascertain the diluting capacity of the 
Sergipe River with regard to the effluents of a urea plant (main contaminants: ammo
nia and chromium). In a pilot test, ca. 1 Ci (3.7 X  1010 Bq) of 82Br was injected 
into the river, and the tracer cloud was trailed for a couple of kilometres. Then, at 
a turn of the river, contact was suddenly lost. It took some time to realize that the 
cloud had been utterly exploded by a tidal flow reversal with its attendant powerful 
shearing action. This event sufficed to convince people that artificial tracers would 
not work in an estuary of this size. Nevertheless, a natural tracer was at hand: the 
shifting NaCl concentration profile resulting from salinity intrusion in estuaries, 
which amounts to a tracer step impulse at the estuary mouth.

Briefly, the concentration distribution C(x, t) of a contaminant continuously 
fed into the estuary at point x = 0 and time t = 0, with concentration C0 in the 
effluent, is given by the solution of the one dimensional dispersion equation [5]:
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where the advective velocity, U = Uf + Ux sin(t — 8), takes into account the oscil
latory tidal motion in the estuary. Uf is the velocity component due to upland river 
flow, UT is the maximum value of the tidal velocity, a is the frequency of the tide 
and Ô is the phase shift, all of which can be measured by the usual hydraulic methods. 
Kc is the disappearance rate for non-conservative components, determined in 
laboratory tests. As t — oo downstream from the injection point, С — C0, where 
Co is the ratio of the effluent and landwater flow rates. D is the longitudinal disper
sion coefficient, which has to be estimated by tracer techniques. Harleman and 
Thatcher [6] have shown that

ds
D T (4)D(x, t) = К

Эх

where К is a parameter indicating the degree of stratification; s = s/s0 is the salinity 
at (x, t) normalized by that at the mouth of the estuary; x = x/L, L being the length 
of the estuary; DT is a Taylor type dispersion coefficient:

Dx —
2 0  V g

RhU (5)

where g is the acceleration due to gravity, с the Chezy coefficient and Rh the 
hydraulic radius of the conveyance area.

Thus, averaged salinity records at various sections alongside the estuary can 
provide the much needed dispersion parameter. Numerical calculations of C(x, t) 
with the above methodology indicate the spread of discharged components away 
from the outfall location. One such calculation is shown in Fig. 4 for ammonia 
during the dry season (D = 105 m _2-s-1, Kc = 0.1 d -1, Uf = 0.002 m -s_1). 
Contaminant distributions are shown for high water slack (HWS) and low water 
slack (LWS) episodes bracketing the whole range of concentration shift during a tidal 
cycle.

The case of the Japaratuba estuary was akin to the Sâo Sebastiâo channel in 
that a system contaminated at a number of discharge points was to be recovered. The 
effluents from several oil-water separators were to undergo polishing at a central 
collection station before disposal. However, NaCl would not be eliminated and some
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FIG. 4. Calculated ammonia concentration distribution along the Sergipe river during the dry season. HWS stands for high water slack, 
LWS for low water slack.
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of the briny production waters exhibited salinity indexes well over 100 ppt. One 
scheme contemplated staged discharges along the brackish reach of the estuary 
upstream the final mangrove reach. The distribution of conservative components 
such as salt can also be calculated from Eq. (3). The shape of the distribution is 
analogous to that shown in Fig. 4, except that the downstream branch of the concen
tration distribution levels off since IQ = 0. The dispersion coefficient, also esti
mated from concentration profiles, defines the rate of raise of the excess salinity 
upstream each diffuser section (the raising branch in Fig. 4). This not only avoided 
a burst of brine into the estuary but also allowed optimization of the discharge 
dosage.

4. CONCLUSIONS

It is a pity that artificial radiotracers have not been more often used for in situ 
studies of surface waters. As a result of too severe legislation and unjustified 
prejudices, this segment of radiotracer engineering is almost at a standstill. Outfalls 
of any kind are just as controversial as radioactivity; their conjunction in the same 
undertaking, effective as it may be, is hard to sell. It is proposed that radiotracer 
work should be complemented by natural tracer measurements and other non-nuclear 
techniques, even when they are a must (otherwise, they should obviously be 
deferred). The cases discussed above try to illustrate this symbiosis: the radioactive 
tool can be made more palatable, and it is in this case that its full potential can be 
made use of. Natural tracers obviate safety questions, but it is a misconception that 
they are more economical. In situ detection of radiotracers is much easier, accurate 
and less costly than sampling and analysis work (salinity and some other in situ meas
urable parameters are exceptions, although less sensitive).
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Abstract

RECORD OF ANTHROPOGENIC ENVIRONMENTAL IMPACT IN THE CONTINEN
TAL SHELF NORTH OF BARCELONA CITY.

The continental shelf off the Barcelona coast receives polluted materials discharged by 
the Besós and the Llobregat rivers. A marine sediment core from the Besós river mouth in 
the inner prodelta (TG8) was dated by the analysis of excess 210Pb using a modified version 
of the CRS/MV method. The mean sedimentation rate was 1.74 ±  0.09 mm/year and its evo
lution showed a slow decrease from 1923 which became faster from 1962, in good agreement 
with the two most important periods of industrial and demographic expansion in Catalonia. 
Heavy metals concentrations were determined by ICP-AES and showed high values in surface 
samples for Cr, Cu, Zn and Pb. The observed fluxes reflected well the industrial development 
of Catalonia, showing two important growth periods during the 1920s and the 1960s. Soot par
ticles were found in all samples by pollen analysis and showed the impact of the combustion 
of fossil fuel in cars and a nearby fuel oil/natural .gas power plant.

1. INTRODUCTION

The industrial development of the occidental world during the last two centu
ries has been responsible for the modification and pollution of the environment, spe
cially around large cities (such as Barcelona) where the concentration of human 
activities is high. The reduction of risk for human beings requires, amongst other
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things, studies to determine the effects of toxic agents on the population and for this 
a knowledge of levels of pollutants in the past is important.

The impact of humans on the environment is recorded in environmental reposi
tories such as lake and marine sediments, marshlands and peat bogs. The analysis 
of dated materials can provide us relevant information on past parameters such as 
pollution levels and the modification of the physical environment. The results 
presented here are part of a more extensive project on the study of the history of con
tamination associated with the industrial revolution in Catalonia and the occidental 
world by the examination of various environmental records near Barcelona. For the 
past two centuries, 210Pb has been found to be an excellent dating tool since it has 
a half-life of 22.3 ± 0.2 years and can be readily measured in the environment.

The continental shelf off the Barcelona coast receives polluted materials dis
charged by the Besós and the Llobregat rivers. The Besos river collects residual 
waters from the northern industrial area of Barcelona (Sabadell, Mollet and 
Granollers) as well as from the northern part of the city. In this work we describe 
the results of the analysis and dating of a marine core (TG8) collected near the Besós 
river mouth in the inner prodelta where the highest heavy metal contamination has 
been reported [1].

2. EXPERIMENTAL

Bottom sediment samples from the Barcelona continental shelf were taken dur
ing a cruise carried out on board the R.V. Garcia del Cid in 1987. A 50 cm deep 
core was selected from an expected polluted part of the prodelta for this study. The 
core was carefully cut into two equal parts, one half was then sectioned into 1 cm 
intervals, dried, homogenized, weighed, and the following parameters were deter
mined for each section: 210Pb, heavy metals and pollen.

2.1. Lead-210

In order to date the core, 210Pb was determined in all samples through its 
daughter 210Po in equilibrium. A weighed aliquot of each section sample (about 2 g) 
was spiked with 70.2 mBq of 209Po, digested at low temperature (<70°C) with 
5 mL of 65% HN03, 5 mL of 35% HCl and 25 mL of distilled water. A few drops 
H20 2 were added to destroy organic matter. The sample was evaporated to dryness 
and redissolved in 5 mL of 35% HCl and 50 mL of H20 . The mixture was heated 
and filtered and the residue was discarded as all leachable material was already into 
solution. The filtrate was evaporated to dryness and 2 mL of 35 % HCl were added 
to the remaining salts (this process was repeated three times). The solution was 
finally made 150 mL of 0.3M HCl and 0.3-0.4 g of ascorbic acid were added to 
complex iron which interferes with electroplating. An aliquot of 10 mL of the final
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solution was withdrawn for heavy metal analysis. The remaining solution was heated 
to about 70°C where polonium was spontaneously deposited onto copper discs, 
which were previously coated on one side with a plastic lacquer [9]. Lead-210 was 
finally recorded by high resolution, low background alpha spectrometry using 
450 mm2 ORTEC surface barrier detectors in vacuum conditions.

2.2. Heavy metals

After the acidic digestion, an aliquot of each 0.3M HCl solution was analysed 
to determine its content of metals by atomic emission spectroscopy using the induc
tively coupled plasma technique (ICP-AES) [2, 3]. Up to 13 elements were deter
mined quantitatively, i.e. Cr, Fe, Co, Ni, Cu, Zn, Se, Cd, Hg, Pb, Na, Mg and Ca. 
Samples were introduced by pneumatic nebulization (Meinhart type nebulizer) in an 
ICP-AES (ARL Model 3410) provided with a plasma minitorch. Determination of 
the elements [4] was carried out by using two different sets of calibration standards 
(Cr, Co, Ni, Cu, Se, Cd, Na and Mg; Fe, Zn, Hg, Pb and Ca) to avoid the chemical 
incompatibility of measuring certain species due to the formation of insoluble salts. 
The uncertainty for each element was determined from the analysis of three repli
cates of the same sample.

2.3. Pollen analysis

Pollen separation was carried out by standardized methods with HCl, HF and 
NaOH [5]. Moreover, the samples were treated with the enrichment method of flota
tion on heavy solution (Cdl2 and Kl) [6]. It was observed that the whole sequence 
contained palynomorphs. Likewise, oil soot particles from fossil fuel combustion 
(cenospheres) were present in the sediment samples. They were identified according 
to the morphological criteria established by Renberg and Wik [7]. The palynomorphs 
and cenospheres were counted under an optical microscope at x600 magnification. 
Counting was carried out along regular traverses of the microscope slide in order 
to obtain a representative number of grains and to achieve a random sample of the 
pollen grains present.

3. RESULTS AND DISCUSSION

3.1. Lead-210 dating

The method generally used for 210Pb dating of sediment cores is the CRS 
method which, on the assumption of a constant flux of atmospheric 210Pb, makes it 
possible to establish a chronology independent of the initial concentration of the 
deposited sediment and allows a variable sedimentation rate to be determined [8- 10].
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FIG. 1. 2l0Pb profile o f core TG8 collected from the Besós river mouth (Barcelona).

However, the uncertainties of the predicted dates grow rapidly because the calcula
tion uses the difference between smaller numbers as depth is increased. Furthermore, 
no dating can be performed on sections which do not show any excess (atmospheric) 
210Pb (ex210Pb).

A more precise chronology of this core was obtained by using an improved 
version of the constant-rate-of-supply/minimum-variance (CRS/MV) method [11]. 
In this method the uncertainties are reduced by least squares fitting of a pure 
exponential curve to the distribution of the accumulated activity versus depth. In this 
work we have performed instead fitting to a linear-exponential curve by the uncer
tainty weighed least squares method.

In the case of core TG8 , the supported 210Pb activity, namely
16.5 ± 1.0 Bq-kg”1, was estimated from the mean value of four deep sections 
where ex210Pb was not present (Fig. 1). However, the direct determination of 226Ra 
in each section, in equilibrium with supported 210Pb, is recommended as its estima
tion significantly increases the uncertainties of the dating.

Ex210Pb was used to date the core as indicated above. The result of the fit

In ( ----------------- A = a + bx
V Asum ACUm J

was a = -0.069 ± 0.029 and b = 0.1783 ± 0.0088 (r = 0.98, F >  99%), 
where Acum is the accumulated ex2l0Pb from a depth x to the bottom and Asum is the
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total ex210Pb activity in the core. From this result, the dates were calculated using 
the expression

a + bx
t = ---------

X
where x was taken as the average depth of the section and X is the disintegration con
stant of 210Pb. By this method a date can be obtained for any depth, as long as the 
hypothesis of constant flux of 210Pb to the sediment surface can be maintained and 
the uncertainties are acceptable.

TABLE I. ESTIMATED DATES OF CORE TG8 BY USING THE CRS AND 
THE CRS/MV METHODS

Section
(cm)

Estimated date (years)

CRS method CRS/MV method

0-1 1984.1 ±  1.1 1986.4 ±  1.4
1-2 1981.3 ±  1.2 1980.6 ±  1.5
2-3 1976.3 ±  1.4 1974.9 ±  1.6
3-4 1971.4 ±  1.6 1969.1 ±  1.8
4-5 1964.5 ±  2.0 1963.4 ±  1.9
5-6 1958.2 ±  2.4 1957.6 ±  2.1
6-7 1949.9 ±  3.2 1951.9 ±  2.4
7-8 1945.5 ±  3.7 1946.1 ±  2.6
8-9 1934,1 ±  5.3 1940.4 ±  2.8
9-10 1921.5 ±  7.9 1934.6 ±  3.1

10-11 1892.8 ±  19.5 1928.9 ±  3.4
11-12 1849.2 ±  76:6 1923.1 ±  3.6
12-13 1917.4 ±  3.9
13-14 1911.6 ±  4.2
14-15 1905.9 ±  4.4
15-16 1900.1 ±  4.7
16-17 1894.4 ± 5 . 0
17-18 1888.6 ±  5.2
18-19 1882.9 ±  5.5
19-20 1877.1 ±  5.8
20-21 1868.5 ±  6.2

Quoted uncertainties are ±  la .
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The estimated dates obtained by the CRS and CRS/MV models are given in 
Table I. Uncertainties in both models increase monotonically, though by using CRS 
model they become unacceptable before 1934. On the other hand, the date uncer
tainty using the CRS/MV method did not become comparable to the age interval 
between two sections, namely 5.75 years, until the 1869 horizon was reached. 
However, both predictions are in good agreement in the region of validity of the CRS 
mèthod.

3.2. Sedimentation rate

The mass deposition rate r (Fig. 2) was calculated in the CRS/MV method as 
follows:

_  m 
Г “  S At

where S is the core surface area and At is the sedimentation period of each section 
as calculated from the model. The estimated uncertainty was only about 5%. How
ever, the CRS/MV model forces a constant sediment rate of 1.74 ± 0.09 mm/year, 
which must be understood as the best mean value along the sediment profile.
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FIG. 2. Time distribution of mass deposition in core TG8.
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Changes in the sedimentary regime could be included in the model by fitting different 
exponential curves to the experimental profile.

The global behaviour of the mass deposition in the Besós river mouth showed 
a slow decrease from about 1923. This decrease became faster from 1962. Though 
climatological reasons should not be excluded, these two inflexion points appear to 
be related to the two most important periods of industrial and demographic expansion 
in the area. Therefore, the increased use of water by industry and cities could have 
reduced the amount of transported sediment. The startup of a wastewater treatement 
plant in 1979 must have also contributed to reduce the sedimentation rate during the 
1980s.

Furthermore, important fluctuations of the sedimentation rates were observed. 
It is suggested that maxima are related to major floods, which are well known in 
mediterranean climates. Recorded floods in this period (1874, 1876, 1879, 1898, 
1901, 1907, 1913, 1926, 1937, 1943, 1944, 1947, 1962 and 1971, [12, 13]) were 
often associated with higher sedimentation rates. In fact, the two most important
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FIG. 3. Time distribution o f metal fluxes (Cr, Cu, Zn and Pb) to the sediment surface o f  core 
TG8.
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floods in recent history, those of 1962 (1500 m3/s) and 1943 (1000 m3/s) cor
responded to observed maxima. However, it is difficult to establish a clear correla
tion because each section represents a time interval of several years and the historical 
records on floods are scarce.

3.3. Heavy metals

The profile of Cr, Cu, Zn and Pb fluxes to sediments are shown in Fig. 3. 
Maximum concentrations were observed in the surface layers (Cr: 524 ± 8 ppm, 
Cu: 165 ± 5 ppm, Zn: 592 ± 15 ppm and Pb: 598 ± 15 ppm). All elements 
showed a relatively constant concentration in deeper sections.

The observed fluxes reflected well the industrial development of Catalonia, 
showing two important growth periods during the 1920s and the 1960s. The apparent 
reduction on recent metal fluxes could be correlated with the overall reduction on 
sediment transport by the river, the treatment and offshore discharge of part of the 
river inputs by the wastewater treatment plant and the decrease of uncontrolled sew
age discharge by industry. From these results, no differential behaviour of lead with 
respect to other metals was observed.
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FIG. 4. Time distribution o f cenospheres flux to the sediment surface o f core TG8. An SEM 
photograph o f a cenosphere is shown in the inset.



IAEA-SM-329/18 183

Samples were rich in cenospheres. The flux of cenospheres to the sediment 
surface (Fig. 4) clearly showed the impact of fossil fuel combustion in the environ
ment studied. During the first half of the twentieth century, a steady increase was 
observed, but an important inflexion point was found in the late fifties. This 
phenomenon is in accordance with the well known fossil fuel combustion pattern in 
Europe. Furthermore, the higher values observed in the late 1960s may be related 
to the operation of a nearby fuel oil/natural gas power plant.

The counting of palynomorphs has not yet concluded and results will be pub
lished elsewhere. Preliminary observations indicated that the flux of total pollen cor
related well with the sedimentation rates observed.

3.4. Pollen and cenospheres

4. CONCLUSIONS

A revised version of the CRS/MV method has been used to date a marine sedi
ment core from the Besós river mouth (TG8 ) to the north of Barcelona city. By this 
method the core could be dated from 1869.

The observed fluxes of parameters such as mass, heavy metals (Cr, Cu, Zn 
and Pb) and cenospheres were consistent with the demographic and industrial 
development of Catalonia. Further studies are being carried out to confirm these 
preliminary results and to complete our knowledge on the history of contamination 
in Catalonia.
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Abstract

CAUSES OF GROUNDWATER SALINIZATION IN A LOW LYING AREA OF 
COCHABAMBA VALLEY, BOLIVIA.

The recent salinization of shallow groundwater in a depression in Cochabamba Valley, 
Bolivia, was examined by using geochemical and isotopic techniques. Groundwater C17Br~ 
ratios in centre of this depression suggest that recharge of highly evaporated water occurred 
in the past although groundwater has subsequently been diluted. Depleted 5 I80  and 52H 
values and low deuterium excesses (d =  5.1-5.8) in the centre of the basin indicate that 
groundwater was recharged during a cooler climate. The absence of 3H and low 14C concen
trations (down to 11 pmc) in groundwater also suggests older groundwater ages. Thus the dilu
tion observed could have been caused by recharge during the more humid, cool climate of a 
glacial epoch. Relative dating of 14C data, although not conclusive, given evidence of 
methanogenesis occurring in the centre of the basin, suggests a groundwater age of approxi
mately 12 000 years, which corresponds to a glacial period. N a+/C a++ ratios are much 
higher in the basin than in the major aquifer systems along the north side of the valley. This 
difference could be due to the dominance of clay aquitards in the depression, where both saline 
residual pore waters and ion exchange could cause groundwater to become increasing sodium 
rich. Higher silica and fluoride concentrations suggest longer residence times for groundwater 
in the basin. Furthermore, an abnormally high groundwater geothermal gradient exists in this 
area, suggesting slower groundwater velocities. Thus, groundwater salinization is due, at least 
in part, to the presence of saline groundwater at depth and to the use of this water for irriga
tion, although cultivation and irrigation practices may aggravate the salinity problem.

1. INTRODUCTION

Increasing salinity of shallow groundwater has been noted in recent years in 
the southeastern portion of Cochabamba Valley, Bolivia [1]. This zone is extensively
farmed, although some soils have become too saline for agriculture. As part of a col-
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FIG. 1. Sample locations in Cochabamba Valley.



IAEA-SM-329/26 187

laborative project between Corporación Regional de Desarrollo de Cochabamba 
(CORDECO) and the International Development Research Centre (IDRC) completed 
between 1989 and 1990, the causes of this salinization were examined by using 
geochemical and isotopic parameters.

Cochabamba Valley is located in a semi-arid valley in the Eastern Andes of 
Bolivia at 2540 m above sea level (Fig. 1). The city of Cochabamba, which has a 
population of approximately 500 000, is located to the north of the study area. Water 
for agricultural and urban use is supplied mostly by reservoirs, although as these 
sources have become less accessible and more expensive, groundwater has been 
exploited as an alternative supply. The southeastern corner of the valley is supplied 
with irrigation water from a reservoir in the Cliza-Punata Valley to the south. 
Groundwater supplies are an important source of water to those farms which do not 
have access to surface water supplies. In the past four years, a drought has created 
further incentive to install wells.

Twelve wells were selected in the southeastern area of the valley (Area C, 
Fig. 1). These were sampled between June and November 1990 for major and minor 
ions (Br-, F~, Si4+), isotopes ( 1 80 , 2 H, 3H, 14C and 1 3C), and groundwater tem
perature. There are two other areas of the valley, located along the major alluvial 
fan systems along the northern edge of the valley, one between the city of El Paso 
and Quillacollo (Area A) and another encompassing the central portion of the city 
of Cochabamba (Area B). The tritium record and geochemical evolution of these 
systems are discussed fUrther in Refs [2, 3]. In this paper, reference will be made 
to the geochemistry and isotopic composition of groundwater in these areas for com
parison with the unique composition of groundwater in Area C.

2. GEOLOGY AND HYDROGEOLOGY OF COCHABAMBA VALLEY

Cochabamba Valley is a graben valley created in the Pliocene by extensional 
tectonics that occurred within the metamorphosed sandstone and siltstone formations 
of Ordovician age of the Eastern Andes [1,4]. The graben block is hinged along the 
southern normal fault. Thus, the depth to basement varies across the valley, from 
100-400 m in Area С to 800 m along the northern escarpment (Areas A and В) [1]. 
The valley was a closed basin in the past as evidenced by remnant deltaic deposits 
found near the apexes of some alluvial fans.

Area C, located at the lowest elevation in the valley, represents the bottom of 
previous lakes or playas. Field evidence agrees with the observation of initially 
closed and more recently open basinal conditions [1]. Throughout the valley, sand 
and gravel layers, potential aquifer, become less frequent and thinner with depth. 
Lacustrine deposition is concentrated in Area C, where clays with occasional thin 
sand layers dominate the basinal sediments, due to minor alluvial fan systems occur-
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ring along the southern horst block [1]. The major alluvial fan aquifers along the 
northern side of the valley, by comparison, cover a third of the area between the 
mountain escarpment and the river (Fig. 1).

3. FIELD AND LABORATORY METHODS

All wells that were not flowing under artesian conditions were pumped for 
5-10 min before sampling. Well depths were ascertained from a well inventory con
ducted by CORDECO and well owners. Where possible wells with a single screen 
interval were sampled.

Temperature was measured directly in the field, as near to the wellhead as pos
sible, by using a glass thermometer (accuracy ±0.1°C). pH samples were sealed in 
bottles with no air space, placed under refrigeration and measured generally within 
one to four days at the Universidad de San Simón in Cochabamba.

Chemistry samples were collected with no air space and refrigerated. Samples 
for cations, anions and nitrates were filtered (0.45 /мп), and cation and nitrate sam
ples were acidified with nitric and sulphuric acids, respectively. Cations were meas
ured by using a Varian atomic adsorption unit and anion samples were analysed by 
using a Dionex ion chromatography unit. Analyses were conducted in the 
Geochemistry Laboratory at the University of Waterloo. Hydrogen sulphide analyses 
were done at the Universidad de San Simón.

Standard preparation methods of the Environmental Isotope Laboratory (EIL) 
at the University of Waterloo were used for 180  and 2H analyses. 3H samples were 
enriched and analysed by scintillation counting at the EIL. The precision of 3H 
analyses at the detection limit of 0.6 TU is 0.8 TU based on the US National Bureau 
of Standard (NBS). Carbon-14 analyses were performed by accelerator mass 
spectrometry by the Isotrace Laboratory at the University of Toronto.

4. RESULTS

The geochemical and isotopic (ô180  and ô2 H) results for selected deep wells 
are found in Table I (see also Ref. [5]). In the following discussion, ‘deep’ refers 
to wells depths greater than 2 0  m and ‘shallow’ to well depths less than 2 0  m.

There are two principal hypotheses explaining the increasing salinization in 
groundwater in Area C: either (1) evaporation and infiltration of irrigation water is 
increasing the salinity of shallow groundwater, or (2 ) concentrated saline ground
water of playa origin exists deeper in the subsurface and its use for irrigation has 
created elevated salinities in the shallow aquifers. In the first case, groundwater 
salinization due to agricultural activities can be caused by the accelerated dissolution 
of soluble salts in the root zone because monoculture cropping has developed roots
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in a more limited zone of the soil than does natural vegetation [6 ]. Conversely, in 
an arid climate, the capillary fringe of a mineralized groundwater with a shallow 
water table can produce saline soils and evaporitic sequences [7].

Area С is a topographic depression in the valley where playa lakes may have 
existed during closed basin conditions. The few lithological profiles that exist for 
wells in Area С do not exhibit sequences of evaporites, but are clay dominated and 
most likely of lacustrine origin [1 ].

4.1. СГ/Вг" ratios

The ratio of chloride to bromide concentration in groundwater can manifest a 
unique signature due to recharge from highly evaporated pounds or lakes. As both 
ions are relatively conservative in groundwater systems, the СГ/Вг" ratio is 
primarily controlled by the initial ratio found in precipitation. Sea spray is the 
primary source of these ions in precipitation, and thus rainfall has а СГ/Вг“ ratio 
of approximately 300, similar to that of seawater.

Small, but significant amounts of chloride are found as impurities in minerals 
such as hornblende and micas and as residual halite in shales and other marine 
derived sedimentary sequences [8 ]. Thus the СГ/Вг- ratio may evolve to values 
higher than 300 along a groundwater flow system. Once evaporation concentrates a 
solution to the point of halite precipitation, СГ/Вг" ratios in the residual waters 
decrease rapidly [9].

СГ/Вг" ratios in Area С decrease from values between 300 and 400 on the 
edges of the basin to values as low as 3 in the centre of the depression (Table I). 
Since the aquifers are derived from Ordovician basement of marine origin, Cl~/Br~ 
values higher than 300 are not surprising. The low ratio values in the basin centre 
may indicate that halite precipitation has occurred, but maximum chloride concentra
tions (up to 40 mg/L in deep wells) do not nearly approach the concentration 
necessary to saturate a solution with respect to halite. The most probable explanation 
of dilute groundwater having a chemistry indicative of evaporation is that precipita
tion of evaporitic sequences in the depression has concentrated bromide relative to 
chloride in the residual pore water and subsequent dilution of this water has created 
low Cl" and Br" concentrations, but maintained the unique СГ/Вг" ratio of the 
original solution. This suggests that the evaporitic sequences must not have 
redissolved during the dilution event.

4.2 . 6180  and ô2H

Oxygen-18 and 2H data can be used to determine the source of recharge that 
caused this dilution. In Fig. 2, <5lsO and <52H precipitation data define a local 
meteoric water line (LMWL) (r2  = 0.96):

ô2H = 7.8 (±  1.1)0180  +11.0 (±  6.5) (2)



TABLE I. GEOCHEMICAL DATA FROM SELECTED WELLS IN AREAS С AND A

Area С Area A

A well in the Wells located along the Wells located in the Wells located near
recharge area periphery of basin centre of the basin Rocha River

Well number 155 176 177 179 153 102 21 174

Depth (m) 35 a 93 a 66a 43 a 60 50 74 60

Temperature (°C) 22.4 25.0 23.4 21.7 22.6 24.5 19.8 21.6

pH 7.7 7.5 7.3 7.8 8.0 7.3 7.7 7.1

Ca2+ (mg/L) 32.4 30.2 48.0 14.6 38.5 36.3 20.5 22.2

Ca2+ (mmol/L) 0.81 0.75 1.20 0.36 0.96 0.91 0.51 0.55

Mg2+ (mg/L) 15.4 11.2 20.0 10.1 75.7 64.9 7.13 5.00

Mg2+ (mmol/L) 0.63 0.46 0.82 0.42 3.11 2.67 0.29 0.21

N a+ (mg/L) 81.2 91.8 79.7 56.9 183 201 20.2 39.5

N a+ (mmol/L) 3.53 3.99 3.47 2.59 7.96 8.74 0.88 1.72

H C O 3  (mg/L) 305 331 345 242 1430 1300 142 215
H C O 3  (mmol/L) 5.00 5.43 5.65 3.97 3.4 21.3 2.33 3.52

СГ (mg/L) 21.4 18.9 20.3 6.74 1.03 36.5 0.65 1.81

СГ (mmol/L) 0.60 0.53 0.57 0.19 0.03 1.03 0.018 0.051

SO2'  (mg/L) 40.4 83.7 101 0.31 0.20 0.24 7.79 0.26

SO2- (mmol/L) 0.42 0.87 1.05 0.0032 0.0021 0.0025 0.081 0.0027

K + (mg/L) 5.08 6.55 6.24 5.13 26.3 24.3 0.56 0.66

Fetotal (mg/L) <0.05 <0.05 <0.05 <0.05 0.29 n.a. n.a. <0.05

STIM
SON 
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NOJ (mg/L) 0.69 < 0.01 < 0.01 < 0.01 < 0.01 0.53 < 0.01 < 0.01

F ' (mg/L) 0.76 0.46 0.36 0.33 < 0.01 1.25 0.25 0.20

B r' (mg/L) 0.08 0.06 0.05 0.03 0.33 0.36 < 0.01 < 0.01

P 043- (mg/L) n.a. < 0.01 0.04 0.08 1.69 1.21 < 0.01 0.36

Si4+ (mg/L) 38.7 37.9 36.3 18.5 36.5 31.3 11.1 11.6

Saturation indicesb:

Calcite (log SI) + 0.11 -0 .03 -0 .0 6 -0 .1 4 + 1.03 +0.32 -0 .3 2 -0 .7 4
Dolomite (log SI) + 0.22 -0 .13 -0 .1 6 - 0.12 +2.69 + 1.25 -0 .8 2 -1 .81
Quartz (log SI) + 1.18 +  1.14 + 1.14 +0.87 + 1.56 + 1.06 n.a. +0.67

pC 02 (log SI) - 2.21 - 2.02 -1 .8 3 -2 .4 6 -1 .8 9 -1 .2 6 -2 .5 9 - 1.86

Ion ratios (by weight):
N a+/Ca2+ ratio 2.51 3.04 1.66 3.90 4.75 5.54 0.98 1.78
СГ/Вг' ratio 268 315 406 225 3.1 101 n.a. n.a.

Isotopic composition:

ô2H (•/..) -9 9 -1 0 7 -103 -9 9 -115 -1 1 5 - 9 6 -9 4

s '*0  c u -1 3 .7 -14 .1 -1 4 .0 -1 3 .6 -15 .1 -1 5 .0 -1 3 .0 13.3
3H (TU) 1.4 < 0.8 < 0.8 < 0.8 < 0.8 < 0.8 < 0.8 n.a.

14C (pmc) 49.1 11.0 n.a. 21.0 n.a.c n.a.c n.a. n.a.

13C(700) - 11.0 -9 .3 -7 .8 -1 1 .3 + 11.0 + 12.0 - 10.0 n.a.

a Average depth of screened interval given for multiscreened wells. 
b Saturation indices calculated on aqueous chemistry spéciation model, PHREEQE [5].
c Carbon-14 concentrations are not measured for wells 153 and 102, given that it is probable that methanogenesis has produced the positive ôl3C 

values for these wells. vo
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determined from samples collected between January and June 1990 from two 
pluviometres, one located in the valley and the other one in the Cordillera Tunari 
(Fig. 1). This LMWL, with a slope value of slightly less than eight, agrees with 
other LMWLs calculated in the Altiplano of Bolivia [10-12].

Oxygen-18 and ¿>2H groundwater data for Areas A and В fall within approxi
mately 57 0 0  of the LMWL (Fig. 2). However, 180  and 2H signatures are 
abnormally depleted in the centre of Area С (Fig. 2), decreasing to minimum values 
of —15.1°/00 <5180  and -115700 <52H (sample 153). This groundwater also lies 
considerably below the LMWL, having small deuterium excesses, d:

d = 02H — 8¿>180

that reach values as low as 5.1-5.8.
The groundwater signatures in Areas A and В are explained by evaporation. 

In studies of the arid Altiplano of Bolivia, evaporation lines with a slope of five have 
been determined from surface water and groundwater data [10, 11]. Using this slope 
and an average isotopic composition (-13.3 7 0 0  ô180, -9 7 ° / 0 0  ô2 H) of ground
water from deep wells in the recharge area of Area A (samples 8 , 9, 204, 110, 109, 
111, 148, 205), one can extrapolate back to the LMWL, calculating an original 
precipitation ¿>l80  value of approximately -15.07oo. The precipitation data 
(-13.7 to -10.17oo) from the highlands are somewhat more positive than 
-15  •07oo, considering that variations between annual averages of 1 8 0  data from 
the IAEA network are of the order of 2-0.57oo [13]. This is most likely due to the 
fact that an LMWL slope value greater than five would be expected in the more 
humid climate in semi-arid Cochabamba Valley, and thus the value of —15700 is 
conservatively depleted. This value is also considerably more enriched than <5180  
data from the Altiplano in Northern Chile [12]. A more positive value would be 
expected for Cochabamba than for the Altiplano. Since the majority of precipitation 
in Bolivia comes from the northeast, Cochabamba Valley is located nearer to the 
oceanic source of atmospheric moisture (the Atlantic Ocean).

The depleted signatures in Area С cannot be explained by evaporation. If 
groundwater evaporated along a line of slope of five, the precipitation would have 
to have had a ô180  of —18.5 700. It seems unlikely that the 1990 winter (i.e. 
depleted) precipitation measured in the valley would be more than 47 0 0  enriched 
from the average isotopic composition of precipitation calculated from groundwater 
in Area C.

Another possible explanation is that groundwater in Area С was recharged 
during a cooler climate such as a glacial epoch. In other studies of old ground
water [14-18], it has been shown that groundwater recharged during glacial periods, 
because of the low temperature of precipitation condensation, has depleted signatures 
in both 180  and 2 H. Deuterium excesses depleted 570 0  from the modem GMWL 
have also been observed. It has been demonstrated that cooler and more humid
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climate conditions (90% humidity as opposed to 80% humidity today) over oceans 
during glacial periods would be sufficient to decrease deuterium excesses of meteoric 
water lines by 57 0 0  [19]. In Area C, not only are the most depleted samples with 
the lowest deuterium excesses located in the centre of the depression, but'a series 
of samples (samples 175, 176, 177) near the centre form a mixing line that connects 
these depleted samples with the locus of data from Area A and В (Fig. 2). It is not 
surprising that palaeowater is found in the old lake bottom of a basin where aquifers 
are minor and relatively unexploited.

4.3. Tritium and 14C concentrations

Tritium and 14C data also suggest that groundwaters in Area С are not young 
waters. Five deep wells in Area С had tritium concentrations below the detection 
limit of 0.8 TU, concentrations which are indicative of groundwater recharged 
before 1950 (Table I). One deep well installed with the recharge area (Sample 155) 
and one shallow well had tritium concentrations of 1.4 and 6.7 TU, respectively. The 
four 14C samples taken in Area С show a decreasing trend from the recharge 
area (49 pmc, sample 155) to near the centre of Area С (11.0 pmc, sample 176). On 
the basis of these concentrations and <513C signatures (—11.0 and -9 .3  700, respec
tively), a relative groundwater age of approximately 11 700 years (which cor
responds to glacial epoch in the Bolivian Andes [2 0 ]) between the recharge area and 
the basin centre can be calculated [2 ]. However, positive <513C values (+11.0 to 
+  12 .0 °/o o ) observed in wells in the centre of the depression (Table I) suggest that 
methanogenesis and other processes affect groundwater dissolved organic and 
inorganic carbon in Area С and make groundwater age determinations with 14C 
very approximate.

4.4. Major and minor ion chemistry

Groundwater chemistries in the Cochabamba Valley generally evolve from 
Ca++-HCOj to Na+-HCOj type water (Sample 175 is a Na+-C r  type water), but 
groundwater from deep wells in Area С has much higher total dissolved solid con
centrations (335-2830 mg/L) than deep wells in Area A (103-430 mg/L) and ini
tially are more sodium rich (Fig. 3). Thus, the Na+/Ca++ ratio (ranging between 
values of 2 and 5), is considerably higher than that found in Areas A and В (Table I). 
The ratio also increases toward the centre of the depression. Both mixing with 
residual pore waters in lacustrine clays and ion exchange would explain this increase. 
Longer residence times might be the cause of the sodium rich groundwater. Both ion 
exchange and the slow mixing of aquitard pore waters with fresh groundwater would 
not only be enhanced by the older age of groundwater, but also by the fact that clay 
aquitards dominate the hydrostratigraphy of the aquifer.
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FIG. 3. Piper diagram o f major ion geochemistry o f  groundwater fo r  deep wells in 
Cochabamba Valley.

The Ca + +/Mg + + ratio decreases from the edge of the basin toward the centre 
(open arrow, Fig. 3). Groundwater in deep wells in Area С becomes supersaturated 
with respect to dolomite (saturation indices increase from -0.16 to +2.69) and 
calcite (—0.06 to +1.03) toward the centre of the depression (Table I). It is possible 
that the sluggish kinetics of dolomite reprecipitation has allowed an increase in 
Mg++ concentration, because of incongruous dissolution [21].

Silica and fluoride concentrations are considerably higher in Area С than in the 
alluvial fans along the northern escarpment and tend to increase from recharge to dis
charge areas, indicative of longer residence times (Table I). The redox condition of 
groundwater in Area С is more reduced than in Area A and B, also suggesting that 
groundwater may be older. In almost all deep wells no nitrate or sulphate was 
detected, hydrogen sulphide gas is present in most, and two wells were ignited by 
match, indicating most probably the presence of methane (Table I).
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TEMPERATURE ( ° C)

FIG. 4. Groundwater temperatures with depth and vertical geothermal gradients.

4.5. Groundwater temperature

The groundwater temperature distribution is a further indicator of groundwater 
age. Vertical gradients in most groundwater flow systems are of the order
0.9°-3.6°C/100 m [7]. In a more stagnant flow system where either formations are 
fine grained or there is little natural hydraulic gradient, the local vertical ground
water thermal gradient will be larger owing to longer residence times.

By comparing groundwater temperatures of deep wells in Cochabamba Valley, 
a much higher geothermal gradient was discovered in Area С (9.5°C/100 m) than 
in Area A (0.9-2.5°C/100 m), again suggesting that groundwater residence times in 
Area С are considerably longer than those of the active groundwater flow system of 
Area A (Fig. 4). The vertical gradient in Area С is much higher than those values 
mentioned in the literature. The fact that two thermal springs occur along the bound
ing normal faults in the valley suggests that geothermal activity in the valley, espe
cially in the relatively stagnant groundwater body that probably exists in Area C, has 
created abnormally high geothermal gradients.
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Salinization of groundwater observed in the shallow groundwater in the 
southeastern comer of Cochabamba Valley seems to be the result of the existence 
of an ancient, saline groundwater body. Recharge of highly evaporated water in the 
lowest area of the valley is suggested by groundwater C17Br~ ratios. The fact that 
groundwater in Area С is relatively dilute, and 180  and 2H data both manifest 
depleted signatures and low values of deuterium excess, indicates that a large portion 
of the groundwater was recharged during a cooler climate such as a glacial epoch. 
Tritium and 14C dating results agree with older groundwater ages in Area C. 
Geochemical data, such as high Na+/Ca++ ratios, elevated silica and fluoride con
centrations, and reduced redox conditions also suggest longer residence times. The 
abnormally high vertical geothermal gradient is most likely a result of slower 
groundwater velocities in the area. Therefore, although the practice of irrigating can 
create some increase in shallow groundwater salinity, the problem seems to be prin
cipally caused by the existence of saline groundwater at depth.
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Abstract

ISOTOPE AND GEOCHEMICAL EVIDENCE OF PÁST SEAWATER SALINITY IN 
MIDNAPORE GROUNDWATERS.

The environmental isotopes D, 180 ,  ^S , 3H and 14C have been employed along with 
hydrogeology, major, minor and trace ion chemistry to identify the source of salinity, estimate 
the residence time of saline groundwaters and investigate fresh groundwater recharge as well 
as fresh water-saline water interaction in coastal Midnapore, West Bengal, India. The results 
show that groundwater salinity is primarily due to the Flandrian transgression during the Holo
cene followed by entrapment of sea water. The residence time of these saline waters is about 
4000 to 8000 BP, a result which is supported by 14C data. The contribution from the coastal 
saline rivers and fresh water recharge from the northwestern Midnapore outcrops and their 
interaction with ancient sea water have produced a complex distribution of saline, brackish 
and fresh waters in the shallow (35-100 m), middle (105-155 m) and deep (165-200 m) 
aquifers.

1. INTRODUCTION

The Midnapore district of West Bengal is located to the west of Calcutta and 
shares the western border with the State of Orissa. The district is bounded by 21 °30' 
to 23°00' N latitude and 86°45' to 88°00' E longitude. Physiographically, the dis
trict descends from an altitude of about 130 m in the northwest to about 3 m above 
the mean sea level.

Kosai and Subamarekha rivers with their tributaries form the main drainage 
of the district. The average rainfall is about 1600 mm, most of which occurs during 
the months of June to September. As shown in Fig. 1, the dominant physiographic 
unit is the alluvial plain, which is part of the Gangetic plain. The northwestern and 
central upland areas are covered by Archaean and consolidated and unconsolidated 
rocks of Tertiary and Quaternary ages. The coastal part is covered by unconsolidated 
sediments of recent age. Though the groundwater potential is good in this coastal 
tract, it is beset with salinity problems both in the unconfined and semiconfined 
aquifers. The axis of the saline tract is in the NE-SW direction.
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FIG. 1. Geological map o f Midnapore, West Bengal.

Isotope and geochemical methods have been applied to investigate the source 
of salinity, the residence time of the saline groundwaters, the groundwater recharge 
process and the fresh water-saline water interaction.

2. HYDROGEOLOGY OF THE AREA

Coastal Midnapore is covered by unconsolidated sediments which are divisible 
into two units: the western uplands covered by laterite; and the coastal plain covered 
by poorly consolidated and unconsolidated recent alluvium.

The available lithology of 45 boreholes in the coastal area shows three forma
tions which are typical indicators of climatic change [1] (Table I).
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TABLE I. FORMATIONS SHOWN BY BOREHOLE LITHOLOGY

Depth 
(m below ground level)

20-40 Grey and brown unconsolidated recent sediments (sand-clay-gravel)

40-50 Older sediments, yellow to yellowish brown (clay-sand)

50-100 Clay and sand (grey colour)

100-160 Dark grey fossiliferous sediments

The textural and mineralogical studies of the sediments down to a depth of 
300 m below ground level (b.g.l.) [2], the occurrence of ichnofossils in the Silai 
river section near Garbeta and the palynological analysis of sediments 15-167 m 
b.g.l. indicated prevalence of shallow marine and coastal environment at the time 
of deposition.

Groundwater occurs at the coast in a semiconfined/unconfined three-tier 
aquifer system: shallow: 35-100 m; middle: 105-155 m; and deep: 165-200 m. 
Depth to water table and piezometric surface vary from 2 to 10 m and from 0.5 to 
6  m b.g.l., respectively. In both the water table and piezometric surface contour 
maps the gradient is towards the southeast.

Fluctuation in sea level followed by transgression and regression of the sea in 
Late Pleistocene and Early Holocene resulted in the interlayering and overlapping 
of fresh and marine water deposits in a rather irregular fashion. The zone of marine 
influence coupled with contribution from saline rivers and canals gave rise to brack
ish and saline groundwater bodies, some of which have been subsequently flushed 
by fresh water recharge.

3. HYDROGEOCHEMISTRY

Water samples collected in June 1988 and January 1989 from piezometers, 
tubewells and dugwells in the three aquifers and surface water bodies such as canals, 
rivers and sea water at Digha (Fig. 2) were analysed for major, minor and trace 
chemical species. Isochlor contours for shallow and deep aquifers (Figs 3 and 4) have 
been prepared to delineate the areas of high salinity. The chemical quality of shallow 
groundwaters (Fig. 3) in the south and southeast at Sarda seed farm, Marisda, Nilpur 
and Khejuri (locations 4, 5, 6  and 16, see Fig. 2) are saline. Chloride concentration
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FIG. 2. Location o f sampling points, coastal Midnapore.

ranges from 2000 to 8300 mg/L. Towards the S-SW and N-NW, groundwaters are 
fresh to brackish (Cl: 250-2000 mg/L). The middle aquifer in the S-SW and N-NW 
parts of the investigated area is also fresh to brackish water. In the southeast the 
groundwater is saline with the chloride content ranging from 1900 to 8600 mg/L.

The groundwater in the deep aquifer is generally fresh (Fig. 4) except in a few 
pockets such as Sarda seed farm and Marisda (locations 4 and 5), where the chloride 
values are 5700 and 10 600 mg/L, respectively.

Saline groundwaters of shallow, middle and deep aquifers are of Na-Cl type, 
whereas a number of fresh and brackish waters are shown to be of Na-HC03 type. 
Fresh waters of Ca-Mg-HC03  type occur in the area of Bodra, Paikaparia, Tal- 
gachari and Allan (locations 9, 21, 25 and 26). These are all meteoric waters which 
have not undergone any specific chemical change.

It is observed that the highly saline waters are diluted with fresh water and are 
also modified by a base exchange reaction with the aquifer matrix. These saline 
groundwaters have very low sulphate content, indicating possible reduction of sul
phate to sulphide. Some of the piezometers have high incidence of H2 S.
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FIG. 3. Isochlor contours o f shallow aquifer.

3.1. Minor and trace ion chemistry

Analyses of a few minor and trace ion chemical species, such as strontium, 
bromide, boron and iodide, have been employed to study the salinization process.

3.1.1. Strontium

The results are presented as a plot of Sr versus Cl (Fig. 5). It can be seen that 
most of the saline groundwaters show enrichment with respect to the sea water-fresh 
water mixing line, possibly by dissolution of Sr from the aquifer matrix [3] or by 
evaporation of sea water in the post-transgression period.
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FIG. 4. Isochlor contours o f deep aquifer.

3.1.2. Bromide

Most of the saline samples in the Br versus Cl plot (Fig. 6 ) show some enrich
ment with respect to the sea water-fresh water mixing line, indicating possible 
evaporation of sea water in the post-transgression period.

3.1.3. Boron

The saline groundwaters have low boron content (1-2 mg/L) compared to the 
levels expected from chloride values of sea water-fresh water mixtures. The low 
boron concentration in saline groundwaters may be attributed to the strong 
heterogeneous lithological control over boron.
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Chloride (mg/L)

FIG. 5. Strontium versus chloride.

FIG. 6. Bromide versus chloride.
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Chloride (mg/L)

FIG. 7. Iodide versus chloride.

3.1.4. Iodide

The results are plotted with respect to chloride and shown in Fig. 7. It is seen 
that the saline groundwaters of locations 4, 5, 6  and 8  are characterized by high 
iodide content (250-550 /¿g/L). The iodide content of saline groundwaters is 
correlated with high salinity (Cl > 3200 mg/L).

Brackish groundwaters of locations 2, 3, 5, 6 , 14 and 15 also indicate high 
iodide content (62-250 /tg/L). This brackish quality is probably the result of mixing 
of surface saline waters with old groundwaters.

Some of the fresh groundwaters such as Egra, Ramnagar and Allan (locations 
1, 10 and 26) indicate low to moderate iodide content (5-44 /ig/L). The enrichment 
in iodide is suggestive [4] of long residence time, and the 14C data given later in this 
paper appear to confirm this.

4. ENVIRONMENTAL ISOTOPES

4.1. Deuterium and oxygen-18

Stable isotope data of Midnapore groundwaters are given in Figs 8  and 9. In 
the ôD-ô180  and ô1 8~0-Cl plots sea water is used as one end member and fresh 
groundwater of the coastal area as the other end member of the mixing line.
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FIG. 8. ÔD versus ô18О.

FIG. 9. Chloride versus 6I80 .
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4.1.1. Surface waters

Surface waters, such as Hooghly, Rupnarayan, Haldi and Rasulpur rivers, are 
saline (locations 41, 42, 43 and 44). They have enriched isotopic content (ÔD: —31.8 
to — 14.9°/0o and <5180: —3.2 to —2.5 700) and on the ôD-<5180  and <5180-C1 plots 
the Haldi and Rasulpur river samples fall away from the mixing line, whereas the 
Hooghly and Rupnarayan river samples fall on the sea water-fresh water mixing 
line.

4.1.2. Shallow zone samples

North Midnapore samples are fresh and depleted in <5D and ô 180, and on the 
i5D-<5180  plot many of them fall as a separate group (Fig. 8 ).

Coastal Midnapore samples are slightly enriched in <5D and b 180  compared to 
North Midnapore samples. Most of the brackish as well as saline groundwaters are 
close to the sea water-fresh water mixing line on the S1 80-C1 plot, indicating sea 
water as the source of salinity. Deviations are possibly due to contributions from the 
rivers and canals.

4.1.3. Middle zone samples

Many of the middle zone samples of coastal Midnapore (locations 2, 4, 5, 6 , 
8  and 14) are saline, and on the ôD-ôlsO and ¿>1 80-C1 plots they also fall close to 
the sea water-fresh water mixing line.

TABLE П. THE S34S VALUES OF AQUEOUS SULPHATE AT COASTAL 
MIDNAPORE

Source
Depth

(m)
Sulphate
(mg/L)

6MS 
(*/», CDT)

Sarda seed farm 52 100 31

Sarda seed farm 92 102 30

Sarda seed farm 176 110 32

Marisda 161 57 29

Marisda 192 192 29

Digha sea water 21

Sea water 2700 20
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In the deep zone also a few saline samples (locations 2, 4, 5, 6  and 14) and 
a number of fresh water samples fall on the sea water-fresh water mixing line.

4.2. Sulphur-34

The <534S of aqueous sulphate of a few saline groundwaters as well as that of 
sea water collected at Digha has been analysed, and the results are given in Table II.

It can be seen from Table П that the 034S value of 217 »  for Digha sea water 
is very close to the generally accepted value of 207oo for the marine sulphate [5]. 
In the present study the <534S values for saline groundwaters (Sarda seed farm and 
Marisda) are enriched to 29-32700, and these samples had an H2S smell. It is 
evident that reducing conditions exist in the subsurface at these places.

4.3. Tritium

4.1.4. Deep zone samples

Tritium results of groundwaters, surface waters (rivers, ponds, canals) and of 
sea water at Digha are given in the C1-3H plot in Fig. 10.
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FIG. 10. Tritium versus chloride.
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TABLE Ш. RADIOCARBON DATA OF GROUNDWATERS OF COASTAL 
MIDNAPORE

Location
Depth

(m)
Chloride
(mg/L)

013C 
(°/oo, PDB)

14C
(pmc)

14C age 
(BP)

3H
(TU)

Sarda seed farm 92 6300 -1 6 .7 50 5600 1.0

Marisda 162 8600 -1 5 .3 53 4400 5.0

Nilpur 105 500 -1 8 .3 22 6700 2.0

Chandipur 98 1500 -8 .5 29 4600 5.0

Sutahata 111 3300 -1 5 .8 32 8700 1.0

Tamluk 168 330 -4 .5 21 1700 0.0

Shallow zone brackish water samples of Bhupatinagar, Chandipur, Khejuri and 
Digha (locations 12, 13, 16 and 32) show a tritium content of 4-8 TU. They are 
located near surface saline sources which have similar tritium values, indicating that 
the salinity of these groundwaters is derived from the surface sources. Some of the 
shallow zone brackish groundwaters (locations 1,2, 3, 14 and 15) having low tritium 
( ~ 2 TU) are older waters and the brackishness of groundwater could possibly be 
due to the surface saline sources. Shallow zone saline groundwaters of Sarda seed 
farm, Marisda and Nilpur (locations 4, 5, and 6 ) have low or negligible tritium, 
indicating old sea water (see 14C data in Table Ш).

In the middle aquifer, saline waters of Marisda, Chandipur and Khejuri and 
fresh waters of Bhupatinagar (locations 5, 13, 16 and 12) show high tritium 
(4-7 TU), indicating some modem recharge. At these locations shallow and middle 
aquifers are interconnected, except at Marisda. However, saline waters (locations 2,
4, 6 , 7, 8  and 14) and fresh groundwaters (locations 1, 3, 10, 11 and 15) in the mid
dle aquifer show low tritium (<2 TU). Most of the deep groundwaters, both fresh 
and saline, have almost no tritium (<1 TU), indicating absence of any modem 
recharge.

4.4. Radiocarbon

For radiocarbon dating, groundwater samples were acidified in the field to 
evolve C02  from dissolved inorganic carbonate. The C02  was absorbed in 
6 N NaOH. Samples were collected from six locations (see Table Ш).
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In the laboratory, C0 2  is recovered from the field carbonate samples and 
absorbed in a Carbosorb-Permafluor mixture for liquid scintillation counting; the 
method offers a minimum detection limit of 4 pmc. Measurements of ô13C were 
also carried out for the samples. For correcting the radiocarbon dates, the data are 
presented in Table Ш. The saline samples have a UC value in the range of 
22-55 pmc, and their model ages vary from 4000 to 8000 BP.

5. DISCUSSION

Textural and mineralogical studies of the subsurface geology of coastal Midna
pore and the occurrence of fossils and the palynological evidence [2 ] indicate the 
prevalence of marine environment during the Holocene. The yellowish brown colour 
of the sediment at different depths suggests changes in the climate, and these sedi
ments were probably deposited in an oxidizing, arid spell in early Holocene.

During the Holocene, transgression (Flandrian) and regression of the sea [6 ] 
resulted in the entrapment of sea water in coastal areas including Midnapore. Subse
quently, some of these saline waters were flushed/diluted by recharging fresh waters. 
The persisting saline waters are of the Na-Cl type with low sulphate content and are 
enriched in strontium, bromide and iodide with respect to sea water. Some of the 
old fresh groundwaters are also enriched in iodide.

The ôD-ôlsO and ôlsO-Cl correlations indicate sea water as the source of 
salinity. Many of the samples are also enriched in ô^S (see Table П) with respect 
to modern marine sulphate, showing that sea water composition has been modified 
by reducing conditions. Tritium is largely absent in these saline waters, which sug
gests that salinity is not due to modem sea water. Results obtained with 14C indicate 
that the salinity is due to intrusion of sea water during the Flandrian transgression 
(—8000 BP) in the Holocene.

6 . CONCLUSIONS

The isotope geochemical studies indicate that:

(i) The main source of salinity in coastal Midnapore groundwaters is sea
water entrapped during the Flandrian transgression (about 8000 BP).

(ii) Shallow and middle zone aquifers are also affected by seepages from
saline rivers.

(iii) The fresh water recharge, particularly to the deep aquifer, is from north
western Midnapore outcrops.
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Abstract

PRELIMINARY ISOTOPIC STUDY OF GROUNDWATER SALINITY VARIATIONS IN 
THE CLOSED BASIN SEMIARID AREA OF LOS MONEGROS, SPAIN.

The Monegros П Irrigation Plan located in a semiarid, evaporite rich area of the Ebro 
(Ebre) river basin in northeastern Spain has given rise to serious environmental concern. 
Major potential environmental impacts include: soil and groundwater salinity problems, a 
change in the hydrological regime of playa lakes, and an increase of salinity in the Ebro river. 
The analysis and evaluation of these impacts require knowledge of the hydrogeology of the 
area. Natural groundwaters have high salinity, which generally increases with residence time 
as well as a result of groundwater evaporation in areas with a shallow water table. In order 
to gain insight into the groundwater flow and the sources of groundwater salinity, chemical 
and environmental isotopic surveys were carried out. Electrical conductivity logs show the 
existence of a sudden salinity increase with depth in some boreholes. The wide range of 
ô180 ,  ô2H and 3H values shows the dominance of local flow patterns with relatively short 
turnover times (from 10 to 100 years). Isotope fractionating evaporation in the unsaturated 
zone affects groundwater to some extent. The available data indicate the existence of a gypsum 
dissolution front in the unsaturated zone and point to a possible residual chloride front in the 
saturated zone. These fronts and the related water isotopic content are controlled in some cases 
by a clay seam. In other cases, however, they cannot be related to any lithological or hydrolog
ical feature.

1. INTRODUCTION

Closed basin hydrogeology has traditionally received little attention because 
these basins usually contain poor quality groundwater. The motivation for hydrogeo
logical research in the Los Monegros area in northeastern Spain was the approval, 
in 1986, of a large irrigation plan. This plan envisages the irrigation of 60 000 ha, 
some of which are located in an evaporite rich closed basin area with shallow water 
table and abundant playa lakes. Part of this surface area is, at present, a cereal dry 
farming zone. Possible adverse effects of irrigation include: (a) soil salinization
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caused by water table rise; (b) extensive flooding of depressions; and (c) significant 
increase of the Ebro (Ebre) river salinity, which would produce significant damages 
downstream. The control of some of the local adverse effects can greatly increase 
the plan costs. Downstream effects and damages, on the other hand, would be almost 
impossible to correct. This paper focuses on the chemical and isotopic analysis of 
processes affecting salinity and water quality in the Los Monegros area.

2. HYDROGEOLOGY

The study area is located near the centre of the Ebro river basin, about 60 km 
east of Zaragoza (Fig. 1). Naturally, there was a vegetal cover of brush and small 
trees called monegros, but it was cut down some centuries ago for timber and heat 
production. The closed basin area of Los Monegros contains almost 100 topographic 
depressions, some of which are small playa lakes and dry salt lakes. The largest 
playa lake, locally known as La Playa, occupies about 2 km2  and has a drainage 
basin of 25 km2.

Fig. 1. Location of the study area and mean water table map.
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FIG. 2. Geological cross-sections at Pozo Agustín and Hoya de Benamud depressions.
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The area lies on evaporite bearing Miocene and Oligocene sediments which 
contain lacustrine limestones alternating with marl and gypsum layers. This nearly 
horizontally layered formation has a thickness of about 40 m and overlies a highly 
heterogeneous detritic clay formation containing also some gypsum beds. According 
to previous studies [1 ], the origin of the depressions is related to gypsum dissolution, 
often followed by collapse phenomena. Dissolution of Miocene gypsum levels was 
favoured by preferential water flow along a system of faults that drain the ground 
volumes between them, as in a double porosity medium. Recent geological studies 
indicate that these phenomena occurred more intensively in the western part than in 
the east from where most of the available data come.

The surface elevation ranges from 320 m a.s.l. at the bottom of the lakes to 
360 m at the highest point in the study area. The climate is semiarid with an average 
temperature of 14°C. The average annual rainfall is 360 mm but shows large yearly 
variations. Most rainfall takes place in early spring and in autumn. Strong winds, 
together with high summer temperatures, cause high evaporation and évapo
transpiration rates. Surface runoff is sporadic and amounts to less than 10% of the 
rainfall. Crude groundwater recharge estimates based on daily soil-water balance 
methods [2] range from 20 to 45 mm/year.

The area extends over 200 km2. Towards the east it thins out near the Val- 
cuema valley. In the west the limit coincides with the Retuerta formation made of 
low permeability gypsum silts. Both the northern and the southern boundaries coin
cide with sudden changes in topography.

The aquifer is shallow. At the interfluves between the depressions, the water 
table depth rarely exceeds 10 m. The groundwater discharges to the lakes and depres
sions, where it evaporates, and also along the eastern and southern boundaries in a 
poorly known manner. The Valcuema creek increases its flow and salinity in the 
area [3]. Some playa lakes have water in wet periods only, remaining dry the rest 
of the time. Aquifer transmissivity shows large spatial heterogeneity, attesting to the 
fact that the medium has low permeability although dissolution and collapse 
phenomena have induced large local values.

The present study pays special attention to the areas of two depressions: Hoya 
de Benamud and Pozo Agustín (Fig. 1). They are dry and get flooded only rarely. 
The water table is shallow in their lowermost parts, so the capillary rise may reach 
the surface and evaporate. Since there are no salt deposits at the bottom, in order 
to ensure the salt balance, it is assumed that the amount of water not evaporated is 
drained out through the geological formations in a poorly known manner. Figure 2 
shows some geological cross-sections. The clay layer seam seems to play an 
important hydrogeological role.
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Groundwater chemistry is controlled by dissolution of soluble sediments 
(mainly gypsum and limestone and also other soluble salts dispersed in the sedi
ments) and by evaporation in areas of shallow water table. Several chemical sufveys 
have been carried out since 1988. Samples were collected at 50 large diameter shal
low dug wells, 23 shallow piezometers and also at a few lakes and well points located 
near the lake bottoms.

The mean groundwater electrical conductivity is 8  mS/cm, varying between 
2 and 90 mS/cm. The highest salinities are found near the bottoms of the depres
sions. Groundwater is typically of the magnesium sulphate or calcium sulphate type 
with an average TDS (total dissolved solids) of 5 g/L. The mean ratio rCl/rNa 
(r = meq/L) 1 is close to 1 while that of r(S04  + HC03)/rC a is greater than 1. The 
average magnesium content exceeds 40 meq/L. Wells collecting some surface runoff 
have fresher waters in which calcium exceeds magnesium. Samples from wells 
located near the lakes have much higher salinities (up to 30 g/L) and are of the 
magnesium/sodium sulphate/chloride type. Groundwater is saturated with respect to 
calcite and most often with respect to gypsum.

The salinity and the chemical composition of the lakes depend on their size and 
hydrological regime and show large changes over the year. The mean of 139 samples 
is about 118 g/L. Salinities of up to 200 g/L have been measured in waters of the 
sodium/chloride type, accompanied by significant quantities of magnesium and sul
phate. Samples taken from shallow boreholes near the lakes show less chemical 
variability in time. Their average salinity is similar to that of the lakes. In both peren
nial and ephemeral lakes and in other depressions there is surface and phreatic water 
evaporation, which is responsible for the high salinity, the changes in composition 
and the variations in fluid density.

Water electrical conductivity and temperature logs in some of the existing 
boreholes show the existence of a sudden increase in salinity with depth (Fig. 3). The 
upper part usually contains magnesium sulphate waters with an average salinity of
6  g/L, similar to water in shallow wells, and is generally largest close to the bottoms 
of depressions. Water in the lower part is more saline, of the sodium/magnesium sul
phate/chloride type. Its average salinity is 56 g/L. With the available information and 
current knowledge, three possible hypotheses can be postulated for explaining the 
observed vertical salinity stratification. The first refers to the existence of a more 
permeable shallow layer located above 320 m a.s.l. Most groundwater flow occurs 
above this layer. Below this level, permeability is smaller (by at least an order of 
magnitude). Slow groundwater motion leads to longer residence times (consistent 
with the lowest tritium contents) and dissolution of remnants of highly soluble salts.

3. HYDROCHEMISTRY AND SALINITY VARIATIONS

1 meq = milli-equivalent.
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200 meg/L

FIG. 3. Electrical conductivity and temperature logs at borehole 402. Also shown are the 
modified Stiff diagrams.

The second hypothesis is based on adscribing the stratification to the existence of a 
fresh water/salt water interface that may develop near salt lakes. The third hypothesis 
assumes a nearly horizontal interface inside the currently saturated zone separating 
the upper part in which the highly soluble salts have already been leached (by 
preferential flow due to geological and morphological controls) and the lower part 
recently incorporated into active groundwater flow by morphological changes and 
not yet leached. Fissures play a role in collecting deep layer flow.

4. ENVIRONMENTAL ISOTOPE DATA

Samples for environmental isotope analysis were collected at 37 points in May 
and July 1989, in July 1990 and in September 1991. None of the surveys includes 
all groundwater points or repeats the same points. The number of boreholes 
increased in 1990. Some large diameter dug wells were not sampled again after
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knowing the possibilities of water evaporation and the inflow of sporadic surface 
runoff water. Some samples were taken by means of a depth sampling bottle. Others 
were pumped by means of a portable pump, with the inlet at a given depth inside 
the borehole or well. Water samples for 180 , 2H and 3H analyses were collected in 
well sealed polyethylene bottles. Samples to determine 13C from dissolved in
organic carbon were added SrCl2  or BaCl2  plus a solid lentil of NaOH to produce 
the quantitative precipitation of carbonates. Whenever it was possible, water temper
ature, electrical conductivity and pH were measured in the field by using appropri
ately calibrated field equipment. The isotopic analyses were carried out in different 
laboratories. The results are considered comparable although a detailed study shows 
that occasional differences are possible from one batch to another.

No surface water samples were taken since the study area corresponds to the 
sector in which depressions rarely get flooded. Water from Valcuema creek, the

10° 1Ü1 10z 103 

T urnove r tim e  (year)

FIG. 4. Output tritium junction fo r  an exponential mixing model. The input junction 
corresponds to the mean values o f Barcelona and Madrid rainwater sampling stations (curves 
are fo r  the years 1989, 1990 and 1991).
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assumed main drainage of the area, was not sampled since currently it carries 
diverted water from an irrigation canal. No rainwater samples were collected. Since 
there are no perennial springs in the area the mean rainwater isotopic composition 
cannot be obtained. Only a small spring (Fuente de Castejón, Fig. 1), located 10 km 
to the north and at a higher elevation, was sampled once.

Los Monegros is a semiarid area that receives the residual humidity of wet 
winds penetrating the Iberian Peninsula through the northern and western coasts, or 
coming from the Mediterranean area, through the coastal ranges. Thus relatively 
light but isotopically variable rains can be expected. The indicative map of ô180  
distribution in the Iberian Peninsula prepared by A. Plata [4] shows likely <5180  
values between - 7  and — 87a, SMOW before any evaporation takes place.

Several unaltered ground samples from the unsaturated zone were taken at 
three sites along a transect at the Pozo Agustín depression (interfluve, slope and 
depression), where hard rock was absent down to 2 m. Porewater was extracted at 
the IAEA laboratory for environmental isotopes in Vienna by heating the samples 
at about 70°C under vacuum and collecting the water vapour in a liquid nitrogen 
trap, following the method developed and described in Ref. [4]. The 180  and 2H 
content was then analysed.

For samples having high Mg+ 2  content, 180  data have been corrected for 
salinity using the method reported in Ref. [5]. Tritium values in precipitation have 
been derived from data of Barcelona and Madrid stations. Los Monegros lies 
between them, slightly closer to Barcelona, and at a similar latitude. For the sam
pling period, mean tritium values in rainfall range from 15 to 20 TU. The tritium 
content for a well mixed reservoir (exponential model) for the three years in which 
there are samples is shown in Fig. 4. Simplified calculations have been carried out 
by adjusting a decaying exponential tritium input function to the convolution equa
tion [6 ]. Tritium analytical results are reported as ±2.0 (one standard derivation), 
and some below ± 1 . 0

5. RESULTS

Most <513C values of inorganic dissolved carbon range from —16 to —187«, 
PDB 2, which corresponds to what can be expected from a soil system open to soil 
C02. Although no soil gas S13C data are available, -257„> PDB can be assumed, 
both in brushland and in cropland, because only Calvin cycle plants exist. A fractio
nation factor between HCOJ (the dominant inorganic carbon species at field pH 
values) and C02  gas of 97«> can be assumed at local soil temperatures. Closed 
system dissolution of soil carbonates would produce higher <513C values.

2 PDB stands for Pee Dee Belemnite, an isotopic standard for oxygen and carbon.
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Water content Calculated porewater salinity Porewater 8180
(g/g) TDS (g/L) СГ (meq/L) %o SMOW

FIG. 5. Water content, calculated porewater salinity and chloride content, and porewater 
6,sO values at the three boreholes located in the unsaturated zone.

The Fuente de Castejón spring (Fig. 1) drains a carbonate layer resting on 
marls at a mean altitude of 550 m. The water isotopic composition (<5180  = 
—6.87oo, ô2H = —4.9°/oo SMOW) has a deuterium excess of 5.47o,,, which sug
gests that some evaporation is taking place. This evaporation can occur during the 
precipitation or, more likely, in the soil since the vegetation cover is discontinuous. 
The tritium content is below 2 TU, as will be shown later, in agreement with the 
perennial character of the spring (long turnover time). Values of ¿>180  from -7.5 
to — 8.07oo SMOW seem reasonable for mean local, non-evaporated rainfall, with 
a deuterium excess between 107TC (Atlantic humidity) and 147oo (local Mediterra
nean humidity). Since the study area has an altitude of about 360 m and is 
geographically close to the spring, the precipitation would be only slightly heavier 
(from 0.4 to 0.67» for ô1 80).

The location of the unsaturated zone samples is shown in Fig. 5. The three sites 
are located along a line perpendicular to the northern edge of the Pozo Agustín 
depression. In all of them, the water table is more than 1 m below the deepest sample 
depth. Porewater salinity has been deduced from dilution tests with distilled water. 
This process produces the dissolution of remaining soluble salts, mainly gypsum, up 
to saturation. Thus calculated TDS (total dissolved solids) are higher than in the pore 
waters. The interpretation of the results needs to consider the dilution factor and the 
mineral saturation indexes, which is beyond the scope of this paper.
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The arable top soil (up to 0.3 m) is relatively well leached and suitable for 
cultivation. The remaining unsaturated zone is still partially leached. When gypsum 
is dissolved some trapped chloride salts may be released, increasing the calculated 
porewater chloride content. Since there are no data for possible corrections, chloride 
profiles can only be used qualitatively. As shown in Fig. 5, borehole A (interfluve) 
seems less leached than the other two and shows a much higher increase in chloride 
with respect to local groundwater. The top sample (about 0.4 m) shows a Cl" 
increase, which is probably due to soil water evaporation. Unfortunately, the top soil 
was not sampled in detail.

Isotopic values of soil waters are plotted in Fig. 6 . They correspond to a water 
evaporation line with an approximate slope of 2.5 and an intersect with the mean 
world meteoric line (Atlantic line) of ô180  = 7.57»  SMOW. The most evaporated 
samples are the shallower ones. Although there are a few sparse points, the isotopic 
profiles of Fig. 5 resemble those of water evaporating in the soil [7, 8 ]. The 
evaporation front seems shallower than 0.3 m. All points are inside the water flux
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dominated region, even the relatively dry upper sample of borehole A (interfluve), 
except if the isotopic peak is between 0.4 and 0.6 m, which seems unlikely. The 
evaporation affected zone extends beyond 2 . 1  m depth.

Most tritium values range from 6  to 18 TU and half of them vary from 6  to 
12 TU. Only three out of 39 samples are higher than 20 TU. Since only a few points 
have twice replicate samples the trend of the time evolution is unknown. Only three 
samples have negligible tritium content and four have less than 6  TU. No consistent 
special features are found to explain the tritium distribution. There is no apparent 
correlation with water table depth or spatial location. There are tritium data of some 
of the boreholes sampled at two depths. There is no general trend. While borehole 
401 has low tritium content ( 6  TU) in the upper part and almost zero in the lower 
one, borehole 402 presents no clear difference and shows the highest reported tritium 
value (33 TU), in spite of the clear stratification. Borehole 410 is similar to 401 
(about 2 TU at the bottom). At three other boreholes no clear difference in tritium 
is found in spite of some salinity stratification.

Groundwater stable isotope data show large scatter (Fig. 7). Some values 
corresponding to July 1989 from one of the laboratories are suspect and may contain 
errors. This first survey was less carefully planned and carried out before the vertical 
stratification was known.

FIG. 7. b2H versus 5180  for dug wells and boreholes. Arrows correspond to boreholes 
having a salinity interface and go from top to bottom values.
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Generally the deuterium excess is small (1 ± 4 for 80% of the samples without 
suspicion of error), and ô180  ranges from —1.3°/ж (close to the expected mean 
value in rainfall) to —4.6 °/<x> SMOW. The deuterium excess does not decrease in 
heavier samples. There is no clear relationship among isotopic variations and spatial 
location, geology or depth to the water table. Samples from the gypsum marls over- 
lying the clay seam in the N and NW area (Hoya de Benamud) tend to be heavier 
than those from the southern part, both below the seam or where the seam does not 
exist. Samples from the interfluves cover the full range although those from the 
slopes and the bottom cluster between <5180  = -5.5 to -4.57,» SMOW. Figure
7 also depicts samples taken at the same borehole but at different depths. Arrows 
go from the upper to the deeper sample. There is no clear trend although most often 
deep water is isotopically lighter. Lines connecting shallow and deep samples have 
slopes close to 8  in more than half the cases. Three samples are outside the range 
indicated above (Fig. 7) and possibly correspond to water subject to a more intense
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evaporation process. In fact, two of them are highly saline; the third is not. Only 
one was at a relatively shallow depth when sampled (1.7m). The other two samples 
were relatively deep (5 m) and correspond to dug wells in which water evaporation 
is possible or which may collect rain water ponded in the surroundings.

Figure 8  shows the plot 0180  versus TDS. Except for a few samples which 
seem to be dominated by evaporite salt dissolution they cluster along the <5lsO axis 
for relatively moderate TDS values. Rock dissolution seems to be more important 
than evaporation.

Borehole 418, located at the centre of Pozo Agustín depression, is a special 
case. It is a cable tool drilled borehole with a depth of 120 m, penetrating very low 
permeability saline clays and marls. Little water was used during the drilling and a 
larger quantity was bailed out during the mud bailing process. Little drilling water 
contamination can be expected, especially after the bore was emptied and allowed 
to recover before sampling. The time evolution of water salinity logs seems to show 
a very slow upward flow of deep saline water (80 mS/cm electrical conductivity). 
No tritium has been detected at any sampling depth, which agrees with the long water 
turnover time expected in the deep formations. No 14C data are available. Water 
isotope data from this borehole are unclear. They have a high deuterium excess that 
may be either the result of mixing with evaporated water or of an equilibrium with 
gypsum (the process of hydration of the original anhydrite is unknown). It seems that 
water becomes heavier as the salinity and the depth increase, except for a 1990 
sample.

6 . DISCUSSION

Rain water from intense storms infiltrates the ground and produces runoff that 
collects at the bottoms of depressions, directly or through interflow. The scarce 
vegetation cover, the large fraction of arable land without crops when rainfall 
happens, and the water ponding are the causes of water isotope fractionation, both 
through surface evaporation and soil water evaporation. This, together with probably 
large variations in the isotopic concentration of rainfall in such a continental semiarid 
climate, explains the wide range of 18 0  and deuterium values found in ground
water, together with the decrease of the deuterium excess.

There is no identifiable isotopic and chemical evolution of groundwater along 
the assumed flow paths. This can be explained as the result of large variations in 
recharge, both spatially and temporarily, with only local flow patterns. Since no 
repeated sampling along several years is available, changes due to recharge 
variability cannot be characterized.

The tritium concentration in groundwater has to be interpreted by taking into 
account a relatively long delay through the unsaturated zone. Piston flow recharge 
needs several years per metre of water table depth, although concentrated recharge
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is possible, short circuiting at least part of the unsaturated zone depth. Thus, a mix
ture of several years of rainfall is a likely assumption for recharge, variable from 
one site to another. Since there are no pumped wells in the area and different 
sampling methods have been used, no simple model is applicable to the saturated 
zone although a well mixed model seems to be a reasonable choice for bulk 
preliminary considerations. Such a model, for the lumped saturated and unsaturated 
flow zone (Fig. 4), leads to turnover time values between 10 and 100 years for the 
most common tritium values. This is consistent with observed saturated and non
saturated thickness values and estimated recharge values (which range from 2 0  to 
45 mm/year). Only semiquantitative estimations are possible since parameters have 
a large uncertainty. Tritium values close to zero are usually found below the clay 
seam layer, where locally confined conditions can be expected. The fact that salinity 
stratification in boreholes is not always accompanied by a sharp tritium content 
decrease implies that salinity increase may not necessarily be due to a longer 
residence time in the lower stratum (lower permeability or a sluggishly moving salt 
water wedge) but to higher availability of soluble salts. It is unknown whether this 
is due to the borehole itself. Further tests are certainly needed.

The unsaturated zone and the active saturated zone still contain soluble gyp
sum. This can be explained by preferential flow along fissures, open bedding planes 
and intensively weathered areas, while large areas are subject to slow dissolution 
only. These preferential flows collect water from the well leached soil top (where 
it exists) and slowly drain large blocks, as in a double porosity medium. This agrees 
with observed ô13C values, 0180  and ¿>2H variability, and also with tritium values, 
allowing a fraction of short turnover time recharge water. Groundwater level fluctua
tions agree with this model in some cases (fluctuations of up to 0.5 m), but not in 
other cases in which changes are much smaller.

Another possible explanation is a more homogeneous medium in which 
recharge first dissolves gypsum until saturation and then continues to dissolve more 
soluble salts, such as halite dispersed in the sediments. This produces an evaporite 
free top soil in the unsaturated zone followed by an interface below which there is 
free gypsum. There is no second interface with halite mineral since saturation with 
respect to this mineral is not attained in the unsaturated zone. For the recharge values 
assumed, the downward progression of the gypsum interface would be between
1  mm/century for pure gypsum to 1 0 0  mm/century for moderately gypsum rich, 
permeable formations. The present situation can be explained by a high erosion rate 
close to the interface penetration rate, or by the effect of the primitive forest and 
brush cover of a few centuries ago. Under the primitive natural vegetal cover, 
recharge was probably insignificant. After deforestation it increased significantly, 
and dissolution processes started. This is a process similar to that explained for the 
Murray basin in Australia [9]. This mechanism also agrees with observed isotopic 
values and is more consistent in areas in which the water table has small fluctuations.
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In the saturated zone highly soluble salts are leached in the upper layers but 
not in the deeper ones, especially not below clay layers. The isotopic composition 
shows that in some cases the unleached area has longer turnover times than in other 
cases where activated flow due to vegetation clearing and land erosion has to be 
assumed.

Evaporation is shown by the few isotopic data from the bottoms of ephemeral 
playa lakes or around perennial ones. This is áccompanied by a significant increase 
in chloride. Chloride salts are deposited in some playa lakes (such as La Playa, 
where they have been commercially exploited) but not in other lakes, such as Hoya 
de Benamud or Pozo Agustín. The mechanism of salt elimination is unclear but some 
underground outlet is needed. In summary, isotope studies have been useful for 
studying the processes affecting groundwater salinity variations in the Los Monegros 
closed basin area. The available groundwater isotopic data are incomplete. Future 
isotopic surveys should be carried out, in order to reach more specific conclusions.
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Abstract

CLIMATIC CONDITIONS OF HOLOCENE GROUNDWATER RECHARGE IN THE 
SAHEL ZONE OF AFRICA.

Dated groundwaters may preserve a record of palaeoclimatic change through their con
tent of conservative solutes of meteoric origin, heavy stable isotopes and noble gases, all of 
which may be directly or indirectly influenced by climatic change. Two groundwater systems 
from the southern Sahara were investigated in the area of the Route du Sel and west of the 
Air mountains in northern Mali and northern Niger, respectively. Radiocarbon dating shows 
that both aquifers were probably recharged during the Holocene. Regions of stable isotope 
content of the palaeowaters are located below the present meteoric water line (MWL). This 
is attributed to evaporation rather than to low values in the deuterium excess of precipitation 
which would have implied a lower palaeo-rainfall for continental Africa. Corrections for the 
evaporation effect with a slope of 4 to 5.5 in the ô2H versus ô 180  diagram were used to 
reconstruct the initial heavy isotope content of precipitation which recharged the aquifers. 
These reconstructed values are low (ôl80  =  —10 to 11700 versus SMOW). This low heavy 
isotope content cannot be explained as a consequence of the amount and/or temperature 
effects. It is proposed that the low 6 values of reconstructed rainfall are due to condensation 
at high altitude of convective showers generated along squall lines. The heavy isotope content 
of the rain was affected by the low temperature of condensation whereas average ground con
ditions remained relatively warm as indicated by palaeoclimatological records. A northwards 
movement of about 500 km for the intertropical convergence zone (ITCZ) would explain the 
increase in intensity of squall showers which resulted in a more humid climate. The enhanced 
northward migration of the ITCZ is possibly due to the increased seasonality (low pressure 
in summer) over the Sahara predicted by Milankovitch theory during the Early Holocene. The 
reservoir of precipitable atmospheric vapour was possibly maintained by évapotranspiration 
from soils along the depression pathways. The content in noble gases, corrected for air excess 
dissolution, also indicates that recharge temperatures are much lower than expected for the
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average annual ground temperature during the Holocene. Recently infiltrated waters show the 
same phenomenon in the southern part of the study zone in northern Mali. The hypotheses 
offered to account for this discrepancy include evaporative cooling in the unsaturated zone and 
rapid infiltration of cold surface waters through the most conductive major soil pores. The dis
solved nitrogen content implies the existence of denitrification processes in the aquifer. The 
initially high NO3 content was derived from active soils via acacia vegetation and/or termite 
activity which indicates a more humid climate during recharge.

1. INTRODUCTION

The chemical and isotopic compositions of groundwaters are related to: (i) the 
origin of precipitation and conditions at recharge and (ii) the interactions of ground
water with the soil zone and the aquifer. As the first of these controlling factors 
relates directly to climate, the deduction of palaeoclimate from the isotopic record 
within groundwater has been attempted since the early days of the history of stable 
isotope studies [1]. The required conditions for climatic reconstructions are: (i) the 
derivation of a time-scale for groundwater recharge and (ii) the identification of con
servative isotopic and chemical tracers for climatic conditions at recharge. >

Although there are numerous limitations for its interpretation, we consider that 
the 14C and 13C content of aqueous carbon (organic and inorganic) is the most suit
able indicators for derivation of groundwater age. Other potential radiochrono
meters, e.g. 4He accumulation, 2 3 4U/238U disequilibrium and 3 6C1, are often more 
indicative of geochemical processes than of residence time in the aquifer [2 - 6 ].

Chemical indicators of climate at recharge are provided by species of marine 
origin transported as aerosols and conservatively concentrated by évapotranspiration 
in the unsaturated zone. Amongst the major and trace elements which may be input 
in this manner, chloride and bromide are strongly hydrophilic in character and are 
probably the only potential climatic indicators provided that they are quantitatively 
unmodified within the aquifer. Diffusion of Cl" and Br" from the aquitards [7] is 
the main limitation on conservation of the inputs of these ions and hence on recon
structing recharge conditions from their concentration in the groundwater. 
Evapotranspiration, for example, may be used as an indicator of climatic conditions 
during recharge.

The stable isotope composition of the water molecule can provide two kinds 
of palaeoclimatic information. Firstly, cloud condensation temperature can be 
derived provided that the effect of évapotranspiration can be resolved from the iso
topic signatures. These parameters are local climatic controls on the 180  and 2H 
contents of infiltrating groundwater. Secondly, the atmospheric vapour source can 
be identified from the deuterium excess, d = <52H -  8<5,80  [8 , 9], and hence 
palaeo-wind directions may be deduced.
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The noble gas content of groundwater provides a cardinal indication of local 
palaeoclimatic conditions during recharge. Except for He which is derived from the 
aquifer matrix or crustal diffusion, the noble gas content is related to the recharge 
temperature [1 0 - 1 2 ].

This paper discusses the palaeoclimatic significance of СГ, Br“, 2 H, 180  and 
noble gas content of groundwater in two aquifers which were recharged during the 
Holocene, after the hyperarid period corresponding to the Late Glacial maximum in 
this region [13, 14].

2. HYDROGEOLOGICAL SETTING

2.1. Mali

The semiconfined aquifer complex of the Nara Trench and of the Route du Sel 
in northern Mali (Fig. 1) is contained in unconsolidated fine grained continental 
deposits of Tertiary and Quaternary origin. The present climatic conditions range 
from semiarid in the south («16° N) to hyperarid in the north («21° N) of the 
study area. The regional topography is very flat and the sand cover has permitted 
vertical infiltration of major flood episodes during the Holocene [15]. No lateral 
groundwater flow could be identified in this system where the major piezometric

FIG. 1. Study areas in northern Mali (Route du Sel) and in Niger (Irhazer Plain).
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decrease has been caused by evaporation. The unsaturated zone is now about 60 m 
in thickness because of the absence of significant recharge since the onset of aridity 
during the Late Holocene. Groundwater samples were collected during 1987 from 
pumped wells and piezometer observation wells.

2.2. Niger

West of the Air Massif in northern Niger (Fig. 1), the multilayer confined 
aquifer of the Agadez and Dabla sandstones (MLAADS) includes various continental 
deposits (sandstone, marls and weathered volcanic rocks). There is, at present, a 
limited recharge along the outcrop on the piedmont of the Air Massif but infiltration 
was probably significantly greater during the Holocene humid period. Samples were 
obtained from artesian boreholes on the Irhazer Plain where groundwaters are tightly 
confined by continental clay deposits. Piezometry indicates a general westward flow. 
Additional samples were collected from an adjacent aquifer system situated further 
north (Fig. 1). In these aquifers natural drainage occurs through deep vertical faults 
which also provide a pathway for volcanic fluids and gases [16].

3. GROUNDWATER AGES

A detailed discussion of groundwater dating for the Malian aquifer may be 
found in Ref. [15]. The 13C content of the total inorganic carbon (TDIC) is 
extremely variable and ranges from —21.2 to +0.67oo versus PDB. This could 
a priori suggest that soil derived 13C depleted carbon is mixing with an old, 
carbonate derived, 13C enriched carbon. However, there is no observed relation 
between 13C and 14C which would support the concept of such dilution.

Furthermore, recently infiltrated waters close to Tombouctou (Timbuktu) have 
a high 14C content, as expected in the absence of dilution by 14C dead carbon. The 
large 13C variations for TDIC are attributed to open system conditions either for 
soil C0 2  or for atmospheric C02. The latter would have occurred during surface 
floods before infiltration, and this is supported by correspondingly high 2H and 180  
content produced by evaporation of the 13C rich solutions. The apparent ages are 
considered to be close to the true groundwater age. Groundwater recharge by vertical 
infiltration of isolated bodies of surface water, with little lateral flow and related dis
persion, was favoured by the very flat topography. Groundwater ages thus represent 
the ages of recharge events.

In northern Niger, the geochemical conditions are less favourable for ground
water dating by the 14C method [16]. Possible processes which may affect aqueous 
chemistry of carbon and 14C are: (i) dissolution and precipitation of secondary 
calcite in the recharge zone; (ii) Ca2 +/Na+ base exchange on clay minerals and/or 
zeolites, which may cause further calcite dissolution; (iii) hydrolysis of Na+ silicate
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by fault aided diffusion of I4C free crustal C02. Detailed mass balance calculations 
show that processes (i) and (iii) are active in the aquifer. The importance of process
(iii) is confirmed by the 13C content/bicarbonate relationship which indicates dilu
tion by C02  with <513C = — 3°/oo versus PDB. This value is acceptable for deep 
crustal C02  [17]. The 14C content of recharge groundwater was adjusted to 105% 
modem on the basis of its tritium content, and this represents open system conditions 
near recharge. The corresponding <513Cxmc value of —16700 is appropriate to open 
system conditions for a soil gas derived from a mixture of C3 and C4 plants, as found 
in the recharge zone. Holocene ages were derived for groundwaters east of the In 
Azaoua fault (Fig. 1). West of this fault, dilution with crustal C0 2  reduces the 14C 
activity to such an extent that it becomes impossible to calculate the groundwater age. 
Groundwaters in the latter zone are, however, probably also of Holocene age 
because of the similarity of their stable isotope composition to that of Holocene 
recharge, and for reasons of hydraulic continuity.

4. GROUNDWATER CHEMISTRY

4.1. Conservative ions

The geological conditions in northern Mali preclude any supply of Cl" (and 
Br') from interaction with the aquifer matrix. The Br- versus СГ plot indicates a
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FIG. 2. Br content versus Cl content for Northern Mali groundwaters.
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marine origin for these elements through evaporative concentration of dissolved 
marine aerosols (Fig. 2). The groundwater СГ content reaches values of up to one 
thousand times greater than those occurring at present in the most dilute ground
waters at Tombouctou. This indicates that recharge was extremely sporadic and 
occurred by exceptional rain and flood events of palaeo-tributaries north of the Niger 
river.

A somewhat similar pattern is observed in northern Niger. It is not, however, 
possible to deduce recharge conditions from halide contents because of СГ 
diffusion from brines within the deeper Permian aquifer.

5. STABLE ISOTOPE COMPOSITION OF GROUNDWATER

The stable isotope compositions of groundwaters from both study areas plot 
below the modem meteoric water line (MWL) as shown in Figs 3(a) and (b). The 
cause of this for most groundwaters is obviously evaporation, e.g. in the case of the 
most enriched groundwaters from the Nara Trench, Mali (Fig. 3(a)). Evaporation 
occurred either during rainfall through an undersaturated atmospheric column or 
during the recharge process (surface water evaporation in Mali and soil zone evapo
ration in Niger). For some groundwaters from northern Mali, the distribution on the 
isotope plot may be accounted for by a lowering of the intercept of the MWL to 
«  +5°/oo at the time of their recharge. Merlivat and Jouzel [9] have calculated the 
dependence of the deuterium excess on the relative humidity at the sea surface in the 
source zones for atmospheric vapour. The Malian waters with d « +57 0 0  would 
have required a relative humidity of 90% compared with 80% for present conditions 
in the equatorial/tropical zones of the oceans. This difference would imply either a 
lower sea surface temperature (SST) with an unchanged moisture content in the air 
or a reduced global vapour transport for unchanged SST. A lowering of SST would 
have caused a decrease in the net vapour production over tropical oceans [18] 
whereas the stagnation of humid air over the oceans would produce an increase in 
oceanic precipitation and a decrease in that over the continents. Neither of these con
ditions is compatible with pluvial conditions over the Sahel zone, and it is therefore 
more probable that all groundwaters below the MWL have been affected by evapora
tion. The initial 180  contents of the corresponding precipitation would therefore 
have been lower.

These initial Ô180  values were calculated by extrapolation of the groundwater 
compositions to the modern MWL (<52H = 8<5180  + 10) which we consider to be 
applicable for the past 15 ka. Extrapolation was made along lines with slopes ranging 
from 4 to 5.5 in the S2H versus ô180  diagram. This range of slopes was adopted 
from present evaporation conditions for stagnant waters of Lake Chad (slope = 5.2) 
and for flowing waters from its tributaries (slope = 3.9) [19]. The corresponding 
range of corrected ¿>I 8 0  values should encompass the true initial ô180  value for the



IAEA-SM-329/59 237

о
о

Xсм
*о

20

0 -

- 20 -

-40-

-6 0 -

-80

» Nora Trench z '  А
* Niger River

°  Tombouctou ond south of ♦*

Azoouod Ridge у /  A
■ North of Azoouod Ridge S О

» suow О

(а)

X /  фA r  m
■■

Mali

-1 0  - 8  - 6  - 4

<51 8 0  ( ° / о о )

2 4

б 1 8 0  ( ° / о о )

FIG. 3. Groundwater stable isotope composition relative to the SMOW standard for (a) Mali 
and (b) Niger.



238 FONTES et al.

mixture of precipitation events that were infiltrated to form the particular ground
water. For most groundwaters from northern Niger, the maximum difference 
between the corrected values does not exceed 1.970 0  and the 1 8 0  content of the 
mean precipitation was reconstructed within ±1.07oo. In northern Mali, ground
waters are much more evaporated than in Niger and thus the extrapolation to the 
MWL is greater. Consequently, the choice of evaporative slope has a much greater 
influence on the initial ô180  value. For evaporation slopes of 4 to 5.5, the initial 
1 8 0  content was reconstructed within +1.8 700.

5.1. Temperature and amount effects

In both study regions, the initial ô180  values for average rainfall were appar
ently close to -10  to -1 1 7 00. This very low heavy isotope content could be 
influenced by both the temperature effect (decrease in ô 180  with decrease in ground 
temperature) and the amount effect (decrease in ô18 0  with decrease in amount of 
precipitation) [8 ]. The temperature effect is well verified in both cold and temperate 
regions for which the condensation (cloud) temperature is strongly related to the 
ground temperature. The average temperature dependence for locations within these 
regions is Д6  l80/At°C «  0.57 0 0  per °C for condensation under equilibrium condi
tions [20-22]. For an atmospheric lapse rate of -0.7°C/100 m, the ô180/altitude 
gradient would thus be about —0.357oo per 1 0 0  m as generally observed for precipi
tation [23, 24]. It is, however, well established that there is no clear dependence of 
ô180  in precipitation on ground temperature in tropical regions [8 , 20]. This 
decoupling of the heavy isotope content of rain from the ground temperature is 
clearly evident near the equator and in humid regions with monsoonal climate 
[20-22, 25]. Weak and variable relationships between ground temperature and heavy 
isotope content of precipitation have been identified by statistical analysis of average 
monthly rainfall from higher latitudes including locations in the Sahel zone [20, 25]. 
However, these correlations are highly dependent on the isotopic composition of 
precipitation at the beginning and end of the rainy season and such samples are 
generally evaporated, as indicated by their positions relative to the MWL on the 
02H versus ô180  diagram. After correction for the effect of evaporation, the slope 
of the monthly mean ô180  versus t°C (ground) relationship at Bamako is 0.767oo 
per °C and the corrected mean annual ¿>180  value is -6 .1 7 00 [26]. The low recon
structed <5180  values (----107oo) for palaeo-rainfall in the Sahel zone and southern
Sahara indicate a maximum lowering of the mean ground level temperature during 
the rainy season by ~5°C, if the isotopic shift were entirely attributed to the 
temperature effect.

The ô180  value is negatively correlated with the amount of rainfall for tropi
cal locations with similar average annual temperatures [20-22]. (The term ‘amount 
effect’ is ambiguous as it depends on the size of the vapour reservoir and on the con
densation process as well as on the amount of rainfall. Total condensation of a small
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atmospheric vapour reservoir can result in a heavier isotopic composition than con
densation of the last portion of a large reservoir, and yet produce the same amount 
of rainfall.) On a more local scale, 0180  values for rainfall in the Sahel from a 
single year show the lowest 180  content for the wettest months [19]. Data from the 
IAEA-WMO network [25] show that the correlation between <5180  and the amount 
across the Sahel is in the range of — 1 to - 2 7 O0 per 100 mm, similar to that observed 
for maritime and continental Europe. The amount effect would require a substantial 
increase in the intensity of rainfall events to account for the low reconstructed <5180  
values of the Holocene groundwaters if the fraction of vapour precipitated is assumed 
to remain unchanged.

5.2. Influence of the intertropical convergence zone

The summer rainfall over the Sahel zone is the result of both the development 
of squall lines along the intertropical convergence zone (ITCZ) and monsoon rains 
from the Gulf of Guinea. The latter are continuous warm rains which are generated 
at low altitude (<2000 m). In the present climate, they are restricted to altitudes 
below 10° N, behind the seasonal movement of the ITCZ. The heavy isotope content 
of such monsoon rains is high [2 0 - 2 2 ], as expected for a rain formation process 
which does not involve low temperature condensation. North of the monsoonal zone, 
rainfall occurs mainly as squall showers which form as humid air masses associated 
with the monsoon rise over dense, dry Saharan air masses along the ITCZ. Mixing 
takes place between dry and humid air so that saturation occurs only as the air mass 
rises to a high altitude at which convective showers are produced. The <5180  values 
recorded for such showers are as low as -1 1 700 in Senegal [27] and Niger [Gallaire, 
personal communication]. At Bamako, the monthly average ô180  value in the wet 
season may be as low as this value [25]. The influence of such convective rain 
explains the relatively light isotopic compositions of summer rainfall in the Sahel. 
It is proposed that the systematically low heavy isotope contents of Holocene rainfall 
were caused by an intensification and northward movement of the ITCZ which 
resulted in convective showers at latitudes up to =20° N. Under present climatic 
conditions such showers occur only occasionally at this latitude. Since the pressure 
gradient at the ITCZ was also enhanced, ascending air reached higher altitudes than 
at present and resulted in a diminution of the heavy isotope content because of the 
low condensation temperature.

The same mechanism can explain the very light isotopic composition 
(ô180  «  — 107oo) of groundwater in the Nubian sandstone in Libya [28]; Sudan 
[29] and in southern Egypt [1, 30, 31]. Older groundwater (14C free) in the 
‘Continental Intercalaire’ of northern Sahara [32], after correction for evaporation, 
has a similar isotopic content and may indicate an even more northerly migration of 
the ITCZ.
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6 . DISSOLVED GASES

6.1. Noble gases

The groundwater recharge temperature (RT) was estimated from the amounts 
of dissolved noble gases (Ne, Ar, Kr and Xe, corrected for the effect of excess air) 
by comparison with noble gas solubility data [2, 10, 33]. These RTs are generally 
lower than the groundwater collection temperature (Tables I and П). This can be 
caused by thermal equilibration of the groundwater at depth in the ground while the 
noble gases remain in solution because of hydrostatic pressure. However, for

TABLE I. 14C AGES, STABLE ISOTOPE COMPOSITIONS AND NOBLE GAS 
RECHARGE TEMPERATURES (RT) FOR GROUNDWATERS IN 
NORTHERN MALI

No. Name
14C age 

(ka)
ô,8o

(measured)
7 00 rel. SMOW 

(corrected3)
RT

(°C)
Coll. T 

(°C)

Recent waters

2 Léré 2.0 + 1.56 —4.5 to - 8.1 21.5 29.8

8 Tombouctou modem - 0.66 -5 .3  to - 8.0 21.4 30.8

27 Tombouctou airport — -0 .41 —5.6 to -8 .7 15.9 27.0

Fossil waters

13 RS7b 3.6 -4 .6 2 -8 .9  to -1 1 .5 19.9 31.4

14 Taganet 12.8 -4 .5 4 -8 .9  to - 11.6 18.8 29.2

15B Sidi Mokhtar Narel -6 .5 5 —9.1 to - 10.6 24.4 29.4

17A Araouane F 11.7 -5 .1 2 —9.1 to -1 1 .5 22.2 30.2

17B Araouane F — -5 .0 8 - 8 .9  to - 11.2 22.5 29.7

17C Araouane F 11.2 -5 .2 0 - 8 .9  to - 11.1 22.5 29.8

18 Dar ‘Taleb -5 .2 3 - 9 .2  to -1 1 .5 25.2 29.5

19A Tin Guettai 6.7 -5 .1 0 -9 .3  to -1 1 .9 20.6 28.1

19B Tin Guettai 5.2 -4 .4 3 - 8 .9  to -1 1 .5 28.1 27.3

20 Qued el Hadjar 7.5 -5 .2 7 - 9 .5  to - 12.1 25.1 28.2

21 Dacroz RSI7 5.3 -6 .6 4 —9.6 to -1 1 .4 23.1 29.5

22 Foum el Alba N — -7 ,3 7 — 10.4 to -1 2 .5 18.9 —

a Extrapolated to the MWL with slopes of 4 .0  and 5.5.
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TABLE П. 14C AGES, STABLE ISOTOPE COMPOSITIONS AND NOBLE 
GAS RECHARGE TEMPERATURES (RT) FOR GROUNDWATERS IN 
NORTHERN NIGER

No. Name
14C age 

(ka)
0180

(measured)
7 00 rel. SMOW 

(corrected3)
RT

C Q
Coll. T 

C Q

Recent waters

1 Anou Makaren modern b -6 .3 8 - 7 .6  to - 8 .2 25.0 35.6
2 P.N.C. 2.4b -6 .5 6 -7 .9  to - 8 .7 31.9 35.5
3 Rharous FI 2.5b -5 .6 0 -6 .5  to - 7 .0 26.5 34.9

Fossil waters

4 Ezack 7.0b -7 .5 7 - 9 .2  to -1 0 .2 23.8 36.2
5 Germawen — -6 .8 0 - 9 .0  to -1 0 .2 20.0 35.6
6 Teleguinit — -7 .11 - 8.8 to - 9 .8 20.3 39.8
8 Tibilelik — -7 .4 0 - 8.8 to - 9 .6 22.6 31.4
9 In Gitene — -7 .0 2 - 9 .0  to -1 0 .2 22.9 36.9
10 Akenzigour — -7 .0 9 -8 .1  to - 8 .7 23.3 37.5
11 Teyndi — -6 .6 7 - 9 .4  to -1 1 .0 21.1 35.7
12 Teggarot — -7 .2 2 - 8 .7  to - 9 .6 22.8 35.2
20 Tegguidda in Adrar 13.8b -7 .5 5 - 8 .7  to - 9 .4 27.2 30.1
23 Tegguidda n ’Tessoum -7 .4 5 - 7 .8  to - 8 .0 26.2 30.7
25 Arlit 424 U. Carb. 0.4 -6 .0 3 - 8 .9  to -1 0 .7 28.6 32.3
26 Arlit 248b U. Carb. 0.4C -6 .5 3 - 9 .7  to -1 1 .6 26.9 29.7
28 Tiraouene L. Carb. - -9 .0 0 - 9 .8  to -1 0 .2 24.2 39.1
30 Imouraren 14.3b -7 .5 3 - 9 .4  to -1 0 .5 22.2 . 31.5

a Extrapolated to the MWL with slopes of 4.0 and 5.5. 
b 14C corrected for chemical dilution [16].
0 From the 3H exponential model with the Bamako 3H input record; these waters were 

probably recharged at high altitude on the carboniferous outcrop.

modem recharge waters in both Mali and Niger, these temperatures should be simi
lar and close to the mean annual ground temperature if infiltrating water were ther
mally equilibrated with air in the unsaturated zone. The observed RTs are, however, 
up to 1 1  °C lower than the corresponding collection temperatures for modern waters 
(Table I). Evaporation in the unsaturated zone was advanced as a possible cause of 
cooling and thus reducing the temperature of last air equilibration [15]. About 30% 
evaporation is required to cool the remaining water by » 10°C under adiabatic con
ditions. It is thus unlikely that a clear concentration of СГ would be observed in the 
recharge zones (e.g. the СГ content of the dilute samples 2, 8  and 27 in Mali could
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nevertheless be 50% greater than that in rainfall). The seasonal drop of 2°C in sur
face temperature during the rainy season would aid this cooling mechanism. 
However, the samples are isotopically enriched along an evaporation line of slope
6 , although evaporation at the near 1 0 0 % relative humidity in the unsaturated zone 
would have an evaporation slope close to that of the meteoric water-line [34]. 
Furthermore, adiabatic conditions cannot be maintained in a system where the matrix 
and groundwater are much warmer than the recharging water so that evaporation is 
unlikely to be a sufficient explanation. Below, we shall outline some additional 
factors contributing to the reduction of surface temperatures, to a rapid infiltration 
of cooled surface water with consequent reinforcement of the RT anomaly and to 
isotopic changes due to evaporation.

It is proposed that precipitation at high altitude entraps noble gases, probably 
as air microbubbles, between microcrystals when freezing takes place. During fall 
through the atmosphere, melting causes up to 2 0 % of the raindrop mass to be evapo
rated for a raindrop with a radius of 2 mm [35]. This evaporation assists in maintain
ing the raindrops at a low temperature, but they would not increase their gas content 
as the atmospheric pressure increases because they already contain an excess of air. 
A gradual atmospheric equilibration of noble gases between rain, accumulating cold 
surface water and the atmosphere would occur. At the ground surface in an arid 
zone, the micropores in the soil zone are dry and thus highly impermeable so that 
infiltration can only occur through the larger soil channels which are readily satu
rated and highly permeable. Accumulation of rain in interdune depressions is there
fore favoured, and such water bodies can rapidly reach the water-table through these 
permeable channels. Thus the rain (or the consequent cool surface water) may be 
transmitted to the groundwater body with little air re-equilibration in the unsaturated 
zone which is effectively bypassed. The RT recorded by the groundwater is therefore 
not that of the soil zone but reflects atmospheric processes of rain formation, fall, 
surface collection and rapid infiltration with evaporative cooling at the water table.

For the suggested mechanism, the stable isotope compositions are determined 
by cloud condensation processes modified by evaporation during fall and infiltration. 
Noble gas contents are controlled by cold surface water equilibration and rapid 
infiltration. If the average cloud temperature (or altitude) varies because of climatic 
change, both S180  and RTs should indirectly reflect the climate change. Movement 
of the ITCZ to higher latitudes during periods of high seasonal temperature contrast 
could cause the rainfall over the Saharan regions to increase.

The Malian groundwaters are vertically infiltrated, and the RT depends upon 
the specific conditions of recharge. Recharge conditions appear to have been similar 
over the «  500 km northward extent of the study area and change only for the 
present recharge near Tombouctou in the south. This suggests that there has been 
a southward retreat of the ITCZ and associated squall showers since the Early Holo
cene. In Niger (Table П) it is evident that the waters of the Irhazer have RTs lower 
than those of recently recharged groundwater and that the Irhazer waters also have
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ôlsO values more negative than for the recent waters. After correction for evapora
tion, the palaeo-ô180  values are « -11.57 0 0  in Mali and «  -1 0 7 oo in Niger. 
The <5180  difference between modem rainfall in these regions is similar («  — 107oo 
lighter in Mali than in Niger). This indicates that the rainout by squall showers along 
the ITCZ occurred in a westward direction [36] during the Holocene as well as for 
the present climate.

6.2. Dissolved nitrogen

A significant excess of dissolved nitrogen with respect to air saturation at the 
RT values is observed in both aquifer systems. After correction for the contribution 
from air contamination through the entrapment of air bubbles before or during 
recharge, the nitrogen excess values are attributed to denitrification. This process 
occurs by anaerobic species of denitrifying bacteria which act upon organic carbon 
sources (principally sugars) to produce overall reactions such as:

4NOi + 5CH20  + 4H + = 2N2  + 5C02  + 7H20

In closed system conditions for nitrogen supersaturation, a requirement which 
is probably satisfied for both aquifers, the initial amount of aqueous NO3 in the 
infiltrated groundwater can be evaluated (Figs 4(a) and (b)). These diagrams show 
that the recharge waters are almost free of NO3 as would be expected for the 
present arid conditions when soil coverage is very low or non-existent. In contrast, 
groundwaters recharged during the Holocene contained up to 45 m g-kg 1 and 
30 mg-kg" 1 of nitrate in northern Mali and northern Niger, respectively. This high 
nitrate content must have been derived from natural sources involving biologically 
active soils. Such origins may include nitrogen fixing vegetation (e.g. acacia) and 
the activity of termites which have been shown to release large amounts of methane 
and nitrate to tropical soils [37]. Both explanations would indicate that typical 
Sahelian environments occurred during the Holocene up to 500 km north of the 
present limit. Nitrate input may also have increased because of the northward 
migration of grazing herbivores.

7. PALAEOHYDROLOGY

Holocene groundwaters from the southern Sahara show a cold signature in both 
heavy isotope and noble gases content. This is attributed to summer squall line 
showers from high altitude under warm average conditions of ground temperature, 
rather than to winter precipitation from westerlies or Mediterranean fronts. Reasons 
for a southern origin of precipitating vapour are found in the isotopic similarity of 
recent squall showers and of some recently recharged groundwater (corrected for 
evaporation) with fossil waters. Furthermore, palaeohydrological records [38] indi-
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cate a general warm climate in the southern Sahara after the deglaciation in high lati
tudes. Holocene squall showers associated with the monsoonal circulation at about 
20° N can be produced by exceptional meteorological events under present climatic 
conditions but are more likely to have been the result of an enhanced migration of 
the ITCZ over a distance up to 500 km northward. The second hypothesis is 
preferred because of the presence of Early Holocene permanent lake remains and 
developed soils [39, 40] in these now arid regions. The presence of palaeo-soil is 
inferred from the nitrate contents of Holocene groundwaters in the region (Fig. 4).

In northern Niger, the groundwater recharge appears compatible with the exis
tence of permanent waterbodies around 12-11 ka, 10-5 ka and ~ 2 .5  ka BP 
[13, 40]. In northern Mali, where ages are more accurate and significant, the oldest 
episode of recharge (13-11 ka BP) appears older than the earliest lacustrine deposits 
(near Erg Ine Sakane) which have been dated at 9.6  ka BP [39]. Our results thus 
show that the return to humid conditions before the Holocene sensu stricto 
(10 ka BP) in the Malian Sahara is synchronous with lacustrine evolution in the 
northern and southern margins of the Sahara [13, 14, 41].

The enhancement of summer convective rainfalls associated with the ITCZ 
movement was probably responsible for the general increase in precipitation over the 
southern and perhaps central Sahara after the hyperarid episode contemporaneous 
with the Late Glacial Maximum. According to the Milankovitch theory, the Early 
Holocene coincides with high summer insolation in the northern hemisphere. The 
consequent increase of land surface temperature in summer favoured the penetration 
of humid air from the tropical Atlantic [42] whereas an increase of the pressure/alti
tude gradient occurred north of the ITCZ. This pressure gradient would have been 
responsible for a steeper slope of the ITCZ than at present, with related low tempera
ture, high altitude showers. There is no palaeohydrological or palaeoclimatological 
evidence to suggest that the St. Helena high pressure cell reinforced the monsoonal 
circulation during the southern hemisphere winter.

The development of vegetated soils during humid periods may have provided 
a significant positive feedback on the pluviogenesis through recycling of soil humid
ity towards the atmosphere by évapotranspiration [41]. Model experiments suggest 
that changes in soil albedo due to vegetation may have enhanced the direct effects 
of the Milankovitch forcing [43].

The enhanced seasonality on the North Atlantic Ocean and the adjacent African 
continent may also have increased the penetration of humid air masses of northern 
origin during winter. Mediterranean depressions probably did not reach the western 
Sahara because of the Atlas barrier. However, westerlies may have penetrated much 
further than today on the continent and caused winter rainfall along the southern 
margin of the Atlas and over the northern and central Sahara. Further investigations, 
e.g. the study of annually laminated lacustrine sediments, are necessary to test this 
hypothesis which would imply the possible occurrence of two rainy seasons in the 
central Sahara during the Holocene.
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Abstract

INTERRELATIONS BETWEEN GROUNDWATER DATING, PALAEOCLIMATE AND 
PALAEOHYDROLOGY.

Measuring the 14C concentration and the present 513C values in soil air provides an 
approximate value of the groundwater age. This age and other measured parameters provide 
information on the palaeoclimate and, hence, the type of plant communities that grew in the 
former recharge area, providing the 513C palaeo-input function with which a more accurate 
age can be calculated. Similar feedback is provided to 36C1 based groundwater dating by the 
related location of the sea shore (determining Cl fallout rates) and to hydraulic age calculations 
by former sea levels and former depths of the water table (determining the relevant ancient 
hydraulic gradient). The atmospheric noble gas palaeothermometers recorded the average 
annual temperature that prevailed in the former recharge area only if the recharge water flew 
down through a thick enough porous aerated zone. In contrast, the concentration of the 
atmospheric noble gases in ancient groundwater that was recharged by fast infiltration through 
a thin or conduit dominated aerated zone recorded the temperature during the recharge season. 
Thus, the palaeotemperatures obtained have to be carefully weighted for what they represent
— average annual or average seasonal palaeotemperatures. Both types of information are vital 
for detailed palaeoclimate reconstructions. Additional hydrological and physiographic 
parameters providing feedback to palaeoclimate reconstructions include: location of snowline 
and dominance of snowmelt recharge; mode of flow through the aerated zone (porous versus 
conduit controlled); thickness of aerated zone (estimating the efficiency of averaging out 
seasonal temperature fluctuations and assessment of heating by the geothermal gradient); sea 
level altitude (relevant to near shore locations); and nature of hosting aquifer (flowing or 
trapped).

1. INTRODUCTION: THE NEED TO RECONSTRUCT PALAEO-INPUT 
VALUES

Palaeoclimate information is encoded in groundwaters in a variety of 
measurable parameters; those mostly applied so far are the concentrations of stable 
hydrogen and oxygen isotopes of the water molecules, dissolved atmospheric noble 
gases and, to a lesser extent, dissolved ions. The dating, too, is based on information
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encoded in groundwater, e.g. the concentration of tritium and other anthropogenic 
pollutants (covering the range of the last few decades), 39Ar (102  to 103  years), 14C 
(10 2  to 104  years), 3 6 C1 (10 5  to 106  years), radiogenic 4He (104  to 10 8  years), and 
other dating methods that are currently being developed. Thus, for palaeoclimate 
reconstructions all these parameters (and additional ones) have to be measured in 
groundwater samples.

The physical and chemical interrelations between these parameters are studied 
and calibrated on recent groundwater samples, based on measurements of the recent 
values of the various input functions and on the present behaviour of the respective 
environmental systems. However, for the interpretation of palaeoclimates we need 
palaeo-input values, and modes of palaeobehaviour of the respective climatic and 
hydrological systems, and these have to be retrieved by considerations based on the 
information supplied by all measured parameters.

2. SCREENING OF DATA FOR SAMPLES OF ‘LAST M INUTE’ MIXING
OF GROUNDWATERS OF DIFFERENT AGES

Mixing of different groundwaters as a result o f poor casing (in pumped and 
flowing wells) or occurring naturally (in springs) is always a possibility. Data 
obtained from a mixed water source are, however, meaningless for both dating of 
water and palaeoclimate reconstruction: e.g. a water sample from Baden, Switzer
land, revealed 6  TU and only 7 pmc [1]. As far as dating is concerned, this set of 
data makes no sense as it means that the water has a low age (post-bomb) and a high 
age (several half-lives of 1 4 C). The Baden sample is the example of a mixture of 
very young (post-1954) and very old ( >  30 000 years) water. Any two age indicators 
that have different half-lives may serve to identify mixed water samples, a second 
example being a well at the Lachlan Fan, Australia, that tapped confined water in 
Pliocene rocks and revealed 36 pmc and a 3 6 C1/C1 ratio of 78 x  10-15, which is sig
nificantly lower than the ratio reported for the active recharge area ( ~  170 x  10“15) 
[2]. Clearly, the accompanying ÔD and ô 180  values of such samples are a mixture, 
too, reflecting neither the composition of the young nor that of the old water compo
nent; the same holds true for the noble gas concentrations, the ion concentrations or 
the concentration of other age indicators. Data of mixed groundwater samples are 
misleading if  applied to palaeoclimate reconstructions.

The mentioned examples o f contradicting tritium and 14C concentrations or 
14C and 3 6 C1 concentrations provided a clear indication that one deals with a mix
ture of waters. However, in many cases of mixed water samples the age indicators 
are not that contradictory (e.g. mixing of two pre-bomb waters with 0 TU, or two 
waters older than 30 000 years with 0 pmc) so that other methods o f screening out 
mixed water samples are needed, e.g. variations in the ion concentration observed 
in samples periodically collected from the same spring or well, or mixing lines
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obtained in ionic scatter diagrams of water samples collected at many sources in the 
same area [3, 4]. In favourable cases the composition of the intermixing water end 
members can be retrieved [5] and applied for dating and reconstruction o f the 
palaeoclimate. Application of data o f samples of single (non-mixed) groundwaters 
is always preferable; in order to identify them the concentration o f the various age 
indicators must always be determined, and chemical analyses of repeatedly collected 
samples are needed.

3. ACTIVE AND PASSIVE AQUIFERS

When dealing with groundwaters as climatic archives it is inevitable to begin 
with the definition of the basic unit o f groundwater, the aquifer, because the proper 
calculation of groundwater age crucially depends on the correct identification of the 
nature of the respective aquifer. A variety of aquifer definitions is offered in the liter
ature; a version probably agreed upon by many investigators is: “ a body of permea
ble rock (commonly bedded) that contains water in all its voids and can sustain 
economical wells” . This definition leaves room for two basic types of aquifers: (a) 
active aquifers with distinct recharge and discharge areas, maintaining flowthrough 
that is describable by hydraulic (Darcian) flow velocity and water age equations, and 
(b) passive aquifers that have no discharge and no recharge areas; the water they 
store is static (trapped water). The best examples o f active aquifers are phreatic 
aquifers and active confined aquifers that are located above the relevant base of 
active drainage, whereas the best examples o f passive aquifers are pressurized 
aquifers in continental subsidence basins, buried beneath the local base of drainage. 
Most passive aquifers store water o f high ages — the age of the hosting rock (connate 
water) or the age of the relevant stage of subsidence [6 ]. Passive aquifers with ages 
in the range of 14C dating do, however, also exist, an example being shallow arte
sian aquifers located near Hazeva, in the Rift Valley, south of the Dead Sea [7]. 
Figure 1 portrays a transect through a nest o f boreholes in the Rift Valley, revealing 
overlying pressurized aquifers that significantly differ in their chemical compositon, 
I4C based age and pressure. The alternating sandstone and shale lenses that host the 
named groundwaters have no outcrops to act as recharge areas. A conceptual model 
of passive aquifers in the Dead Sea Rift Valley is given in Fig. 2.

The resolution of groundwater dating in active aquifers is reduced by disper
sion and other flow induced disturbances (deviation from ideal piston flow). In this 
respect, passive aquifers are advantageous as they carry the age signal of the time 
of their burial with no further dispersion effects. Also, in active aquifers, leakage 
through leaky aquicludes may interfere with proper age calculations, a process that 
the passive aquifers are free from.

The passive aquifers provide water samples collected by nature at a point of 
time and preserved underground from secondary flow induced interfering processes.
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FIG. I. Continental sediments in the Rift Valley, south o f  the Dead Sea: data and transect 
o f a nest o f  wells, 15/t, and well 8, 100 m away. Because o f  the significant differences in 
pressure and chemical composition as well as the age differences, three distinct passive 
aquifers À, B, and С were defined in this example, separated by hydraulic discontinuities [7]. 
Considerations o f  this nature lead to the model set forth in Fig. 2.

4. PALAEO-CHANGES OF THE ENVIRONMENT TO BE TAKEN INTO
ACCOUNT IN PALAEOCLIMATE STUDIES

4.1. Mode of flow of recharged water in the aerated zone

Recharge through a porous medium is relatively slow, and the water flowing 
down to the saturated zone undergoes two important processes: (a) partial evapora
tion from the uppermost region, influencing the stable isotope composition, and
(b) constant temperature re-equilibration; as a result, water enters the saturated zone 
at the temperature prevailing at the base of the aerated zone (which equals the local 
average ambient temperature if the aerated zone is deeper than 15 m, plus added 
heating by the geothermal gradient in the case of deeper aerated zones). In contrast, 
recharge intake through fractures and karstic conduits is fast, and hence (a) no evapo
ration takes place from the upper aerated zone, preserving the isotopic composition 
of the recharged precipitation water, and (b) the water enters the saturated zone with 
a ‘memory’ o f the temperature prevailing during the recharge season.
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FIG. 2. Suggested model o f  passive artesian aquifers, constituting pressurized groundwater 
traps, derived fo r the Rift Valley, south o f  the Dead Sea, in the Hazeva area, Israel [7]. Pas
sive aquifers are ideal fo r  groundwater dating and palaeoclimate reconstruction as they pro 
vide water samples recharged during a brief period and are only minimally affected by 
dispersion and other flow  induced processes.

Thus, the nature of the recharge intake of a studied palaeowater has to be 
defined by comparison with the present nature of the relevant recharge zone and 
incorporation of palaeo-feedbacks, partially discussed in the following sections. The 
effect in terms of noble gas palaeotemperatures can be demonstrated by an example 
from northern Israel: the average temperature in the rainy winter season is about 
10°C lower than the average annual temperature, and this effect has been observed 
in noble gas temperatures of recent (tritium containing) groundwaters that reflected 
the average annual temperatures in springs fed by porous aerated zones, in contrast 
to about 6 °C lower noble gas temperatures obtained for karstic springs fed by winter 
rains and snowmelt water [8 ].

4.2. Nature of sampled aquifer

The nature of any studied aquifer has to be determined in terms of active flow 
or static entrapment [6 ]. Active aquifers have the advantage that hydraulic age calcu
lations may be applicable, especially for active confined aquifers [9], but isotopic 
age determinations (mainly 14C based) may have low resolution due to disper
sion [10]. Passive aquifers seem to provide higher quality water dating as they con
stitute uniform and well preserved groundwater samples, recharged over a short time 
interval. It is most important that, in the case of passive aquifers, hydraulic age cal
culations should not be applied [9].

4.3. Snow line shifts

During colder climates the snowlines were lower, influencing: (a) the role of 
snowmelt in the recharge of a studied palaeowater, relevant to the understanding of 
obtained noble gas based palaeotemperatures, as discussed above (do they represent
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the average annual temperature or nearly that of the snowmelt?); (b) the altitude of 
the area of active recharge, relevant to the altitude effect taken into account in stable 
isotope palaeoclimate deductions; (c) the altitude to be applied as paleo-input in cal
culating noble gas temperatures (e.g. a change of 2 0 0  m in the altitude of the 
recharge area implies a nearly 2.5 % change in Xe solubility, equivalent to about 1 °C 
in the noble gas temperature calculation [ 1 1 ]), and (d) the hydraulic gradient to be 
applied to hydraulic groundwater age calculations.

4.4. Water table variations

Changes in the depth of the water table and the respective thickness of the aer
ated zone influence: (a) the hydraulic palaeogradients necessary for hydraulic age 
calculations; (b) the degree of recharge water intake through a porous medium or 
conduits; (c) groundwater heating by the geothermal gradient, important in the 
interpretation of obtained noble gas based palaeotemperatures (an increase in the 
depth of a porous aerated zone by 1 0 0  m could have increased the water temperature 
by about 2°C , to be deducted from the obtained temperature in order to determine 
the average palaeotemperature that prevailed on the surface); and (d) the extent of 
operating gravitational gas differentiation in the case of deep aerated zones [ 1 0 ], 
relevant to the intercomparison of temperatures obtained by Ar, Kr and Xe 
measurements.

4.5. Sea level changes

Water levels in the oceans were lower by over 150 m during the ice ages, and 
similar water level fluctuations occurred in lakes and inland seas owing to climatic 
changes and tectonic events, influencing in the near shore regions: (a) the depth of 
the water table and the depth of the aerated zone; (b) the altitude of the base of 
drainage and the intensity of the respective hydraulic gradient [ 1 2 ]; (c) the karst 
activity and hence the mode of flow of recharged water into the aerated zone (porous 
versus conduit flow); (d) the rate of Cl fallout determining the paleo-input value of 
the relevant initial 3 6 C1/C1 ratio, needed for 3 6 C1 based groundwater dating (could 
vary from the value calculated for recent conditions [13] or locally measured in 
recent groundwaters [14]).

4.6. Type of plant community that grew in the recharge zone

The type of plant community that grew in the palaeorecharge area is relevant 
to the <513C input value, applied to correct the measured 14C concentration in order 
to cater for water-rock interactions. Plant communities in the ice ages were exposed 
to: (a) colder climate; (b) generally drier air; and (c) distinctly lower concentration 
of C 0 2  in the atmosphere. These parameters could cause the growth of plants that
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produce different (more positive?) ô 13C values in the soil air as compared to the 
plants growing at present in the recharge area, necessitating a different (smaller?) 
correction o f the measured 14C in order to calculate the initial 14C concentration in 
the palaeowater studied.

5. POSSIBLE AMPLIFICATION OF THE TEMPERATURE CHANGE 
RECORDED BY NOBLE GASES

A relatively small drop in the average temperature during the ice age caused 
a shift of the rainy season from summer to winter rains, and/or the mentioned 
increase in the role of snow melt. Such a climatic change would not affect the noble 
gas based paleaotemperatures in the case of groundwater recharged through a porous 
aerated zone of a thickness that is sufficient to average out the seasonal and multi
annual temperature variations (> 1 5  m). However, this would result in an amplifica
tion of the temperature change recorded by noble gases in the case of water percolat
ing fast through a thin or conduit dominated aerated zone because in such systems 
the noble gas concentrations reflect a temperature that is between that of the rainy 
season or snowmelt and the average annual temperature [8 ].

Effects of this nature should be borne in mind when addressing an incon
sistency between reconstructed oceanic and continental temperatures as pointed out 
by Ref. [15]. These authors reported a temperature decrease of about 5°C during the 
last glacial maximum, as recorded by noble gases in groundwaters of the Carrizo 
aquifer, Texas, whereas the corresponding temperature decrease of the ocean surface 
was only about 2°C lower, as indicated by oxygen isotope measurements on 
foraminifera and faunal abundances in deep sea sediments.

Thus, in order to get noble gas based palaeotemperatures that represent the 
average annual temperatures, study areas should be selected to answer: (a) remote
ness from past snowmelt recharge areas, and (b) systems that received recharge 
through thick enough aerated zones in which porous flow dominated. On the other 
hand, the seasonal variations that accompanied the climatic changes of the past are 
best retrieved from groundwaters that (a) were recharged through thin aerated or 
conduit dominated zones, and (b) were located near former snowmelt recharge 
zones.

6 . APPLICATION OF THE DATING,
PALAEOHYDROLOGICAL AND PALAEOCLIMATE FEEDBACKS

Data processing has to be done in stages; for example:

(a) The data have to be screened for possible mixing of waters from different 
aquifers, and only data from single aquifer samples, or values deduced for end 
members, should be applied to
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(b) the calculation of an approximate water age by the present day input functions, 
e.g. in terms of initial 14C concentration in the recharged groundwater and 
initial <513C value of soil C 0 2; initial 3 6 C1/C1 ratio in the recharged water; or 
location and altitude of the present base of drainage, and the respective present 
hydraulic gradient;

(c) with the crude age one can estimate the palaeoenvironmental conditions, e.g.
in terms of glacial or interglacial period, sea level, distance of the
palaeorecharge area from the sea shore, season of major recharge, altitude of 
former water table, former évapotranspiration intensity, or the type of plant 
community that prevailed at the studied palaeorecharge site, serving to:

(d) deduce the palaeo-input functions, with which:
(e) the groundwater age can be calculated more precisely, leading to:
(f) a final reconstruction of the palaeoclimate conditions.

7. CONCLUSIONS

Palaeoclimate reconstructions based on groundwater information necessitate a 
full reconstruction o f the relevant palaeohydrology of the studied groundwater sys
tems in terms of altitude and location of the recharge area, type of plant community 
in the recharge area, distance of the recharge area from the former sea shore, loca
tion of the base of drainage and the related hydraulic gradient, mode of flow through 
the aerated zone, flowing or trapped nature of the water in the aquifer, nature of 
water-rock interactions, and more.

The long list of parameters and observations involved may sound inhibitive, 
but a comprehensive understanding of the studied palaeoenvironments is gained in 
terms of the ancient climate, geomorphology and hydrology, as well as relatively 
precise dating of the reconstructed systems.
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A bstract

RECONSTRUCTION OF LATE GLACIAL CLIMATES FROM THE GROUNDWATER 
ARCHIVE: СГ AND 36C1 IN THE CARRIZO AQUIFER, TEXAS.

The climate history (temperature and precipitation minus évapotranspiration) of 
southern Texas was reconstructed for the past 35 ka, on the basis of groundwater data from 
the Carrizo aquifer. Palaeotemperatures derived from noble gases dissolved in groundwater 
indicate a mean annual temperature 5°C lower than today for the last glacial maximum. 
Recharge rates (a measure of precipitation minus évapotranspiration) were estimated from 
СГ and from 36C1 concentrations after performing corrections for variations of atmospheric 
СГ and 36C1 deposition rates. The two lines of evidence are consistent and indicate that the 
recharge rate between 16 and 20 ka was up to 100% higher than today. The occurrence of 
high lake levels in the Great Basin during that period suggests that the shift to a wetter climate 
during the late glacial was a common feature of the southwestern and southern United States 
of America.

1. INTRODUCTION

Reconstruction of past climates has been attempted from many archives: deep 
sea cores, tree rings, cave deposits, lake sediments and ice cores, to name a few. 
The number of studies using groundwater as an archive of palaeoclimate has been

* Also Department of Geological Sciences, Columbia University, New York, USA.
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rather limited so far. However, recent work has demonstrated the potential o f this 
approach [1-3]. The most promising indicators of climate are atmospheric noble 
gases dissolved in groundwater, stable isotopes (D, 1 8 0 )  of the water molecule, and 
conservative ions of meteoric origin (СГ, B r ) .  Under favourable conditions, these 
parameters may be used to reconstruct past temperatures, humidity, precipitation 
minus évapotranspiration (P -  E) and atmospheric moisture transport patterns.

Climate records derived from groundwater have several advantages. The noble 
gas thermometer is characterized by a straightforward relationship between tempera
ture and noble gas concentrations. The conversion from concentration to temperature 
is based on the well known temperature dependence of the solubility of noble gases 
in water. The groundwater system is a low pass filter, i.e. it is not able to record 
high frequency fluctuations of climate. It also means that the record is not disturbed 
by short term events but reflects average climate conditions on time-scales of the 
order of several centuries to several thousand years [3]. Another advantage of the 
groundwater archive is that the individual climate sensitive parameters may be 
measured on the same water sample and several climate records can be derived from 
the same set of samples. Groundwater dating is crucial for establishing climate 
records, and radiocarbon is the only method available in the 1 to 30 ka time range. 
Groundwater 14C dating is difficult because of the complex carbon hydrochemistry. 
Also, mixing of groundwater from different aquifers may render the interpretation 
of concentration patterns in terms of climate impossible. A thorough knowledge of 
the hydrogeology and the hydrochemistry is therefore a precondition for the use of 
aquifers as archives of palaeoclimate.

Dating of groundwater is also important for a better understanding of ground
water circulation and its implications for the management of groundwater as a 
resource or as a barrier for contaminants. As soon as records of palaeoclimate have 
been established for different climates and regions in comparatively simple ground
water flow systems, it will be possible to reverse the argument and use palaeocli
matic signals to check dating of groundwater in complex systems where dating with 
14C is uncertain.

Several studies have been performed to reconstruct palaeotemperatures from 
noble gas concentrations (e.g. Ref. [3]) or from stable isotopes in groundwater (e.g. 
Ref. [1]). The potential of stable Cl in combination with 3 6 C1 as a measure of 
P -  E has been less thoroughly explored. In the following, we want to apply this 
method to a well studied, 14C dated aquifer for which a noble gas temperature 
record is already available: the Carrizo aquifer in southern Texas.

2. С Г , Br- AND 3 6 C1 IN PRECIPITATION AND GROUNDWATER

Cl" is a major component of marine aerosols. The mean concentration of C l
in atmospheric precipitation is relatively constant within the interior of the United
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States of America and increases rapidly as the coastline is approached [4, 5]. Br/CI 
ratios in precipitation are slightly higher than in sea water as observed in precipita
tion in Hawaii and Barrow, Alaska [6 , 7]. The ratio increases with decreasing Cl 
concentration [6 , 7], probably because of fractionation processes in the atmosphere.

Precipitation falling on the ground may dissolve Cl" and B r ' deposited as dry 
fallout. Unfortunately, there are very few high quality data on dry deposition which 
makes it difficult to evaluate this additional contribution. Before reaching the water 
table, precipitation water will be enriched in С Г and Br" by évapotranspiration, in 
particular in semiarid or arid climates. Both ions behave conservatively in ground
water. For concentrations below the saturation level no process is known that would 
remove the ions from the solution. However, groundwater may dissolve chlorides 
on its subsurface pathway which would mask the meteoric signal. Halite is character
ized by a very low B r“/C l“ ratio, at least one order of magnitude below sea water, 
and therefore the occurrence of this process can be detected.

The (meteoric) СГ concentration in groundwater is related to climate in two 
ways. The deposition rate of С Г may change according to the variations of the 
distance along atmospheric transport paths between coastline and recharge area of 
the aquifer induced by sea level fluctuations. In addition, С Г concentrations in 
groundwater will reflect variations in recharge rate, which is a good measure of the 
difference between precipitation and évapotranspiration (P -  E). If surface flow can 
be neglected the recharge rate for coastal aquifers may be calculated in the following 
way: (1) correction of С Г concentrations in groundwater for changes in deposition 
rate due to variations in distance between coastline and recharge area and (2 ) use of 
the following formula:

СГ deposition rate
recharge rate =  — ------------------------------------------- ( 1 )

Cl concentration in groundwater

3 6 C1 (ti/j =  301 ka) is produced in the atmosphere by spallation of 4 0 Ar, К 
and Ca induced by cosmic rays and by thermal neutron absorption by 3 6 Ar, 3 5 C1 
and 39K [8 ]. The production rate is controlled by the cosmic ray flux and the 
strength of the Earth’s magnetic field. 3 6 C1 expressed as a concentration per volume 
of water is enriched in the same way as С Г by évapotranspiration near the surface, 
while the 3 6 C1/C1' ratio is not affected by this process. If residence times of the 
groundwater exceed about 50 ka, radioactive decay and, depending on the neutron 
flux in the aquifer, in situ production have to.be taken into account [9 ].

Information on climate can be derived in the following way from 3 6 C1:
(1) correcting measured 3 6 C1 concentrations for radioactive decay, (2) correcting
3 6 C1 concentrations for changes in deposition rate due to variations in cosmogenic 
production rate and radioactive decay and (3) calculation of the recharge rate by
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FIG. 1. Parameters relevant fo r  the reconstruction o f  palaeoclimate in the Carrizo aquifer, 
Texas, as a function o f  age. The time-scale is based on extrapolated 14С ages [13]. (a) Noble 
gas palaeotemperatures [15]. The mean annual temperature fo r  the last glacial maximum was 
5 °С lower than today, (b) СГ concentrations o f wells not affected by mixing between water 
from the Carrizo and other aquifers (116 wells). The error bars indicate the variability o f  the 
СГ measurements over the last 30 years, (c) 36Cl concentration. Some data are taken from  
Ref. [19]. (d) Distance between recharge area o f the Carrizo aquifer and the coast and the 
corresponding change in СГ deposition rate, (e) Recharge rates reconstructed from CT (b.) 
and from 36 Cl (o  , a  ) concentrations. The correction fo r deposition rate changes were done 
on the basis o f  reconstructed magnetic field  variations (Maz, о [20]) and on 36Cl/Cl ratios 
o f pack rat middens (PR, •  , F.M. Phillips, unpublished data (1993)).
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recharge rate =  ~
i0Cl concentration in groundwater

Surface flow is again neglected in this equation. Most of the 3 6 C1 studies in ground
water were focused on its potential for dating. Howéver, there are a few studies 
where the combination of Cl" and 3 6 C1 as indicators of climate was applied for 
example: Cl" and 3 6 C1 concentrations of groundwater from an aquifer in Maryland 
were related to sea level changes and to P -  E during the late glacial-Holocene 
transition [10]. Regional evaporation rates were also determined on several water 
bodies in Israel on the basis of С Г and 3 6 C1 measurements [11]. Bentley et al. [8 ] 
performed some measurements of 3 6 C1 on groundwater of the Carrizo aquifer (see 
next section).

3. CARRIZO AQUIFER, TEXAS

Our study was performed on groundwater o f the Carrizo aquifer in the Gulf 
coastal plain of southern Texas. The Carrizo sandstone in Atascosa and McMullen 
counties (approximate location: 98°30' W 29°00' N) is a confined, massive, medium 
grained sandstone aquifer of Eocene age. The sandstone crops out at a distance of 
2 0 0  km from the coast at an elevation of about 2 0 0  m above sea level and dips 
towards the coast in a southeastern direction with a more or less constant slope of 
about 20 m per 1000 m. Rainfall recharges the aquifer in the outcrop and ground
water is following the structural/depositional dip until it discharges through confin
ing beds into overlying aquifers [12]. A systematic hydrochemical evolution occurs 
along the flow path: the concentrations of totally dissolved solids increase gradually, 
and waters rich in calcium, sodium, bicarbonate and chloride change to waters rich 
in sodium bicarbonate [ 1 2 ].

Hydrochemical data collected over 30 years indicate that the occurrence of 
mixing between the Carrizo aquifer and other aquifers induced by leaky wells is 
limited and easy to recognize. In one of the classic studies on groundwater dating
[13], a systematic increase of the 14C age with distance was found. Hydraulic ages 
derived from a groundwater flow model were found to be consistent with the 14C 
ages within about 20% [14]. In a recent study, a palaeotemperature record based on 
noble gas concentrations was established for the Carrizo aquifer [15]. The aquifer 
was sampled at the same time for 1 4 C, but not all the data are available at this time. 
Therefore, dating of the record was based on published 14C data [13]. This seems 
to be justified because the chemistry of the aquifer was found to be stable over the 
last 30 years. Noble gas palaeotemperatures of the Carrizo aquifer indicate that the 
mean annual temperature in southern Texas was about 5°C lower during the last 
glacial maximum (between 12 ka and 17 ka BP according to 1 4 C) than, today 
(Fig. 1(a) [15]).

Cl deposition rate _
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4. METHODS

During a field trip in October 1990, the Carrizo was sampled for hydro
chemistry, noble gases, tritium, 14C and 3 6 C1. Samples for C l“ and Br“ were taken 
in 250 mL high density polyethylene (HDPE) bottles, for 3 6 C1 in 500 mL glass 
bottles. Br” concentrations were measured with an ion chromatograph by H. Jacob 
of the Institute of Environmental Physics, Heidelberg. The C l“ concentrations were 
determined at the Lamont-Doherty Earth Observatory of Columbia University with 
a silver electrode automatic titrator. For 3 6 C1 measurement, chloride was precipi
tated with A gN 0 3  and then purified by washing with distilled water, dissolution in 
NH4 OH, reprecipitation, rewashing and repetition of the procedure. The purified 
AgCl was dried and stored in sealed boxes. The 3 6 C1 determinations were per
formed with the tandem accelerator mass spectrometer at Purdue University accord
ing to techniques developed by Elmore and others [16].

5. RESULTS AND DISCUSSION

5.1. Chronology

In the following, we interpret СГ and 3 6 C1 data as proxy for climate change. 
The linear relationship between 14C ages [13] and distance from the recharge area 
along flowlines was used to convert distances into ages [15]. Ages in excess of 30 ka 
based on this linear extrapolation are less well constrained since the 14C content is 
below the detection limit. The time-scale used in this study is characterized by 
(systematic) errors in the range of a few thousand years.

5.2. Distribution of Cl in the Carrizo aquifer

Figure 2(a) shows the distribution of С Г concentrations in the Carrizo 
aquifer. Most data fall into a narrow band at the bottom of the diagram. The remain
ing points can be explained as mixtures between Carrizo water and groundwater 
from over- or underlying aquifers. In order to clean the C l” data set, the chemical 
analyses of water thought to be from wells in the Carrizo aquifer were examined. 
A number of criteria were used to identify wells of pure Carrizo water. Firstly, no 
wells from the heavily pumped area around Poteet (in the northern part of Atascosa 
county) were considered. Secondly, no wells in which the chemistry varied over the 
years by more than 30% of the mean value were considered (nine wells removed). 
Fingerprint diagrams of the anions were produced for the remaining wells. They 
were grouped in 5 or 10 km intervals. Wells in which the chemistry of all of the 
anions (HCO 3 , SÓ4 , Cl, F) differs from average water were removed in each inter
val. Twenty-three wells were omitted by this procedure, leaving 116 wells of
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Age based on ,4C (a)

FIG. 2. (а) СГ concentrations o f wells believed to tap the Carrizo aquifer. Wells marked by 
X  were identified as mixtures and omitted in Fig. 1(b). (b) Br/Cl ratios as a function o f age. 
The time-scale is based on extrapolated I4C ages [13]. В г'/С Г ratios (average 
(2.13 ±  0.28) x 10~3) are slightly higher than the oceanic ratio (1.54 x 10~3).

relatively pure Carrizo water (Fig. 1(b)). The С Г concentration shows a minimum 
during the late glacial period which is broader than the minimum in noble gas 
temperatures.

В г7С Г  ratios determined for the Carrizo aquifer (average (2.13 + 0.28 
X 10~3) are slightly higher than the oceanic ratio (1.54 x  10“3) indicating that Cl" 
in the Carrizo is dominantly of meteoric origin (Fig. 2(b)). The Cl" wet deposition 
rate measured by the National Atmospheric Deposition Program (NADP) stations in 
Texas decreases rapidly from the coastline towards the interior (Fig. 3, data from 
Ref. [17]). The interannual variability of the mean deposition rate was greater closer 
to the coast. The deposition rate averaged over seven years (1985-1991) at a distance 
of approximately 200 km is about 14.1 mmol/(m 2 -a) and decreases to values 
around 2 mmol/(m 2 -a) at a distance of 850 km from the coast.

During glacial periods, large amounts of sea water were trapped in ice sheets 
and the sea level was considerably lower than today, at the time of the last glacial 
maximum, by about 120 m [18]. Along with the drop of the sea level, the coastline 
moved further away from the recharge area of the Carrizo aquifer. The bathymetry 
of the Gulf of Mexico shows a sudden, very steep drop from 75 m to 1000 m at a 
distance of about 325 km from the recharge area. The position of the coastline would 
shift during the first 75 m of sea level drop, but would be almost unaffected by any



TABLE I. 1 4C, C l' AND 3 6 C1 DATA, DEPOSITION RATES AND RECHARGE RATES DERIVED FOR THE CARRIZO AQUIFER, 
TEXAS. СГ and 3 6 C1 data for samples marked by asterisks were taken from Ref. [19]. PR stands for ‘pack rat’.

Sample
No.

Distance from 
recharge 

(km)

Age l4C 
based 

(a)

Cl
(meq/L)

36C1/L 
(x  107)

±
(x  107)

Cl deposition 
rate

(mmol-m‘2-a '')

Cl
recharge rate 

(mm/a)

Rc!. prod. 
(Mazaud)

Rel. prod. 
(PR)

36C1 (Mazaud) 
recharge rate •' 

(mm/a)

36C1 (PR) 
recharge rate 

(mm/a)

AL-68-51-803* 3.0 0 3.64 19.74 1.97 — - - — - -

AL-68-59-504* 12.9 1 836 1.47 2.83 0.27 14.1 9.6 1.0 1.0 9.6 9.6

AL-78-05-104* 29.0 9 468 0.92 3.53 0.33 10.9 11.9 1.1 1.3 8.4 9.4

Tx 21 32.5 11 127 0.83 5.21 0.29 10.9 13.1 1.1 2.2 5.8 11.0

AL-78-12-201* 38.6 14 018 1.14 5.49 0.55 10.9 9.6 1.3 2.2 6.1 10.4

Tx 28 44.1 16 625 0.59 3.22 0.27 10.9 18.5 1.4 2.1 11.3 16.9

Tx 4 51.8 20 275 0.50 2.74 0.57 10.9 21.8 1.5 2.3 14.4 21.6

Tx 33 63.6 25 869 1.71 6.47 0.82 10.9 6.4 1.3 1.9 5.1 7.6

Tx 25 67.4 27 670 2.21 8.14 0.89 10.9 4.9 1.3 2.0 4.1 6.2

SU-78-36-201* 80.3 33 785 2.06 7.31 0.74 10.9 5.3 1.1 1.6 3.6 5.4

SU-78-51-201* 99.6 - 6.58 7.13 0.79 — — — —
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Distance from coast (km)

FIG. 3. СГ deposition rate in Texas as a function o f the distance from the coast [17]. The 
symbol +  identifies average deposition rates for individual years, •  represents multiannual 
averages. The linear fit  is considered more appropriate for the change in deposition rate 
between 200 km (today) and 325 km (last glacial maximum) than the exponential fit.

further drop. This means that during the Pleistocene the coastline of the Gulf of 
Mexico switched back and forth between two positions, about 200 km and 325 km 
distance from the recharge area of the Carrizo aquifer (Fig. 1(d)). With the coastline, 
the gradient of the C l ' deposition rate is expected to have been shifted, and the Cl" 
deposition in the recharge area was reduced by 23% to 10.9 mmol/(m 2 -a) during 
the cold periods of the Pleistocene (Fig. 3; in the 200 to 325 km range, a linear fit 
is more appropriate than the exponential). On the basis of С Г deposition rates and 
C l ' concentrations, recharge rates were calculated from Eq. (1) (Table I, Fig. 1(e)). 
Unfortunately, there are no reliable data available for dry deposition rates. The 
calculated recharge rates may hence be underestimated by Eq. (1).

5.3. Distribution of 36CI in the Carrizo aquifer

Six 3 6 C1 measurements were performed in the early 1980s on Carrizo ground
water [8 , 19]. The slight increase of the 3 6 C1 concentration with age was interpreted 
as a reflection of ion filtration and the variation in C l ' concentration as a measure 
of the fluctuation of the coastline. Additional measurements were performed in the 
framework of this study and interpreted in view of new data on C l ' and 3 6 C1 deposi
tion rates as a function of time.

The results of the 3 6 C1 measurements are reported in Table I. Some of the 
data, marked by asterisks in Table I, were taken from Ref. [19].

The 3 6 C1 concentration record is characterized by two peaks, one between 
11 ka and 14 ka and another around 28 ka (Fig. 1(c)). The first and the last sample 
in Table I are not considered here. The first sample (AL-68-51-803) is of recent
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origin and contains 3 6 C1 produced by nuclear bomb tests in the 1960s [8 ]. The last 
sample (SU-78-51-201) is being omitted because it was collected at the very end of 
the aquifer and its age is uncertain. The second sample (AL-68-59-504, 14C age: 
1.8 ka) was chosen as a reference point for our calculations. Its 3 6 C1/C1 ratio 
(32 x  10“15) is very close to the ratio calculated for the recharge area of the 
Carrizo (30 X 10-15) using the latitudinal dependence of the 3 6 C1 fallout and the 
exponential decrease of the sea salt contribution as a function of distance from the 
coast [8 ].

Radioactive decay of 3 6 C1 plays only a minor role because the residence time 
of the groundwater considered here is small compared to the half-life of 3 6 C1 
(301 ka). However, for the calculation of the recharge rates below, the 3 6 C1 con
centrations were corrected for radioactive decay.

In aquifers, the in situ production of 3 6 C1 is dominated by the 3 5 Cl(n,Y)36Cl 
reaction [9]. This reaction takes place in the rocks as well as in the water. The 
equilibrium 3 6 C1/C1 ratio for a typical sandstone is about 10 X 10 ' 1 5  (Milk River 
aquifer [9]), which is about one third of the lowest 3 6 C1/C1 ratio measured in the 
Carrizo aquifer. C l ' leached from the rock would have this ratio, while С Г in the 
water would approaches the equilibrium concentration only if its residence time con
siderably exceeds the half-life of 3 6 C1 (301 ka). However, В г7С Г ratios of the 
Carrizo aquifer exclude the dissolution of significant amounts of С Г in the aquifer, 
and the age of the water is much lower than the half-life of 3 6 C1 . Therefore, in situ 
production does not have to be considered in the Carrizo aquifer.

After correction for radioactive decay based on the 14C ages and excluding in 
situ production, the 3 6 C1 data can be translated into a climate record if corrections 
for changes in the 3 6 C1 deposition rate are performed. This correction was done in 
two ways: ( 1 ) on the basis of cosmogenic production rate changes due to variations 
p f the Earth’s magnetic field (Mazaud et al. [20]), and (2) from 3 6 C1/C1 ratios mea
sured in pack rat middens in the deserts of the western United States of America 
(F.M . Phillips, unpublished data, 1993). Table I lists the variations according to the 
two sources normalized to the deposition rate at 1.8 ka (sample AL-68-59-504). 
Recharge rates were then calculated by using Eq. (2) and normalized to the recharge 
rate at 1 . 8  ka of 9.6 mm/a. Figure 1(e) shows a summary of the recharge rates calcu
lated from 3 6 C1 and С Г. All three reconstructions indicate higher recharge rates 
(wetter climate, higher P -  E) during the late glacial period with a peak near the 
last glacial maximum. There is an excellent agreement between the С Г and the 
pack rat midden corrected 3 6 C1 recharge rate, which seems to indicate that the cor
responding deposition rate is a better estimate for the southwestern United States of 
America than the estimate from Ref. [20].

Another way of reconstructing P — E is to determine levels of closed basin 
lakes as a function of time. As summarized by Benson et al. [21], the lakes in the 
Great Basin in the western United States of America all indicate a wetter climate 
during the late glacial period in accordance with our record. However, most of the
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dated highstands of the lakes in the Great Basin occurred slightly later (between 
11 and 16 ka) than the maximum recharge rate of the Carrizo aquifer. Another 
earlier compilation [22] of the lake levels in the western United States of America 
dated the highstand of the lakes actually between 14 and 24 ka, which would 
perfectly match our record. Considering all the uncertainties in the reconstruction 
of recharge rates from С Г and 3 6 C1, the large gaps in the lake level curves and the 
dating uncertainties, the agreement between the records must be considered as good 
as it can be. The С Г and 3 6 C1 data from the Carrizo aquifer indicate that the major 
shift to a wetter climate in the western United States during the late glacial period 
also influenced the climate in Texas. As a result, recharge rates doubled between 
16 ka and 2 0  ka.
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Abstract

ISOTOPIC COMPOSITION OF GROUNDWATERS AND PALAEOCLIMATE AT 
AQUIFER RECHARGE.

Relationships between noble gas recharge temperature and groundwater l80  contents 
for recent and palaeogroundwaters are compared with those between the l80  content of 
modem precipitation and ground level temperatures in various geographical regions. Stable 
isotope data of the IAEA/WMO database were corrected for evaporation to derive the slope 
of ô180/T plots for Europe and the Sahel. The long term mean l80  contents of precipitation 

decrease eastwards across Europe and westwards across the Sahel. The reasons for these 
different trends are discussed.

1. INTRODUCTION

Climatic conditions at groundwater recharge may affect its composition in var
ious ways. The stable isotope composition of the groundwater is determined by tem
perature conditions for both the oceanic evaporation and for the subsequent 
precipitation formation near the site o f recharge. Groundwater solutes may be 
influenced by the amount of recharge and prevailing temperature for the catchment, 
both o f which influence the extent o f erosional and water-rock interaction processes. 
Extensive or frequent snow/ice cover may influence the isotopic and chemical com
position of groundwater by contributing meltwaters to the recharge, and permafrost 
conditions may totally inhibit groundwater recharge. Amongst groundwater solutes, 
the noble gases are unique in being influenced only by the temperature of the unsatu
rated zone during recharge and by the atmospheric content of these gases. As the 
atmospheric composition has remained constant since the Palaeozoic, the tempera
ture variations during the Pleistocene climatic changes should be the sole controlling 
influence on the noble gas composition of groundwater.

2. NOBLE GASES IN GROUNDWATERS

The noble gas composition of the atmosphere is well defined [1 ,2 ]  and the 
proportions of each gas present are invariant with pressure (at least in the altitude
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zone where groundwater recharge occurs) and with temperature. Consequently, the 
amounts of dissolved noble gases in groundwater are determined by the temperature 
at which air equilibration occurred during recharge. It is thus possible to assess the 
palaeoclimate which prevailed during groundwater infiltration from estimates of the 
air equilibration temperatures derived from an analysis of the volumes of gas dis
solved and the noble gas solubility/temperature relationships. Geochemical 
processes in the shallow crust, for example the release of 40Ar by alteration of 
minerals in which it has accumulated, may increase the amount of dissolved Ar dur
ing groundwater circulation. The N2/Ar ratio in solution may increase owing to 
bacterial reduction of nitrate to N 2  in reducing groundwater [3, 4].

To estimate the recharge temperature (TR) it is essential that the noble gas 
content of the groundwater remains representative of that existing in the aquifer. 
Loss of gas due to supersaturation by decrease of the hydrostatic pressure during 
sample collection must be avoided. The solution of biogenic gases (C 0 2  and CH4) 
and the temperature increase due to the geothermal gradient may cause groundwater 
to become supersaturated with gas during circulation. These gases generally remain 
in solution because of large hydrostatic pressures in the aquifer but may readily be 
lost with a consequent outgassing of noble gases by depressurization during the 
sampling procedure. To estimate the TR values, only dissolved Ne, Ar, Kr and Xe 
contents may be utilized as the He content of almost all groundwaters exceeds that 
of air equilibrated water because of dissolution of radiogenic He within the aquifer. 
Radiogenic 40Ar dissolution must be estimated from any increase in the 4 0 A r/36Ar 
ratio relative to the atmospheric ratio.

2.1. Noble gas solubilities

The isotopic composition of atmospheric noble gases and their partial pressures 
in the atmosphere have been accurately determined [1, 2]. The amount of each gas 
dissolved on equilibration of water with the atmosphere may be calculated from 
Henry’s law:

n¡ =  Pi/kj (1)

where n¡ is the number of moles of gas i dissolved in 1  mol of water at partial pres
sure p¡, and k¡ is the Henry’s law constant (atm ' 1 ) 1 for the temperature of 
equilibration. This can be expressed more conveniently in the form:

Sj =  f tp i/1 0 0 0  (2)

1 1 atm  =  105 Pa.
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where S¡ is the amount of gas i dissolved (cm 3 (STP)-cm -3 H 2 0 )  at its atmospheric 
partial pressure p¡ (atm) and /3¡ is the Bunsen coefficient for the gas 
(cm 3 (STP)-L_1 -a tm '1). The Bunsen coefficient and the Henry’s law constant are 
related by the equation:

f t =  1.244 x  lO V ki (3)

where p is the solution density (g-cm "3) at the equilibration temperature. The 
numerical constant in this equation expresses the dissolved gas volume at 0°C and 
1 atm (STP). Henry’s law and Bunsen coefficients depend upon temperature, and the 
gas solubilities decrease as the temperature increases. The temperature dependence 
of solubility for atmospheric gases in distilled water has been determined experimen
tally [5-8] and measurements for saline waters have also been reported [9, 10]. 
These data are all in good agreement over the temperature range at which ground
water recharge occurs.

2.2. Solution of excess air

The major process for noble and permanent gas dissolution by groundwater is 
equilibration with the atmosphere during recharge. During infiltration, however, 
additional or excess air [ 1 1 ] is entrained and this gaseous phase enters solution, 
together with any radiogenic or biogenic gases subsequently produced, as the 
hydrostatic pressure increases during migration within the aquifer.

The dissolution of atmospheric gases by air equilibration depends upon the 
temperature and partial pressures of atmospheric gases in the soil atmosphere and 
is controlled by Henry’s law in the case of dilute solutions. The excess air component 
of dissolved gas may vary from 0  to more than 1 0 0 % of the air equilibration compo
nent and must be determined experimentally [12-15]. Its magnitude probably 
depends upon the morphology of flow channels in the unsaturated zone and upon the 
frequency of recharge, which combine to permit air and air saturated water to be 
alternately admitted to the flow paths. The amount o f excess air may be represented 
by an ‘excess air index’ (EAI) which is defined as the ratio of the groundwater Ne 
content to the Ne solubility at the recharge temperature for the groundwater.

2.3. Noble gas gains during groundwater migration

The noble gases do not generally participate in chemical interactions. During 
groundwater migration, radiogenic 4He dissolves along the direction of ground
water flow [14-17] in predominantly porous media aquifers. In the case of ground
water solutions, noble gas migration may only occur by diffusion and/or transport 
processes. The rate of diffusive advection is often very much less than that due to 
transport o f the dissolved species by the groundwater. However, diffusion from
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within a rock matrix into an adjacent aqueous phase or diffusion from an adjacent 
geological formation into an aquifer [16, 18, 19] can be important controls on noble 
gas sources, especially for radiogenic He and Ar which are stored within crystalline 
minerals.

Crustal rocks lose He by diffusion from shallow depths. For a layer of rock 
with uniform radioelement content, the He concentration, Cz t , at depth z and time 
t after the rock emplacement, may be calculated [18] from the equation:

Cz , =  G t[l -  exp(-2z/\/irD t)] (4)

where G is the He generation rate and D is the He diffusion coefficient in the rock. 
The concentration of He stored within the rock therefore varies with depth and with 
age of the formation. Helium loss from depth is prevented or retarded by the supply 
of He generated in the uppermost part of the formation [18]. The radiogenic He con
tent of groundwater in a porous formation is controlled by the diffusive loss of He 
from the adjacent rock matrix.

Biogenic C 0 2  produced within the soil horizon is dissolved by groundwaters 
in the unsaturated zone, and biogenic or thermogenic CH 4  and N2  may also be 
generated in the aquifer. The generation of these gases during groundwater migration 
and the effect o f temperature increase due to the geothermal gradient determine the 
supersaturation of water relative to gas solubilities at their atmospheric partial 
pressures. Many groundwaters, when depressurized to atmospheric pressure, 
exsolve gases, because of such supersaturation.

2.4. Retention pressures for dissolved gases

The conditions of sampling must be carefully controlled to ensure that the sam
ple and subsequent gas analysis are truly representative of the in situ gas content of 
the groundwater. As previously mentioned, many groundwaters become supersatu
rated with gases which are generally held in solution by the increased hydrostatic 
pressure at the aquifer depth. The entrainment of excess air at recharge can also 
cause supersaturation as it is dissolved at depth. For an EAI which is less than two, 
all the dissolved gases can be held in solution by a hydrostatic pressure of less than 
1 bar (10 m head). Groundwaters may also dissolve biogenic and/or thermogenic 
methane and nitrogen during circulation, and the amount of these gases may be such 
that very high hydrostatic pressures are needed to retain all gases in solution. For 
example, if  a groundwater had been equilibrated with atmospheric nitrogen and sub
sequently with dissolved methane so that the CH 4 /N 2  ratio became 1 0 : 1 , a 
hydrostatic pressure of 9 bar (90 m head) would be necessary to retain all the gases 
in solution at 10°C [20]. The occurrence of biogenic CH 4  in the Milk River 
(Alberta, Canada) aquifer caused noble gas losses and made the estimation of 
recharge temperatures impossible for many wells [2 1 ].
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The TR of a groundwater may be estimated from a quantitative analysis of the 
noble gases in solution. Any excess air present must be removed from the analysis. 
This may be accomplished because the volumetric ratios in which noble gases are 
dissolved by air equilibration and those in the atmosphere are sufficiently different. 
Small aliquots of noble gases in their air abundance ratios are sequentially sub- 
stracted from the measured gas contents until the estimated equilibration tempera
tures for the remaining Ne, Ar, Kr and Xe are in best agreement. The average of 
these temperatures is the best estimate of the groundwater TR.

3. GROUNDWATER RECHARGE TEMPERATURES

FIG. 1. Locations o f IAEA/WMO stations for which ôl80 /P  and BIS0/T mean relationships are 
reported in Table II.
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3.1. Assessment of palaeoclim ate from  recharge tem peratures

Noble gas TR values may be combined with groundwater 14C age determina
tions to assess climatic changes since the Late Pleistocene. Several such investiga
tions have been reported [11-15, 22-25]. The stable isotope composition ( 2 H/*H 
and 1 8 0 / 1 6 0 ) o f a groundwater also reflects the climatic conditions at recharge, and 
it is therefore of interest to examine the relationships between recharge temperature 
and stable isotope composition. The TR values for groundwater recharge before the 
Holocene have generally been found to be a few degrees lower than for groundwater 
younger than 10 ka. The relation between mean monthly <5180  and mean monthly 
surface temperature, T, has also been determined for locations in Europe and in the 
Sahelian zone of Africa (Fig. 1).

Plots of 6 I80  versus TR or ô l80  versus T may be represented by equations of 
the form:

ô 180  =  mT +  с (slope m in 7 0 0  per °C) (5)

The slopes of the <5180 /T R relationships between l80  content and TR are summa
rized in Table I and those of the ô l8 0 /T  plots are reported in Table П. It should be 
noted that the former plots are the result o f local changes in response to global cli
matic change whereas the latter are the response of ô 1 8 0  of modern precipitation to 
short term local temperature change.

In cases where there were significant departures of the ô 180  values from the 
global meteoric water-line (MWL), 02H =  8<5180  +  10, these were attributed to 
evaporation before infiltration of the groundwater or during fall of the precipitation. 
The isotopic data were corrected for such evaporation by extrapolation to the MWL 
along an evaporation slope o f 5.5, the appropriate value for 50% relative 
humidity [26].

3.2. R echarge tem perature  versus ¿ 180  for groundw aters

Figure 2 shows ô lsO/TR relationships for several aquifers. All European 
aquifers have zones which were recharged under cooler climatic conditions than pre
vail at present, which indicates that some of the groundwaters were probably 
recharged during the interstadial before the last glaciation. A strong continental rain- 
out effect on the isotopic composition is also evident, groundwater becoming isotopi
cally much lighter over continental than over maritime Europe. Thus, both recent 
and palaeogroundwaters of the Austrian Molasse (Miocene) are isotopically lighter 
than corresponding waters in Triassic sandstones near Nuremberg which are lighter 
than recent and palaeogroundwaters from Triassic sandstones in England (Fig. 3). 
The isotopic composition of groundwater cannot uniquely determine its recharge 
temperature because both the continental effect and recharge under cooler climatic
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TABLE I. VARIATION OF 180  CONTENT OF GROUNDWATER WITH 
NOBLE GAS RECHARGE TEMPERATURE AND THE CHANGE BETWEEN 
MODERN AND PALAEOWATERS

For T(°C), 6 I80  = mT +  с 
(m in 7 00 per °C)

r =  correlation coefficient; n = number of samples; r„ =  minimum value of r for significant 
correlation; С = conclusion, Y =  correlation confirmed

Location Equation r n r„ С Réf.

East Midlands, UK 0.19 ±  0.01 T -  
ДТ°С =  5.5

9.7 ±  0.2 0.90 45 0.25 Y [7, 8, 39]

Nuremberg 0.24 ±  0.04 T -  
ДТ°С =  6.0

11.0 ±  0.4 0.67 21 0.37 Y [23]

Molasse 0.43 ±  0.08 T -  
ДТ°С =  5

14.4 ±  0.5 0.85 12 0.50 Y [10]

Hungary 0.26 ±  0.04 T - 12.8 ±  0.6 0.75 31 Y

“0.39 ±  0.07 T -  
ДТ°С *  6.0

14.4 ± 1.1 0.71 31 0.35 Y [24]

Niger a0.27 ±  0.11 T -  
ДТ°С «  5

15.7 ± 1.2 0.58 14 0.46 Y [27]

a With 5 180  values corrected for evaporation.

conditions cause a reduction in the heavy stable isotope content. Noble gas measure
ments are therefore needed for an absolute estimate of TR at each location. The 
slope of the <5I80 /T R relationship increases from 0 .1 9 7 oo/°C  in England to a maxi
mum of 0.43 for the Austrian Molasse and then decreases to 0.26 for the aquifers 
o f the Great Hungarian Plain.

The groundwaters of the Irhazer (Niger) have TR values of 25.0 to 31.9°C in 
the recharge (just confined to unconfmed) zone [27]. This may be compared with 
the mean annual temperature for the region of 29°C [28]. The palaeowaters of the 
Irhazer Plain have average TR values of 22.1 ±  1.3 0  С , which shows that they were 
recharged under cooler conditions, probably 3-6°C  cooler than for modern 
recharge. The corresponding slope of the <5I80 /T R relationship is about
0 .2 6 7 oo/°C .



TABLE П. VARIATION OF 180  CONTENT OF RAIN WITH MEAN MONTHLY TEMPERATURE AND MEAN MONTHLY 
PRECIPITATION FOR MODERN RAINFALL

r =  correlation coefficient; n =  number of samples; r„ 
confirmed, N =  no correlation present •

for T(°C), Sl80  =  mT + с 
(m in °/00 per °C) 

for P (mm), ô l80  = mP +  с 
(m in 700 per 100 mm)

= minimum value of r for significant correlation; С = conclusion, Y = correlation

Lat. Long Name Variable m с r n r„ С ô ,8Omea„

(a) Temperate zone

51.93° N 10.25° W Valencia T 0.24 ±  0.03 -7 .5  ± 1.4 0.47 175 Y
'j’S 0.12 ±  0.04

-H1 1.6 0.22 175 Y

P -0 .9 0  ±  0.16 - 3 .8  ± 1.5 0.41 175 Y

Pa -0 .7 0  ± 0 .1 8 -5 .3  ± 1.6 0.30 175 0.16 Y -6 .4 7

36.15° N 5.35° W Gibraltar T 0.19 ±  0.04 -7 .4  ± 1.5 0.35 139 Y

0.17 ±  0.05 -7 .6  ± 1.6 0.32 139 Y

P -0 .6 0  ±  0.14 -3 .6  ± 1.5 0.36 139 Y

Pa -0 .5 0  ±  0.15 - 4 .2  ± 1.6 0.30 139 0.16 Y -5 .2 2

53.21° N 6.57° E Groningen T 0.22 ±  0.01 - 9 .8  ± 1.5 0.66 284 Y
'J'â 0.21 ±  0.02

-HOOos1 1.5 0.63 284 Y

p -0 .8 0  ±  0.35 -7 .2  ±  2.0 0.14 284 N
pa -0 .7 0  ±  0.35 -7 .3  ± 1.9 0.14 284 0.12 N -7 .9 4
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46.22° N 6.28° E Thonon-les-Bains T 0.41 ±  0.02

P - 0.10 ±  0.52

48.25° N 16.37° E Vienna T 0.41 ±  0.02

0.32 ±  0.02

P 0.40 ±  0.70

Pa 0.30 ±  0.60

50.07° N 19.88° E Kraków T 0.33 ±  0.02
fjifl 0.35 ±  0.02

P -3 .8 0 ±  0.78
pa -4 .0 0 ±  0.81

52.52° N 27.32° E Minsk T 0.31 ±  0.04

0.35 ±  0.05

p 0.09 ±  1.71

p a -1 .9 0 ±  2.03

59.58° N 30.18° E St. Petersburg T 0.21 ±  0.05
rp3 0.21 ±  0.05

p -0 .8 0 ±  2.22

p a 1.57 ± 2.18

-1 3 .8 ± 2.2 0.77 284 Y

- 9 .4 ± 3.4 0.03 284 0.12 N -9 .5 6

-1 3 .9 ± 2.4 0.79 306 Y

-1 4 .3 ± 2.4 0.69 306 Y

- 9 .6 ± 3.9 0.03 306 N

- 11.2 ± 3.4 0.03 306 0.11 N - 11.01

- 12.6 ± 2.2 0.75 154 Y

-13 .1 ± 2.2 0.77 154 Y

- 12.0 ± 3.1 0.36 154 Y

-1 2 .5 ± 3.2 0.37 154 0.16 Y -9 .6 3

-1 3 .2 ± 1.9 0.82 36 Y

-1 4 .6 ± 2.6 0.75 36 Y

- 11.1 ± 3.3 0.02 36 N

- 11.2 ± 4.0 0.17 36 0.31 N -12.61

-13 .1 ± 2.7 0.58 34 Y

1 ISl O ± 2.7 0.57 34 Y

-1 1 .4 ± 3.3 0.06 34 N

-1 4 .6 ± 3.3 0.14 34 0.32 N -13.53
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TABLE П. (cont.)

г =  correlation coefficient; n =  number of samples; r„ 
confirmed, N =  no correlation present

for T(°C), ô 180  = mT + с 
(m in °/00 per °C) 

for Р (mm), ¿>180  =  mP + с 
(m in 7 00 per 100 mm)

= minimum value of r for significant correlation; С =  conclusion, Y = correlation

Lat. Long Name Variable m с r n rn С 518Omean

55.75° N 37.57° E Moscow T 0.33 ±  0.03 -1 3 .0  ±  2.0 0.85 63 Y
у З 0.27 ±  0.04 -1 8 .2  ±  3.1 0.65 63 Y

P 1.96 ± 1.40 -1 2 .4  ± 3.8 0.17 63 N

Pa 1.12 ±  1.50 -1 7 .4  ± 4.1 0.10 63 0.24 N -16 .44

(b) Tropical zone

12.63° N 8.03° E Bamako T 1.25 ±  0:17 -3 6 .6  ±  3.5 0.60 103 Y
у З 0.76 ±  0.12 -2 5 .8  ±  2.6 0.52 103 Y

p -2 .6 0  ±  0.25 - 1 .9  ±  3.0 0.72 103 Y
p a -1 .3 0  ±  0.21 - 2 .7  ±  2.6 0.54 103 0.19 Y - 6.11

12.05° N 8.53° E Kano T 0.58 ± 0.17 -1 9 .0  ±  2.2 0.53 33 Y
j a 0.73 ± 0.18 -2 4 .5  ± 2.4 0.59 33 Y

p -1 .3 0  ± 0.35 - 0 .9  ± 2.2 0.56 33 Y

p a -1 .7 0  ± 0.37 - 1 .9  ± 2.3 0.63 33 0.31 Y -5 .7 0
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12.13° N 15.03° E N’Djamena T 1Л4 ±  0.18
yâ 0.59 ±  0.12

p -3 .4 0  ±  0.52

p a -1 .7 4  ± 0.37

13.48° N 22.45° E Geneina T 0.82 ± 0.25

T ̂ 0.56 ± 0.28

p -2 .3 0  ±  0.66

p a -1 .7 0  ±  0.73

15.60° N 32.55° E Khartoum T 1.06 ± 0.35
ip3 0.38 ±  0.32

p -5 .4 0  ±  1.32

p a - 2.20 ±  1.28

9.00° N 38.73° E Addis Ababa T 0.95 ±  0.19

0.62 ±  0.19

p -1 .0 0  ±  0.24
pa -0 .4 0  ± 0.24

a With <5l80  values corrected for evaporation (evaporative slope = 5.5).

-3 4 .4 ± 3.5 0.63 65 Y

-2 0 .5 ± 2.5 0.51 65 Y

- 1.8 ± 3.4 0.64 65 Y

- 1.8 ± 2.5 0.50 65 0.24 Y -4 .5 9

-2 3 .0 ± 2.8 0.49 36 Y

-1 7 .8 ± 3.1 0.33 36 Y

1.5 ± 2.8 0.51 36 Y

- 1.1 ± 3.0 0.39 36 0.32 Y -3 .5 9

-3 2 .9 ± 3.2 0.47 36 Y

-1 4 .6 ± 3.0 0.20 36 N

2.1 ± 3.0 0.57 36 Y

- 2.1 ± 2.9 0.28 36 0.32 N -3 .7 2

-1 6 .2 ± 2.4 0.47 91 Y

- 12.0 ± 2.3 0.33 91 Y

1.1 ± 2.4 0.42 91 Y

- 1.2 ± 2.4 0.17 91 0.20 N -2 .0 8
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Recharge temperature, °C  Recharge tem perature, °C

Great Hungarian Plain Irhazer, Niger

Recharge temperature, °C  Recharge temperature, °C

FIG.. 2. Plots o f groundwater evaporation corrected b,80  values against noble gas recharge 
temperature for: (a) East Midlands Triassic sandstone (England); (b) Nuremberg Triassic 
sandstone (Germany); (c) Great Hungarian Plain aquifers; (d) Continental Intercalaire o f  
Irhazer Plain (Niger).

Recharge temperature, °C

FIG. 3. Trend o f ôl80 /T g (l80  content versus recharge temperature) relationships for  
aquifers eastwards across Europe.



IAEA-SM-329/69 283

An empirical relationship which relates the mean l80  content o f precipitation 
to mean annual air temperatures in the range 10°C to — 50°C (mainly based on data 
for high latitudes in oceanic environments) was proposed by Dansgaard [29]:

ô ,80  (7„o) =  0.69T -  13.6 (6 )

The slope of this relationship is close to that calculated for Rayleigh condensation 
by adiabatic cooling over the range 0 to — 20°C [29]. Figure 4 shows the change 
of tíie gradient, d(S 1 8 0)/dT , of the <5,80  versus T relationship for Rayleigh conden
sation during isobaric cooling. It is evident that this slope depends upon both the ini
tial saturation temperature and the extent of vapour condensation. Initial 
condensation at 109C results in a mean gradient of »  1 °/00/°C for 50% vapour con
densation and higher initial saturation temperatures results in a decrease of slope to 
*0.75°/oo/°C. Actual 180  content/temperature relationships should therefore be 
highly dependent upon local conditions of condensation, vapour origin and mixing 
processes.

Non-linear correlations between mean monthly 180  content of precipitation 
and temperature were reported for worldwide locations from the IAEA/WMO data-

4. 180  TEMPERATURE RELATIONSHIPS FOR PRECIPITATION

Tf, “C

FIG. 4. Calculated values o f average d(ôlsO)/dT for Rayleigh condensation from initial 
temperatures, T¡, to the final temperatures, Tf , showing the fraction o f the total vapour 
condensed.
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FIG. 5(a). Plots o f evaporation corrected monthly mean 6I80  values against monthly 
precipitation for locations in Europe (Valencia, Groningen, Vienna and Krakow).

base [30]. These relationships are approximately linear over the range 5 to 30°C with 
a slope of =0.297oo/°C for continental sites and = 0 .227oo/°C for coastal sites. 
A slope for the temperature dependence in the northern hemisphere of 0.527oo/°C 
was reported [30]. For the zone between 40° and 60° N, a later analysis by Rozanski 
et al. [31, 32] yielded a slope of 0.40°/oo/ oC. Direct measurements of surface air 
temperature and correlation with the 1 8 0  content o f snowfalls in polar regions over 
short time-scales yielded relationships with a slope of 0.82 ±  0.26 [33]. These varia
tions confirm the strong influence of the geographical and climatic situation on the 
180  content/temperature relationship. The most important influence on the isotopic 
composition of precipitation is generally considered to be the formation temperature 
of the precipitation [31] with a minor influence of the precipitation amount.

4.1. Influences on the 180  content of precipitation

The relation between mean monthly ô 180  and mean monthly surface tempera
ture, T, has been examined for individual stations of the IAEA/WMO network (data
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FIG. 5(b). Plots o f evaporation corrected monthly mean &,s0  values against monthly mean 
precipitation for locations in the Sahel (Bamako, N ’Djamena, Geneina and Khartoum).

up to 1988), situated in Europe and in the Sahelian zone of Africa. Any <5,80  values 
more than 0.5°/oo distant from the MWL were considered to have been evaporated 
and were corrected by extrapolation to the MWL along a slope of 5.5 (equivalent 
to evaporation at =50%  humidity [26]). The dependence of mean monthly <5180  on 
monthly precipitation was also examined with similar corrections for evaporation. 
Figure 5 shows the evaporation corrected monthly mean ô 180  values plotted against 
monthly precipitation for locations in Europe and in the Sahel. Figure 6  shows the 
evaporation corrected monthly mean <5lsO values plotted against monthly 
temperature for locations in Europe and in the Sahel.

Complete data for the gradients 6 180 /T  and ô 1 8 0 /P  plots are summarized in 
Table П. The long term rainfall weighted mean, ô I8 Omean, over all the available data 
(evaporation corrected) at each site is also listed. The table includes the observed 
correlation coefficients, r, and the minimum values of this coefficient, rn, at which 
a significant relationship exists for n observations. These rn values are for the 5% 
random significance level (i.e. there is a 5% probability that the observed correlation 
results by chance). The conclusion for each dataset of Table II is indicated in the
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Valencia, Ireland

Vienna, Austria Kraków, Poland

FIG. 6(a). Plots o f evaporation corrected monthly mean b 'sO values against monthly tem
perature for locations in Europe (Valencia, Groningen, Vienna and Kraków).

column headed ‘C ’. A ‘Y ’ entry indicates that r >  rn and that a linear correlation 
exists; an ‘N ’ entry indicates that there is no significant correlation.

The data of Table II show that a linear correlation between monthly mean 
¿>l80  and monthly mean T occurs for all the European sites. For the Sahelian zone, 
this relationship is confirmed for all but one of the data sets. For Europe, the <5180  
versus P data indicate that the ‘amount effect’ is insignificant but that for most 
Sahelian sites this effect is significant.

The slope of the ô 1 8 0 /T  relationship for locations in maritime western Europe 
is 0 .2 7 oo/ oC after correction for evaporation effects. Corrected slope values of 0.3 
to 0 .3 5 7 oo/°C  are observed further eastwards over the continent (Vienna, Kraków, 
Minsk) and 0.2 to 0 .2 7 7 oo/°C  at St. Petersburg and Moscow, respectively. It may 
be noted that this trend of eastwards increase followed by a decrease is similar to 
that derived from the noble gas TR/<5,80  relationships. Corrected slope values for 
the central and western Sahel range from 0.55 to 0 .7 5 7 oo/°C .
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Khartoum, Sudan

T,°C T,°C

FIG. 6(b). Plots o f evaporation corrected monthly mean ôl80  values against monthly mean 
temperature for locations in the Sahel (Bamako, N ’Djamena, Geneina and Khartoum).

The evaporation corrected <51 8 Omean value for weighted mean rainfall 
decreases eastwards over Europe and westwards across the Sahel (Fig. 7). Gener
ally, the eastwards decrease of <5 l80  values across Europe may be attributed to 
progressive rainout of heavy isotopes, possibly with some influence of preferential 
light isotope evaporation of surface moisture over the continent. The tendency for 
an enhanced decrease east of Vienna/Kraków may reflect the limitation of the 
European westerly drift by the Siberian winter high pressure zone. The eastwards 
à '̂ Qinean change over Europe is «  —2 .3 7 oo/1000 km from Valencia to Vienna and
*  — 3 .2 7 oo/1000 km between Vienna and Moscow.

For the Sahel, the value for Dakar [34] falls slightly above the general trend 
for the Central Sahel (broken line), which may be attributed to the influence of 
vapour sources directly from the Atlantic. The data for Addis Ababa can be better 
fitted to an MWL with a deuterium excess of 15 rather than 10. Evaporation correc
tions were therefore made with respect to this modified MWL. Joseph et al. [35, 36]
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FIG. 7. Trends of weighted mean annual b,80  values for precipitation against mean annual 
temperature for Europe and the Sahelian zone o f North Africa.

have suggested that this larger deuterium excess may be attributed to a contribution 
of moisture from the Indian Ocean to the rains at Addis Ababa. The position of 
Khartoum and Addis Ababa may reflect such an influence relative to the central 
Sahel although a reasonable linear trend exists through all the Sahelian zone points.

The westwards decrease of ô 1 8 Omean values across the Sahel suggests that 
progressive rainout of heavy isotopes occurs east-west across the Sahel. The deu
terium excess of 10 is consistent with an Atlantic vapour source and suggests that 
vapour moves north-east across equatorial Africa before rising to high altitude at the 
intertropical convergence zone. The vapour is then transported westwards by the
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African Jet and precipitated as showers along squall lines [37, 38]. The east-west 
<5180  change for the Sahel precipitation is «  —0 .47oo/1000 km, somewhat less than 
the east-west change in isotopic composition of shallow groundwaters of the Sahel 
(=  — 1.07oo/1000 km) reported by Joseph [36] and considerably less marked than 
the change for the European continental effect. The amount effect is generally some
what more marked over the western Sahel than over western Europe (Table II).

5. CONCLUSIONS

Comparison of noble gas TR values with the stable isotope composition of 
groundwaters has shown that the mean annual soil or air temperature at recharge is 
correlated with the isotopic composition of the groundwater. A temperature decrease 
of =  3-6° С is frequently observed between groundwaters recharged during the 
Holocene and those recharged during or before the last glaciation. A corresponding 
decrease in the groundwater 1 8 0  content, which depends upon geographical loca
tion, is also found. It is therefore possible to relate changes in the ô 180  value 
between recharge and palaeowaters in terms of soil temperature change. Although 
the mean annual soil temperature may differ slightly from the mean annual air tem
perature at any location, the slope of the <5180 /T R relationship is essentially the 
same for both temperatures.

The slope of the <5I80 /T R relationship increases from 0 .1 9 7 oo/°C  in England 
to a maximum of 0.43 for the Austrian Molasse and then decreases to 0.26 for the 
aquifers of the Great Hungarian Plain. The corresponding slope of the <5180 /T R 
relationship for groundwaters o f the Irhazer (Niger) is about 0 .2 7 7 oo/°C.

The slope of the ô 1 8 0 /T  relationships for modern precipitation in maritime 
western Europe is =  0 .2 7 oo/°C  and changes eastwards across Europe. Values of 0.3 
to 0 .3 5 7 oo/°C  occur at Vienna, Kraków and Minsk. A reduction to « 0 .2  to
0 .2 7 7 oo/°C  is observed for St. Petersburg and Moscow. The slope for the central 
to western Sahel ranges from = 0 .5 5  to = 0 .7 5 7 oo/ oC. Computed errors for all these 
gradients show that they are statistically significant.

Although the eastwards trend of changing slopes for ô lsO/TR and ô I8 0 /T  rela
tionships are qualitatively similar, the ¿>1 8 0 /T  slopes derived from modern precipi
tation are too dependent on geographical position to be confidently used for 
estimation of climatic differences at recharge of groundwaters with different isotopic 
compositions.

The westwards decrease of long term precipitation weighted <5 l8 Omean values 
across the Sahel suggests that progressive rainout of heavy isotopes occurs east-west 
across the Sahel. Vapour is transported westwards by the African Jet and precipitated 
as showers along squall lines at the intertropical convergence. The east-west 
ô 1 8 Omean change for the Sahel precipitation is =  — 0 .4 7 oo/1000 km, considerably
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less marked than the change for the European continental effect. The amount effect 
is generally more marked over the western Sahel than over western Europe.

Most groundwaters in actively flowing systems have been recharged within the 
last 100 ka, and saline formation waters may be much older. Dispersion of both sta
ble isotope and noble gas contents by diffusive mixing is likely to have occurred in 
very old groundwaters (older than =  100 ka). The use of 180  and recharge tempera
tures for Pleistocene palaeoclimatic investigations is probably limited to time-scales 
less than 1 0 0  ka.
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Abstract

PALAEOCLIMATIC AND HYDRODYNAMIC APPROACH TO THE AQUITAINE 
BASIN DEEP AQUIFER (FRANCE) BY MEANS OF ENVIRONMENTAL ISOTOPES 
AND NOBLE GASES.

Noble gas measurements in deep aquifers of the Aquitaine basin yield temperatures of 
five to seven centigrades below the mean annual air temperature. This indicates a Late Pleisto
cene origin of these waters in accordance with stable isotope and 14C data. In the eastern 
part, the main discharge regions are assumed to lie in anticlinal outcrop areas of the deep 
aquifers. The recharge, however, might occur not Only in outcrop areas near the piedmont 
of the Pyrenees but, possibly, also water penetrates through the overlying molassic layers of 
low permeability and substantially replenishes the deep aquifer. Thermomineral sources and 
wells in highly fissured limestones and dolomites in the western part show contradictory iso
tope findings, indicating Pleistocene and Holocene origin at the same time. This can, at least

* Also Centre de recherche géodynamique, Thonon-les-Bains, France.
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qualitatively, be explained by incomplete molecular-diffusive exchange between a small 
reservoir of fast circulating fissure water and a comparatively great reservoir of stagnant pore 
water.

1. HYDROGEOLOGICAL SITUATION

The study area of 5000 km2  extension belongs to the southern part of the 
Aquitaine Basin in the southwest of France (Fig. 1). Groundwater is pumped there 
from the deep aquifers of the Eocene and Cretaceous for irrigation, geothermal and 
drinking water purposes. The possible consequences of this extensive utilization are 
the subject of our study. The results from isotopes and noble gases are being com
bined with hydrogeological data to yield a consistent picture of the deep aquifer 
as far as origin and age are concerned.

The sample locations are shown in Fig. 1. There, and also in the other figures, 
different symbols were used to distinguish samples from the individual deep and 
shallow aquifers. All samples were analysed for stable isotopes and tritium and — 
whenever possible — for 14C and noble gases. Chemical analyses of most of the 
wells were already available. The cross-sections in Fig. 2, A-B-C and (schemati-

FIG. 1. Aquitaine basin — simplified geology and piezometry. Study area with sampling 
locations, faults and anticlines. The cross-sections o f Fig. 2 are indicated by lines A-B-C and 
A-D-E. Solid lines: piezometry, dashed line: approximate border and facies change between 
eastern and western aquifers.
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FIG. 2. Geological cross-sections A-B-C and A-D-E.

cally) A-D-E, show a possible deep regional flow system reaching from the outcrops 
near the Pyrenean piedmont to the anticline of Audignon and furthermore to the 
diapirs and fault zones of the Dax area. Another assumption would refer to some 
eastern contribution coming from the Massif Central.

The dashed line in Fig. 1 denotes the approximate border line between the 
eastern part, where thick Eocene sand layers and underlying Cretaceous beds are 
covered by fineclastic molasse of low permeability and several hundred metres thick, 
and the western part with increasingly impermeable Eocene layers. There the deep 
aquifer system is formed by intensely fissured and karstified Cretaceous limestones 
and dolomites. This change is also indicated by the chemical composition: the water 
changes from the bicarbonate type in the east to the sulfate type in the transition zone 
and to the sulfate-chloride type in the west. The hydraulic conductivities of the 
eastern Eocene aquifer are in the order of 10-5 m/s on the basis of pumping tests. 
The suggestion of a deep regional flow through the Eocene layer from the southern 
outcrop area near Pau towards the anticline of Audignon is schematically shown in
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FIG: 3. Schematic cross-section o f  the eastern part for two different scenarios o f 
groundwater flowlines with molassic hydraulic conductivities К  o f (a) К  < 10 '9 m/s; 
(b) К  >..10'9 m/s.
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Fig. 3(a), where the hydraulic conductivity of the molasse is assumed to be much 
lower than lO - 9  m/s. The mean transition times from the outcrops to the next deep 
wells derived from the hydraulic conductivity of the Eocene aquifer are in the range 
o f 2 0 0 0  to 6000 years.

If the molassic hydraulic conductivity is assumed to be higher, above 
1 0 " 9  m/s, the so-called impermeable confining beds become leaky, and water pene
trates vertically through the molasse, the occurrence of ex- or infiltration depending 
on the local surface topography (Fig. 3(b)). There, any regional flow is completely 
suppressed by short scale local circulations. The penetration process through the 
molasse, however, yields too high transition times and Late Pleistocene water ages. 
Water flowlines and transition times calculated by a two-dimensional vertical 
groundwater model [1] clearly support this assumption. The tracer data, to be 
presented in Section 3, are also in accordance with this second scenario. If, however, 
the Eocene flowpath in the first scenario were disturbed by local faults, the water 
flux would possibly be reduced, and the mean transition times could also be higher 
in the Late Pleistocene range.

In the anticline of Audignon the Eocene and Cretaceous sediments reach the 
ground surface. This anticline (as well as smaller outcrops beside) is regarded as the 
most probable disharge area of any deep water circulation (Fig. 2). The extension 
of this outcrop is assumed to be 100 km 2. The total discharge by sources is approxi
mately 400-500 L/s. The local groundwater infiltration rate is assumed to be about 
150 to 200 mm/a. This corresponds to a total amount of 450 to 600 L/s of local 
groundwater recharge, most of which is again discharged through local sources. 
Therefore the local water mass balance becomes consistent within the uncertainties 
o f the assumptions made and shows the limited contribution of the Eocene aquifer.

An independent and more quantitative estimate of this old water fraction is pos
sible by using dissolved helium as will be discussed in Section 3.

In the western part of the investigation area, intensely fissured and karstified 
Cretaceous limestones and dolomites allow deep water circulation with the occur
rence of hot thermal springs up to 60°C in fault zones and diapirs (Dax, Prechacq, 
Tercis). The natural discharge of the thermal sources is estimated to be about 
100 L/s.

The hydrogeological structure in both regions is heavily influenced by numer
ous foldings and overthrusts resulting from the uplift o f the Pyrenees and accompa
nied by the development o f triassic diapirs (e.g. north Pyrenean overthrust, anticline 
of Audignon, diapirs of Dax and Prechacq). The great diapir in Dax forms an effec
tive border between two subsystems east and west o f this diapir, that of Dax and that 
o f  Tercis. The samples of these subsystems differ in all measured parameters 
(Section 4) [2, 3].

Owing to the great differences between the groundwater flow in the aquifers 
of the eastern and western parts of the Aquitaine basin, detailed discussions of the 
results obtained will be presented separately in Sections 3 and 4.
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FIG. 4. Correlation between 6D and ôIS0.

2. ISOTOPE MEASUREMENTS AND NOBLE GASES

Measurements of the stable isotopes deuterium and 180  lead to mean values 
of - 3 9  ±  2 .0 7 oo and - 6 .3  ±  0 .2 7 oo respectively, for shallow wells and sources 
in Aquitaine. In the deep wells deuterium and 180  are depleted by 14700 and 2 7 00 
towards more negative values. All samples almost fit the meteoric water line (Fig. 4, 
deuterium excess about 9 7 00). The depletion in stable isotopes is accompagnied by 
low 14C content and therefore indicates the cooler climate of the Late Pleistocene 
glaciation. A verification of this proposal are the noble gas temperatures (NGT), 
derived from the concentrations o f the dissolved noble gases neon, argon, krypton 
and xenon. In the deep wells the NGTs are five to seven centigrades lower than the 
modem mean annual air temperature of 11 to 13°C in Aquitaine. In shallow wells 
the NGTs o f 10.7 ±  1.0°C (15 samples) are in accordance with this temperature 
(see, for example, Ref. [4]). The 14C data versus NGT are presented in Fig. 5 with 
the upper age scale based on an initial 14C content of 85 pmc (Vogels’ model) as a 
rough 14C age estimate. This picture satisfactorily matches the well known tempera
ture development at the end o f the last ice age. For the Eocene aquifer this suggests 
that chemical processes did not have great influence on 1 4 C, as no corrections may 
shift these obviously Pleistocene samples into Holocene.
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FIG. 5. Correlation between noble gas temperature (NGT) and 14С (upper scale: 14С ages 
from Vogels ’ model).

The observed temperature reduction for Late Pleistocene waters is in good 
agreement with corresponding findings in England, Germany, France, Hungary and 
the USA, where also Pleistocene waters were found in deep aquifer systems of simi
lar extension [4-8].

The measured helium concentrations of one to three orders o f magnitude above 
the equilibrium concentration with the atmosphere can also be satisfactorily 
explained by high mean residence times only.

From the pH and the alkalinity of water the three parameters TDIC, ALK and 
ACY can be calculated [9] (TDIC =  (H2 C 0 3) +  (H C 03) +  (C 032“) in mmol/L, 
ALK =  (HCO 3-) +  2 -(C 0 32-), ACY =  (HCO¡) +  2-(H 2 C 0 3), both in meq/L). 
With the 14C mass balance and the initial 14C activity Ao o f 0 pmc for C aC 0 3  and 
o f 100 pmc for atmospheric C 0 2  we obtain the equation Aq =  50 X ACY/TDIC 
(in pmc). The basic assumption for the use of this method is the constancy of TDIC 
without any input or output o f C 0 2  or C aC 03. In Aquitaine, by applying this 
method, an initial 14C value o f 53 ±  3 pmc is obtained. Compared with Vogels’ 
calculation, this model shifts ages by about 4000 years towards modem time.

A complication for any 14C age determination arises in the western part o f the 
investigation area (Cretaceous limestones and dolomites), where S13C values are 
shifted considerably from the usual values in groundwater ( — 1 2  or - 14700) in posi
tive direction towards vaues of - 8  to + 2 7 00. Available ô34S data suggest an 
influence o f sulphate reduction on the carbon system, which would, however, tend
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to hold the <513C values at —12700. The shift observed may be explained by 
microbial destruction of fossil organic matter which is available in great quantities 
in the deep aquifers (occurrence of lignites). The organic matter (<513C =  —257O0) 
is decomposed into highly enriched C 0 2  (ô13C ~  +57oo) and depleted methane. 
This additional C 0 2  dissolves carbonates (ô13C =  0) and therefore pushes the 0 13C 
of the total dissolved inorganic carbon (TDIC) from its original value towards zero 
or even towards slightly positive values. Since this additional carbon is 14C free, the 
1 4 C /12C ratio is reduced beyond radioactive decay. Without any correction, 
however, the 14C ages are already in the Holocene and therefore contradict the 
stable isotopes and the noble gases, clearly pointing to a Pleistocene origin. Any 
chemical correction applied to the samples goes in the wrong direction, and therefore 
real 14C age dating is impossible. Section 4 will discuss an explanation of these 
contradictory findings for the complicated hydrogeological situation in a fissured 
rock system in exchange with nearly immobile pore water.

3. THE EASTERN AQUIFERS: PAU -  AUDIGNON

In all eastern deep wells in the Eocene and Cretaceous aquifers the noble gas 
temperatures lie between 5.3 and 7.8°C (ten samples) and are 5 to 7° lower than 
the modem mean annual temperatures. Stable isotope measurements give a mean 
value of -5 2 .8  ±  4 .8 7 00 for deuterium and of —8.2 ±  0 .6 7 oo for 1 8 0 ,  the deep 
samples being significantly depleted compared with the mean values for modem 
shallow waters ( —39.0 and - 6 .3 7 00). 14C values of all the deep wells lie below 
7 pmc. 14C ages derived from Vogels’ model are in the range of 20 000 to 
40 000 years and support their last ice age origin. The <S13C values for TDIC 
(3 meq) in the eastern Eocene aquifer are in the normal range of — 11 to —14.5700, 
as expected for dissolution of calcite by plant produced soil C 0 2. The influence of 
chemical processes in the underground is not important (see the ô 13C value and the 
low content of 200 ppm totally dissolved solids). The only uncertainty for 14C age 
dating in this aquifer is the determination of the initial 14C concentration, a problem 
which may be solved tentatively by comparison with the 14C values of modem 
tritium bearing shallow groundwater in the region.

However, in the transition zone between the eastern and the western investiga
tion areas the <513C values are in the range of —4 to + 1 .4 7 0 0  and indicate a strong 
influence of microbial methan production and calcite dissolution by the thus 
produced C 0 2. A higher content of total dissolved solids is observable in these 
waters, mainly caused by sulphates, but also accompanied by slightly higher TDIC 
content (4 meq). As was stated in the previous section, any isotope dilution correc
tion is limited by the obvious Pleistocene origin of the samples.

In the outcrop area of Audignon the fraction of deep old water in the total local 
water circulation is difficult to determine because of the vagueness of any assumption
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for a water balance. A fraction of perhaps ten per cent old water is also difficult to 
detect by isotope measurement since the isotope and noble gas data fall into the range 
of the naturally occurring variations and do not allow a quantitative calculation. The 
only tracer useful in this case is the helium concentration, mainly produced in the 
underground and therefore very sensitive to the addition of small amounts of old 
water. Young groundwater contains helium only in small concentrations in the range 
o f the solubility equilibrium of 5 x  10“ 8  cm 3  (STP) Не/g H20  in contact with air. 
The accumulation o f underground produced helium normally needs residence times 
of the order of thousands of years (exception: karst systems; see Dax section, for 
an example). Excess helium concentrations above the equilibrium concentration are 
therefore associated with old groundwater. When the helium concentration in old 
water o f the discharge area is known, the partition factor can be evaluated. In the 
deepest well in the Audignon area, undoubtly a pure palaeowater, the helium concen
tration is measured to be 900 X 10- 8  cm 3  (STP) Не/g H 2 0 .  Comparing this value 
with the other wells in the area with concentrations of 30 to 100 X 10"8, an admix
ture of 3 to 11 % o f old water in the shallow wells is found, in accordance with the 
values obtained by calculation o f the regional water flow reaching the Audignon 
area, in spite of uncertainties in these estimations.

4. THE WESTERN AQUIFERS: DAX -  TERCIS

A great discrepancy exists between the results o f the several tracers inves
tigated in the Dax area. The high temprature o f these waters in the range of 35 to
62°C implies fast ascent from depths of 750 to 1700 m, or even more, presumably
occurring through major fault zones as described in Section 1 (Figs 1 and 2).
Nevertheless, tritium can be measured in seven of nine wells from 0.5 ±  0.3 up to
2.1 ±  0.3 TU (detection limit < 0 .5  TU (2a)). This suggests a few per cent admix
ture o f modern groundwater from tritium bomb times.

Five of the nine thermomineral samples show surprisingly high I4C values
between 28.2 and 23.6 pmc, from which apparent 14C groundwater ages of 9100 to 
10 600 years (Vogels’ model) are calculated. Looking at the <513C values ranging
from — 8  to +  2 7 00, however, suggests addition of 14C free carbon by methane 
production and sulphate reduction (occurrence of H2 S). This brings 14C ages further
into the Holocene. Only two wells with 14C contents of 3.9 and 6.1 pmc (¿>13C of 
—2.6 and + 2 .0 7 oo) might originate from the Late Pleistocene glaciation.

Although most of the thermal waters show holocene 14C ages, they are
depleted in ÔD and <5lsO compared with local shallow groundwater such as
palaeowater from the Late Pleistocene glacial period (shallow groundwater (eight 
samples): —33.6 ±  1.2 7 0 0 / —5.75 ±  0 .227oo for <5D and <5180 ;  Tercis group 
(five samples): -3 8 .3  ±  0 .9 7 oo/ - 6 .3 4  ±  0 .077oo; Dax group (three samples): 
-4 3 .5  ±  0 .7 7 oo/ —6 . 8 6  ±  0.047oo).
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Glacial origin is indicated by the noble gas palaeotemperature data, three to 
five centigrades lower than the mean annual temperatue of 12°C. The NGT values 
for the thermomineral springs and wells (all betwen 35° and 62°) are 9.5 ±  0.7°C 
for the Tercis group (four samples) and 7.5°C  for two wells of the Dax group. Look
ing at the stable isotopes and noble gases only, one would undoubtedly assume 
Pleistocene origin for these thermomineral waters. The discrepancies in the dating 
by different tracers with apparent water ages ranging from Late Pleistocene time to 
Holocene and even younger are explained by considering the aquifer as a multiphase 
system, where incomplete molecular-diffusive exchange happens between small 
mobile groundwater reservoirs in fissures and a rather large reservoir o f immobile 
porewater.

To approach a solution of this problem, we make idealizing assumptions on 
this complicated system, resulting in basic ideas about the real system.

To simplify the situation, we shall assume an idealized catchment area of 
55 km length and width (distance between Dax and Audignon), the hot thermo
mineral springs lying at the western border o f this area. The natural discharge of 
these springs without any pump wells is 100 L/s, and they should be replenished 
within this area. The depth of the fissured and karstified flow system is taken as 
1000 m with a total pore porosity o f (at least) 3% for the limestone. The ‘fissure 
porosity’ is much lower, say, 0 .1 5 7 oo. To replenish the discharge, a deep ground
water recharge of 1 mm/a over the whole catchment area would be necessary. This 
recharge related to the pore porosity of the limestone leads to a mean residence time 
of 30 ka. In contrast, if  replenishment of the thermal waters only occurred by a deep 
regional groundwater flow from the Audignon area, a transient time of 44 ka would 
result for the same porosity. The apparent mean regional hydraulic conductivity can 
be estimated to be 2.6 X 10“ 6  m /s, on the assumption of steady state conditions for 
groundwater flow and hydraulic head surface and for the assumed values of 
discharge, aquifer thickness and catchment area extension [1 0 ].

To allow mathematical treatment, additional abstraction is needed for a simple 
description of the fissured system. The fissured system is assumed as in Fig. 6 (b), 
with equidistant plane-parallel vertical fissures in a porous rock matrix. From a cer
tain time T =  0 onward, the fissure water is loaded with tracer concentration c0  at 
the surface, and a time dependent vertical profile along the fissures develops. This 
profile changes as long as the tracer quantity increases in the rock matrix, because 
of the equivalent net tracer flux through the fissure wall. For a stable tracer, 
exchange equilibrium is achieved, when the porewater has reached the same 
concentration as in the bordering fissure at the same depth. This differential equation 
can be solved for different values of fissure width b. On the assumption of a pollutant 
input for the last 30 years, the natural flow velocity is too low (and, therefore, the 
exchange too fast) for the pollutant to reach a depth of 1000 m. If, however, a 
vertical hydraulic gradient I =  1 X 10“ 3  is assumed to exist, which might be devel
oped by thermal water pumping, the pollutant appears at a depth of 1 0 0 0  m already 
in moderate fissures that are only 0 . 2  mm wide.
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FIG. 6. (a) Conceptional cross-section o f  western area; (b) idealized figure for mathematical 
calculation o f  vertical circulation and horizontal exchange.

In the case of a non-stable tracer, radioactive decay must be taken into account, 
leading to steady state conditions in the vertical direction along a fissure as well as 
horizontally for penetration into the pore matrix.

Calculations for tritium (mean lifetime T =  18 a) and for 14C (T =  8270 a) 
at a depth of 1 0 0 0  m lead to the expected result, i.e. that under natural conditions,
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FIG. 7. General palaeoclimatic change; NGT versus corrected l4C ages.

without pumping, tritium cannot reach a great depth but 14C reaches high concen
trations if  the fissure width exceeds 0.35 mm.

From the measured values of 1 4 C, on the one hand, and stable isotopes and 
noble gases, on the other, an incomplete exchange of about two thirds of fissure 
water with pore water can explain the isotopic composition of the Dax waters. Since 
the nearly stagnant pore water is very old compared with the modern water circulat
ing in the fissures, the observed 14C values depend mainly on the fraction of 
modern water whereas the comparatively low 14C content o f pore water has only a 
minimal influence on it.

Consequently, in this complicated system, isotopic tracers and their controver- 
sal findings, when studied carefully, offer a deeper insight into the processes in 
fissured systems.

5. PALAEOHYDROLOGICAL AND PALAEOCLIMATIC IMPLICATIONS

In the Aquitaine basin, isotopic and noble gas measurements demonstrate 
palaeoclimatic temperatures that were five to seven centigrades below the modern 
air temperature. Deuterium and 180  are related following the meteoric water line, 
giving no evidence of any change with time in the relative humidity over the ocean 
or the origin of the air masses. Detailed investigations of methane and sulphur 
components — quantity and isotope content — may yield additional information on 
the evolution of the carbon system.
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Abstract

THE INFLUENCE OF SALT ON THE NOBLE GAS THERMOMETER.
A study of 80 noble gas samples from the aquifer overlying the salt dome of Gorleben 

(Germany) revealed noble gas temperatures (NGTs) between +12°C and -12 .7°C . 
Duplicate samples showed the same results (±1°C) and samples from the shallower part of 
the aquifer showed NGTs of the mean annual soil temperature (8°C). Since it is impossible 
to interpret the negative NGTs (11 wells) in terms of the mean annual infiltration 
temperature, an excess of up to 30% in the concentration of the noble gases requires an 
explanation. This effect was not yet observed in noble gas palaeotemperature measurements. 
The salt dome — its top lying —250 m mean see level (m.s.l.) — is directly overlaid by an 
aquifer with high permeability and highly saline water (up to 330 g/L NaCl). A layer with 
low permeability ( -7 0  to -1 7 0  m m.s.l.) separates this saline water from the shallow fresh 
water (+20 to -7 0  m m.s.l.). The latter flows in an aquifer with high permeability and the 
NGTs are similar to the contemporary mean annual soil temperature. Nearly all samples with 
apparent negative NGTs stem from the low permeability layer in an area directly above the 
salt dome. Numerical modelling of salt induced diffusion and of transport for the coupled 
system of noble gases and salt shows that the negative noble gas temperatures can be explained 
by a loss of noble gases from the highly saline aquifer: since salt drastically reduces the noble 
gas solubilities, the brines are supersaturated with respect to the noble gases. This 
supersaturation is the driving force enriching the low permeability layer above the brines with 
noble gases and causing apparent negative NGTs. Therefore, in palaeoclimatic studies using 
the noble gas thermometer, care has to be taken that high salt concentrations do not disturb 
the palaeotemperature information of the noble gases in inhomogeneous aquifers.

1. INTRODUCTION

After various successful studies the noble gas palaeotemperature method has 
become established as a standard tool in palaeoclimatology and palaeohydrol
ogy [1-5]. This method uses the different solubiities o f the noble gases neon, argon, 
krypton and xenon as functions of the temperature to calculate a mean annual infiltra
tion temperature from the measured absolute concentrations of the noble gases in

* Also Geological Survey of Lower Saxony, Hannover, Germany.
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Conventional 14C  age [ka]

FIG. 1. NGTs and conventional 14С ages (recent: 85 pmc) in the aquifer above the 
Gorleben salt dome, Germany.

groundwater. Together with dating of the groundwaters — usually by 1 4 C, 3 6 C1 
and/or numerical flow models — the terrestrial palaeotemperature curve of the last 
glaciation is obtained for the infiltration area if no hydrodynamic mixing of different 
waters has occurred.

An application of this method to Gorleben revealed, however, an unexpected 
picture (Fig. 1): 11 of the 80 samples gave noble gas temperatures (NGTs) below 
the freezing point. The negative values were calculated from solubility data extrapo
lated from the literature [6 - 8 ]. Only two of the negative values could not be corrected 
for excess air [9]. The air corrected values reach down to an NGT of —7.9°C , which 
corresponds to a supersaturation of 10% for Ne concentration and up to 30% for Xe 
referred to 0°C. Multiple samples yielded reproducible results within ± 1°C , even 
for two different sampling campaigns in 1985 and 1991. This effect was not yet 
observed by other workers in this field (J.N. Andrews, T.H .E. Heaton, E. Mazor, 
M. Stute, personal communication).

2. THE AQUIFER ABOVE THE GORLEBEN SALT DOME

The study area is situated near the small town of Gorleben (Fig. 2) in the 
Northern German Plain. In the salt dome under the aquifer the German highly radio
active nuclear waste disposal is planned.
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Easting

FIG. 2. Map of the study area.

The geological cross-section in Fig. 3 reveals the complicated stratigraphy of 
the aquifer: during the Elster glaciation the ‘Gorleben channel’ was formed, filled 
with sand and marl of high permeability. It is partially in direct contact with the salt 
dome (N-S structure in Fig. 2). The low permeability sediments above — the 
‘Lauenburg clay’ — were sedimented after the Elster glaciation, but partially dis
turbed by the Saale glaciation. The top layer consists of fluviatile sediments of high 
permeability. A more detailed description of the aquifer is given in Refs [10, 11].

The vertical <5I80  profile (Fig. 4) reflects the permeabilities: the modern fresh 
water is underlaid by water of the last glaciation in the low permeability region 
between —90 and — 210 m m .s.l. In the deepest part (Gorleben channel; in all figures 
an asterisk belongs to samples from the area above the salt dome, an open circle to 
samples from the adjacent regions) the water has an isotope signature of Holocene 
fresh water which indicates a turnover time of <  15 ka or filter velocities of about 
1 m/a. This is confirmed by numerical flow modelling [12] and uncorrected 14C 
ages of below 20 ka for the water of the channel. The l4C values are, however, 
difficult to interpret because of sulphate reduction and methanogenesis in the brines
[ 1 0 ], which means that the ages might be even shorter.

Bomb tritium was only found in the upper 30 m below ground surface, indicat
ing a mean recharge of about 130 mm/a, which is comparable to the results obtained 
with classical methods.
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FIG. 3. Geological cross-section of the aquifer (A-B).

3. THE PATTERN OF NOBLE GAS TEMPERATURES AND SALT

At a first glance, the depth profile of the noble gas temperature (Fig. 5(b)) 
reveals a pattern similar to one of ô 1 8 0 .  Here, as was the case for Fig. 1, the ‘error 
bar’ of the NGT is the spreading of the temperatures calculated from the single noble 
gases Ne to Xe. Most o f the negative values belong to the low permeability region. 
Since the salt content rises steeply towards the base of the Lauenburg clay 
(Fig. 5(a)), all samples with negative NGTs were collected in regions with fresh to 
brackish water. The interrelation between the solubility of noble gases and the salt 
concentration was studied [13] and was found to follow the formula /3sa)t water = 
A fresh water exp(—cK(T)) within a range of about 5%. Here, (3 is the solubility of the 
noble gases, с is the concentration of salt in water and K(T) is a constant that depends 
on temperature only. This function implies that the noble gases are strongly ‘salted 
out’ o f the water: the solubility decreases exponentially with the salt content. In order 
to understand this process in terms of NGT we have investigated numerically and 
with laboratory experiments how the salt induced diffusion process of the noble gases 
will influence the determination of the NGT.

4. MATHEMATICS AND LABORATORY EXPERIMENTS 

Diffusion processes are described by the two Fick’s laws:

j = -  D V c dc/dt = V -(D V c)
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where j is the flux of diffusing substance per unit area, с the concentration of the 
substance, t the time and D the diffusion constant. Since we are dealing with brines 
of different salt concentrations the solubility of the noble gases depends on space and 
time, but is nevertheless described by Henry’s law:

с =  /3(х, y, z, t)p
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СГ content [meq/L] Noble gas temperature [°C]

FIG. 5. (a) Filter depth of wells versus chlorine content; (b) filter depth of wells versus NGT.

where j8  is the solubility and p the partial pressure of the gases. The basic idea of 
our modelling of the process of noble gas enrichment and depletion is that the gra
dient o f the partical pressures o f the gases, rather than the concentration gradient, 
is the driving force for the diffusion process. Hence,

J  =  - D / S V p

For constant solubilities this equation is identical with the first Fick’s law. Taking 
the gradient on both sides we obtain

— V • J  =  dc/dt =  V -(D /3 V p)

and going back to the formula for the concentrations via

V p =  V(c//3) =  (l/|8 2 )(/3Vc -  c V0)

we arrive at

dc/dt =  V • (D V с) +  V -(c/j3- V/3)

For V|8 = 0 this equation is the second Fick’s law.
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FIG. 6. (a) Temporal Cl~ evolution of pure diffusion with saturated boundary; (b) temporal 
evolution of NGTs for pure diffusion with saturated salt boundary and impervious boundary 
for the noble gases.

This last equation was solved numerically by the finite difference method and 
a simple Gauss-Seidel equation solving (for details, see Ref. [11]). A one
dimensional system was chosen with initial values of noble gas concentration 
corresponding to NGT =  8 °C and a salt concentration of с =  0 at t =  0. At the 
lower margin, the salt concentration was held constant at с =  300 g salt per litre 
for t >  0. Figure 6  shows the evolution of the chlorine content and NGT in time. 
In the case of salt diffusion the model follows the analytical solution 
с — c0  errfc(x/2\/Dt) better than ±  1 %. In the case of noble gases a concentration 
gradient comes into being (but not a gradient of the partical pressures): the noble 
gases are salted out in the lower part (corresponding to an increase of the NGT) and 
are pushed into the upper part, producing lower NGTs.

In a laboratory experiment we have validated this model: 10 copper tubes — 
as are used in noble gas sampling — were filled with water equilibrated with air at 
20°C. Closing the upper end with the pinch-off clamps used in noble gas sampling 
and leaving the lower end open we stored these diffusion columns vertically in a satu
rated salt solution. After a time span of 28, 57 and 94 days, two or three of the 
columns were divided and closed with the clamps into four or five samples, and these 
single partitions of the diffusion columns were measured. Figure 7 shows the results 
as a comparison between model and measurement. The vertical bars indicate the part 
o f the columns represented by the samples: since it was necessary to obtain 7 g of 
water for a noble gas sample, each sample represents a part of the diffusion column
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FIG. 7. Comparison of the diffusion model with laboratory experiments.
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of 10 or 15 m length as a ‘mixed volume’. It was very difficult in this experiment 
to establish pure diffusion without convection, and the agreement can be considered 
very good.

5. A TRANSPORT MODEL FOR THE GORLEBEN AQUIFER

Various problems arising in the application of a pure diffusion model to the 
interpretation of the Gorleben data became evident: (1) With pure diffusion the NGT 
does not become lower than - 2 ° C  for an infiltration temperature of 4°C. A space 
dependent diffusion constant could help: in a porous medium the diffusion constant 
differs from that in free water by the tortuosity factor (1 in free water and about 1.5 
in porous media). But only an unrealistically sudden increase in tortuosity by a factor 
of ten would yield the measured NGT of — 8 °C. (2) The time constant of the process 
is much higher than the maximum water age in the channel o f 2 0  ka, namely of the 
order of 100 ka. (3) In the area of high salt content the model yields NGTs of up 
to 80°C due to the depletion of noble gases, which was not observed at Gorleben.
(4) The measured salt profile shows a region of nearly saturated salt concentration 
between —250 and —210 m m .s.l., which cannot be modelled with pure diffusion 
and constant D.

A more realistic model o f the Gorleben aquifer was obtained by using the 
transport equation

Эс/dt +  V-(c-v)  -  V-(£> +  D - ï )  Vc + q =  0

where v is the (filter) velocity of the flow, Ю the second rank tensor of dispersion, 
1 is the unit tensor, and q is a term describing sources and sinks. In a first step we 
modelled one dimensionally but with a flow perpendicular to the model axis. This 
implies: v =  0  and q varies with the perpendicular flow: q =  v/Ax(cinflow -  cout(low) 
and D  =  d-v,  where d is the dispersivity. The model is divided into three parts: 
An upper part with flowing fresh water, the bottom part with flowing water and a 
boundary of nearly saturated salt solution (reflecting the Gorleben channel), and an 
interim layer with stagnant water where only diffusion occurs. This represents the 
low permeability layer of the Lauenburg clay. Figure 8  shows a scheme of the model 
and the resulting flow and dispersion pattern. The salt concentration for the (perpen
dicular) inflow was set to be 0 g/L CL, and the corresponding noble gas concentra
tions were set to represent water equilibrated at 8 °C. Sensitivity analysis revealed 
that the lowest reachable NGT depends upon the relation of D to £) and the NGT 
in the bottom part strongly depends upon the magnitude of v [11]. One possible 
evolution (d =  4 m, v =  0.8 m) of the depth profiles of C l' and NGT in time is 
presented in Fig. 9. The chlorine profile reflects the dispersive mixing in the bottom 
part of the aquifer which in this case is stronger than the perpendicular input of fresh
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water without salt. In the intermediate layer of diffusion again error function 
behaviour becomes manifest. This simulation is a very good description of the meas
ured С Г content (Fig. 5(a)). The NGTs in the transport model are much lower than 
the ones obtained with the diffusion model. For the bottom part o f the model this 
is due to the perpendicular inflow of water with an NGT of 8 °C. The salting out in 
this case is inhibited since D =  dv is 2.5 X 10~ 8  m 2 /s, which is about a factor of 
five higher than the diffusion constant for Ne and nearly a factor of 20 higher than 
that for Xe. Nevertheless, there is a great supersaturation of the noble gases in the 
bottom part, acting as the driving force for the noble gases to move into the low 
permeability part o f the aquifer. The depth profile o f the NTG is not very different 
from that of Fig. 5(b) but is approached already within 15 ka.
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Abstract

NOBLE GAS TEMPERATURES AND AGES OF SOME GLACIAL AND BURIED BRINE 
WATERS IN POLAND.

Noble gas measurements on six palaeowater systems in Poland were performed in order 
to confirm hypotheses on age and origin of these groundwaters. Thermal waters in Cieplice 
Spa, Sudeten, show mean noble gas temperatures of 2°C, four degrees lower than recent tem
peratures; therefore these waters are related to glacial origin. In Ladek Spa, Sudeten, thermal 
waters with noble gas temperatures of 4 .2°C have been measured. They agree with recent 
temperatures for a reasonable recharge altitude of 800 m, supporting early Holocene recharge, 
as expected from high 14C values. For an artesian aquifer in the Kraków region, noble gas 
temperatures of 2-3 .5°C were observed, distinctly below the present mean temperature of 
7.5°C, confirming the glacial age of water deduced from depleted ô180  and <5D values. 
Amounts of radiogenic 4He and ^A r of the investigated aquifers are in accordance with the 
derived ages, on the assumption of 4He and 40Ar crustal degassing fluxes as reported in the 
literature. Only for Cieplice Spa does a distinct deviation occur which cannot be explained
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on the basis of the available data. In Busko Spa the two different mineral waters with high 
total dissolved solids content yield noble gas temperatures of 4.8°C and 24°C, respectively. 
Ages related to excess 4He and 40Ar are higher than 50 ka for the shallow system. The deep 
waters are supposed to be of pre-Quatemary origin, supported by stable isotopes, 4He con
tents of 3.5 x lO" 4  cm3 -g"'(STP) and 40 Ат/36 A t ratios of about 311. Noble gas data from 
brines in Debowiec and Goczalkowice, Upper Silesia, are not interpretable owing to high 
methane contents resulting in strong degassing of the exploited waters.

1. INTRODUCTION

A reconnaissance study of six old water systems in Poland was performed. The 
location of the sampling sites is shown in Fig. 1. The isotope and hydrochemical data 
of these systems are known, but some controversy remains about their origin. The 
noble gas study was initiated in order to clarify some problems by independent 
methods. Therefore, the aims of the study were: (1) to investigate the noble gas tem
perature (NGT) of recharge o f some saline waters and buried brines exploited for 
therapeutical purposes in order to confirm or reject hypotheses on their origin, and
(2 ) to confirm or reject hypotheses on the age and/or on the altitude of recharge of 
water in some thermal and freshwater systems.

The concentrations of dissolved noble gases in groundwater have been applied 
by several investigators to derive temperatures of recharge [1-4] and groundwater 
ages [3, 5-7]. Therefore, only a brief introduction is given here. Noble gas infiltra
tion temperatures representing the mean annual temperature in humid climates can 
be calculated from the Ne, Ar, Kr and Xe content, using the altitude of recharge and 
the strong temperature dependence of the solubilities. The amount of noble gases fre
quently exceeds the expected concentrations for solubility equilibrium. Excess air, 
first described by Heaton and Vogel [8 ], is added during recharge by dissolution of 
small air bubbles captured in pore space [9] for this reason the noble gas concentra
tions must be corrected.

4He and ^ A r  are produced by alpha decay in the U, Th decay series nuclides 
and beta decay of potassium, respectively. Accumulation of 4He and 40Ar in 
aquifers, which is caused by in situ production and degassing from the underlying 
Earth’s crust and mantle leads to radiogenic excess 4He and 40Ar [10-12]. Nucleo- 
genic 3He is produced by 6 Li(n, a ) 3H and subsequent beta decay, resulting in a 
crustal 3 H e/4He ratio of about 1 x  10~ 8  to 10 X 1 0 '8, whereas typical mantle ratios 
yield values of about 10- 5  [13]. However, because o f variations in U, Th, К  content 
and in the porosity o f the rock, dating of groundwaters by means o f radiogenic noble 
gases remains difficult. Sampling and measurement of the noble gases are described 
elsewhere [14, 15].



FIG. 1. Schematic geological map o f southwest Poland showing the locations o f the six palaeowater systems.



TABLE I. NOBLE GAS CONCENTRATIONS
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Sample Date
Concentrations [cm3/g (STP)]a

He
(x lO 6)

Ne
(x lO 7)

Ar
(x lO 4)

Kr
(x lO 7)

Xe
(x lO 8)

Goczalkowice G 21 1992 1.489 0.147 0.249 0.099 0.253

Debowiec D 2 1992 1.220 0.092 0.059 0.012 0.032

Debowiec ST 5 1992 82.05 0.054 0.600 0.144 0.353

Busko 13 1992 67.02 2.710 4.959 1.118 1.567

Busko 16 1992 122.0 3.197 5.233 1.152 1.592

Busko 17 1992 113.9 3.366 6.240 1.340 1.695

1992 127.8 3.908 5.462 1.142 1.512

Busko 15 1992 346.9 1.839 3.788 0.777 0.869

1990 183.4 1.664 2.548 0.696 0.752

Busko 19 1992 426.8 0.888 2.746 0.553 0.853

Kraków Krolewski 1992 1.799 2.726 4.643 1.087 1.601

1992 1.640 2.553 4.448 1.027 1.470

Kraków Lajkonik 1992 2.334 3.301 4.988 1.149 1.699

1992 2.183 3.162 5.166 1.156 1.709

Ladek L 2 1992 12.68 3.060 4.990 1.109 1.578

1992 13.60 3.676 5.155 1.126 1.598

1990 9.875 3.126 4.721 1.090 1.562

1991 13.99 3.617 5.214 1.142 1.577

Ladek Jerzy 1991 7.144 2.538 4.644 1.067 1.497

Ladek Dabrowka 1991 9.035 3.035 4.670 1.056 1.520

Cieplice 5 1992 111.4 3.456 5.445 1.188 1.700

1991 142.2 3.179 6.429 1.384 1.842

Cieplice 6 1992 86.84 3.611 5.129 1.184 1.729

1990 76.40 2.561 4.420 1.133 1.763

1991 78.00 1.642 4.401 1.042 1.523

Cieplice C 2 1992 142.9 3.898 5.838 1.236 1.767

1991 251.5 4.626 8.593 1.664 2.187

a Standard deviations: 4% for He, 2% for Ne, 1.5% for Ar, 1% for Kr and 2.5% for Xe.
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TABLE П. NOBLE GAS TEMPERATURES AND ISOTOPE RATIOS3

Sample Date
Altitude

(m)
NGT
(°C)

Excess
He

(x lO 6)

Excess
Air

(x lO 3)
40A r/36 Ar 3He/4He

Busko 13 1992 300 4.7 66.9 8.13 301

Busko 16 1992 4.7 122.0 11.1 300

Busko 17 1992 3.1 113.9 20.1 303

1992 6.8 127.8 15.9 303

Busko 15 1992 22.9 346.9 10.1 310

1990 24.8 183.3 0.00 311

Busko 19 1992 25.6 426.8 0.38 (358)

Kraków Krolewski 1992 400 3.8 1.71 3.76 294

1992 5.4 1.56 3.01 296

Kraków Lajkonik 1992 3.0 2.22 6.81 296

1992 2.5 2.07 5.98 297

Ladek L 2 1992 850 3.7 12.5 9.05 296

1992 3.8 13.5 9.08 298

1990 3.4 9.77 5.70 297

1991 3.9 13.8 11.6 296

Ladek Jerzy 1991 4.4 7.04 6.04 297

Ladek Dabrowka 1991 4.4 8.92 6.38 298

Cieplice 5 1992 500 2.8 111.0 12.2 300

1991 0.8 142.0 20.2 301 26

Cieplice 6 1992 1.4 86.7 7.19 300

1990 1.4 76.4 0.00 302 26

1991 4.1 77.9 2.63 301 24

Cieplice С 2 1992 2.4 142.9 16.0 300

1991 (0.0) 251.0 41.8 303 26

a The noble gas temperatures (NGTs) were calculated after correction for excess air and 
radiogenic excess 40Ar. For the samples from Busko Spa, Cieplice Spa and Ladek Spa, 
neon was ommitted in the NGT calculation because of strong discrimination by the high 
helium contents. The helium and air excesses are given in cm3-g_1 (STP), the 4He/3He 
ratio is given in units of 10'8. The Busko 19 sample was corrected for degassing, on the 
assumption of degassing controlled by diffusion. Therefore, for this sample the accuracies 
of the values shown are less than the one a error given below. Standard deviations: 0.5°C 
for NGT, 4% for helium excess, 10% for excess air, 1% for the Ar and He ratios.



324 OSENBRÜCK et al.

A number of controversial papers have been published on the thermal waters 
discharging from a tectonic horst in Cieplice Spa, which lies within the granitic unit 
o f the Karkonosze Mts, Western Sudeten (Fig. 1). The water movement takes place 
in a fractured granite with a maximum depth of circulation of about 2500 m estimated 
from the geothermal gradient. The problems were mainly related to the position of 
the recharge area (Karkonosze Mts to the south, Izerskie Mts to the west, Kaczawa 
Mts to the northwest, Rudawy Janowickie Mts to the east and southeast), the altitude 
of recharge, the age of the water, the mixing pattern with young water in the dis
charge area, the temperature of the water in the system, and whether one or two ther
mal systems exist. All these problems have recently been discussed in detail by 
Ciezkowski et al. [16]. The main problem to be solved was to find out whether the 
water in the main system is of glacial or Holocene age.

Stable isotope data of most thermal waters yielded similar values of 
<5,80  =  -1 0 .2 ° /oo and SD =  - 7 3 7 00, depleted in comparison with the local 
recharge (ô180  =  - 9 .4 7 00, 5D =  - 6 6 7 00). In the case of Holocene recharge, the 
stable isotope data can be interpreted in terms of the altitude effect which would sug
gest the recharge to be at about 1100 m, at the heights o f the Karkonosze Mts, 
whereas in the case o f glacial recharge the recharge area must be somewhere at a 
low altitude and at a far distance. The latter was suggested by a 14C content in the 
range of 1-9 pmc, leading to 14C ages of 12 to 28 ka, for ô13C values of about
— 8  to —12 7 00.

The noble gas data were employed in Ref. [16] to support the glacial age 
hypothesis. In Tables I and П, the early noble gas data are given together with addi
tional data obtained within the present work. The reproducibility of some samples 
is worse than two sigma, owing to analytical problems for the early samples and 
difficult sampling conditions. Because of very low pressures at the outflow of the 
wells and visible gas bubbles, degassing cannot be excluded, though not observable 
in the data record. Therefore the calculated temperatures should be regarded as upper 
limits. If  Holocene recharge of the thermal water is correct, the mean annual temper
ature and NGT must fit at the altitude of recharge. In Fig. 2, the average of the NGTs 
calculated from the measured concentrations for different altitudes is compared with 
the temperature dependence for the Sudeten [17]. It is evident that the noble gas data 
do not intersect with the mean annual temperature below 1500 m, which supports 
the conclusions, by Ciezkowski et al. [16]. The NGTs of 2-4°C , shown in Table П, 
were calculated for an estimated altitude of recharge of 550 m a.s.l. The values are 
about 4° lower than the recent value of 7°C (Fig. 2), which is in good agreement 
with other temperature lowerings reported for the last glacial [14, 18].

2. THERMAL WATER SYSTEM IN CIEPLICE SPA, SUDETEN
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FIG. 2. Noble gas temperature as a function o f  the altitude for Cieplice Spa (340 m a.s.l.). 
The line on the right hand side represents the altitude dependence o f the mean annual air 
temperature in the Sudeten. Even fo r  a soil temperature (dashed line) which is about 1 ° lower 
than the (air temperature from uncovered observation sites, no intersect between NGT and 
annual temperature can be found. The dotted line shows the recharge altitude, estimated from  
the stable isotope data.

2.1. “He and  “’A r/^ A r

It is interesting that water recharged not earlier than the end of the last glacial 
period contains a very high He excess of (8000-14 ООО) X  10" 8  cm 3 -g - 1  (STP) and 
high 4 0 A r/36Ar ratios of 301. The following estimations were performed in order to 
check whether this can be explained by known accumulation and crustal degassing 
rates or contradicts the given age. O f course, the calculation o f the He components 
is not very accurate (not better than a factor of two or three) because of the low num
ber of samples and the poor knowledge o f the system parameters.
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A relatively low and constant 3 He/4He ratio for greatly different helium 
concentrations (Table П) excludes the possibility o f distinct contribution of mantle 
helium. The in situ accumulation rate, Ais [cm 3 ( 4 H e )-g '1 -a"1], is determined 
according to Ref. [3]:

Ais =  Ap —  (1.19 x  10- 1 3  U 
n

+  2.88 x  К Г 1 4  Th) cm 3 ( 4 He)-g_1 >a _ 1  (STP) (1)

where Л is the He fraction escaping from the solid phase, p is the rock density 
( = 2 .6  g/cm 3), n the matrix porosity and U and Th are the uranium and thorium 
concentrations of the rock matrix in ppm. Most likely, Л is equal to 1, as described 
by a number of authors [3, 7]. Generally, in densely fractured rocks equilibration 
times between mobile water in fractures and immobile water in micropores of the 
rock matrix are short compared to mean flow times. Therefore, the accumulation of 
4He in the matrix pores has to be considered. Matrix porosities and uranium and 
thorium contents o f the Karkonosze granite given by Ciezkowski et al. [16] are about 
0.02 ±  0.005, 10 ppm and 32 ppm, respectively. Since uranium deposits existed in 
the southern part of the supposed recharge area, the U and Th contents might be 
much higher. Therefore, the accumulation rate was also calculated with five times 
higher U and Th contents agreeing with values reported by Andrews et al. at Stripa, 
Sweden [19].

The crustal 4He flux JHe can be derived from a simple two dimensional 
helium transport model allowing groundwater to accumulate helium produced in situ 
and crustal or mantle helium [10]. The model assumes constant horizontal flow in 
a confined aquifer, neglecting the loss o f helium across the upper boundary, which 
is a good approximation for the Cieplice system. On the assumption that the meas
ured helium excess of the deep borehole C2 represents the depth averaged concentra
tion CHe of the whole flow system, the flux is determined by [1 1 ]:

J fic  ( A is J n z p water (2 )

where t is the tracer age and z the aquifer thickness. With a 2000 m ±  500 m thick 
aquifer and a 14C age o f 15 ±  5 ka, the resulting crustal flux is 51 X 10“ 6  and 
47 x  10 " 6  (4 He) cm"2 -a ' 1 (STP) for normal and high U, Th contents, respectively. 
Global mean values given in the literature are in the range of 0.6 x 10- 6  to 
8.2 x  10~ 6  with a best estimate of 2.4 X 10“ 6  cm 3 -cm”2 -a " 1 (STP) [20, 21], which 
is equivalent to the degassing o f the whole crustal production of 4 He. Cieplice 
samples deviate by more than one order of magnitude from the mean value, even 
if much higher U and Th concentrations in the whole system are assumed.
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The radiogenic 40A r component can be calculated from

/40Ar \

° Ar =  ( * £  “  299 5)  3бАГ (3)

where 4 0 A r/36Ar and 36Ar are the measured Ar ratio and 36Ar concentration. For 
the measured ratio of 301 one obtains CAr =  1.32 X 10~ 6  cm 3 -g"‘ (STP). Since in 
situ produced 40Ar can be neglected (the contribution to the Ar ratio is 1 % after 4.6 
million years), all excess 40Ar must be due to the crustal flux. Equation (2) yields: 
JAr =  3.5 x  10 ' 6  cm 3  ( 4 0 Ar) ■ cm ” 2  • a “ 1 (STP). Previously estimated 40Ar degassing 
rates approximated from the whole crustal production rate yielded 0 . 6  x  1 0  6-  
0.8 x  10~ 6  [22] and 0.18 x  10~ 6  cm 3  ( 4 0 Ar) • cm"2• a “ 1 (STP) [12] and again are 
about five times lower than the value obtained for Cieplice.

Although the derived results are based on uncertain assumptions, the discrep
ancy between calculated and previously evaluated amounts of crustal fluxes is 
significant. Explanations are difficult to find and very speculative; however, some 
possibilities may be discussed. A higher content of U and Th all over the crust has 
to be accompanied by equally increased potassium contents to explain the high 
fluxes. Such simultaneous enrichment is unlikely to happen and moreover contents 
o f potassium ten times above normal values are unrealistic. Admixture of a much 
older water component with ages of 200-300 ka to the thermal system could be 
responsible for the high excesses. But mixing with an old component which has 
accumulated high contents of radiogenic 4He and 40Ar is not consistent with con
stant stable isotope and chemical compositions, including the IG-5 borehole with 
cold water, situated far away from Cieplice [16]. It can also be excluded on the basis 
o f hydrogeological arguments. Marine fluid inclusions [23] as sources of the old 
component can be excluded because of the very low total dissolved solids (TDS) 
content o f about 200 mg/L.

3. THERMAL WATER SYSTEM IN LADEK SPA, SUDETEN

A number of controversial ideas also exist on the thermal water system dis
charging from gneisses in Ladek Spa, Klodzko region. They are related to the alti
tude of recharge, direction of flow, and hypothetical mixing with cold local waters.
Details o f the study will be presented elsewhere; here only the main findings related
to the noble gas data are given. The isotopic composition of the water discharging
from all springs and one deep artesian borehole is practically the same and very close
to that of the glacial system in Cieplice. However, the much higher 14C content of
up to 32 pmc [24] suggests that these waters can be of the Holocene age. Then, from
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Temperature (°C)

FIG. 3. Noble gas temperature as a Junction o f the altitude for Ladek Spa (450 m a. s. I. ). The 
solid line on the right hand side again represents the mean annual air temperature. The 
difference between the soil temperature (dashed line) and the air temperature results from the 
fact that the recharge area is covered by forests whereas the observation sites o f the air 
temperature are not. The recharge altitude characterized by the intersection o f NGT and soil 
temperature yields a value between 750 m and 800 m.

the altitude dependence of stable isotopes given for the Klodzko region by 
Ciezkowski [17], the mean altitude of recharge is about 850 m, corresponding to the 
mean annual temperature of 4 .5 °C.

For one borehole (L2) and two springs (Jerzy and Dabrowka) noble gas 
temperatures o f 3.6 and 4.2°C  have been obtained for an altitude of 850 m (see 
Table П). To confirm the hypothesis on the Holocene recharge, the mean NGT cal
culated for different altitudes is shown in Fig. 3, together with the altitude depen
dence of the annual air and soil temperature in the Sudeten. The two lines meet at
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about 1 1 0 0  m, which is distinctly higher than is expected from stable isotopes and 
topographic map studies. The hills around Ladek Spa including the recharge area are 
covered by forest, which several thousand years ago was most probably even denser 
than the present one. Therefore the mean annual soil temperature is possibly 
about 1  ° lower than the given mean air temperature derived from uncovered obser
vation sites [25]. With such a decrease, the altitude of recharge determined by the 
intersection o f the noble gas and the soil temperature yields about 750 m, which 
agrees reasonably well with the expected range of altitudes. For the glacial 
hypothesis, the recharge area must be near the spa; say, at an altitude of 550 m. For 
this altitude, the mean annual temperature is 5 -6°C , whereas the calculated NGT is 
4.4°C  for borehole L2 and 5.1 °C for Jerzy and Dabrowka springs, which contradicts 
the glacial hypothesis.

The helium excess values of Ladek thermal waters are about one order of mag
nitude lower than for Cieplice waters (Table П). Similarly, the 4 0 A r/36Ar ratio is 
distinctly lower and closer to the atmospheric ratio of 295.5, which confirms 
qualitatively that the Ladek thermal waters are distinctly younger than the Cieplice 
waters. The excess He components were again calculated from Eqs (1) and (2), with 
the following values: matrix porosity of 0.008, vertical extension of the aquifer of 
2000 m (estimated from the water temperature of 44° С of borehole L2 and the 
geothermal gradient), 14C ages of 6000 ±  1000 years and uranium and thorium 
contents of 2-10 ppm and 15-60 ppm, respectively (the lower values are mean 
contents of metamorphic gneisses and schists [26], the upper ones were estimated 
from uranium mineralizations existing in the recharge area). A crustal 4He flux of 
(1-2) X 10" 6  cm 3  (4 He) • cm 2  - a - 1  (STP) is obtained, which agrees very well with 
global mean values within the accuracy of the estimation.

4. JURASSIC (MALM) LIMESTONE AQUIFER IN KRAKÓW

In the centre of Kraków, southern Poland, an artesian aquifer is exploited by 
several wells to supply good quality potable water for those inhabitants who prefer 
it over the tap water. The geology o f the area is described by Zuber and Motyka [27]. 
In the Krzeszowice graben extending to Kraków the Màlm limestone lies under the 
Miocene clay cover, several tens of metres thick. North of Kraków, beyond the
boundary o f the graben, the limestone is covered by well permeable Cretaceous 
formations, and to the northwest o f Kraków the limestone outcrops. The geology of 
limestone in the Kraków region is complex and not well known. However, many tec
tonic horsts, some of them even reaching the surface, and tectonic and erosion 
troughs filled with impermeable Miocene clays are known. The main recharge area 
is northwest o f Kraków, and the water is drained through the Cretaceous formations 
by two small rivers. A fraction o f the water flows in the direction of Kraków and 
is drained by seepage to the river Vistula.
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The exploited water undoubtedly originated at the end of the last glacial period 
because the isotopic composition is ô 180  =  -1 0 .4  to - 1 2 .1 7 00 and ÔD =  - 7 5  to 
- 8 5 7 00 (modern infiltration in the region is: S180  about - 1 0 .0 7 oo and ÔD about 
7 0 7 oo [28]. The 14C content cannot be interpreted quantitatively because in car
bonate rocks of high microporosity the 14C concentrations can be strongly reduced 
by matrix diffusion and exchange reactions in the matrix [29]. However, the 
presence o f measurable concentrations of 14C obviously indicates that the water 
cannot be older than the end o f the last glacial period because recharge of water in 
the cold and dry climate of the high glacial cannot be expected. In general, no clear 
age differences between the sampling sites can be observed though the oldest water 
seems to be at sampling sites Nos 2 and 5. Pumping tests performed in a number 
of wells in the outskirts of Kraków yielded a mean value of the hydraulic conduc
tivity equal to 10“ 5  m/s, whereas Zuber and Motyka [27] found from the environ
mental tracer data the regional value of the hydraulic conductivity to be about 
1 x  10 ' 6  m/s. For these two values of the hydraulic conductivity, and for the 
assumed fissure porosity nf not higher than 0 .0 0 1 , the age of the water at the centre 
o f Kraków estimated from Darcy’s law should not be higher than 10 or 100 years, 
respectively, i.e. about three or two orders of magnitude lower than that observed. 
As shown by Zuber and Motyka [27], the delay of tracer transport with respect to 
the mobile water movement in fissures and fractures is caused by matrix diffusion. 
As the matrix porosity np of the Malm limestone in Kraków is about 0.12 [30], the 
retardation factor due to matrix diffusion Rp =  (np +  nf)/nf is larger than 100.

Two wells located near the centre of Kraków were sampled for noble gases. 
The noble gas data given within the present work (Tables I and П) yield noble gas 
temperatures of 2.7 and 4.6°C . The difference of three to five degrees between the 
NGT and the mean annual temperature in the recharge area (7.5°C [31]) confirms 
the glacial age of water in the Kraków part of the Malm aquifer. Therefore, the slow 
movement of all tracers, which cannot be explained in any other way than by matrix 
diffusion, has been confirmed by the results of noble gas temperature determinations. 
It is practically impossible to draw definite conclusions from the results o f two sam
ples. However, it is worth mentioning that when the temperatures obtained from 
these samples are compared with the modem temperature and isotopic composition, 
a dependence of ÔD on the temperature o f recharge of 3 .0 7 oo /°C  is obtained, which 
agrees favourably with 2 .6 7 00/°C  reported by Deák et al. [18] for Hungary.

The good confinement conditions given by the Miocene clays and the existence 
of horizontal flow offer a good basis for a reliable use of the equations for the crustal 
4He flux as described in the previous sections. For an in situ production, calculated 
for typical U and Th contents of limestones equal to 2 and 1 ppm, respectively, He 
excess values of 150-290 times the equilibrium value and an age of about 12 ka, a 
crustal flux of (0.4-1) x  10“6 cm 3 -cm' 2 -a ' 1 (STP) is obtained, slightly lower than 
the flux estimated for Ladek Spa.
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In Busko Spa, about 80 km to the northeast of Kraków, two types of mineral 
waters are exploited. Shallow waters are exploited from boreholes up to 160 m deep 
by submerged pumps. Before the beginning of intensive exploitation in 1964, they 
were artesian, and two springs with saline water existed at a distance of about 1 0  km 
to eastsoutheast, which disappeared several years ago. The waters are of the 
С Г  SO4  N a+ B r+ H2S type with a TDS content o f about 14 g/L (Cl about 6.5 g/L), 
and are exploited from Senonian marls and Cenomanian sandstones. In the exploita
tion area the Cretaceous formations are covered either by Miocene clays and marls, 
or even directly by Quaternary loams and sands. In hydrology textbooks these saline 
waters are regarded as a result of mixing between modern infiltration of local origin, 
gaining sulphates from the dissolution of gypsum, with remnants of the Miocene 
marine water. However, first isotopic determinations showed that the isotopic 
composition of these waters is close to that o f the modem infiltration in the area 
(ô 1 8 0  about — 107oo and ÔD about —70°/oo), but no measurable concentrations of 
tritium and 14C have been found [32]. Therefore, it was initially suggested that 
these waters were recharged in an interglacial period, and gained their sulphate and 
chloride contents by leaching of gypsum and salt inclusions. Mixing of glacial water 
with more negative delta values with marine water seems to be less probable when 
hydrochemical data are considered (details of the environmental isotope and 
hydrochemical studies will be given elsewhere). However, Maloszewski and 
Zuber [29] have shown theoretically that in carbonate rocks of high microporosity 
the 14C concentrations can be strongly reduced by exchange reactions in the matrix. 
Therefore, if the movement of these waters takes place in marls, which have average 
microporosities between 30 and 40% and a great deal of carbonate material, the 
hypothesis relating the age of these waters to the early Holocene cannot be rejected, 
in spite of the lack of 1 4 C.

The aim of the noble gas study was to confirm, by temperature determination 
of the recharged water, the hypothesis on an infiltrational origin of the investigated 
waters and to obtain, by helium excess and argon ratio determinations, qualitative 
information on the water age which would also make it possible to select either the 
Holocene or the interglacial hypothesis. The sampled wells (boreholes 13, 16 
and 17) are located in a small area of about 2 km 2. The NGTs of about 5°C 
(Table П), though a little lower than expected, support a recharge in the Holocene 
or an interglacial period. This infiltration temperature (the recharge area remains 
unknown) is presumably about one degree lower than the present mean annual tem
perature of 8 °C, since the recharge of the water undoubtedly took place at higher 
altitudes than Busko Spa. Moreover, in a distant past, the Busko area was covered 
by forests, resulting in an additional decrease o f  the recharge temperature [25].

High values of helium excess (about one order of magnitude higher than those 
observed in the Malm limestones of Kraków) and 4 0 A r/36Ar ratios of 300-303 con

5. MINERAL WATERS OF BUSKO SPA
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firm the high age of these waters, which excludes the possibility of Holocene 
recharge. He and Ar ages estimated from Eqs (2) and (3) yield values about 60 a, 
which are lower than the expected interglacial ages probably due to a partial removal 
of the crustal fluxes by the deeper water system discussed below. However, during 
the Quaternary there were no conditions for a separation of a large groundwater sys
tem from a recent recharge. Therefore, the investigated system should be regarded 
as renewable. In view of the long flow times, the recharge area must be at a large 
distance from the spa.

5.1. Deep mineral waters of Busko Spa

Therapeutic waters of the С Г N a+ B r+ type are exploited from Jurassic lime
stones at a depth of about 400-500 m from boreholes 15 and 19 by submerged 
pumps. At least in Busko the deep system seems to be well isolated from the shallow 
mineral waters by Jurassic shales in the upper part of the Jurassic. The TDS contents 
are about 23 and 79 g/L, and Cl contents about 13 and 40 g/L, respectively. Initial 
analyses o f water from borehole 19 were showing TDS =  39 g/L and Cl =  22 g/L. 
When pumping was continued, both the TDS and the Cl concentrations increased 
until they reached the values given above. Most probably, a local ascension o f an 
older brine takes place. Both boreholes, though having a hydraulic connection seen 
in pumping tests, undoubtedly now represent different waters because their isotopic 
compositions differ considerably. For the borehole 15 sample, ô 180  =  —6.3 ° / 0 0  

and <5D =  —49°/oo, whereas for the borehole 19 sample, 0 180  =  —2 .8 7 00 and 
<5D =  - 3 5 7 00. Their NGTs between 23 and 25°C (see Table П) represent very hot 
pre-Quatemary climates. The sample from borehole 15 has an isotopic composition 
practically identical with that o f other palaeowaters in Poland [28, 33], which are 
supposed to represent pre-Quatemary infiltration o f the last hydrological cycle, i.e. 
that after the last sea transgression in the Tortonian (Badenian). This is supported 
by high He and Ar excesses for Busko 15: 4He =  36 000 x  10“ 8  cm 3 -g _ 1  (STP) 
and 4 0 A r/36Ar =  310, which leads to tracer ages higher than one million years. The 
results from Busko 19: 4He =  42 000 X 10- 8  cm 3 -g _ 1  (STP) and 4 0 A r/36Ar =  358, 
show, as expected, even higher ages than those o f Busko 15, but their identification 
is difficult. The crustal He and Ar fluxes which accumulate in the deep system are 
assumed to have achieved a steady state, and therefore they also enter the shallow 
system. However, the interpretation of the deep water results is difficult because 
diffusive exchange could have changed thé tracer content completely.

6 . BRINES OF DEBOWIEC, UPPER SILESIA

Debowiec brines are exploited from sandy interbeddings in thick Miocene
clays by oilfield pumps. Similar brines were also exploited in Zablocie, Upper Sile-
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sia, and in Lapczyca, east of Kraków. Their isotopic composition close to the values 
o f SMOW confirmed the Miocene sea origin. Therefore, the noble gas data of such 
well identified waters are of interest, especially as many hydrogeologists relate a 
number of occurrences of saline waters and brines in southern Poland to the Miocene 
sea transgression. Unfortunately, it has appeared that the pressures generated by the 
oilfield pumps are not sufficient to collect undegassed samples. High salinity (TDS 
=  32 g/L) and very high methane contents cause a supersaturation of the exploited 
water, so that pressures of several bars would be needed to prevent degassing.

7. BRINES OF GOCZALKOWICE, UPPER SILESIA

Goczalkowice brines are exploited from the productive formations of the Car
boniferous by oilfield pumps. Their isotopic composition is: ô 180  *  —1.8700 and 
ÔD »  - 18°/00. Similar brines occur in the whole Upper Silesian Coal Basin at large 
depths in the unconfined northeastern region and in the southeastern region confined 
by Miocene clays. In spite o f practically constant isotopic composition, their chloride 
content varies from about 35 to 125 g/L, and therefore Zuber and Pluta [34] consider 
them to be buried palaeoinfiltration of a very hot climate. A palaeohydrological 
analysis performed by Palys [33] suggests that the only possibility for a deep penetra
tion of meteoric waters into the Carboniferous and older formations of low permea
bility existed in the Rotliegendes. In such a case the absolute age of these brines can 
be estimated at 250 million years. Therefore, it is evident that their noble gas data 
are of great scientific interest. Only one borehole was sampled, in which the bub
bling effects during the sampling seemed to be overcome. Unfortunately, owing to 
a high methane content and improper pump, completely unacceptable results were 
obtained; these indicated that separation of water and gas phases occurred already 
in the borehole and the exploited brine was practically degassed.

8 . CONCLUSIONS

It has been shown that noble gas data supply quantitative information on the 
temperature of recharge, and qualitative information on the age of old waters. These 
two types of information make it possible to determine the climatic conditions under 
which recharge took place and to confirm or reject hypotheses related to the age 
and/or altitude o f recharge, which leads to a better identification of old water sys
tems. Unfortunately, in some cases problems with separation of gas and water phases 
due to degassing in the exploitation boreholes, and natural outflows, did not permit 
the application of the noble gas method.
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Abstract

In the South German Alpine foreland, deep groundwater systems are studied. 
Palaeowaters are found in various Tertiary aquifers and in the karstified Malm. The 
palaeowaters are ion exchange waters with depleted 2H and I80  content and with very low 
or undetectable 14C content. They often show low noble gas recharge temperatures. These 
data indicate a high altitude origin of the water and recharge under colder climatic conditions 
than today. Combining these data with recent results on the formation of subglacial basins, 
a possible hydrodynamic model of groundwater recharge is outlined. In this model, ground
water recharge during glacial periods is considered to happen in distinct subglacial environ
ments although periglacial areas were impermeable because of permafrost. Recharge areas are 
confined to deep glacial basins, but an enhanced watèr input rate is assumed, as the potentio
metric level is supposed to have risen during glaciation. In comparison, the recharge rates 
under recent conditions are low. Consequently, palaeowaters have to be treated as 
non-regenerating resource. With regard to isotopical measurements, there is a strong case that 
conventional groundwater dating techniques are unsuitable for dating palaeogroundwaters. In 
particular, the 14C dating range should not exceed 12 ka and 15 ka, respectively. Possibly, 
the 81Kr method will help in future, at least it might yield an upper age limit.
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In this paper, results o f hydrochemical and isotopical measurements on deep 
groundwaters are discussed in combination with results from Quaternary geology. 
The investigations aim at deriving the (palaeo-) environmental conditions, times and 
areas where and when the recharge of the groundwaters took place.

The area under investigation is the South German Alpine foreland (Fig. 1), i.e. 
the area between the Alps and the Danube valley. Most data, both from hydrogeol
ogy and from the Quaternary, are available from Oberschwaben (Baden- 
Württemberg), i.e. the area formerly covered by the Pleistocene Rhine glacier and 
its meltwater streams, tributaries of the Danube. Some data were also available from 
the Bavarian Alpine foreland.

A short description o f the geological and hydrogeological situation (Section 2) 
will be followed by a summary o f the available hydrochemical and isotopical data 
(Section 3). By using these data, a possible hydrodynamical model o f groundwater 
recharge under various environmental conditions in present and past will be outlined 
and discussed (Section 4) and some conclusions will be suggested (Section 5).

1. INTRODUCTION

2. GEOLOGICAL AND HYDROGEOLOGICAL SITUATION

The geological situation of the main investigation area is shown in 
Fig. 2 [1, 2]. There are mainly two aquifers: the upper aquifer in the Tertiary Upper 
Marine Molasse (German code: OMM) and the lower aquifer in the karstified Malm. 
They are separated from each other by thick sequences of the Lower Freshwater 
Molasse (USM), which in most areas show low permeabilities o f about 10- 9  to 
10" 1 1  m/s. The OMM is widely covered by deposits of the Upper Freshwater 
Molasse (OSM ) also of rather low permeability.

The surface of the molasse bedrock is again widely covered by Pleistocene 
deposits o f various thicknesses. These are thickest within deep channel and basin 
structures which were subglacially cut into the bedrock (e.g. Lake Constance basin 
and Schussen basins; Fig. 2).

The recent recharge of groundwaters into the Tertiary aquifers takes place 
mainly in their outcrop areas. Both the Danube valley and its tributaries and the Lake 
Constance basin serve as discharge areas. There are local (shallow) circulation sys
tems, drained by local rivers, and also intermediate and regional (deep) circulation 
systems, drained towards the regional runoff systems. The distribution of the poten
tials o f the OMM is shown in Fig. 3.

The main part of the recent recharge of groundwaters into the karstified Malm 
can also be assumed in its outcrop area whereas in areas covered by molasse deposits 
only minor recharge [3] is considered (Figs 3 and 4).
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FIG. 2. Geological and palaeogeographical cross-sections from Lake Constance (Bodensee) 
area towards Danube valley:

Upper diagram: geological section, today’s situation, with supply wells. Upper Fresh
water Molasse (OSM), Upper Marine Molasse (OMM), Lower Freshwater Molasse (USM);

Lower diagram: palaeogeographical section, pleniglacial situation, glacier surfaces 
modified after Ref. [1], extent o f the permafrost after Ref. ¡2]. Glacier surfaces (1), (2) and 
(3) refer to the terminal moraines o f the Riss glaciation (DW), the Wlirm maximum (AJE), and 
the Wilrm inner terminal moraines (IJE).
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JÓV- Equipotential lines for the Upper Marine Molasse (OMM) (m.a.s.l.)

Northern border of Swabian Alb

r -Г* Northern border of the folded Molasse

Northern border of the Molasse cover sediments

OMM outcrops

Main flow direction

Groundwater divide

FIG. 3. Map o f the potentiometric surface o f  the Upper Marine Molasse (OMM), western 
part o f the South German Molasse basin, Rhine foreland glacier area.
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Equipotential lines for the Upper Malm Karst aquifer (m.a.s.l. at 15°C) 

Northern border of Swabian Alb 

Northern border of the Molasse cover sediments 

Northern border of the folded Molasse 

Boundary between German and Helvetian facies fo Malm 

Karst water divide Rhine/Danube 

Main flow direction

FIG. 4. Map o f the potentiometric surface in the Malm karst aquifer, western part o f the 
South German Molasse basin, Shine foreland glacier area.
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FIG. 5. Map of the potentiometric surface in the Malm karst aquifer of the South German Alpine foreland.
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According to the equipotential contours [4], three types o f circulation systems 
can be identified in the Malm karst aquifer: local systems, intermediate systems and 
regional systems (Fig. 5).

The local circulation systems are characterized as rather mobile and dynamic. 
They are restricted to the vicinity of the Danube valley. Their southward extension 
reaches as far south as the immediate catchment area of the Danube valley. The 
groundwaters of the local systems are of the C a-M g-H C 0 3  type; they were 
recharged during the Holocene period.

A well known intermediate circulation system extends from the Schussen area 
(Ravensburg, Bad Waldsee, Aulendorf), east of the present karst groundwater 
divide, via Biberach, towards the Danube valley around Ulm (Fig. 4). The ground
waters are ion exchange waters of the N a-H C 0 3  type; they were recharged during 
climatic conditions colder than today [3, 5].

The regional circulation system lies in the central part o f the Alpine foreland, 
south of the local systems (Fig. 5). Its main stream begins in the Schussen area and 
continues via Memmingen, Augsburg, Munich and Landshut towards Regensburg, 
where the discharge area is situated. The groundwaters are also ion exchange waters, 
either o f the N a-H C 0 3  type or of the N a-H C 03-C l type, which were recharged 
during climatic conditions colder than today.

Both the intermediate and the regional systems are non-instationary. Their 
potentials seem to decrease. The original potentiometric levels may be derived from 
the palaeogeographic situation during the time o f groundwater recharge, i.e ., as will 
be demonstrated, from the potential having risen during times of foreland glaciation.

South of the different active circulation systems, i.e. south of the area o f the 
karstified Malm, the so-called Helvetian facies o f the Malm is situated, which is 
almost unkarstified and contains a more or less stagnant system. The groundwaters 
are highly mineralized and of the N a-Cl type. They are considered to be connate 
groundwaters, o f a probably pre-Pleistocene age.

3. HYDROCHEMICAL AND ISOTOPICAL RESULTS

As has been outlined above, the deep groundwaters of the intermediate and the 
regional systems o f the Tertiary aquifers and of the Malm karst aquifer are ion 
exchange waters of the N a-H C 0 3  and N a-H C 03-C l types. The mineralization is 
comparatively low, i.e. up to 1000 mg/L. The Cl content is in the range of 4 to 150 
mg/L.

These groundwaters are depleted with regard to their 2H and 180  contents 
(Figs 6  and 7), but all known values follow the mean meteoric water line 
(ô2H =  8<5180  +  10) (Fig. 8  [6 - 8 ]). The ô2 H /ô180  depleted groundwaters also 
show 14C values which are at, or slightly above, the detection limit (Fig. 9 [6 ]).
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FIG. 8. ô2H/ôIS0  relations o f groundwaters from Tertiary aquifers, from the Malm 
karst aquifer, and from oil and gas wells, and the mean meteoric water line (62H  =  
801S0  + 10). After Ref. [6]; see Refs [7, 8].

These values indicate that groundwater was recharged during cooler climatic condi
tions. As can be deduced from noble gas recharge temperatures, the recharge tem
peratures must have been in the range o f 0 to 4°C (Fig. 10).

The above considerations are neither valid for groundwaters o f the local circu
lation systems nor for connate groundwaters of the Helvetian Malm or the Tertiary.

The C a-M g-H C 0 3  type groundwaters of the local systems show high ô2H 
and <5180  values, similar to today’s precipitation, and — in most cases — detectable 
3H content. They also show higher 14C content than water from intermediate or 
regional circulation systems. All this is characteristic of fast circulating ground
waters of the Holocene age.
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FIG. 9. Relationship between 14С content and ô,80  values o f groundwater samples from  
Tertiary aquifers and from the Malm karst aquifer; after Ref. [6].

Without any exception, samples showing high <52H and <5180  values off the 
mean meteoric water line are connected to oil or gas accompanying groundwaters. 
They are connate groundwaters, showing mineralization up to 23 000 mg/L, domi
nated by NaCl.

4. AREA AND TIME OF DEEP GROUNDWATER RECHARGE

Today’s areas of recharge and today’s flow directions of the deep ground
waters may be derived from the potentials o f the Malm aquifer (Figs 4 and 5) and 
the OMM aquifer (Fig. 3). In the western part o f the area under investigation, the 
potentials o f the OMM are usually above those of the Malm, and groundwater 
recharge into the Malm is possible. In the east, the situation is, in general, similar.

BERTLEFF et al.
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FIG. 10. Relationship between ôlsO values and noble gas recharge temperatures o f ground
water samples from Tertiary aquifers and from the Malm karst aquifer; after Ref. [7].

In the whole area, the deposits of the USM, between OMM and Malm, are 
quite thick, and as they mainly consist of layers of lacustrine and fine grained fluvial 
sediments, their permeabilities (kf values) are low. Hence, and in view of today’s 
potential differences between OMM and Malm groundwaters, o f a maximum of 
50 m, the amount of today’s recharge into the Malm seems to be small. It is therefore 
difficult to explain the recharge conditions of the deep groundwaters, especially as 
they are, as indicated by their isotope content, at least partly older than 1 0  ka, were 
recharged during times o f colder climate and originate from altitude areas higher 
than what might be today’s area o f recharge.

With a view to these difficulties, it seems reasonable to consider possible 
influences, regarding deep groundwater recharge, o f the different climatic conditions 
during the Pleistocene period. In the stratigraphie record o f the Quaternary, two cli
matic extremes are referred to: first, times of temperate climate, with conditions
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similar to today’s, and, secondly, times with much colder climate when large areas 
were glaciated and in adjoining, ‘periglacial’ areas the surface was permafrozen. 
However, in modem stratigraphy, various ‘intermediate’ climatic conditions are sup
posed to have been considerably longer lasting than temperate or glacial periods (e.g. 
Ref. [9], which demonstrates, for the Wurmian period, that only 10-20 ka of glacial 
climate occurred, but more than 60 ka of intermediate conditions, with no or only 
small foreland glaciations and only short intervals o f permafrost in the periglacial 
areas).

During the cold glacial times, groundwater recharge in the periglacial areas is 
considered — owing to permafrost — to have been almost impossible. However, 
some recharge may have occurred in the subglacial environment if  — under the 
coverage of thick glacier ice — some areas o f bedrock were unfrozen. It has to be 
investigated whether these conditions could have prevailed in the overdeepened 
glacial channels or basins.

Today these basins are primarily filled with fine grained deposits of low 
permeability. However, repeated phases of subglacial fluvial erosion may be 
assumed, both when the basins were primarily eroded and when they may have 
become reshaped during later advances (i.e. when parts of the fines were again 
eroded). If, during these periods, subglacial meltwater of possibly higher potential 
became in contact with the underlying bedrock, water recharge into the more perme
able layers o f the bedrock seems possible, both during periods o f basin erosion and 
during more stagnant intervals o f the pleniglacial phase. The coarse, matrix poor 
layers often found at the bottom of the basin deposits may enhance groundwater 
recharge in this environment.

The presence of water at the bottom of the basins during periods of glaciation 
seems — at least periodically — reasonable as the coarse basal layers have been iden
tified to be fluvial deposits in various basins (see, e.g. Ref. [10]). Enhanced poten
tials o f subglacial meltwaters were considered in various studies on conditions in the 
subglacial environment (see, e.g. Ref. [11], based on morphological evidence).

It is more difficult to demonstrate that, in spite of the cold and dry climatic 
conditions known from palynological evidence for the maximum stages of (at least, 
some of) the pleniglacial phases [12, 13], part of the bedrock surface in subglacial 
environment was indeed unfrozen, when the basin areas were overridden by ice. This 
suggests that the glaciers were not entirely cold based (which is an important condi
tion for groundwater recharge). However, the assumption o f primary absence (or 
low intensity) o f permafrost within the basins during early intervals of the plenigla
cial phases seems to conform with recent considerations on the advance mechanism 
of the alpine foreland glaciers (see, for example, Refs [14, 15]). This also supports 
that the ô2 H /ôlsO values o f the pleistocene groundwaters follow today’s mean 
meteoric water line (Fig. 8 ).

Considering all this, in the subglacial environments of overdeepened glacial 
basins, groundwater rècharge into Tertiary molasse bedrock seems generally
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TABLE I. POSSIBLE GROUNDWATER RECHARGE ENVIRONMENTS 
DURING THE LAST 300 ka

Glacial periods (cold climate)

Time BP 
(ka)

Time, absolute 
(ka)

Permafrost
_ . . Glacier Foreland , . . surface 
glaciation (F.g 2)

Stratigraphy
Subglacial

groundwatef
recharge®

10-90 5-10 У y 2 + 3 Upper Würmian y/n?

10-90 ?5 У? y? 3 Early Würmian y/n

120-7200 ?5 У? У 2 Jungriss y/y?

120-7200 ? 1 0 У У 1 Doppelwall Riss y/y

200-7300 ?5-?10 У? У 1 Early Riss y/y

Intermediate periods (cool climate)

Time BP 
(ka)

Time, absolute 
(ka)

_ ,  Foreland 
Permafrost , . .glaciation Stratigraphy

Subaèreal
groundwater

recharge

10-90 70 n n Würmian slow but
continuous?

< 120b

Temperate periods (warm climate)

Time BP 
(ka)

Time, absolute 
(ka)

Permafrost Foreland
glaciation Stratigraphy

Subaereal
groundwater

recharge

<90->120 20-30 n n Eemian complex0 slow, little
? 20-30 n n Holstein complex0 slow, little

y (yes) = likely to occur; y ? = can be assumed; n (no) = unlikely to occur.

a Subglacial groundwater recharge in the Bodensee (Lake Constance) basin/in deep basins 
of the Schussen zone.

b In the pre-Wiirmian, the intermediate periods are assumed to be as long lasting as during 
the Würmian.

c ‘Interglacial complexes’ consist of two to three warm periods.
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possible during times when the Alpine foreland was glaciated. In Table I, glacial 
periods are mentioned which can be taken into account here, i.e. during which, by 
means of stratigraphy, the deep basins may already have existed. Figure 2 shows 
possible pleniglacial ice surfaces of these periods, known from palaeogeographical 
reconstructions.

Although the potentiometric conditions during the pleniglacial phases will 
always remain speculative, one can assume that the ‘pleniglacial potential levels’ had 
to be above the distal ice margins (or, during times when the ice margin reached 
north o f the watershed between Rhine and Danube, above the watershed). It thus 
seems plausible that — compared with today’s conditions — the fossil potentials were 
higher during periods of foreland glaciation, and the potentiometric levels during 
these times were somewhere between the distal ice margin and the glacier surface.

Accepting these general assumptions, we may discuss the possible 
hydrodynamic system during pleniglacial periods. The hydrostatic groundwater level 
within the glaciated areas seems to have been well above today’s level, and the poten
tiometric surface may have been sinking downward from south to north, i.e. from 
the margin of the Alps through the Bodensee (Lake Constance) basin area to the 
Danube valley. Thus the tributary area of the Danube was larger when the foreland 
was glaciated, and the watershed between Rhine and Danube was further West than 
today, and possibly NW -SE oriented. Primarily, this all concerns the OMM aquifer 
which, in some places, forms the bedrock surface within some of the deep basins 
(Fig. 2 ).

In contrast, the overdeepened basins nowhere reach the karstified Malm in 
tributary areas of the Danube. Here the Malm is always covered by thick USM layers 
of low permeability. In this context, two additional aspects may be discussed: (1) the 
assumed high potentiometric groundwater level in the basin area may also affect the 
infiltration velocity of OMM water through USM into the karstified Malm; and
(2) the channel and basin complex of the Schussen zone is situated along a large tec
tonic structure running parallel to the Rhine Graben. Although in the Schussen zone 
no large faults have been identified, the Tertiary bedrock seems to be more jointed 
and fractured here than elsewhere. This supports the theory that the main ground
water stream in the upper Malm (from Memmingen to Munich, Landshut and 
Regensburg) begins just inside the area of the Schussen zone. Considering all this, 
a similar potentiometric surface in glacial periods may be assumed for the Malm 
aquifer as has been suggested for the OMM groundwater, but certainly with a lower 
surface level.

If  the above geological and hydrogeological considerations are accepted, for 
the recharge of deep groundwater into the OMM and Malm aquifer systems the fol
lowing three main climatic conditions may be suggested:

(1) Temperate, ‘interglacial’ periods. Climatic and groundwater recharge condi
tions were similar to today’s. Mainly fast circulating systems were recharged
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whereas slowly circulating systems with ‘old’ groundwater were either not or 
only little recharged.

(2) Intermediate periods, with relatively cool climate but no foreland glaciations 
and no permafrost. The groundwater recharge was similar to temperate 
periods; in the first place, fast circulating systems were recharged. However, 
because of the long times the intermediate periods may have lasted, the slowly 
circulating systems may also have been recharged. Groundwaters from these 
periods should show a lower content of 2H and 180  stable isotopes and also 
lower noble gas recharge temperatures.

(3) Glacial periods, with cold climate with foreland glaciations and permafrost in 
periglacial areas. There was almost no groundwater recharge in periglacial 
areas, but some subglacial recharge in the main overdeepened glacial basins.

In the Rhine glacier area the main recharge took place in the Lake Constance 
basin, into the OMM aquifer, where the groundwater was transported and, because 
of the high potential level, infiltrated into the karstified Malm, possibly by using the 
better permeable Schussen zone area. In the adjoining glacial areas of Bavaria, a 
similar recharge mechanism is assumed but it concerned the OSM aquifer only. 
Owing to the higher temperatures o f the Malm groundwater, its discharge areas, near 
Regensburg and Ulm, were also active during pleniglacial times, in spite of the 
permafrost conditions in the periglacial areas.

The pleniglacial groundwater recharge into the slowly circulating regional sys
tem only works because the permafrost interrupts the discharge in the subareal out
crop areas of the Tertiary aquifers (e.g. of the OMM aquifer in the Biberach area, 
Fig. 2, lower diagram), thus making the Malm aquifer the only drainage system 
possible.

The higher potentiometric level during glaciation, in the main recharge areas 
(e.g. the Lake Constance basin), may also affect the potential in the Malm aquifer 
in the main groundwater stream area (from Memmingen to Augsburg, Munich, 
Landshut and Regensburg). In the stream area, during the pleniglacial periods the 
Malm groundwater may have been pressed upwards into the Tertiary (or Cretaceous) 
bedrock. When the potentiometric levels are back to ‘normal’, i.e. during intermedi
ate or temperate times, this water may have returned into the Malm. This may be 
considered as still another circulation system, without net recharge or discharge, 
which works during and immediately after the foreland glaciations. This is consistent 
with the small increase in Cl content found in the Malm groundwater towards the 
discharge area (Fig. 11).

This ‘pleniglacial scenario’ is quite different from today’s situation or from 
that of the intermediate periods.

In consequence of the three suggested recharge mechanisms, each correlated 
with a distinct palaeoenvironment, the deep groundwater to be found today may be 
expected to be of polygenetic origin, but mainly derived from intermediate and cold
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(glacial) climate. The palaeoenvironmental conditions can also be detected by 
hydrochemistry as each environment is also correlated with a distinct content of 
environmental isotopes.

In general, groundwaters which are assumed to be recharged subglacially 
should contain low 2H and 180  values, low or no detectable 14C and small quanti
ties o f dissolved inorganic carbon (DIC) and should show low noble gas recharge 
temperatures. Usually, this type of groundwater is oversaturated with all air gases, 
and, because o f oxidation of organic matter, the originally low content o f C 0 2  may 
become slightly increased. Groundwaters in the Tertiary aquifers o f the Lake Con
stance area usually show these kinds of values that are unlike those of the shallow 
waters of the same area.

5. CONCLUSIONS

From our results and interpretations, the following conclusions might be 
drawn:

— Substantial parts o f the deep groundwaters o f the intermediate and regional cir
culation systems were recharged subglacially during cold climatic periods of 
the Pleistocene.

— These deep groundwaters should be treated similarly to limited resources. 
Recent recharge of groundwater of similar hydrochemical composition cannot 
be accepted.

— By dating groundwaters with 14C and any hints for recharge o f this ground
water under cold climatic conditions, no groundwater age should be given 
exceeding the range of 12 to 15 ka; in regions where glaciers covered the sur
face o f aquifers, the 14C dating range is strictly limited to this given range. 
This depends on oxidation effects, on the amount o f oxygen present and on 
mixing corrosion effects.

4— -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------;------------------------------------------------

FIG. 11. Block diagrams o f  the South German Molasse basin, along the main regional circu
lation system o f the Malm karst aquifer. •

Upper diagram: today’s situation. Potentiometric level as in Fig. 4, C¡ content and 
à18О values. Almost no groundwater recharge into the Malm aquifer as the water which is 
vertically derived from the Tertiary does not originate from the surface but from the Malm itself 
and had been pressed upwards under pleniglacial potentiometric conditions.

Lower diagram: situation during phases when the Alpine foreland was glaciated. The 
potentiometric level is assumed as in Fig. 2. Recharge did not occur subaerially but subgla
cially in the deep basins as is shown in Fig. 2. Periglacial areas were permafrozen. Because 
o f the elevated potentials, Malm groundwater is pressed upwards into the overlying Tertiary.
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— If conclusions are to be drawn for deep groundwater recharge conditions, in 
addition to conventional isotope methods ( 2 H, 1 8 0 ,  3 H, 13C and 1 4 C) and 
hydrochemical investigations, it is necessary to determine the gas content (N2, 
0 2, C] to C4) of the groundwaters. In practice, it has turned out to be essential 
to analyse the 15N content of dissolved N 2  and to investigate the 13C and 2H 
content o f hydrocarbon compounds.

For deep groundwaters, which show no detectable amounts of 14C and which 
are at least partly recharged during cold climatic conditions, no age can be derived 
from conventional dating methods. A possible way out may be the dating of ground
water with the 81Kr method. At least, an upper age limit can be derived by this 
method.
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Abstract

ISOTOPE INVESTIGATIONS ON FRACTIONS OF DISSOLVED ORGANIC CARBON 
FOR 14C GROUNDWATER DATING.

Isotope investigations on 14C contents of dissolved organic carbon (DOC) and 
dissolved inorganic carbon (DIC) of three different groundwater systems in Germany (Upper 
Triassic Keuper sandstone (northern Bavaria), Jurassic limestone karst aquifer (northern 
Bavaria) and terrestrial sediment aquifer (Lower Saxony)) show the potential advantages and 
problems of using DOC fractions as an alternative groundwater dating method in comparison 
with the conventional method based on DIC. The dating of groundwater is possible with the 
fiilvic acid (FA) fraction but not with the humic acid (HA) fraction of DOC. For dating pre
bomb recharged groundwater, the assumption of an ‘initial’ 14C content of 100 per cent 
modem carbon (pmc) for the FA fraction is only a first approximation, which often overesti
mates the water age. As an initial l4C value for FA, a range between 75 and 95 pmc, 
depending on the situation in the aquifer, seems to be more realistic. For a first calculation 
of model ages for groundwater with 14C from FA, an initial 14C value of 85 ±  10 pmc can 
be taken. For the first time, ôl5N values of humic substances from groundwater were 
measured. They show a general trend of enrichment with increasing 14C age of FA fractions.

* Present address: National Hydrology Research Institute, Saskatoon, Saskatchewan, 
Canada.

** Present address: UFZ Leipzig/Halle, Leipzig, Germany.
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Many investigations of hydrological systems, including palaeohydrological 
and palaeoclimatological studies, require dating methods which allow the establish
ment of a time-scale. To determine a mean residence time for groundwater between 
about 1000 and 40 000 years, 14C measurement of dissolved inorganic carbon 
(DIC) is commonly used. By this method, determination of the initial 14C content 
o f DIC in the groundwater by different models is necessary because DIC may be 
affected by the dissolution o f carbonates and other processes (see, e.g. Ref. [1]). 
Problems may arise when precipitation of carbonates, isotopic exchange, biogenic 
and volcanic gas or matrix diffusion affect the DIC pool (see, e.g. Refs [2-5]). 
Groundwater dating with radiocarbon in DIC has evolved to a highly sophisticated 
and computer dependent modelling technique, requiring as much information as pos
sible about the sources and sinks o f DIC.

As an alternative, 14C determinations of fractions of dissolved organic carbon 
(DOC) promise to become an independent isotopic method of groundwater age 
dating [6-10]. DOC is an ubiquitous part of the groundwater carbon inventory. 
Concentrations range from less than 0.1 mgC/L in crystalline aquifers to more than 
150 mgC/L in so-called ‘black water’ aquifers [11, 12].

The basis for ‘ideal’ 14C dating with DOC fractions is an extracted fraction 
originating in the upper soil zone from a decomposition of young organic materials, 
rapid infiltration through the unsaturated zone in the recharge area of an aquifer to 
the groundwater and no retardation in comparison with the moving water by adsorp
tion on aquifer material. One major precondition for dating with DOC is that all 
molecules in the extracted fraction should have the same source and should have 
originated contemporaneously within the tolerance of the dating method. Another 
point is that the DOC pool should not be affected by dissolution of older organic mat
ter from deeper soil horizons or from ancient sedimentary organic carbon (SOC). 
Under these assumptions, a 14C activity o f about 100 per cent modem carbon (pmc) 
can be adopted for the initial 14C content Aq, and it is possible to calculate a 14C 
age from the decay equation:

1. INTRODUCTION

5730
Age (years) =  (1)

In 2  In (Aq/As)

where As is the measured 14C content of the sample.
In the last few years several radiocarbon studies of DOC for groundwater 

dating were performed (see references quoted in Ref. [13]); for the measurement of 
14C in DOC from groundwaters different methods were used in the last few years. 
Radiocarbon measurements on total DOC by UV irradiation of water samples were 
performed by, e .g ., Purdy et al. [14] or Dôrr et al. [15]. Geyh and Briihl [10] 
precipitated DOC fractions with Al(OH)3. By using the first technique the entire
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DOC content is covered; with the second technique a poorly defined fraction of DOC 
is sampled. In this study aquatic humics were sampled, if possible, in two fractions, 
fulvic acids (FA) and humic acids (HA) by using the XAD - 8  adsorption 
chromatography technique [ 1 1 ], which has been proven to be practical for isotope 
measurements [16]. FA and HA are defined purely operationally by their solubility 
at a pH of 2, their molecular size and the affinity to adsorb at this pH on XAD - 8  

resin [11]. They have no distinct chemical formulas. Their structure can be charac
terized by means o f fractal geometry [17]. This implies a strongly disordered struc
ture of the molecules regardless of the scale length used to examine the material. FA 
and HA represent a group of organic macromolecules with comparable chemical 
characteristics in relation to their solubility in water [18].

The objective of our research programme is to investigate the isotopic compo
sition in comparison to chemical properties and to check the possibilities of 14C 
groundwater dating with DOC fractions in comparison with the conventional 14C 
dating on DIC. In this paper, geochemical and isotopic data are presented for high 
molecular weight DOC fractions. The initial 14C content of FA for 14C dating is 
discussed, and 14C ages from DOC fractions and DIC are compared in three 
groundwater aquifers with different characteristics.

2. FIELD SITES AND METHODS

Three groundwater systems in Germany were selected. The first site is a con
fined sandstone aquifer (Franconian Albvorland, northern Bavaria, Germany) which 
is located in the Upper Triassic Keuper sandstone sequence. The sandstone aquifer 
is separated locally by clayey interlayers o f slight extension and is covered by thick 
clay layers of the Upper Middle Keuper (Feuerletten), Lias and Dogger and Jurassic 
limestone deposits (Malmkalke). According to laboratory experiments, the permea
bility of the Keuper sandstone is about 10“ 5  m /s, the mean drainable porosity is 
about 20% and the fracture porosity is 0.5 to 1%. The water table gradient has a 
mean value of 0 .8 7 oo [19]. Seven production wells were sampled in the flow 
direction of the groundwater to the SE over a distance of 27 km. The aquifer is 
anaerobic beyond 8  km and sulphate reducing beyond 18 km. DOC contents range 
between 0.2 and 0.5 mg C/L. This aquifer was selected because it has been well 
studied by hydrogeological and isotopic methods since 1970 [20-23].

The second site is the Upper Jurassic (Malm) karst groundwater aquifer in the 
Molasse Basin and on the Swabian-Franconian Alb, southern Germany. The sam
pled wells are located on the Swabian Alb (Forheim I), in the recharge zone of the 
Malm karst aquifer, and in the Donauried (Langenauer Ried), where new recharged 
groundwater from the Swabian-Franconian Alb and a second component from the 
deeper Molasse Basin discharge. The groundwater in the limestone and dolomites 
is unconfined. The limestone dips about 2° to the SSE. South o f the river Danube
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the karst aquifer becomes confined by overlying limestone and marls (Kimmeridge 
to Tertiary). Its top reaches a depth of 190 m in the Binswangen artesian production 
well. The permeability the karst system in the eastern Donauried, determined by 
pumping tests, varies between 1.5 X 10- 4  and 3.5 x  10“ 5  m/s [24]. DOC contents 
lie between 1.6 at Langenau and 0.4 mgC/L at Binswangen.

The third study area comprises wells in the Gorleben aquifer complex, 
Lüchow-Dannenberg, northern Germany. The aquifers occur mainly in 150 to 
280 m of reworked and deformed Miocene and Pleistocene glacial sediments sur
rounding and overlying the Permian Gorleben salt dome, a proposed nuclear waste 
repository. The Tertiary and Quaternary sequences can roughly be classified in an 
upper freshwater aquifer system which is separated by a clayey complex from a 
lower aquifer system with saline water. The permeability in sand and gravel varies 
between about 5 x  10“ 3  and 1 x  10 " 4  m/s in the upper aquifer complex and is 
about 5 x  10“ 5  m/s in the lower one. The mean drainable porosity is about 30%. 
In the clayey and silty middle complex the drainable porosity is around 10 to 20%, 
and the permeability varies between 5 x  10~ 6  and 5 x  10“ 1 0  m/s. Field velocities 
for the upper complex are between 5 and 250 m/a, and for the lower complex direct 
measurements in boreholes show a wide range ( < 0 . 4  to 47.5 m/a) with a statistical 
mean value o f 2 m/a [25]. Certain wells in the aquifers produce ‘black waters’, with 
exceptionally high DOC concentrations of up to 200 mgC/L. In the sediments 
Miocene brown coals and Pleistocene peat deposits occur. The origin, migration and 
diagenesis of HA and FA are o f particular relevance to radionuclide transport 
studies [26].

In this work aquatic fulvic acids (FA) and humic acids (HA) were isolated by 
liquid chromatography using the XAD - 8  adsorption chromatography tech
niques [11]. Considerable effort was required to obtain enough purified humic 
sample for isotope analysis. Groundwaters with low DOC contents were processed 
in the field by an automated sampling system allowing for routine processing of up to 
1000 L of groundwater per day. In the case of the Gorleben aquifers, high DOC con
tents allowed sufficient dissolved humics to be obtained from 50 L groundwater sam
ples. The separation o f HA and FA was made by the conventional acidification to 
pH =  1 and precipitation of HA. Except the Gorleben samples, no HA occurred. 
The eluted humic substances were freeze dried in sodium form and stored in sealed 
glass vials before analysis.

Stable isotope measurements of ô 13C and S15N were performed with a 
Finnigan MAT Delta-S mass spectrometer with a reproducibility of ± 0 .1 7 00. ô15N 
determinations of FA and HA samples were made by using the CaO quartz sealed 
tube combustion method [27]. Samples were analysed for 14C by conventional 
liquid scintillation counting (GSF, Munich), or in the case of small samples by 
accelerator mass spectrometry (Isotrace Laboratory, University of Toronto). Stable 
isotope measurements and the determination of 14C in DIC of the groundwater were 
done by conventional methods [28]. Results for stable isotopes are reported relative
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to the international standards ( 1 3 C: PDB; 1 5 N: AIR; 2 H, 1 8 0 :  SMOW) in the usual 
ô notation. Radiocarbon contents o f the DOC and DIC samples are reported in pmc 
relative to 95% o f the activity concentration of oxalic acid standard in 1950. DOC 
samples were normalized to a 0 13C of - 2 5 7 00. Detection limits for tritium concen
tration measured in the groundwaters after 2 0 -fold electrolytical enrichment lie at 
about 0.7 TU (tritium units) [29] or at about 0.1 TU [30].

3. RESULTS AND DISCUSSION

3.1. ‘Initial* 14C content o f FA in DOC

Figure 1 shows a comparison of 14C contents of FA extracted from young 
groundwater from five study sites in Germany and three Canadian study sites [31]. 
All aquifers are unconfined. The aquifer matrix is composed of sand and gravel. All 
groundwater samples but one (H201) have high tritium contents indicating ages 
younger than 40 years. Although tritium in sample H201 is below the detection limit, 
an age of younger than 100 years can be assumed because H201 is located in the 
recharge area of the aquifer.

The distance from the sampling depth to the groundwater table is illustrated 
as a one sided error bar. The groundwater samples were classified by their dissolved 
oxygen content (oxic/anoxic range) and by their situation in the field (location, 
sampling depth). ‘A grie.’ means that the groundwaters underlie well developed 
agricultural fields and ‘forest’ indicates that the groundwater system underlies 
undisturbed soils in forests or grasslands.

The results show that FA fractions, sampled in 0 2  bearing groundwater near 
shallow water tables and underlying forest or grassland, have 14C values around 
100 pmc. Under agricultural fields and in the oxic range 14C contents are lower. 
The values range between 73 and 96 pmc, where the lower values could be the result 
o f dilution by 14C free organic contaminants, which were analysed in these ground
waters. In both cases, in groundwater under forest and under agricultural land, it 
seems that the reduction of 14C activity of FA increases with the thickness of the 
unsaturated zone and with the depth of sampling below the water table. The some
what lower ‘initial’ 14C values under arable land can be the cause of tillage leading 
to a remobilization o f older organic macromolecules which were initially sorbed on 
clay or iron minerals in deeper soil horizons.

In groundwater where the dissolved oxygen (DOX) content is depleted by 
redox reactions mediated by organic material, a reduction o f the 14C content in FA 
is observed. Measured values range between 76 and 92 pmc. Again a stronger reduc
tion of 14C occurs in groundwaters with a larger thickness o f the unsaturated zone. 
No difference is recognizable for groundwater underlying agricultural land and 
undisturbed forest or grassland.
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FIG. 1. Comparison o f  14С contents from extracted FA from shallow, tritium bearing 
groundwater. The samples originate from Germany (five sites) (Geyer, unpublished data) and 
Canada (three sites) [31]. The samples are classified, on the one hand, by their origin below 
agricultural land and below undisturbed soils from forests or grasslands and, on the other 
hand, by their origin from aerobic or anaerobic groundwater.
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Very strong reductions of 14C content in FA occur in aquifers which are rich 
in sedimentary organic matter (SOC). Parts of this FA have originated from ancient, 
mostly 14C free SOC. All samples of this type show reducing redox potentials and 
have no or only a depleted DOX content.

It is apparent that in all samples the FA fraction is a mixture of older and 
younger compounds from soil because, corresponding to the ‘bomb tritium’, ‘bomb 
radiocarbon’ with values >  100 pmc should also be detectable in the FA samples. 
14C measurements of total organic carbon of thin layer sections of soil profiles in 
Germany [32] show 14C activities between 60 and more than 100 pmc. They found 
‘bomb radiocarbon’ at nearly all horizon boundaries in the soil profile whereas the 
lowest 14C values were associated with high clay contents. In С horizons of the 
soils the 14C content is often in the same range as in the upper 20 cm of the soil 
profile. This shows that a portion of organic matter percolates rapidly through the 
profile into the С horizon. In a soil profile disturbed under agricultural use the 14C 
activity was significantly reduced by soil turnover. A comparable trend can be seen 
in the initial 14C concentrations in dissolved FA under agricultural land in Fig. 1.

The initial 14C content o f dissolved FA depends on several factors. It is a 
function of the turnover time in soil, the rate o f input o f young organic matter, its 
degradation by microbial activity and its mixture with different old sources. Another 
factor is the rate o f percolation o f water soluble organic matter to the groundwater 
and its alterations during transport, such as the dissolution with older organic matter 
from deeper horizons, adsorption and desorption from aquifer material. Because of 
seasonal changes of input of fresh organic material, variations of infiltrating precipi
tation and microbial activities, variations of the flux and 14C content of FA can be 
measured [31, 33]. A further dilution o f 14C contents can occur in the groundwater 
aquifer itself by transformation o f SOC to DOC, for example by biogeochemical 
processes such as bacterial fermentation [34].

The data presented in Fig. 1 show the following trends: the 14C content of FA 
in DOC reduces with the thickness of the unsaturated zone, with the depth of sam
pling, and especially in organic rich sediments or in cases where biogeochemical 
redox processes utilize or transform ancient organic carbon. From Fig. 1, an initial 
14C value for FA of 85 ±  10 pmc seems to be more realistic for groundwater age 
dating.

3.2. Case studies: comparison of DOC and DIC 14C groundwater ages

For comparing 14C ages calculated from DOC fractions and conventional DIC 
techniques, samples from three different aquifer systems were taken. In the first two 
systems SOC and DOC levels are low. The third aquifer system is rich in SOC and 
has a high DOC content.
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Results from fractionation o f DOC into FA, HA and the here so-called ‘non- 
humic’ substances are illustrated in Fig. 2. In the Keuper sandstone and Malm karst 
area no HA was found and FA is only a minor part of DOC. In the Keuper sandstone 
only about 10% of DOC was concentrated, whereas in the Malm karst groundwater 
between 30 and 45% o f DOC was sampled as FA. On the assumption that all DOC 
fractions in these regions are derived from soil, the results could be interpreted as 
implying that the mean residence time of FA in the soil was longer in the Keuper 
sandstone area so that a larger part of the FA was mineralized in the soil, whereas 
in the Malm karst region the recharge of the FA fraction to the groundwater is faster 
so that only a smaller amount could be mineralized in the unsaturated zone of the 
aquifer. HA was found only in the Liichow-Dannenberg aquifer system. Especially 
in groundwater with high DOC content HA is dominant with 60 to 90% of DOC, 
whereas FA does not exceed 23% o f DOC or 17 mg C/L.

The hydrochemistry of all samples is shown in Table I. Groundwaters in the 
Keuper sandstone and Malm aquifers belong to the C a-H C 0 3  or C a-M g-H C 0 3  

type. Carbonate dissolution from the aquifer matrix occurs on the flow path of 
groundwater in both aquifers, which contributes significantly to a ‘dilution’ of the 
14C content from DIC in the groundwater. Nitrate concentrations reduce in the flow

3.2.1. Chemical and isotopic data

■  HA □  FA □  ‘non-humic’ О  DOC
substances

FIG. 2. Distribution o f HA, FA and ‘non-humic’ substances in DOC in the sampled 
groundwaters.



TABLE I. HYDROCHEMISTRY OF GROUNDWATER SAMPLES COLLECTED BETWEEN 1988 AND 1991

Sample
Depth

(m)
Temperature

(°C) pH
E„ 0 2 C 0 2 DOC Ca2+ Mg2+ N a+ K + 

(mV) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
HCO3
(mg/L)

cr
(mg/L)

so42-
(mg/L)

N 03
(mg/L)

Keuper sandstone 
Laibstadt I 76-144 12.9 6.31 594 6.0 104.7 0.5 34.5 8.3 1.93 6.34 117.1 2.30 22.7 7.79
Thalmâssing I 61-89 13.8 6.83 449 2.2 83.2 0.3 105.0 30.0 3.22 16.90 327.0 2.72 112.2 4.04
JST. I 78-142 18.1 7.08 322 b.d .a 43.6 0.3 76.6 21.1 5.58 21.64 322.1 1.16 94.5 0.19
JST. Ш 110-166 18.6 6.80 283 b.d. 84.9 0.2 79.8 20.6 4.74 19.82 311.1 1.26 88.0 0.09
Greding П 83-143 19.1 7.39 185 b.d. 18.0 0.3 60.7 16.8 4.33 19.42 276.9 1.13 5.9 0.21
Greding I 80-92 18.4 7.27 172 b.d. 30.4 0.4 90.5 23.4 10.39 32.45 352.6 0.99 14.2 0.80’
Beilngries 80-88 15.6 7.43 -41 b.d. 26.8 0.4 89.2 16.8 16.90 30.30 310.5 2.17 54.6 <1

Ldchow-Dannenberg 
H201 30-35 9.6 7.75 121 b.d. 1.8 0.9 19.7 2.25 7.57 0.70 45.8 10.2 22.8 b .d .a
H341 10-13 8.6 7.00 140 0.1 54.6 64.0 52.1 10.8 928 3.29 259.3 1645 14.5 b.d.
H492 35-38 9.6 8.00 128 b.d. 4.0 127.0 12.8 1.77 499 3.13 707.8 298 69.9 b.d.
H572/(1988)b 70-73 12.2 8.60 17 b.d. 0.4 14.4 3.35 1.00 132 1.06 292.9 22.3 0.6 b.d.
Н572/Ц991) 70-73 12.3 8.90 17 b.d. b.d. 15.9 3.41 0.27 135 1.19 285.5 28.8 0.5 0.02

H573/0988) 134-137 14.8 7.80 11 b.d. 7.9 99.1 9.26 2.55 409 — 482.0 426 0.8 b.d.
H573/(1991) 134-137 14.4 8.20 -3 2 b.d. b.d. 97.8 9.21 2.04 431 3.38 490.0 434 1.7 b.d.
H2227 128-130 14.4 7.80 -5 8 b.d. 11.8 73.4 21.4 4.83 962 14.8 481.9 1303 31.1 b.d.

Malm karst
Forheim I 15-20 8.6 7.04 401 7.4 38.3 0.7 132.6 14.3 7.10 3.20 365.4 20.0 22.9 48.9
Langenau K. 5-6 10.5 6.82 369 7.3 158.4 1.6 215.9 37.0 15.8 2.50 572.2 44.2 152.0 28.6
Binswangen 172-203 16.4 7.15 137 b.d. 23.6 0.4 77.63 22.9 3.10 1.72 308.1 5.2 13.6 <10

a b.d. stands for ‘below detection’: 0.1 mg/L for 0 2 and 0.02 mg/L for NOj. 
b /(1988), /(1991): year of sampling.
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TABLE П. ISOTOPIC COMPOSITION OF GROUNDWATER TOGETHER 
WITH THE TWOFOLD STANDARD DEVIATION

Sample
02H

(SMOW)
±1.07oe

0 1 8 0

(SMOW)
±0.157,,

3H
(TU)
± 2 cr

013C
(PDB)
0.47oo

14C 
±2 a 

(pmc)

Model agea 
±2a 

(1 0 3  a)

Keuper sandstone

Laibstadt I/(1991)b -71 .6 -9.77 <0.7 -17.1 75.3 ± 2 . 6 < 2

Thalmssing 1/(1991) -65.3 -9.01 < 0 . 8 -14.3 26.6 ± 1.3 7 ±  1

J.S.T. 1/(1991) -67.8 -9.73 < 0 . 8 -12.9 18.4 ± 0 . 8 9 ± 1

J.S.T. 111/(1991) -67.1 -9.75 <0.9 -13.2 26.6 ± 0.9 7 ± 1

Greding 11/(1991) -71.0 -10.24 < 1 -13.4 1 2 . 8 ± 0 . 6 1 2  ± 1

Greding 1/(1991) -77.5 - 1 1 . 2 0 <0.7 - 1 0 . 8 1.7 ± 0 . 2 28 ± 1

Beilngries/(1991) -75.0 -10.65 <0.9 -11.4 1 . 0 ± 0.3 33 ± 2

Lüchow-Dannenberg

H201/(1991) -62.3 -9 .1 < 1 . 1 -13.6 26.5 ± 2 . 1 7 ± 1

H341/(1988) -58.8 -8 .5 0.41 ± 0.12 -15.1 25.0 ± 1 . 8 7 ± 1

Н492/Ц988) -58.1 - 8 . 2 <0.17 - 1 1 . 1 2 . 1 ± 1 . 2 26 ± 5

H572/(1988) -58.1 -8 .4 0.50 ± 0.12 -4 .0 4.6 ± 0 . 8 20 ± 3

H572/(1991) -59.0 - 8 . 6 0.58 ±  0.19 -4 .1 5.2 ± 1 . 1 18 ± 2

H573/(1988) -59.7 -8 .5 <0.13 -9 .1 4.0 ± 0.7 2 1  ± 2

H573/(1991) -61.5 -8 .9 <0.40 -9 .2 3.7 ± 0 . 8 2 2  ± 2

H2227/(1991) -62.4 -9 .0 <0.30 - 1 2 . 8 4.9 ± 0.7 19 ± 1

Malm karst

Forheim 1/(1991) -70.6 -9 .90 30.4 ± 2.1 -14.8 93.1 ± 5.1 < 1

Langenau K./(1991) -69.4 -9.48 21.1 ± 1.5 -14.7 64.4 ± 5.2 < 1

Binswangen /(1990) -71.2 -10.23 < 0 . 8 - 1 0 . 2 1.5 ± 0 . 8 30 ±  5

a Calculated with the extended chemical mixing model with PHREEQE and rounded to 
1 0 3 a. 

b Year of sampling.
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path. Very small nitrate contents are found especially between the wells of JST.I and 
Beilngries where no dissolved oxygen exists and also the DOC contents are reduced. 
This implies anoxification and dénitrification processes occurring in the aquifer by 
using DOC as well as minerals (e.g. FeS2) in possibly bacterially mediated redox 
reactions. Since 14C free solid organic matter (SOM) seems to be negligible in the 
aquifer matrix, no or only very small amounts of sedimentary organic carbon (SOC) 
contribute to DOC. Therefore, the 14C content of FA is not significantly affected by 
these reactions.

The same sequential reductions of 0 2, NOJ and SO|“ occur in the DOC and 
SOC rich aquifer system of Liichow-Dannenberg. 0 2  and NOJ are consumed along 
the first upper metres of the aquifer. Isotopic measurements of <534S and ô180  in dis
solved sulphate (not tabulated) show a strong enrichment in the residual sulphate. For 
example, <534S in groundwater near the surface in the recharge area is around 
+2.7°/oo (CDT). This shows an environmental input from the atmosphere. In the 
deeper groundwater samples, the 34S values are enriched to around +347 0 0  by 
progressive isotopic enrichment due to microbial sulphate reduction. The source for 
the redox reactions in this aquifer systems is assumed to be mainly organic carbon 
in the form of DOC or SOC.

Both DIC and DOC contents are affected by these redox reactions. The DIC 
concentration increases concomitantly with the oxidation of organic carbon to C02. 
As the recent input of DOC from soil in the recharge area (sample H201) is smaller 
than 1 mg C/L, most of the reduced carbon must derive either from SOC dissemi
nated in the sediment as lignite or tertiary brown coals which have no 14C because 
of their high age, or is the result of an enhanced input of organically rich melt water 
of some 12 ka ago and of a much older lignite source [35]. DOC can also be changed 
by these reactions. On the one hand, a decrease in DOC can occur by incorporation 
into redox reactions, and, on the other hand, an increase in DOC may be due to 
dissolving aliquots of SOC or to transforming SOC by microbial activity.

Tables П and in  show the isotopic composition of sampled groundwaters, DIC 
and DOC fractions. The <513C values of the extracted DOC fractions have a mean 
value of -26.9 ± 0.77oo. No difference between FA and HA fractions can be 
recognized from 51 3C. The <513C values show no correlation with the 14C concentra
tions and reflect the average carbon isotopic composition of soluble organic matter 
derived from the organic carbon sources. The values are typical for terrestrial plant 
material with the Calvin (C3) photosynthesis cycle (see, e.g. Ref. [36]). ô13C of 
DIC shows the values expected for the Keuper sandstone and the Malm karst aquifer. 
An additional dissolution of carbonate can be recognized in both aquifers by the 
enrichment of ô13C in the flow path. In samples from Lüchow-Dannenberg, the 
<513C values are the result of dissolution of carbonate, oxidation of organic carbon 
and other geochemical processes, such as methanogenesis and/or carbon isotope 
exchange processes. The last two processes may be the reason for the relatively high 
13CD1C value of sample H572.



TABLE Ш. ISOTOPIC COMPOSITION OF DISSOLVED FULVIC AND HUMIC ACIDS EXTRACTED FROM GROUND
WATERS TOGETHER WITH THEIR TWOFOLD STANDARD DEVIATIONS

Sample

Fulvic acid Humic acid

ô15N
(air)

±0.3°/oo

<5,3C
(PDB)

±0.47oo

14C
±2(7

(pmc)

l4C model age 
Aq - 100 pmc 

103 a + 2(7

<515N 

(air) 
±0.3 °/00

<513C
(PDB)

±0.4°/o<

l4C
±2(7

(pmc)

I4C model age 

Ao = 100 pmc 
103 a + 2a

Keuper sandstone 

Laibstadt I +3.1 (l)a -27.8 79.9 ± 1.0 1.9 ± 0.1

Thalmàssing I +5.0 (1) -26.9 45.2 ± 1.4 6.6 ± 0.3 — — — —

J.S.T. I — -27.0 28.8 ± 0.9 10.4 ± 0.3 — — — —

J.S.T. m — -26.8 29.6 ± 1.1 10.1 ± 0.4 . — — — —

Greding П — -26.5 25.6 ± 1.1 11.3 ± 0.4 — — — —

Greding I — -27.5 15.9 ± 0.8 15.2 ± 0.4 - — —

Beilngries +7.9 (1) -27.4 14.7 ± 2.8 15.8 ± 1.7 — —

Lüchow-Dannenberg

H201 -0.7 (3) -26.0 58.6 ± 1.7 4.6 ± 0.3 - 26.9 28.8 ± 0.6 10.3 ± 0.2

H341 + 1.5 (3) -27.9 56.3 ± 0.8 4.7 ± 0.2 3.1 (4) -26.9 9.5 ± 0.9 19.5 ± 0.8

H492 +2.8 (2) — 4.7 ± 0.2 25.3 ± 0.4 3.0 (4) -25.7 <1 >30

H572/(1988) +5.3 (2) -26.3 13.4 ± 0.4 16.6 ± 0.4 5.9 (5) -26.3 2.1 ± 1.7 >30

H572/(1991) +5.1 (2) -25.5 23.6 ± 1.0 9.3 ± 0.3 6.1 (2) — —
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H573/(1988)

Н573/(1991)

Н2227

Malm karst 

Forheim I 

Langenau K. 

Binswangen/ (Field) 

Binswangen/ (Lab. )

-  -27.3

+2.4 (1) -27.3

+2.7 (4) -26.2

-  -27.8

-  -28.5

+5.2 (1) -27.7

-  -27.7

<3.6 

5.4 ± 1.7 

10.6 ± 1.7

98.4 ± 1.4 

79.3 ± 1.1 

40.2 ± 0.6 

51.9 ± 1.0

a Numbers of repeats. 
b /(1988), /(1991): year of sampling.

>27.5 -  -27.3 <1.3 >30

24.1 ± 1.9 2.3 (2) -27.3 <1.1 >30

18.6 ± 1.3 2.4 (3) -26.1 1.7 ± 1.1 >30

<0.2 

1.9 ± 0.1 

7.5 ± 0.1 

5.4 ± 0.2
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FIG. 3. Comparison of 14С model ages calculated with the I4C contents of DIC and of the 
FA and HA fractions of DOC in three different aquifer systems.
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3.2.2. ôlsN measurements in FA and HA fractions

For the first time, 15N/14N ratios in FA and HA from groundwater were 
measured (Table Ш). All measured values are in the typical range for terrestrial plant 
matter between —10 and +10°/оо [37]. No investigation exists as yet so that these 
new data cannot be compared. In the Keuper sandstone and also in the Lüchow- 
Dannenberg aquifers a general trend towards an enrichment of <515N values with the 
14C age of the DOC fractions is evident. This can be interpreted as a diagenetical 
trend of humic substances. In the Lüchow-Dannenberg aquifer this diagenetical 
fingerprint seems to be superimposed by microbial alterations of the N contents in 
both fractions, FA and HA. Especially in sample H572, an enrichment that is strong 
compared to the other samples of this region shows that the FÀ and HA fractions 
in this sample are strongly involved in biochemical reactions.

Another result is that the <515N values in the FA and HA fractions in the same 
sample are similar and no difference in the origin of the two fractions can be 
concluded from these data.

3.2.3. 14С ages

The 14C model ages calculated with DIC and FA are compared in Fig. 3. The 
14Cfa ages were calculated with an assumed initial 14C value of 100 pmc 
(Fig. 3(a)), whereas the 14Cdic model ages were calculated on the assumption of a 
closed system with the extended chemical mixing model which includes the different 
carbonate species. The distribution of these species was calculated with 
PHREEQE [38]. For comparison, in Fig. 3(b) the FA and HA ages were calculated 
with an assumed initial 14C value of 85 ± 10 pmc for the Keuper and Malm karst 
samples and with an initial 14C value of 60 ± 5 pmc for the Lüchow-Dannenberg 
samples.

3.2.3.1. Confined Franconian Keuper sandstone aquifer

The 14Cfa and 1 4Cdic ages of groundwaters are in a good agreement for the 
wells Thalmàssing, JST.I and Greding П. The 1 4CFA age of Laibstadt (1900 a) 
seems to be too high if we consider the hydrological situation near the recharge area. 
This might again indicate that the assumed initial 14C value of 100 pmc for FA is 
too high. Testing the ages with 2H and 180  stable isotope data, which allows a 
differentiation between Holocene ( < ~ 104  a) and Pleistocene ( > ~ 104  a) recharge 
of the groundwater, we find that no contradiction exists. In comparison with the 
1 4Cfa ages, the DIC ages in the groundwater of Greding I and Beilngries show 
values which are 5000 to 20 000 years higher, depending on the correction model 
for the initial 14C content of DIC. Possible explanations for this large discrepancy 
are isotope exchange processes (see, e.g. Ref. [3]) or retardation of 1 4Cdic by
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TABLE IV. GROUNDWATER FIELD VELOCITY DETERMINED BY RATIO 
OF DISTANCE BETWEEN COLLECTED WELLS ACCORDING TO 14C DAT
ING OF DISSOLVED FA, DIC AND HYDRAULIC CALCULATION FROM 
MEAN DRAINABLE PORE VOLUME OF THE SEDIMENT AND GRADIENT 
OF THE WATER TABLE

Section
Distance

(km)

FA DIC Hydraulic calculation8
±2 a ±2 a ±2 a

(m/a) (m/a) (m/a)

Laib. I-Thalm. I 6.7 1.4 ± 0.2 1.0 ± 0.1

Thai. I-JST. I 8.7 2.3 ± 0.3 4.6 ± 2.6

Thai. I-JST. Ш 9.0 2.6 ± 0.3 —

JST. I-Gred. П 1.7 1.9 ± 1.0 0.7 ± 0.2

JST. Ш-Gred. П 1.4 1.1 ± 0.5 0.3 ± 0.1

Gred. П-Beiln. 8.7 1.9 ± 0.7 0.4 ± 0.1

Laib. I-Beiln. 25.5 1.8 ± 0.2 0.8 ± 0.1

Laib. I-Gred. П 16.8 1.8 ± 0.1 1.5 ± 0.1

Average: 1.8 ± 0.1 0.8 ± 0.1 1.4 ± 0.8

From Ref. [19].

matrix diffusion (see, e.g. Ref. [2]). Nevertheless, there is a fairly good agreement 
between the groundwater flow velocities calculated from different 1 4Cdic model 
ages, at least for ages up to 15 ka. Table IV shows groundwater field velocities 
deduced from the ratio of the distances between the collected wells, and 14C ages 
in comparison with the field velocity calculated from the mean drainable pore 
volume of the sediment and the gradient of the water table (from Ref. [22]). First, 
all results calculated by different methods lie in the same range. Second, the flow 
velocities calculated by the 1 4Cdic ages show larger variations than the flow veloci
ties deduced from the 1 4CFA ages. Third, the average FA flow velocity is about 
twice the DIC velocity. The FA flow velocity is also higher than the ‘hydraulic’ flow 
velocity, which was calculated from laboratory data where no joint volumes were 
taken into account. Under this aspect the FA flow velocity seems to be in better 
agreement with the hydrogeological situation.

In this aquifer large discrepancies also exist between groundwater ages 
determined by the 39Ar method discussed in Refs [21, 22, 39]. Geyh et al. [39]
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proposed a leaky recharge for the confined Keuper sandstone aquifer. Conventional 
14C model ages derived from DIC can be explained by a dispersion model with 
mixing of old water from the catchment area and young water percolating through 
the overlying aquitard (Feuerletten, Kf »  10“ 1 0 m/s). This implies that the apparent 
groundwater age depends strongly upon the hydrodynamic situation and upon the 
pressure difference between the upper unconfined aquifer on the Feuerletten aquitard 
and the lower confined Keuper sandstone aquifer. This model is also consistent with 
the 14Cfa ages.

3.2.3.2. Malm karst aquifer

Groundwaters from confined Malm karst aquifer in the Binswangen region 
have low 14Cdic contents. In all models used, the calculated groundwater model 
ages reveal radiometric ages of more than 10 000 a. They suggest a groundwater 
recharge during the Pleistocene which, in contrast to the 2H and 180  stable isotopes 
of the groundwaters, corresponds to values that are more typical of Holocene 
groundwater. This is also confirmed by the noble gas temperature and the slight 
4He excesses which reflect infiltration under warmer climatic conditions [40].

Two measurements of 14C in FA fractions, one extracted in the field, the 
other one extracted from water brought to the laboratory, show ages of 5000 and 
7500 a. From an additional 39Ar sample of the Binswangen groundwater, a model 
groundwater age of >300 a was derived [3]. For this paper additional FA fractions 
were sampled from two recently recharged groundwaters which represent possible 
initial 1 4Cfa concentrations for the Binswangen well. The Forheim well is situated 
on top of the Franconian-Swabian Alb in the recharge area of the Malm karst 
aquifer, and the Langenau groundwater is sampled in a gravel aquifer overlying the 
Malm Karst and underlying a peat deposit. If these 14CFA values (Fig. 3) were taken 
as initial 14C concentrations of the FA fraction in the Binswangen well, model ages 
between 3.5 ± 0.2 and 7.4 ± 0.1 ka would be calculated.

The 39Ar and 14C FA results show that Binswangen groundwater is much youn
ger than calculated by 14Cdic. Since DOC could be more strongly affected by dead 
carbon of sedimentary origin than is indicated by the 14CFA contents of Langenau 
and Forheim groundwater, the 14CFA ages represent the maximum 14C ages for the 
Binswangen groundwater. The calculated 39Ar model age requires the assumption 
of much higher apparent field flow velocities than are commonly estimated for the 
deep phreatic zone of the Malm karst aquifer, whereas the field flow velocities calcu
lated from the 14Cfa ages lie in the range typical for Malm karst (e.g. Ref. [41]).

3.2.3.3. Aquifer system at Lüchow-Dannenberg overlying the Gorleben salt dome

The 14Cha and 14CFA ages are calculated with an assumed initial 14C value of 
100 pmc. The results are presented in Table HI and Fig. 3. A comparison shows that
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the 14C model ages of DIC and FA are always lower than those of HA. In the 
deeper groundwater samples the 14C Ha ages are more than 30 ka, in groundwater 
samples near the surface the 1 4CHA ages are around 10 ka in the recharge area 
(H201) and 20 ka in an area with saline ascending groundwater (H341). Since the 
14Cfa ages are younger, a different origin has to be assumed. Sources of organic 
carbon in this aquifer system are the soil and 14C free organic matter disseminated 
in the aquifer matrix. HA is therefore mainly derived from fossil SOC, whereas the 
origin of FA must be mainly from the soil horizon. 14C in HA of H201 may be a 
result of young SOC in the Quartemary (Weichselian) sediment or of an ‘exchange’ 
of fragments from soil derived FA to the HA macromolecules. This is probably also 
the reason for the small 14C contents measured in HA of the deeper groundwater 
and for the higher ages in FA than in DIC for the shallow groundwaters H201 and 
H341. At this point it should be kept in mind that the separation between the HA 
and FA fractions is only operational.

The 14C model ages of DIC and FA show similar results in the deeper 
groundwater. A second sampling campaign after two years for H572 and H573 
yielded results that were around 5000 years younger for FA in both groundwaters, 
whereas the DIC model ages gave the same results within the tolerance limits. The 
reason for this is unknown, so far. The higher 14C age for DIC in H572 may, possi
bly, be explained by methanogenesis and/or isotope exchange processes, which is 
also indicated by the unusually high <513C value in DIC.

All calculated 14C model ages (DIC and FA) for the deeper groundwaters 
(H492, H572, H573, H2227) indicate a Pleistocene age. On the other hand, the 
stable isotope contents of all samples are characteristic for Holocene groundwater. 
As a consequence, so far all 14C model ages of groundwater can only be interpreted 
as maximum ages in this hydrogeologically very complex area.

Methods have to be developed to determine a more realistic initial 14C start
ing value for DIC as well as for the FA fraction. As a first correction of model ages, 
the measured values in the recharge area of the groundwater aquifer (H201) can be 
taken as initial 14C values for DIC and FA (Fig. 3(b). With this correction all model 
ages (DIC and FA), with the exception of the 14CFA age of H572, still show 
Pleistocene ages. This result proves that 14C contents are ‘diluted’ by geochemical 
processes occurring in the aquifer system.

4. CONCLUSIONS

For dating prebomb recharged groundwater, the assumption of an initial 14C 
value of 100 pmc for FA is only a first approximation, which often overestimates 
the true water age. According to Fig. 1, an initial 14C between 75 and 90 pmc may 
be more reasonable. However, values near 100 pmc are found in aquifers where the 
water table in the recharge area is near the surface, and microbial redox processes
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are insignificant and contain only very small amounts of relatively insoluble SOC. 
In aquifers with a high SOC or with biogeochemical transformations of organic mat
ter, a correction comparable to the ‘dilution factor’ in 14C dating with DIC should 
be introduced, which quantifies the fractions of FA derived from ancient SOC and 
from soil. An approach to a solution of this problem is to measure the 14C content 
of dissolved methane in groundwater where it is generated in situ from subsurface 
sedimentary organic sources [42]. In every case, with the assumption of 100 pmc as 
the initial 14C content of FA, a maximum age for a groundwater sample can be cal
culated. From the results of this study, an initial 14C value for the FA fraction in 
groundwater of about 85 ± 10 pmc is proposed. Groundwater 14C age dating with 
DOC fractions, preferably in conjunction with other age dating methods (DIC, 
3 9 Ar, etc.), is thus an additional tool available to facilitate the development of water 
resources.
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Abstract

OXYGEN ISOTOPE VARIATIONS IN CLAY AQUITARDS IN THE WESTERN 

GLACIATED PLAINS OF NORTH AMERICA.
In areas where low hydraulic gradients exist, flow of groundwater in the thick clay 

aquitards deposited by Glacial Lake Agassiz in North Dakota and Manitoba is expected to be 
very slow, of the order of 1 m per 1000 years. These very slow rates of flow suggest that 
original glacial lake water may be preent in the porewater deep in the clays. Three field sites 
have been identified where aquitard thicknesses are in the range of 28 to 48 m. At the Manvel 
site, 28 m of silt and clay overlie the artesian Dakota sandstone aquifer. The Montcalm site 
comprises 35 m of clay overlying 35 m of till which in turns overlies an unused brackish 
bedrock aquifer. At the Drayton site there are 76 m of Lake Agassiz deposits which overlie 
shale bedrock unused for a water supply. At each site, a meteoric signature of —14700 near 
ground surface declines to a minimum deep in the clay and then increases under the influence 
of the underlying deposit. At Manvel the most depleted signature is —19.6700, which has been 
influenced by mixing with water from the underlying Dakota aquifer. At Drayton, two sam
pling points spaced vertically 4.3 m apart have yielded ô180 signatures of —24.6700. Simi
larly, at Montcalm, located 60 km north of Drayton, two sampling points 8.7 m apart have 
the same highly depleted 6180 signatures of — 24.8700. This suggests that ô180  of —24 to 

—25700 may be widespread and may be representative of water in Glacial Lake Agassiz, 
perhaps yielding the best estimates of ¿>180  in precipitation during the last glaciation. This 
finding wiH have major implications for calibrating global water balance and climate models.

1. INTRODUCTION

Clay rich unlithified geologic strata of low matrix hydraulic conductivity 
(aquitards) are a common surficial deposit in the western glaciated plains of North 
America. Although, historically, hydrogeologists have studied aquifers, issues of

* Present address: Department of Geological Sciences, Queen’s University, Kingston, 
Ontario, Canada.
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aquifer protection and storage of hazardous wastes have caused an increased interest 
in the study of aquitards. Some of the same characteristics that make aquitards attrac
tive locations for the storage of hazardous wastes make them potential repositories 
of clearly discernible paleoclimate signals. In aquitards, flow times are long, advec
tion and therefore dispersion are negligible, and molecular diffusion is the primary 
transport mechanism. The travel paths are short, of the order of tens of metres, 
allowing easier access to subsurface information.

With the exception of a few studies [1-4] carried out in eastern Canada, very 
few studies of long term transport processes in thick clayey deposits have been 
reported. Five sites were investigated in a till in Southern Ontario, Canada. Although 
shallow groundwaters in these tills typically have <5I80  signatures of - 9  to
— 1 0 °/oo per mille characteristic of local meteoric water, deep in the till, 6 18 0  sig
natures of approximately -1 7 7 o0 per mille were observed. It was concluded that 
the low values were indicative of Pleistocene water and that the gradual shift from 
relatively enriched water near ground surface to relatively depleted water at depth 
was due to diffusive mixing [4]. Similar estimates of later glacial groundwater <5180  
were obtained from a study of 14C dated wood fragments from the same till [5]. At 
nearly all field sites investigated the preservation of 618 0  contrasts of varying mag
nitudes was attributed to diffusive rather than advective transport. This work raised 
questions concerning a background ¿¡180  signature characteristic of Pleistocene 
deposits.

Critical to the study of groundwater and tracer movement in aquitards is the 
reconstruction of the initial and boundary conditions. As the most extensive Quater
nary clay plain in North America, the stratigraphy and history of the deposits of 
Glacial Lake Agassiz have been studied in great detail. The purpose of this study is 
to determine if there are depleted 6180  signatures indicative of Pleistocene water in 
clay deposits where the initial and boundary conditions can be reconstructed.

From about 11 700 to 9 500 BP, in the southern basin, Lake Agassiz formed 
and reformed at the margin of the northward retreating Wisconsin ice, interrupted 
by catastrophic drainage events and southward pulses of glacial ice [6 ]. The main 
source of water to Lake Agassiz was melting ice at the margin of the glacier; 
however, spillways carrying meltwater from the west also converged in Lake 
Agassiz. It has been speculated that there may have been inputs of groundwater to 
Lake Agassiz [7, 8 ]. The major source of sediment was glacially reworked Creta
ceous shale that covered the region before glaciation. The predominant clay minerals 
of Lake Agassiz deposits are illite and smectite with minor amounts of kaolinite [7].

The three field sites for this study are located in the offshore deposits along 
the valley of the Red River. From north to south the three sites are Montcalm, 
Drayton and Manvel (Fig. 1). These sites were selected to include a variety of strati
graphie and hydrogeological conditions. Figure 2 is a cross-section of clay and till 
that extends from Winnipeg to Grand Forks. At the Montcalm site, south of Winni
peg, approximately 40 m of clay overlie 30 m of till. About 50 km south of the inter-
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national boundary and 21 km west of the Red River is the Drayton site. The Drayton 
site has 76 m of Lake Agassiz deposits overlying 18 m of till. At the Manvel site, 
just north of Grand Forks, North Dakota, about 28 m of clay overlie a very thin till.

2. METHODS OF STUDY

At all sites, testholes and piezometers were advanced through the deposit 
without introduction of a drilling fluid.

Description of the shallow subsurface at the Montcalm site was made from 
several borings, the deepest of which was 12 m. One testhole was cored at 3 m inter
vals to 29.5 m. Five 1.9 cm PVC single borehole piezometers were installed at inter
vals through the clay, two piezometers were installed in the till and one in the 
underlying bedrock. Water levels were monitored from June 1991 to October 1992.

At the Drayton site, six piezometers were installed by the drivepoint method 
in October 1992. The deepest piezometer was driven to 28 m, and the remaining five 
were installed at intervals of 4.3 m. The piezometers were constructed of 2 cm 
diameter black iron housing protecting 1 . 2  cm outer diameter polyethylene tubing 
that acts as the piezometer. The polyethylene tubing and the riser are connected to 
a stainless steel screen/drive point assembly. Water levels were monitored biweekly, 
and no cores were taken.

At Manvel, fourteen single borehole piezometers (90 series) were installed 
throughout the approximately 30 m of clay and till and 18 cores were retrieved in 
June 1990. Additional eight drive point piezometers were installed in October 1991 
(91 series) to a depth of 25 m, for a total of 22 piezometers. Both the 90 and 91 series 
are of a construction similar to that of the Drayton piezometers. Water levels in the 
90 series were measured weekly, and water levels in the 91 series were measured 
biweekly. In July 1992 vertical riser tubes were connected to the deepest piezometers 
in order to measure equilibrium water levels that were significantly above ground 
surface.

At the Montcalm and Manvel sites, single well response tests were performed 
by removing a slug of water and recording the time lag for re-equilibration. The 
results of these tests were analysed to determine the hydraulic conductivity [9]. At 
Montcalm, core samples taken from the same interval over which each piezometer 
is screened were used for laboratory hydraulic conductivity testing. This allowed a 
direct comparison of laboratory and field measured hydraulic conductivities. The 
core samples were tested by using a triaxial cell that allowed test conditions to closely 
approximate field conditions. Laboratory hydraulic conductivity (consolidation) tests 
on cores from selected depths at the Manvel site were performed by the root time 
method [1 0 ].

Groundwater samples were obtained periodically from all piezometers that 
yielded sufficient water for samples. The clay piezometers were not purged because
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of the limited volume of water available. Porewater was squeezed from Montcalm 
core samples taken at depths ranging from 7.5 to 30 m through the clay. Standard 
methods were used to perform 180  analyses at the University of Waterloo Environ
mental Isotopes Laboratory [11]. The results are expressed in the 6 7 0 0  notation rela
tive to standard mean ocean water (SMOW).

3. RESULTS AND DISCUSSION

3.1. Stratigraphy

At the Montcalm site, about 40 m of glaciolacustrine clay overlie 30 m of silty 
till which in turn overlie the Amaranth Formation, an argillaceous dolomitic siltstone 
and sandstone of Jurassic age. The upper four metres of clay are weathered and 
mottled grey-brown with silt laminae and both horizontal and vertical fractures. The 
lower clay is grey, massive, soft, plastic and homogeneous. The grain size distribu
tion of the grey clay averages 67% clay, 32.6% silt and 0.4% sand. The till is a mix
ture of clay, silt and sand, with abundant carbonate and igneous cobbles and 
boulders, and occasional gravel lenses.

The Drayton site is located near North Dakota State Water Commission 
(NDSWC) testhole number 5704 drilled in June 1970 [12]. NDSWC 5704 was 
drilled to 104 m and encountered about 98 m of glacial drift, the top 48 m of which 
appear to be Lake Agassiz deposits. The upper 5 m are silty clay. From 5 to 48 m 
the clay is silty, olive grey, very plastic and calcareous. Below 48 m the drift is silty, 
sandy and clayey. From 76 m to 92 m the drift is fine to coarse sand with interbeds 
of sandy silty clay. A thin till separates the sandy unit from the bedrock, which is 
described as dark greenish grey grading to reddish brown clayey shale that is 
non-calcareous.

Approximately 28 m of Lake Agassiz deposits consisting of about 11 m of 
laminated to poorly laminated clayey silt and 17 m of massive clay are found at the 
Manvel site. The clayey silt ranges in colour from light yellowish brown in the 
weathered zone to dark grey in the unweathered zone and has a grain size distribution 
of 32.2% clay, 67.2% silt and 0.7% sand. The lower clay unit is highly plastic, soft, 
massive, calcareous and dark grey or dark brown and grades to a silty clay near the 
till—clay contact. The grain size distribution of the unit is 88.3 % clay, 11.5% silt and
0.2% sand. The thin layer of grey silty till, 1 to 2 m thick, overlies the Inyan Kara 
formation.

3.2. Groundwater velocity

At Montcalm a vertical upward gradient of 0.15 m/m exists in the clay. An 
average linear groundwater velocity of 4 x 10- 1 1  m/s was calculated by using the
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mean field measured hydraulic conductivity, a gradient of 0.15 m/m and a porosity 
of 0.5. This velocity is more meaningfully expressed as 13 m per 10 000 years. 
Given this rate of movement and a 40 m thickness of clay, original porewater should 
be present in the mid-section of the clay at the Montcalm site. Equilibrium hydraulic 
head data are not yet available from the Drayton site. Because of the thickness of 
deposits and the absence of an underlying bedrock aquifer, the groundwater displace
ment, and therefore mixing, is expected to be similar to that observed at Montcalm.

In the region bordering the Red River of the North, the hydraulic heads in the 
Dakota aquifer have declined over the 100 years of exploitation. The best estimate 
of hydraulic heads before pumping is 14 m above ground surface for one well near 
the town of Manvel, in Grand Forks County [13]. Using the hydraulic head of 14 m 
above ground surface and the present depth to water table of about 3.5 m, the gra-
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dient is 0.63 m/m. The average linear groundwater velocity calculated from field 
and laboratory measured hydraulic conductivities is 2.5 x 10 _ 1 0 m/s or 79 m per 
1 0  0 0 0  years.

3.3. <5180  profiles

At the Montcalm site, the ô180  profile (Fig. 3) shows an enrichment near 
ground surface to —17700, which has been influenced by meteoric precipitation with 
a signature of about —14700. The ô180  declines to a signature of —24.8700 that 
occurs throughout a 8.7 m zone deep in the clay. The substantial contrast between 
<5180  deep in the clay and both ¿> 18 0  at ground surface and in the till suggests that 
very little mixing has occurred over the 1 0  0 0 0 , or so, years since deposition.
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At the Drayton site, samples from the two deepest piezometers, spaced 4.3 m 
apart, yielded ô180  signatures of -24.6700 (Fig. 4). This value is identical with 
the —24.8700 observed at the Montcalm site. Although the Drayton and Montcalm 
sites are 60 km apart, the same depleted signatures are observed deep in the clay. 
This suggests that the original ô180  of Lake Agassiz water was —24 to —25700.

At Manvel, the <5180  profile is enriched in the shallow groundwater, 
decreases to a background signature of —19.6700 and increases to about -1 8 7 00 
near the interface of the till and underlying Dakota Aquifer (Fig. 5). A <5I80  signa
ture of -1 8 7 00 was measured on several samples of Dakota Aquifer water in the 
vicinity of the Manvel site [14]. The shift between the depleted signal deep in the 
clay and the meteoric signal near ground surface is not as great as that observed at 
Montcalm and Drayton, thus supporting the hydraulic evidence that water from the 
underlying aquifer has mixed with the original porewater.



390 REMENDA et al.

At the Montcalm site, the persistence of a very depleted ô180  signature of 
-24.8°/00 deep in the clay indicates that little mixing has occurred over the past 
10 000 years, or so. Similarly, at the Drayton site, a signature of —24.6°/00 has been 
maintained deep in the clay. The 60 km distance between the two sites suggests that 
the preservation of a signature of about —24.5°/00 is quite widespread and may 
represent the original ô 180  signature in Lake Agassiz at the time of deposition. The 
<5180  shifts at Manvel are smaller and, coupled with the hydraulic evidence, suggest 
that mixing of original porewater and aquifer water has occurred. Because of its vast
ness and continuity, the southern basin of the Lake Agassiz clay plain is an ideal 
medium for the preservation of clear palaeoclimate signals. This finding will have 
major implications for calibrating global water balance and climate models.

4. CONCLUSIONS
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Abstract

CLIMATIC SIGNIFICANCE OF D/H RATIOS IN THE CELLULOSE OF LATE WOOD 

IN TREE RINGS FROM SPRUCE (Picea abies L.),
Natural variations in the deuterium composition of carbon bound hydrogen of late wood 

cellulose from rings of five trees were measured. The S2H values in annual late wood of the 

spruce trees (Picea abies L.) from Middle Franconia (Germany) show a good correlation with 
both temperature and relative humidity of July and August (period of late wood formation). 
This isotope pattern results from the isotopic composition of precipitation and perhaps soil 
water used during (summer) photosynthesis. The ô2H values of summer precipitation reflect 
mean temperatures of July and August at the growth site, and hence a certain 62Hcellulose— 
temperature relationship is reasonable. Furthermore, it is assumed that changes in summer 
relative humidity may cause changes in ô2H values of tree ring late wood due to évapo
transpiration effects. A negative relationship between ring widths and tree ring late wood 
á2H values was observed. This is interpreted as a climatic signal, since tree ring widths 
reflect climate to some extent, especially in dry and warm, and in cool and moist years 
(‘signature’ years having weather anomalies).

1. INTRODUCTION

Measurements of the D/H ratios of the non-exchangeable hydrogen in cellulose 
extracted from tree rings have shown that climatic information may be obtained from 
the annual growth layers of trees [1]. In general, D/H ratios in meteoric waters 
reflect the temperature at the site of precipitation — the lower the temperature, the 
smaller the isotopic ratio and vice versa [2, 3]. The deuterium content of the carbon 
bound hydrogen in tree ring cellulose has been found to be systematically related to 
the deuterium content of associated meteoric waters [4-6]. Thus, D/H ratios in tree
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rings can preserve a record of past temperature variations. Such a climatic ‘signal’ 
has already been identified for 1 80 / 160  ratios of tree cellulose [7-10]. With the 
development of sophisticated analytical techniques, the opportunity has arisen for 
further investigations into the climatic significance of the D/H ratios of carbon bound 
hydrogen from tree ring cellulose [11]. The ô2H variations in trees offer the possi
bility for both spatial and temporal climatic signals to be discerned, because trees 
are geographically widespread and also contain an internal chronology which may 
isotopically record local climatic change. Studies regarding the climatic significance 
of <52H variations of tree cellulose C-H hydrogen have not been fully satisfactory, 
largely because of the impossibility of separating the climatic ô2H signal from non- 
climatic isotope variations [1 ].

The objective of this study was to propose some techniques for extracting the 
climatic <52H signal and thus to evaluate the climatic significance of tree ô2H values 
on the temporal scale. D/H ratios were measured on nitrated cellulose in the late 
wood of single tree rings from five Franconian spruce trees. It was found that only 
the late wood, which is synthesized in summer, reflects climatic information un
ambiguously [12, 13]. By correlating D/H ratios with various climatic paramters, the 
impact of temperature, relative air humidity and precipitation amount on <52H of 
tree ring cellulose can be estimated.

2. MATERIALS AND METHODS

We have analysed five spruce trees (Picea abies) which grew on a 30-40 cm 
thick clay from the Opalinus-Ton series in a forest near Bad Windsheim, Germany 
(Schussbach-Wald, 49°30' N, 10°27' E, 330 m above sea level). The site has a 
precipitation rate of about 700 mm per year. In the summer, the upper soil layer is 
often dried up, causing clefts in the soil.

The time span of 1882-1981 was covered by the fiVe trees as follows:
Spruce 1: 1907-1981; spruce 2: 1882-1981; spruce 3: 1889-1981; spruce 4: 

1882-1981; spruce 5: 1882-1981. Meteorological data were available at the station 
of Neustadt/Aisch, Germany (49°35' N, 10°37' E, 315 m above sea level) for the 
time from 1950 to 1981. Precipitation water was sampled for isotope analysis at the 
meteorological station of Würzburg, Germany (49°48' N, 9°57' E, 182 m above sea 
level) from 1979 to 1988.

The late wood of the single tree rings was sampled under microscope with the 
aid of a dental drill. Following the Soxhlett extraction of lipids [14], the cellulose 
was extracted and nitrated [15]. Nitration is necessary to eliminate the exchangeable 
hydroxyl hydrogen present in cellulose [6 ]. Cellulose nitrate samples were com
busted [14, 16], and the H20  was reduced to H2  on hot uranium for D/H analyses. 
Isotopic data are reported as ¿>(°/oo) values with respect to V-SMOW as a reference.
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Reproducibility of analytical results (preparation plus mass spectrometric measure
ments) was better than ±27<x> of ô2 H.

3. RESULTS

In Fig. 1, the original (not corrected for trends) ô2H values of the nitrated late 
wood cellulose from annual tree rings of five spruce trees are shown. The ageing 
of spruce trees 1-5 is accompanied by <52H values steadily increasing with time. 
Within about the first 20 years the slope is steep (‘juvenile trend’), but it flattens 
during maturity (‘age trend’). The values show large variations from year to year, 
sometimes in the range of about 40°/oo.

During many years the five trees have the same trend in ô2 H. For example, 
from 1975 to 1976 they all increase, and from 1930 to 1931 they all decrease. Such 
agreements with all five trees are called ‘1 0 0 % signatures’, which occur during 
‘signature years’. Within the chronology of this study (80 years), 43 signature years 
occur (54% of the total years).

The absolute ô2H values of the five spruce trees are not identical. The average 
ô2H values of the single trees are marked at the y axis. For example, the average 
<52H values of spruce 5 are lower than those of spruce 2 by 12.27a,.

4. DISCUSSION [17-24]

The difference between juvenile and mature sections of the trees does not 
coincide with any known climatic event. The answer may be found in the physiologi
cal factors controlling tree growth [17]. There are a number of changes which occur 
in the structure and chemical compostion of a cell wall associated with the develop
ment from the juvenile stage to that of maturity [21]. For example, the average cell 
length increases through the successive growth rings from the centre of the tree out
ward until a more or less constant value is reached [22]. There are also changes in 
the chemical composition as the tree grows so that, for example, the fraction of 
cellulose increases through the juvenile growth period [23]. Thus, as the tree ages 
the wood formed becomes more uniform in structure and composition. Owing to the 
isotopic competition between chemical constituents in wood, changes in structure 
and chemical composition may alter the isotopic composition of the wood, giving rise 
to the difference in <52H observed in mature and juvenile wood. In dendro- 
climatology, juvenile rings are often excluded from the analysis because they provide 
the least reliable climatic information [24]. In this study a similar procedure has been 
adopted.

The ageing effect is not yet clear but may be caused by intrinsic age related 
physiological effects and/or local canopy effects; these effects are also observed for 
the 013C values [13, 18, 19].
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FIG. 1. Original Ô2H values o f annual tree ring late wood cellulose from individual spruce 
trees showing the juvenile and ageing effect.

The large ô2H variations which sometimes occur from one year to another 
indicate that there may be other factors affecting the climatic signal.

The discrepancy in the average ô2H values of individual trees may be caused 
by differences in genotype: the trees were not from the same clone.
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TABLE I. CORRELATION OF ORIGINAL AVERAGE 02H VALUES OF LATE 
WOOD CELLULOSE NITRATE FROM FIVE SPRUCE TREES WITH 
MONTHLY TEMPERATURES, RELATIVE HUMIDITIES AND PRECIPITA
TION RATES FROM 1950 TO 1981 
S! indicates significance at 95% level (t-test)

Month r temp I"hum *prec

January 0.27 0.31 0.03

February 0.24 0.21 -0.14

March -0.06 0.10 -0.04

April 0.04 -0.09 -0.08

May 0.26 -0.22 -0.18

June 0.30 -0.20 -0.09

July 0.50 (S!) -0.50 (S!) -0.30

August 0.50 (S!) —0.51 (S!) -0.48 (S!)

September 0.07 -0.02 0.03

October -0.07 - 0 . 1 1 -0.28

November 0.05 0.25 0.30

December -0.30 0.24 -0.20

4.1. Extraction of the climatic <52H signal and its comparison with 
meteorological data

In order to correlate the <52H values of late wood cellulose meteorological 
data, it was necessary to evaluate the period for late wood synthesis.

By dendrological means we found that the late wood in the ‘SchuBbach’ is 
mainly formed during July and August (unpublished results).

In Table I, lineàr regression analyses were carried out between ô2H values of 
late wood cellulose and meteorological parameters (monthly temperature, relative 
humidity and precipitation rate). It was found that temperature and humidity pre
vailing during July and August show the best correlation with isotope data of the 
contemporary year. The climatic parameters of other months are poorly correlated 
with ô2H values (Table I).

Thus, it is quite evident that the direct effect of late wood growing season 
temperature and relative humidity on the isotopic fractionation occurring during 
photosynthesis is a factor in determining the D/H ratios of late wood cellulose in tree
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rings; the warmer and drier the summer climate, the higher the ô2H values in late 
wood cellulose.

While there is evidence that the stable 2H isotopes in tree rihgs carry a certain 
climatic signal, it is also evident from the poor correlation coefficients in Table I that 
this signal may be superimposed with non-climatic variations due to factors such as, 
for example, the ‘age trends’ of the trees. The juvenile rings were omitted from these 
analyses (see above).

Correlation of original, average late wood cellulose ¿¡2H values with July/ 
August temperatures during 1950-1981 result in a relation 02H = 128.5 + 4.3T 
with a correlation coefficient r = 0.61. Correcting for the ageing trends by detrend
ing the <52H values of the mature rings (see Fig. 1) to obtain an average slope of 
zero, the ¿>2 H-temperature relationship is hardly improved (correlation coefficient 
r = 0.63; <52H = -133.7 + 44T). Moreover, the relations of ô2H relative humid
ity and <52H precipitation rate are not improved using the detrending technique (see 
Table П).

Another source of scatter in the ô2 H-climatic parameter relationship may 
arise because in summers with a normal temperature and water regime, the <52H 
signal of late wood does not strongly respond to climatic variations. However, in 
summers showing distinct weather anomalies, which occur at the site mostly as 
‘warm and dry’ or as ‘cool and moist’ (‘signature years’), 02H values of the tree 
ring late wood show a common increasing or decreasing trend ( ‘ 1 0 0  signatures’, see 
Fig. 1).

TABLE П. RELATIONSHIPS OF ORIGINAL, AGE DETRENDED, AND 
SIGNATURE 02 Hlate wood AVERAGE VALUES OF FIVE TREES WITH 
TEMPERATURE, RELATIVE HUMIDITY AND PRECIPITATION RATE IN 
JULY/AUGUST
S! indicates significance at 95% level (t-test)

Original Detrended 100% signatures

Temperature 02H = -  128.5+4.3T 52H = -  133.7+4.4T Ô2H  = -  162.0+6.0T 

r = 0.61 (S!) r = 0.63 (S!) r = 0.76 (S!)

Relative humidity Ô2H = 10.7-0.9RH Ô2H = 7.-0.9RH Ô2H = 25.2-1.2RH

r = -  0.57 (S!) r = -  0.58 (S!) r = -  0.68 (S!)

Precipitation rate 6 2H = -  49.7-0.1PR 52H = -  45.8-0.1PR 62H = -41.5-0.25PR

r = -  0.47 (S!) r = -  0.50 (S!) r = -  0.62 (S!)
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Tem perature (°C)

FIG. 2. Correlation o f July/August temperatures measured at meteorological station 
Neustadt/Aisch (315 m above sea level) with detrended (dashed line) and 100% signature 
b2H values (dashed-dotted line) o f late wood cellulose during 1950-1981. The filled symbols 
refer to 100% signature years. The solid line shows the correlation between July/August 
temperatures and b2H values o f summer (July/August) precipitation measured at 
meteorological station Würzburg (182 m above sea level) during 1978-1989.

Considering the ‘100% signatures’ leads to improvement of the ô2 H-climatic 
parameter relationships as shown in Table П. From these relationships it is obvious 
that a warm and dry (or cool and moist) summer climate will cause increased (or 
decreased) <52H values in the late wood cellulose of tree rings.

The temperature-6 2H relationship is shown in Fig. 2, which presents correla
tions between local summer (July/August) temperatures and D/H ratios of both 
July/August precipitation (solid line) and average D/H ratios of late wood cellulose 
(dashed line).

An overall depletion of —20.7°/ in the <52H values of cellulose (dashed line) 
compared to the ô2H values of precipitation (solid line) is observed. This may be 
caused by enzymatic fractionation during wood formation and agrees with the values 
of Epstein et al. [6 ], who found an average fractionation of -22°/oo between 
cellulose and associated meteoric waters.
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The slopes of the solid (precipitation) and the dashed line (cellulose) are very 
similar. This may signify a common climatic signal between temperature and ¿>2H 
of both cellulose and precipitation. At a summer dry site, such as in ‘Schufibach’, 
the July/August precipitation may be used directly for formation of late wood 
cellulose. Thus, D/H ratios of late wood cellulose appear to reflect the summer 
(July/August) temperatures, which are in turn reflected in the D/H ratios of 
precipitation.

The dashed-dotted line shows the relationship between temperature and 
average <52H values of the late wood cellulose from the ‘signature years’ (see 
Fig. 1).

At the mentioned site it was observed that during extremely warm and dry 
years (e.g. 1976) the crowns of the trees dry up and only the lower parts survive. 
During such years drought has a limiting effect on plant growth, which is reflected 
in a significant increase in <52H values (‘positive signature’). During years having 
propitious climatic conditions (cool and moist) there are no limiting effects, which 
is reflected in a significant decrease in S2H values (‘negative signature’). Consider
ing the ‘signatures’ leads to improved expressions for the relationships between ô2H 
values and climatic conditions.

The discrepancy between the solid (precipitation) and the dashed-dotted line 
(signatures) may be caused by the fact that even at shallow depths water can have 
a mean age of several months and consists of a mixture of actual precipitation and 
stored soil water. The D/H ratio of the soil water may undergo changes by means 
of evaporation, depending on summer temperature and humidity. In the Schufibach 
there áre often long periods of summer drought, which may cause ô2H enrichment 
of the upper soil water that influences the 52H value of cellulose.

It is obvious that a complex system consisting of many variables is responsible 
for the <52H value of cellulose.

4.2. Comparison of ô2H values of tree ring late wood cellulose and annual
tree ring width

Since the widths of annual tree rings have a certain climatic significance [25], 
they were measured and compared to <52H values of the tree ring late wood cellulose 
(Fig. 3).

As is shown in Fig. 3, during most ‘signature years’ a decrease in tree ring 
width corresponds to an increase in the ¿>2H value (negative correlation). During 
warm and dry ‘signature years’ the limiting effect on plant growth is reflected in tree 
ring's of smaller width.

In historical records the conspicuous years 1921, 1934, 1947 and 1976 are 
described as ‘hot and dry’. The few exceptions (years 1932, 1949, 1956), which do 
not correspond to the above mentioned correlation, are probably caused by particular 
climatic conditions. This observation agrees with the increased number of tropical
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1900 1920 1940 1960 1980
Year

FIG. 3. Dendrometrical and isotopic dendrochronograms o f spruce trees from the sampling 
area (Schuftbach-Wald, Germany). Upper part: annual tree ring widths (average values) of 
five spruce trees. Lower part: b2H average values o f tree ring late wood cellulose from five 
spruce trees. The filled symbols refer to 100% signature years (see text).
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days (warm and moist) in 1956 (Deutscher Wetterdienst) but cannot be interpreted 
further because of the lack of meteorological data.

From the <52H values and tree ring widths climatic conditions may be 
deduced. These methods provide a helpful tool in dating and interpreting climatic 
events in the present and past.

5. CONCLUSIONS

The carbon bound hydrogens of late wood cellulose from trees at a summer 
dry site obviously reflect the isotopic composition of the precipitation water used by 
the tree. In general, this in turn reflects local climate conditions in terms of the tem
perature prevailing during (summer) precipitation. Additionally, tree ring ô2H 
values to some extent reflect fluctuations of the relative humidity, and to a lower 
extent fluctuations of the precipitation rate. Our data strongly suggest that tree ring 
widths and <52H values of tree ring late wood cellulose reflect climatic changes at a 
growth site having weather anomalies characterized either as ‘warm and dry’ or as 
‘cool and moist’.

Of course, other climatic and non-climatic variables (e.g. cloudiness, radia
tion, wind and soil water) may have certain (perhaps different) impacts on both ÔD 
values and ring widths. This may explain the fact that ÔD values and ring widths 
sometimes do not show the same ‘signature’ years (Fig. 3).

Other variables influencing ¿>2H values of cellulose and tree ring widths 
should be further evaluated in the future.
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Abstract

RECONSTRUCTION OF LITTLE ICE AGE CLIM ATE IN SOUTHWESTERN 
ONTARIO, CANADA, FROM OXYGEN AND HYDROGEN ISOTOPE RATIOS IN 

TREE RINGS.
Oxygen and hydrogen isotopes in wood cellulose from an elm and a maple tree that 

grew in different hydrological settings are used to reconstruct recent temperature and moisture 

changes in southwestern Ontario, Canada. Cellulose isotope data and inferred 5water and rela
tive humidity, for the two sites, are compared with recorded (after A.D. 1880) climate data. 
This provides the basis for the reconstruction of palaeoclimate before A.D. 1880. Evidence 
here indicates that climate, during the historical end of the Little Ice Age in southwestern 
Ontario, was characterized by warmer annual temperatures with intervals of dry (A.D. 1610 
to 1820) and moist (A.D. 1820 to 1860) annual seasons.. This may reflect a change in airmass 
influence in the Great Lakes region at this time.

I. INTRODUCTION

Proxy climate data for the period A.D. 1610 to 1990, derived from a 232 year 
(A.D. 1736 to 1968) elm (Ultnus) and a 380 year (A.D. 1610 to 1990) maple (Acer) 
tree ring chronology, give insight into the changing climate in southwestern Ontario, 
Canada, through the historical end of the Little Ice Age [1] to the present.

The elm, from Victoria Park in Kitchener, Ontario; (Victoria Park elm), and 
the maple, from the Merlau farm near Wellesley, Ontario (Merlau maple), are 
located in the central region of southwestern Ontario, Canada, approximately 25 km 
apart. Southwestern Ontario is essentially a peninsula within the lower Great Lakes 
region, bordered by Lake Ontario and Lake Erie to the east and south, and by Lake 
Huron and Georgian Bay (part of Lake Huron) to the west and north.

407
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FIG. 1. Comparison o f (a) Ь,8Осе1Ыо„ and (b) b2HaUutose time series for the Victoria Park 
elm (circles) and the Merlau maple (crosses).

Victoria Park is a groundwater discharge area in the Schneider Creek catch
ment, which in turn feeds the Grand River. The elm is classified as a wet site 
tree [2-5], which predominantly used well mixed (seasonally homogenized) ground
water during the growing season. This is verified by the closely balanced oxygen and 
hydrogen isotope effects in Figs 1(a) and (b). Isotopic effects that are similar in rela
tive magnitude are most likely a result of a tree using well mixed groundwater in 
climates where 5water varies positively with humidity [6 ]. Therefore, proxy tempera
ture and moisture information (Figs 2(a) and (b)), inferred from cellulose isotopic 
data (Figs 1 (a) and (b)), should provide a record of climate change for the period 
A.D. 1730 to 1968 [7], consistent with changing airmass influences on the Great 
Lakes region (see below).

The Merlau woodlot, near Wellesley, is a groundwater recharge area in the 
Nith River catchment, which in turn feeds the Grand River. Therefore, oxygen and 
hydrogen cellulose isotope data (Figs 1(a) and (b)) should predominantly reflect the 
isotopic composition of precipitation recharging the area [2-5]. This is verified by 
the subdued ¿>18Ocellulose signal (Fig. 1(a)) as compared to the signal
(Fig. 1(b)), which signifies a reduction in humidity dependent isotope effects in 
favour of water dependent isotope effects [6 ].
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FIG. 2. Comparison o f inferred (a) à18Owaler and (b) photosynthetic relative humidity time 
series for the Victoria Park elm (circles) and the Merlau maple (crosses). The biochemical, 
equilibrium and kinetic fractionation factors for oxygen and hydrogen are as follows: ,8an = 
1.026, I8ae = 1.0095, ,8ak = 1.016 and 2ot„ = 0.950, 2ac = 1.080, 2ak =1.027, respec
tively. Note that abscissa values indicate qualitative changes over time and are not intended 
as quantitative estimates o f S18О or photosynthetic relative humidity.

1.1. Climate in the Great Lakes region

The Great Lakes region is dominated by cyclonic activity [8 ]. Cyclonic vor
tices (low pressure centres) draw from warm/moist, maritime Tropical (mT) air- 
masses from the Gulf Atlantic region of North America and cool/dry, continental 
Polar (cP) airmasses from northwestern North America. Occasionally, Great Lake 
cyclones may draw from cool/moist, maritime Polar (mP) airmasses from the North 
Atlantic and warm/dry, continental Tropical (cT) airmasses from southwestern 
North America [9, 10]. Airmass influence on a region is a function of the relative 
position of the low pressure centres [11, 12]. Maritime tropical (mT) and continental 
polar (cP) airmass influence on southwestern Ontario climate could be attributed to 
low pressure centres positioned to the west and east of the region, respectively. Addi
tionally, low pressure systems tend to track north of southwestern Ontario during the 
summer and south during the winter because of a seasonal variation in trough magni
tude [13]. Therefore, the positioning of low pressure systems and their tracking
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characteristics with respect to the southwestern Ontario peninsula are the major 
influences on airmasses drawing into this region.

Winter precipitation in southwestern Ontario can be modified by the Great 
Lakes (a lake effect), which can significantly enhance the temperature, specific 
humidity and stability of airmasses passing over them. Heat release from lakes dur
ing the winter is a function of energy storage (from airmass and solar heating) during 
the preceding summer [14].

1.2. Past climate in the Great Lakes region

Instrumental records (after A.D. 1880) indicate that southwestern Ontario is 
characterized by a humid microclimate with adequate precipitation in all months, 
resulting in cold/snowy winters and warm/moist summers (Dfb Kóppen classifica
tion [15, 16]). However, the deterministic/non-deterministic nature [17] of the fac
tors influencing weather in this region (cyclonic activity and lake effects) suggests 
that previous climate may have been significantly different. The possibility of south
western Ontario climate fluctuations is investigated in this study by using cellulose 
isotope time series for different hydrological settings. This provides a unique oppor
tunity to reconstruct annual temperature and moisture regimes during growing sea
son and winter months.

Cellulose isotope data and inferred <518Owater and photosynthetic relative 
humidity are collated for the two trees (Figs 1 and 2). Dendroclimatological interpre
tations are qualified with instrumentally recorded palaeoclimate (A.D. 1880 to 1990) 
and then used to give insight into the palaeoclimate in southwestern Ontario before 
records were taken (A.D. 1610 to 1880).

2. METHODS

The Victoria Park elm and Merlau maple wood samples represent ten year ring 
increments (on average) which were homogenized from two separate radii for each 
tree. Cellulose was prepared from ground wood samples by solvent extraction, 
bleaching and alkaline hydrolysis [18]. Oxygen isotope analysis was performed on 
C02  gas produced from purified Victoria Park elm cellulose by using the Thompson 
and Gray [19] nickel pyrolysis technique. Oxygen isotope analysis was performed 
on C02  gas produced from purified Merlau maple cellulose using a nickel pyrolysis 
technique [20, 21] modified from Brenninkmeijer and Mook [22]. Note that both 
techniques, Refs [19] and [20, 21], give statistically comparable results for a cellu
lose standard. Isotopic analysis of non-exchangeable carbon bound hydrogen was 
performed on H2  gas obtained from zinc reduction of H20  produced by combustion 
of nitrated cellulose [23, 24]. Oxygen ( 1 80 / 1 60) and hydrogen (2 H/1H) isotope
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ratios (R) are expressed as parts per thousand or ‘per mille’ (7O0) in delta notation 
(<5) as

^ =  (^sample^v-smow) — 1) X 10

where V-SMOW is Vienna -  Standard Mean Ocean Water. The Victoria Park elm 
ô1 8Oceuuiose and ô2 Hcellulose values have analytical uncertainties of ±0.57oo and 
±6.07oo, respectively. The Merlau maple ô 18Oceuuiose and ô2 Hcellulose values have 
analytical uncertainties of ±0.57oo and ±2.07oo, respectively. Note that the larger 
uncertainty for ô1 8Oœllulose, compared to the ±0.27oo precision reported for a com
mercial cellulose powder [2 0 , 2 1 ], probably reflects an inherent isotopic 
inhomogeneity in natural samples.

The cellulose model [7] used to interpret the isotopic data incorporates revised 
fractionation factors [25] for biochemical effects during cellulose synthesis and for 
equilibrium and kinetic effects during évapotranspiration (see caption of Fig. 2).

3. RESULTS AND DISCUSSION

3.1. Palaeoclimatic interpretation

3.1.1. Instrumental/inferred, climate records• (A.D. 1880 to 1990)

The Great Lakes region between A.D; 1880 to 1920 was characterized by 
lower average annual temperatures and precipitation [26, 27] than at present. The 
combination of cooler annual temperatures and drier growing seasons resulted in 
depleted ô2 Hcellulose and enriched ô18Ocellulose values, respectively (Fig. 1), for the 
Victoria Park elm using well mixed groundwater. Drier growing conditions, which 
also prevailed at the Merlau maple site, resulted in enriched ô 1 8OceiluioSe values and, 
to a minor extent, enriched values (Figs 1(a) and (b)). However, the
majority of the S2 Hcellose enrichment for the Merlau maple, growing in a ground
water recharge area, must be a result of changing isotopic composition of the 
recharge water used by the tree during the growing season. During this period of 
tree growth, 52 HceUulose values probably enriched owing to an increasing summer 
precipitation/snowmelt recharge ratio. This implies a reduction in snow accumula
tion during this period, despite the cooler annual temperatures. A drier winter, with 
less precipitation, is consistent with instrumental accounts of lower precipitation dur
ing this time [26, 27].

Given that cyclonic activity dominantly tracks north of the peninsula during the 
summer, the centre of low pressure probably had its greatest influence on the area 
from the northeast, drawing cool/dry arctic air into the region. Winter low pressure 
centres probably continued to influence southwestern Ontario from the east, bringing
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cool/dry air into the area. Minimal winter precipitation is compatible with reduced 
heat storage in the Great Lakes, owing to cooler summer seasons.

In Figs 1(a) and (b), ¿>2 Hcellulose values gradually enrich while Ô 
values gradually deplete for the Victoria Park elm, after A.D. 1920. For the elm 
using well mixed groundwater, this suggests a declining evapotranspirative enrich
ment of plant water (during humid growing seasons) derived from enriched ground
water (due to warmer annual temperatures). <52 Hcenuiose values for the Merlau maple 
recharge site continue to enrich during this time, accompanied by a progressive 
depletion of ô18Ocellulose values. The ô1 8Ocelluk)se depletion (Fig. 1(a)) is in accor
dance with increasingly humid growing conditions, but the enrichment of ô2 HceUui0Se 
(Fig. 1(b)) may indicate a continued summer precipitation dominance over snowmelt 
recharge in the Merlau farm woodlot.

An indication of a more seasonal, cool/dry winter to warm/moist summer cli
mate since A.D. 1920 is in opposition with a steady increase in average annual 
precipitation (uniformly distributed seasonally) in the Great Lakes region since 
A.D. 1920 [26, 27]. Therefore, reduced snow accumulation (drier winters) could 
also imply more snowmelt bypass for the Merlau maple site (due to warmer winter 
temperatures) during times when the ground is still frozen and unable to incorporate 
much of the snowmelt. Consequently, most of the depleted snowmelt is lost, giving 
a <52 Hcellulose signal (Fig. 1(b)) which implies that this site was dominantly recharged 
by summer precipitation. In this case, the enriched water (inferred) in Fig. 2(a) is 
a function of recharge timing and not an indication of a more seasonal climate. This 
is consistent with one other account of rapidly bypassing snowmelt during a 
warm/moist climatic interval in southwestern Ontario [28].

Climate has become progressively warmer since A.D. 1920, resulting in an 
enrichment of groundwater due to warmer annual temperatures. It appears that a 
major effect of ameliorating temperatures, on groundwater recharge sites, is to bias 
the isotopic composition of the recharge water to enriched summer values. Enhanced 
seasonality is an artifact of the Merlau farm local recharge water isotopic composi
tion. Taken in this context, both sites give a direct indication that growing seasons 
have become more humid since the early part of the 20th century. However, an indi
cation of increased winter precipitation is masked by enriched 52 Hcellulose values 
(Fig. 1(b)) at the recharge site as a result of frequent snowmelt runoff events due 
to warmer winter temperatures. Increased runoff during the winter, the time of maxi
mum Lake Erie water storage, is consistent with an autoregressive increase in lake 
levels since the late 1920s [29, 30].

Warmer and moister seasons, since A.D. 1920, are likely to be due to low 
pressure systems tracking northwest of the southwestern Ontario peninsula, pulling 
Gulf Atlantic (mT) airmasses into the region. Increased lake heat storage, carried 
over from warm summers, would enhance the temperature and moisture content of 
airmasses passing over the lakes, which may account for elevated winter tempera
tures and precipitation amounts during this time.
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3.1.2. Pre-instrumental climate records (A.D. 1610 to 1880)

Enriched ô2 HceUulose and depleted 018Ocel|ulose values (Fig. 1) for the Victoria 
Park elm, between A.D. 1820 and 1880, imply warmer annual temperatures and an 
increase in growing season relative humidity. Merlau maple values are
much more depleted, which suggests that the dominant plant input water is from 
snowmelt recharge. With reference to the post A.D. 1920 climate in southwestern 
Ontario, warmer annual temperatures should result in an increased frequency of 
snowmelt runoff events during the winter, which seems to have had no effect on the 
Merlau maple. However, this may be an indication of differential winter precipita
tion accumulations for the two sites since the Merlau farm site (25 km northwest of 
Kitchener) is closer to the southwestern Ontario snowbelt region. The minor oro
graphic difference between Wellesley and Kitchener ( < 30 m) would not account for 
significant precipitation differences. However, the combining effects of warm lakes 
(due to warmer summer temperatures) and low pressure centres (area of highest 
precipiation) positioned directly north of the peninsula could produce a significant 
discrepancy in snow accumulation between northwestern and southeastern parts of 
southwestern Ontario. Standard period normal annual snowfall data [31] show a 
difference of 50 to 60 cm of snow accumulation between Wellesley and Kitchener. 
Therefore, it is possible that the main difference in <52 Hcellulose values (Fig. 1(b)), 
between the two sites, is a result of different snow accumulation.

Note that snowmelt bypass events probably occurred at both sites because of 
warmer annual temperatures, but owing to the significant difference in snow 
accumulation between the two sites, bypass events would have been more significant 
for catchment areas feeding the Victoria Park discharge site. This implies that the 
inferred <518Owater values (very enriched) for the Victoria Park elm (Fig. 2(a)) may 
not represent well mixed groundwater during this period but, rather, a groundwater 
isotopic composition that is slightly shifted toward enriched summer precipiation.

Low pressure systems, tracking northwest of the peninsula during A.D. 1820 
to 1860 summers, could have drawn Gulf Atlantic (mT) airmasses into the region, 
which would have enhanced heat storage in the Great Lakes and increased precipita
tion during the winter. During this time it appears that cyclonic activity tracked along 
a zonal polar front trajectory, predominantly positioned to northwest and north of 
the peninsula in summer and winter, respectively. This is consistent with other evi
dence of upper level zonal flow in eastern North America during this time [32].

Between A.D. 1730 and 1820, annual temperatures and growing season 
humidity were similar, albeit cooler and drier than at present, as indicated by the 
Victoria Park elm (Fig. 2). Between A.D. 1610 and 1820, the steady depletion of 
the Merlau maple 6 2 Hceuuiose (Fig. 1(b)) could indicate a gradual reduction in the 
summer precipitation/snowmelt recharge ratio, as snow accumulation increases in 
winter and growing seasons become drier (indicated by the gradual Merlau maple 
^18Oceiiuiose enrichment in Fig. 1(a)). Merlau maple 6 2 Hcellulose shows an accelerated
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depletion compared to the Victoria Park elm ^Hceiiuiose (Fig. 1(b)), between 
A.D. 1730 and 1820. This could indicate an increasing frequency of snowmelt 
bypass events during the winters, which would have a greater significance for the 
Victoria Park elm catchment area if there was lower snow accumulation during this 
time.

A meridional polar front trajectory may have existed between A.D. 1600 and 
1830 [12] which could have positioned eastern North America cyclonic activity near 
to, or west of, the Great Lakes. Low pressure systems tracking predominantly 
northwest of the southwestern Ontario peninsula, fed by warm/dry (cT) airmasses 
from anticyclonic activity to the west, may have produced warm/dry growing 
seasons. This is a phenomenon of climate in the Great Lakes region that has also been 
proposed for the ‘Early Hypsithermal’ between 7400 and 6000 14C years BP 
[7, 28, 33-36]. Enhanced lake heat storage, coupled with winter low pressure 
centres tracking directly north of the peninsula, could account for differential snow 
accumulation between the Merlau farm and Victoria Park sites.

4. CONCLUSIONS

Cellulose isotope data and inferred palaeoclimate time series, from trees that 
grew in different hydrological and physiographical settings, have provided decadal 
temperature and seasonal moisture information for southwestern Ontario, Canada, 
before documented climate records.

In summary, during the end of the Little Ice Age (before A.D. 1850) in south
western Ontario, climate shows a steady trend of warming annual temperatures and 
increasing winter precipitation, predominantly concentrated in the northern part of 
the peninsula. Growing seasons, though becoming warmer, were relatively dry until 
A.D. 1820 when changes in surface weather system tracking resulted in a switch 
from warm/dry to warm/moist airmasses being drawn into the region, similar to the 
change occurring between the early and main hypsithermal periods in the mid- 
Holocene. At the end of the 19th century, annual temperatures cooled and the 
seasonal precipitation reduced significantly, probably as a result of a reduced 
influence of Gulf Atlantic (mT) airmasses. Subsequent to the previous cool/dry 
period annual temperatures and seasonal precipitation have generally increased since 
A.D. 1920, owing to the renewed influence of warm/moist (mT) airmasses.

Tree ring isotopic information related to hydrological setting may be more 
challenging to interpret, but can still provide useful information on past climate and 
environmental change. Knowledge of the factors controlling isotopic signals in plants 
remains incomplete [37-39], although plausible accounts of climate change, based 
on the current knowledge [6 ], are possible as this, and one other study [40], illus
trate. Continued work in the field of isotope dendroclimatology is warranted by the 
fact that improved knowledge of climate/plant isotope systematics can only result in 
refined palaeoclimatic interpretations with new and previous data.
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NATURAL ABUNDANCE OF 2H AND 180  
IN RAINFALL, SOIL MOISTURE AND PLANTS 
IN A SUBTROPICAL THORN 
WOODLAND ECOSYSTEM:
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Abstract

NATURAL ABUNDANCE OF 2H AND 180  IN RAINFALL, SOIL MOISTURE AND  
PLANTS IN A SUBTROPICAL THORN WOODLAND ECOSYSTEM: IMPLICATIONS 
FOR PLANT W ATER USE.

In the Rio Grande Plains of southern Texas, subtropical thorn woodland has replaced 

relatively open grassland/savanna during the past 200 years. To investigate potential changes 
in the hydrologie cycle of this system, the authors determined the natural abundance of 2H 

and 180  in rainfall, soil water and plant water in three habitats representing a successional 
chronosequence in the transition from open grassland to closed canopy woodland. Precipita
tion was isotopically identical with groundwater and fell on the meteoric water line with a 
weighted mean <52H of —22700 and a weighted mean álsO of —4.3°/00. ô2H and ô180  of 
precipitation did not vary seasonally, but showed a significant ‘amount effect’. Correlations 
between ¿>2H and 5180  of soil water indicated higher evaporation rates in wooded areas than 

in grassland. It is suggested that this result does not reflect higher evaporation rates, but rapid 
drying of the soil via transpiration followed by kinetic fractionation associated with evapora
tion in dry soils. 62H and ô180  of plant and soil water indicated that more recently estab
lished woody plants associated with earlier successional stages had shallower root systems and 
obtained water from the upper 150 cm of the soil profile, while those associated with later 
successional stages had deeper root systems and acquired water below that depth. By reducing 
transpirational leaf area and root biomass in the grass layer, long term grazing in this former 
grassland may have enabled deeper infiltration of soil water, creating an opportunity for 
development of a community dominated by more deeply rooted woody plant species capable 
of exploiting this deeper water resource.

* Present address: Macaulay Land Use Research Institute, Craigiebuckler, Aberdeen, 
United Kingdom.
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Human land use practices alter the structural and functional characteristics of 
ecosystems. These changes have the potential to alter both regional and global bio
geochemical cycles and climate by altering évapotranspiration, carbon dynamics, 
erosion rates, trace gas fluxes, albedo and other fundamental ecosystem proper
ties [1-4]. One of the most widespread changes to have occurred in the past 100-200 
years in terrestrial plant communities is the increase in woody plant abundance in 
grassland and savanna ecosystems throughout the world [5-7], possibly as a conse
quence of livestock grazing and fire suppression. Such changes are globally 
widespread and have been documented in North and South America, Africa, 
Australia and Asia (see Refs [5, 6 ] and references therein).

In the Rio Grande Plains of southern Texas, relatively open grassland and 
savanna ecosystems dominated by C4  grasses have been replaced by subtropical 
thorn woodlands dominated by C3 woody legumes [5, 6 , 8 ]. The successional 
sequence from grassland to woodland is initiated by the establishment of Prosopis 
glandulosa (mesquite), which appears to facilitate further colonization by other 
woody plant species beneath its canopy. This change in ecosystem structure has been 
accompanied by several changes in ecosystem function including increased symbiotic 
N2  fixation [9], increased nitrogen mineralization rates [10] and increased emission 
of gaseous hydrocarbons from vegetation [1 1 ].

Known differences between grasses and woody plants in water use characteris
tics [12] and in root distribution patterns [13-15] suggest that the function of the 
hydrologie cycle in this system may be altered as well. To investigate this possibility, 
we have examined the natural abundance of 180  and 2H in precipitation, ground
water, soils and vegetation in three habitats representing a successional chronose- 
quence in the transition from open grassland to closed canopy woodland.

1. INTRODUCTION

2. METHODS AND MATERIALS

2.1. Study site

This study was conducted at the Texas Agricultural Experiment Station 
La Copita Research Area in Jim Wells County near Alice, Texas (27°40' N, 
98° 12' W) in the eastern Rio Grande Plains of the Tamaulipan Biotic Province. 
Climate is subtropical with a mean annual temperature of 22.4°C. Mean annual 
precipitation is 716 mm (70% of which occurs between April and September), and 
mean annual potential évapotranspiration is 1540 mm. Maritime tropical air masses 
from the Gulf of Mexico control the weather of this region from May to September 
and contribute most of the annual precipitation. Winter and early spring precipitation
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is often derived from cool continental air masses originating in northern North 
America.

Vegetation in the uplands has a two-phase pattern consisting of discrete 
tree/shrub clusters (discontinuous phase) embedded within a matrix of grassland 
vegetation (continuous phase) [5, 6 , 16]. Formation of woody plant clusters is 
initiated through colonization of grassland areas by Prosopis glandulosa, a nitrogen 
fixing woody legume, which serves as a focal point for the recruitment of other 
woody plant species beneath its canopy [5]. Field measurements and a 50-year 
sequence of aerial photographs indicate that the height and canopy area of the woody 
plant clusters increase with their age and, as adjacent clusters expand laterally, often 
fuse to form larger upland groves. Thus, the different vegetation units in the upland 
landscape represent a successional chronosequence (open grassland — tree/shrub 
cluster — grove) in which open grassland is converted to closed canopy woodland.

Upland soils in the grassland areas and beneath tree/shrub clusters are deep, 
well drained mollisols with fine sandy loam and sandy clay loam mollic surface 
horizons and sandy clay loam and clay loam argillic subsurface horizons (mixed, 
hyperthermic, Typic Argiustoll, Runge series). Soils beneath upland groves are simi
lar (mixed, hyperthermic, Pachic Haplustolls and Argiustolls, Recombes series), but 
lack an argillic horizon. Climate, vegetation and soils have been described in greater 
detail elsewhere [17].

2.2. Precipitation, groundwater, soil and plant samples

Soil and plant samples were collected from an open grassland, a woody plant 
cluster and a grove at La Copita Research Area in October 1991. One soil core 
(5 cm X 150 cm) was taken in each area and divided into 5 cm increments, each of 
which was placed in a separate bottle with dry toluene (<0.03% H2 0). Sample 
bottles were sealed tightly and wrapped with Parafilm™ to prevent isotopic fractio
nation due to evaporation before isotopic analysis.

Stem samples of more than 0.5 cm diameter were collected from one 
individual of each of the major woody plant species growing within each of the three 
stages of the successional chronosequence described above. Stem samples were 
placed immediately in dry toluene and stored in the same manner as the soil samples.

Root biomass was estimated in the grove and grassland by taking six cores 
(5 cm x 150 cm) in each site. Cores were divided into six depth intervals (0-15, 
15-30, 30-60, 60-90, 90-120 and 120-150 cm), and roots Were removed by flota
tion in saturated NaCl solution (density «1 .2  g/mL at 25 °C). Floated material con
sisted primarily of live and dead roots, but the 0-15 cm interval also contained 
fragments of aboveground litter. No effort was made to separate or distinguish these 
materials.

Groundwater was located approximately 60 m below the soil surface and was 
sampled from four wells at La Copita Research Area in January and September,
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1991; samples were frozen until isotopic analyses could be performed. Precipitation 
was collected from January to September, 1991. All precipitation events were quan
tified and the collected rainwater frozen. Rainwater was removed from the collector 
immediately following each precipitation event to prevent isotopic fractionation due 
to evaporation.

2.3. Sample preparation and mass spectrometric analysis

Water was extracted from both soil and vegetation samples by azeotropic distil
lation in dry toluene [18]. This method has been shown to be more appropriate than 
vacuum distillation for extraction of soil water [19] because it extracts only hydro- 
logically active water, and not heat/labile, bound water (or crystalline water) which 
is isotopically fractionated and not intimately associated with active soil water.

For determination of ô2 H, water samples were reduced to H2  gas by zinc 
reduction in Pyrex reaction vessels at 495° С [20]. Zinc was obtained from the Bio
geochemical Laboratories of the Departments of Chemistry and Geological Sciences 
at the University of Indiana (Bloomington, IN, USA). Analysis of H2  was carried 
out on a Sigma 6  (CJS Sciences, Winsford, UK) gas isotope ratio mass spectrometer. 
For determination of <5lsO, water samples were equilibrated with C02  [21], and the 
isotopic composition of the C02  determined on a VG-903 (VG Isogas, Middlewich, 
UK) isotope ratio mass spectrometer. Precision of duplicate analyses was < 2 ° / 0 0  for 
02 H, and < 0 . 4 ° / o o  for 01 80.

<52H and ô180  values were expressed in conventional ô notation versus 
V-SMOW:

52Hv-SM0W or ^ 18Ov-SMOW =  {(Rsample/Rv-SMOw) — 1} X Ю3

where R s a m p ie  and R v - s m o w  were the 2 H/1H or 1 8 0 / 16 0  ratios of the sample and 
V-SMOW, respectively. <52 H V - s m o w  and ô i8O v .s m o w  values were normalized rela
tive to the V-SMOW/SLAP scale [22].

3. RESULTS AND DISCUSSION

3.1. Precipitation and groundwater

Precipitation amounts and weighted monthly average 6 values of that precipita
tion for the nine months before soil and vegetation sampling are shown in Fig. 1. 
Rainfall amount was correlated negatively with both 0180  and 02H of that rainfall. 
Variation in <5180  and ¿>2H of precipitation as a function of the magnitude of precipi
tation events (the ‘amount effect’) is well documented in other subtropical and tropi
cal regions [23, 24], and is thought to be related to both fractionation and exchange 
processes [23]. These processes affect both isotope ratios in a similar manner, so that
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FIG. 1. Precipitation amounts and isotopic composition (monthly weighted mean and overall 
mean) at the study area for the nine month period before sampling o f plant and soil water.

ô180  and ô2H were highly correlated through time. There was no seasonal pattern 
to the isotopic composition of precipitation, in contrast to higher latitude regions 
where seasonal variation is pronounced.

Groundwater sampled from four wells in January 1991 (6 2H = -2 5 7 00, 
SD = 2700; ô180  = -4 .4 7 00, SD = 0.67oo) was isotopically similar to ground
water sampled from the same wells in September 1991 (<52H = —24700, 
SD = 170o; ô180  = -3 .8 7 00, SD = 0.2) (Fig. 1). The isotopic composition of 
groundwater should represent an integrated value for local rainfall, which over the 
same nine-month period had an overall weighted mean isotope composition of 
-2 2 7 00 for <52H and -4 .3 7 0 0  for <5180. Given the integrative nature of ground
water isotope content, these results suggest that the isotopic composition of precipita
tion over this nine-month period was representative of the region.
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3.2.1. Grove site

The isotopic composition of soil water in the grove declined in a negative 
exponential manner with increasing depth in the profile (Fig. 2). 02H values ranged 
from -5  7 0 0  near the soil surface to -2 5 7 00 at 150 cm, while 0180  ranged from 
+47 0 0  near the surface to — 3 7 0 0  at 150 cm. The higher 6 values near the surface 
are a consequence of evaporative enrichment; similar isotopic patterns in soil water 
have been documented in other arid and semiarid regions [25, 26].

Despite considerable variation in root architecture between these woody plant 
species [14, 27], the isotopic composition of stem water differed little between spe
cies (Fig. 2). ô2H values of stem water in the grove ranged from —27 to — 3470 0  

(mean = -3 2 7 00), and ô180  values from -3  to 6700 (mean = - 4 7 00). Thus, 
02H and <5180  values of stem water were not only relatively uniform, but were also 
more depleted than the water in the upper 150 cm of the profile (Fig. 2) and ground
water. Since there is evidence that root and stem water is isotopically identical with 
the water source utilized by the plant [28-30], it is possible to use <52H and <520  to 
make inferences regarding the origin of water in plants [28, 31]. Our data suggest 
that all woody plant species in the groves were acquiring their water from a similar 
portion of the profile, and that this region was not located within the upper 150 cm 
of the soil profile. Although 6180  values of plant water ( »  —4700) were similar to 
those of groundwater ( = —4700), rooting patterns [14, 27], seasonal measurements 
of xylem water potential and stomatal conductance, and depth of groundwater 
(>60 m) would suggest strongly that these plant species are not phreatophytic.

It is possible that the exponential decline in ¿>2H and ô 180  of soil water with 
increasing depth in the profile continued beyond the 150 cm depth, resulting in an 
isotopically depleted source region below that depth. However, below this hypotheti
cal depleted part of the profile, the soil water would have to become slightly more 
enriched again in order to match the isotopic composition of the local groundwater. 
In a semiarid Eucalyptus shrub ecosystem in Victoria, Australia, both ô2H and ô180  
of soil water decreased exponentially to a depth of nearly 4 m, and then became more 
positive below that point [25], suggesting that such a scenario is possible. This would 
imply that deeper roots (>  1.5 m depth), although low in density and biomass [27], 
have a high degree of functional significance with respect to water acquisition.

Alternatively, the isotopic discrepancy between plant and soil water could be 
a consequence of water vapour uptake by roots. At low plant water potentials, roots 
have been observed to decrease in diameter, creating a gap between the root and soil. 
Since water vapour is isotopically depleted relative to its source, uptake of water 
vapour by roots across these soil-root gaps would decrease the isotopic composition 
of plant water relative to that of soil water. Isotopic evidence in support of this 
phenomenon has been presented [25, 32], but its quantitative significance in natural 
communities remains unknown.

3.2. Soil and plant water
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3.2.2. Cluster site

ô2H of soil water ranged from - 5 7 0 0  near the surface to —29700 at 150 cm, 
while <5180  ranged from +5 ° / 0 0  near the surface to 5 /оо at 150 cm (Fig. 2). 
Thus, soil water in the cluster became slightly more depleted in the deeper portions 
of the profiles than that in the grove.

ô2H of plant stem water ranged from —25 to -3 6 7 00 (Fig. 2). ô2H values 
of stem water from Zanthoxylum (—26700), Schaefferia (—28 700), and Acacia 
(-2 6 7 0o) were within the range of soil water ô2H values found in the upper 
150 cm, suggesting that this part of the soil profile is a source of water for those 
species. <52H values of Prosopis (—34700) and Condalia (—35700) were more 
depleted than soil water in the upper 150 cm, again suggesting the possibility of a 
deeper water source for these two species. However, 0180  values of all five woody 
plant species ranged from -2  to -6 7 00 and were well within the range of <5180  
values of soil water in the upper 150 cm of the profile (Fig. 2). In contrast to the 
grove, the 1 8 0  data suggest that all woody species in the cluster obtain their water 
above 150 cm.

The apparent difference in source of soil water between cluster and grove may 
be related to the fact that plants in a cluster are, in general, younger than plants in 
groves. As a result, root systems of plants in clusters may not extend as deeply as 
those associated with more mature plants in groves. Furthermore, groves lack an 
argillic horizon, which is present in clusters and open grassland sites. Relative to 
woody plants growing where the argillic horizon is absent, root densities of woody 
plants on soils with the well developed argillic horizons are significantly greater 
above 40 cm and significantly lower below 80 cm [27]. Thus, the pattern of shal
lower root systems in clusters supports the isotopic data which suggest that plants 
in clusters, in contrast to those in groves, obtain their soil water from the upper 
150 cm of the soil profile.

3.2.3. Grassland site

Both the pattern and absolute magnitude of ô2H and <5180  of soil water in the 
grassland differed from the other two sites with woody plant cover. ¿>2H of soil 
water ranged from -18  to -38  700, while ¿>180  ranged from -1 .8  to - 6 7 00 
(Fig. 2). Thus, soil water in the grassland tended to have lower 6 values for both 
isotopes, suggesting a less important role for evaporation in the grassland relative 
to the sites covered by woody plants. Both <52H and ô180  decreased rapidly from the 
soil surface to a depth of approximately 30 cm, at which point they increased to 
approximately 50 cm before declining again through the remainder of the profile.

This unique depth distribution cannot be explained at present, but may be 
related to: (1 ) differences between life forms (grasses versus trees/shrubs) that could 
influence rates of évapotranspiration through leaf area, leaf physiology, root distri
bution patterns and/or shading of the soil surface; and/or (2 ) possible differences in
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soil physical properties that could influence plant rooting patterns, évapotranspira
tion, infiltration or other aspects of the plant-soil-water system. Total root biomass 
in the upper 150 cm of the soil profile is significantly greater in the grove 
(20.2 ± 5.0 kg/m"2) than in the grassland (4.4 ±1 .0  kg/m-2). In addition, a dense 
clay (argillic) horizon was present in the grassland at a depth of approximately 
40 cm. While it is clear that a smaller root mass and an argillic horizon in the grass
land are both capable of influencing the hydrological characteristics of that site, it 
is unclear what their effects might be on the isotopic composition of soil water.

The successional change from open grassland to woodland begins with the 
establishment of the woody legume Prosopis glandulosa in open grassland. Stem 
water from a recently established Prosopis growing in the grassland had a ¿>2H 
value of —29700 and a <5180  value of —2.9700. These values are well within the 
range of <5 values measured ori water in the upper 150 cm of the profile and cor
roborate other field measurements [33] which indicate that this region is serving as 
a source of soil water for Prosopis. This would suggest that the root system of 
Prosopis is immature and has not extended below 150 cm, that the argillic horizon 
is inhibiting root extension below that depth, or both.

3.3. Relationship of soil water to meteoric water line

ô values of weighted monthly precipitation and soil water from the three sites 
were plotted in 2 H -180  space (Fig. 3). ô values for precipitation fell along the 
meteoric water line (MWL) with a slope of 8  [34]. Evaporation from a body of open

О  Monthly precipitation

FIG. 3. Isotopic composition o f precipitation and soil water plotted in 2H -lsO space. Unes 
o f best fit are drawn through soil water data from each o f the three sites.
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water results in slopes ranging from 4 to 6  when ô values of residual water are plot
ted in 2 H -180  space; evaporation from surface soils will generally produce slopes 
of 2 to 5, with lower slopes associated with drier soils [35]. This evaporative enrich
ment arises from both an equilibrium fractionation associated with small differences 
in chemical potentials of the isotopic species, and kinetic fractionation associated 
with differences in rates of vapour diffusion of isotopic species through the 
atmospheric boundary layer [35]. Kinetic fractionation increases as the dominant 
diffusive resistance changes from being atmospheric (as in the case of evaporation 
of open water) to being a result of diffusion through a porous medium [35, 36]. 
Hence, kinetic fractionation is greater in dry soils, and the thickness of dry soil layer 
above the evaporating front is negatively correlated with slopes obtained when 
residual soil water is plotted in 2 H -180  space [35].

Soil water from all three sites described regression lines with slopes signifi
cantly lower than for MWL, indicating that the isotopic composition of soil water 
from all sites was influenced by evaporation. In addition, slopes for the wooded sites 
(grove = 2.9 and cluster = 2 .6 ) were lower than the slope describing the soil water 
in the grassland (4.1), suggesting that evaporation is more important in the wooded 
areas than in the grassland. This result is counterintuitive since leaf area in the 
wooded areas is much greater than in the open grasslands, resulting in lower radia
tion loads at the soil surface in woodlands. Thus, microclimatic conditions estab
lished by the vegetation would favour lower evaporation rates in groves and clusters 
relative to the grassland. We speculate that greater leaf area coupled with greater root 
mass in groves and in clusters results in rapid consumption of soil water in the 
rooting zone via transpiration, a non-fractionating water flux [28-30]. However, 
kinetic fractionation increases as the thickness of the dry soil layer increases [35], 
suggesting that the higher <52H and ô180  values in the grove and cluster could be a 
consequence of increased kinetic fractionation occurring after rapid consumption of 
soil water via transpiration.

4. CONCLUSIONS

The natural 2H and 180  content of water in this ecosystem suggests that the 
hydrological cycle is altered as succession proceeds from open grassland to wood
land. Woody plants established recently in the grassland and those in clusters 
appeared to obtain water from the upper 150 cm of the soil profile. Root distribution 
patterns confirm that root mass and density of species in these sites are concentrated 
in the upper 1 m of the profile. This may reflect the fact that woody plants in the 
grasslands and clusters are relatively young and their root systems may not be fully 
developed; in addition, an argillic horizon beginning at about 40 cm in these sites 
may act as a mechanical barrier and retard root growth below that level. In contrast, 
woody plants in the later successional groves were more deeply rooted and appeared
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to obtain their water below 150 cm. The absence of an argillic horizon in the grove 
may have permitted roots to grow to greater depths, enabling exploitation of deeper 
soil water. By reducing the transpirational leaf area in the grass layer, long term 
grazing in this former grassland may have enabled deeper infiltration of soil water, 
creating an opportunity for establishment of the more deeply rooted woody plant spe
cies better able to exploit this deeper water resource.
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Abstract

EVOLUTION OF CLIM ATE IN CENTRAL EUROPE DURING LATE GLACIAL AND  
HOLOCENE: EVIDENCE FROM ISOTOPE AND PALYNOLOGICAL RECORDS IN 
LACUSTRINE SEDIMENTS OF POLISH LAKES.

Isotope and palynological investigations as presented in the paper were performed on 
cores from the bottom sediments of three lakes: Mikolajki, Strazym, and GoScî z situated in 
central and northern Poland. Stable isotope ratios 180/160  and 13C/12C were measured in 
authigenic carbonates deposited in the three studied lakes- which started their sedimentation 
in the late Altered (Lake Goácî z), Younger Dryas (Lake Strazym), and Preboreal (Lake 

Mikolajki). The ô180  record shows a rapid change of approximately 2°/00 at the transition 

from Altered to Younger Dryas (AL/YD) and from Younger Dryas to Preboreal (YD/PB).
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The Holocene climatic optimum at about 5000 years BP is reflected by a broad maximum of 
the 5lsO curve. An annually laminated bottom sediment from Lake Goácigz enabled the con
struction of a high resolution record of climate change in central Europe during the late 

Glacial/Holocene transition on the basis of the five well correlated cores. This record, 
based on the isotope and palynological data, indicates that onset and termination of the Youn
ger Dry as were rapid and completed within about 150 and 80 years, respectively. A  direct 
counting of varves shows that Younger Dryas lasted approximately 1140 years, a considerably 

longer period than that derived from other European lakes and comparable with the recent 
estimates based on the Greenland ice core data. The 613C  record in Lake Goácî z reveals a 

negative correlation with the ôl80  curve, especially pronounced during the transition 

periods, suggesting disturbances of the biological activity in the catchment area and in the lake 

itself during the time of rapid climatic changes. Comprehensive palynological data available 
for the three studied lakes are in very good agreement with the isotope records and confirm 
changes of the plant communities typical of the investigated area and climatic fluctuations 
during Late Glacial and Early Holocene.

1. INTRODUCTION

The area of Poland, located in the very centre of Europe, is geographically 
divided into the lowland (central and northern part) and the mountains forming bar
riers (Tatras in the south), which permits latitudinal atmospheric circulation. The 
drastic fluctuations of the climate in the last glaciation, when consecutive cold 
periods were followed by warm ones, caused appropriate changes in the landscape 
forms as well as in the vegetation communities. The inland ice cover and its later 
withdrawal played the dominant role in the formation of the surface water system. 
Over the area of present Poland one can distinguish units of different and contrasting 
hydrological regimes. One of them is northwest Poland (glaciated during the 
Vistulian), still rich in forms originating from glacial moraines and furrow dead ice 
lakes.

The lacustrine deposits, as was demonstrated in numerous investigations, are 
among the most valuable continental materials for palaeoclimatic reconstructions, 
providing high resolution records of climate related parmeters [1-4]. The oxygen 
isotope composition of authigenic carbonates and/or fossil shells preserved in lake 
sediments reflect the isotope composition of a water as well as its temperature during 
the formation of carbonates. For open lakes with a fast water turnover, the isotope 
composition of the lake water corresponds to that of precipitation, which, at mid
latitudes, responds mainly to changes of the surface air temperature. Under arid or 
semi-arid conditions, the 1 8 0 / 16 0  ratio of lake water is mainly controlled by the 
water balance of the lake (evaporation to inflow ratio). Usually, the interpretation 
of 0 18 0  records from lacustrine sediments requires an evaluation of the palaeo- 
hydrological conditions of the lake. The 13C content of the lacustrine carbonates is
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associated with the carbon balance in the lake, especially in its upper part, the epilim- 
nion, where enhanced biological activity and/or improved ventilation usually lead to 
increased <5,3C values. However, additional processes either in thé lake itself (dia
genesis, methanogenesis) or in the catchment area (changes in vegetation cover, 
microbiological activity or chemical erosion which are also climate dependent) may 
influence the carbon isotope composition in the deposited carbonates, making 
interpretation more complex.

2. THE STUDY AREA

The isotope and palynological investigations presented below were performed 
on the sediment cores originating from three lakes in central and northern Poland: 
Lake Strazym, Lake Mikolajki, and Lake Goáci^z (Fig. 1), all situated within the

FIG. 1. Location o f the three takes investigated, Mikolajki, Strazym and Goéciçz, with 
respect to the extent o f the subsequent phases o f the Vistulian glaciation (1 — Pomeranian 
phase, 2 — Poznan phase, 3 — Leszjxo phase).
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marginal zone of the Vistulian glaciation. The cores were taken by means of the 
Livingstone type corer constructed by Wiçckowski [5].

Lake Mikolajki (116 m a.s.l., 53°46' N, 21°35' E) lies in the Masurian Lake 
District, within the region belonging to the Lowlands of Eastern Europe. It is situated 
in the middle part of the channel of subglacial origin, 38 km long, connected with 
the system of the largest Polish lacustrine basin (Lake Sniardwy). Lake Mikolajki 
is 5.4 km long and 4.6 km in area, with a mean depth of 11.0 m.

Lake Strazym (71 m a.s.l., 53° 18' N, 19°26' E) occupies a subglacial channel 
in which ice masses were left after the retreat of inland ice, buried by the outwash 
deposits. During the early Allerad, a shallow lake existed above the still remaining 
buried ice, which finally melted out at the decline of Allerad, forming the lake in 
its present shape. During the Younger Dryas the water level in the lake was similar 
to, or lower than, the present one. The well developed lake terraces, peat, sand and 
gyttja layers provide evidence of the water table fluctuations (a detailed description 
is given by Niewiarowski [6 ]).

Lake Goáci^z (64 m a.s.l., 52°30' N, 10°20' E) belongs to a small lake district 
situated in the depression of the Toruñ-Eberswalde ice marginal valley used nowa
days by the Vistula River in its middle course. The lake is located ca. 100 km south 
of Lake Strazym; however, the distance from the margin of the Vistulian ice sheet 
is similar (see Fig. 1). The lake is 45 ha in area, and the maximum depth at present 
reaches 22.5 m in its central part. A small stream linking the lake with the three other 
lakes flows into the Vistula River ca. 5 km to the northeast of the lake. More details 
about geomorphology and vegetation were published earlier [7].

3. RESULTS AND DISCUSSION

3.1. Lake Mikolajki

The telmatic sediments deposited during the late Glacial in the lake indicate the 
shallow water and progressing overgrowing processes in this part of the lake. The 
maximum lowering of water level was reached during the early Preboreal. The 
following gradual rise of water caused the accumulation of carbonates since the late 
Preboreal (9450 ±  100 radiocarbon years BP) [8 ]. The isotope profiles (Fig. 1) 
cover Preboreal and continue throughout the Holocene.

The 180  curve exhibits some oscillations in its bottom part (minimum 
S180  = -8 .9 ° / 0 0  in the lowermost sample, and another depression of -8 .5 7 0 0  

about 40 cm above, with a small peak in between); however, it generally tends to 
rise, with its culmination at about - 7 7 00, forming a broad maximum in the Atlantic 
period. The profile of ôl3C shows very high values (+1.07oo) in the basal part of 
the core (shallow water), declining rapidly to —2.5°/00 and then fluctuating around 
an average value of about - 2  . 3  /оо*
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The available palynological data [8 ] confirm the tendency of climatic changes 
recorded by isotopes. The lowest part of the core corresponds to the transition from 
the early Preboreal zone (pine-birch forests) to the late Boreal zone (similar type of 
forest communities still dominating, but with an increasing contribution of elm 
and hazel). The first distinct rise of Corylus pollen has been recorded at 290 cm, and 
in the central part the presence of single pollen grains of Plantago lanceolata 
matches the ‘warmest’ maximum of the ô1 8 0  curve.

3.2. Lake Strazym

The investigations were performed on three cores (Nos 3, 6  and 7) raised from 
the lake margin and the central part. Isotope profiles (<5180  and ô1 3C) measured in 
all three cores [9] reveal a high degree of similarity (Fig. 2 [7, 10, 11]), although 
the time span they are representing is different. Correlation of the cores was per
formed on the basis of pollen data. The longest record (core No. 6 ) shows charac
teristic features reflecting climate fluctuations: low values of ô 18 0  (about —8.5700) 
during the Younger Dryas, with a sharp increase of 2700 at the transition to 
Preboreal, followed by a gradual increase with minor fluctuations until the maximum 
was reached at about 5100 radiocarbon years BP (about -5 .5  700). Above the maxi
mum, the 1 8 0  content decreases gradually down to the uppermost part of the 
sediment where large fluctuations and abnormally low values of ô1 8 0  are observed. 
These fluctuations might reflect the disturbances of the nutrient balance of the lake 
caused by anthropogenic changes in the catchment area [4]. The ¿¡180  curve 
obtained from Lake Tingstade Trask, Gotland (Sweden) [12], although shifted by 
about 2700 towards more positive values, reveals striking similarities to the 1 8 0  

profile from Lake Strazym.
The 13C profile reveals at the YD/PB transition a sharp decrease of ¿>I3C from 

zero to —2700, and relatively low values during Preboreal and Boreal. At the onset 
of the Atlantic period a distinct rise of the 0I3C is observed, followed by a stepwise 
increase with smaller fluctuations, and a broad maximum in Subboreal.

Core No. 3, coming from the shallow part of the lake, reveals a generally 
higher and more variable 13C content than the central cores. This might result from 
enhanced biological activity and/or intensified exchange with the atmosphere C02  

in off-shore parts of the lake.
The palynological data (Fig. 2), demonstrating plant communities typical 

of the analysed periods and geographic locality, are discussed in detail by 
Noryákiewicz [13].

3.3. Lake Goàciçz

A remarkable feature of the sediment accumulated in the lake (more than 19 m 
in its deepest part) is a distinct lamination consisting of couplets of light and dark



FIG. 2. Diagram of proxy climatic data for the Mikofajki [7] and Strazym lakes [10, 11] in the Late Glacial and Holocene. The simplified pollen 
diagram represents Lake Strazym (core No. 6).
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layers. The light layer is formed by authigenic calcite crystals precipitated during the 
summer months, whereas the dark layer consists mainly of organic detritus and 
mineral matter deposited during the rest of the year [14]. The annual character of 
lamination was proved by analysis of thin sections of the varve sequences by using 
a technique described by Merkt [15].

Until now, eight sediment cores have been raised from the lake, four of them 
coming from the central, deepest part of the lake, one from the western part, and 
three from the northern bay and its margin. The overall quality of the lamination 
enabled the construction of an almost continuous, well replicated varve chronology 
below a depth of 8  m [14]. An error assigned to the number of varves identified in 
the upper 8  m of the sediment makes the chronology floating. Repeated, direct count 
of varves in the central profile revealed approximately 12 500 identified couplets of 
light and dark layers [14].

Matching of the results obtained for the five cores analysed so far allowed the 
construction of a continuous varve chronology for Late Glacial and Early Holocene. 
The evolution of the climate during this period is well marked in the sediment of 
Lake Gosciçz, both in isotope and microfossil spectra (Fig. 3 [16, 17]).

The <5180  curves (Fig. 3) reveal an abrupt decline of 180  content at the 
AL/YD transition, lasting about 150 years, while at the termination of Younger 
Dryas the rise of <5180  is even faster, being completed within about 80 years. Both 
estimates are in good agreement with the ice core data [18-20]. The apparent ampli
tudes of the <5180  change are almost the same in both cases and equal approximately 
2°/oo. Within the Younger Dryas period, only minor fluctuations of <5lsO can be 
distinguished.

An interesting feature of the 013C profile is a strong anticorrelation with the 
<5180, occurring mainly during the distinct climatic fluctuations (the AL/YD and 
YD/PB transitions). This apparent negative correlation may result from the climate 
induced changes in the catchment area of the lake. Lowering of the soil temperature 
should reduce the microbial activity of the soil, leading to a lower average partial 
pressure of soil C02  during the cold periods. This may, in turn, result in a higher 
13C content of carbonates dissolved in water feeding the lake [21] and, conse
quently, a higher 13C content of the deposited calcite. An alternative explanation 
might be a substantial increase in the exchange rate and/or the effective time of 
exchange between atmospheric C02  and dissolved carbonates during the cold 
periods.

The evolution of the climate indicated by isotope composition of authigenic cal
cite is well recognized in plant microfossil assemblages preserved in the lake sedi
ment; this is comprehensively discussed by Ralska-Jasiewiczowa et al. [16]. In the 
relatively mild climate of Allerad, the surrounding of the lake was dominated by 
open Pinus-Betula woods. During the AL/YD transition they were gradually 
replaced by open shrub-herb communities, as is evidenced by the reduction of Betula 
and Populus frequencies and the following rise of Juniperus, Salix polaris type,



FIG. 3. Diagram o f proxy climatic data record for Lake Goscigz. The isotope curves represent three well correlated cores [16]: the twin cores 
Gl/87 and G2/87 coming from the central deep o f the lake and the core Gl/90 raised in its western part. The scale of the calendar age was con
structed by setting the YD/PB transition at 11 280 years BP [17]. The zero point on the varve scale was arbitrarily chosen on the top o f the sand 
layer in cores Gl/87 and G2/87. The simplified pollen diagram represents combined data for cores Gl/87, G2/87 and Gl/90.
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Artemisia, Chenopodiaceae, and other indicative herb pollen types. This vegetation 
type was definitively replaced by developing forests at the beginning of Preboreal. 
The sharp drop of alga Tetraedron minimum frequencies (not shown in Fig. 3) at the 
AL/YD transition and its rise at the YD/PB transition indicate declining and rising 
summer temperatures of the lake water, respectively [16].

The direct counting of the varves deposited between the imposed boundaries 
of the Younger Dryas (Fig. 3) yields 1140 ± 40 years1, a substantially longer time 
period than suggested by previous estimates [1 0 , 2 2 ] based on the laminated lake 
sediments from Switzerland and Germany. On the other hand, the ice cores drilled 
recently in central Greenland indicate an apparent duration of the Younger Dryas 
comparable with the estimate based on Lake Goáci^z data: 1150 ± 120 years for the 
GRIP site [19] and about 1300 years for the GISP 2 site [20]. If we accept the varve 
chronology for the cores Gl/87 and G2/87 [11] the YD/PB transition in the Lake 
Goáciíjz sediment can be absolutely dated at 11 200 Í 2 0 0  BP.

4. CONCLUSIONS

The isotope and pollen records obtained from the three lakes investigated in 
central and northern Poland provide a consistent picture of the climatic evolution of 
this region during Late Glacial and Holocene.

An abrupt change of climate at the transition from Younger Dryas to Preboreal 
left a distinct record in sediments of Lakes Goáci$z and Strazym. The characteristic 
structure of the YD/PB transition observed in these lakes, with a very fast rise of 
180  content at the boundary, is well recognized also in the Greenland ice cores as 
well as in the lacustrine sediments in the Alpine region. These apparent similarities 
strongly suggest the existence of common forcing factors and synchroneity of climate 
changes in the North Atlantic region and the adjacent continental areas during the 
final stages of the last deglaciation.

The isotope and palynological data derived from Lake Goáci^z demonstrate 
that, under favourable conditions, laminated lacustrine sediments can provide a high 
resolution record of climate changes over continental areas, comparable with ice 
core data.
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ibid., p. 69.

[12] MÓRNER, N .A., W ALLIN, B., A  10 000 year temperature record from Gotland, 
Sweden, Palaeogeogr. Palaeoclimatol. Palaeoecol. 21 (1977) 113.

[13] NORYáKIEWICZ, В., History of vegetation during the Late-Glacial and Holocene in 
the Brodnica Lake District in the light of pollen analysis of Lake Strazym deposits, Acta 
Palaeobotan. 27 (1) (1987) 283.

[14] GOSLAR, T ., et al., Possibilities of reconstruction of radiocarbon level changes during 

the Late Glacial by laminated sequence of the Goácî z Lake, Radiocarbon 34 (1992) 
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Abstract

STABLE CARBON ISOTOPE RATIOS OF SOIL ORGANIC M ATTER AND THEIR 

POTENTIAL USE AS INDICATORS OF PALAEOCLIMATE.
The ô13C values of soil organic matter record information regarding the relative 

importance of C3 versus C4 plants in past plant communities. Because the geographical distri
bution of C4 plants is correlated strongly with temperature, ô13C of soil organic matter has 
the potential to enhance understanding of climate history. The purpose of the paper was to:
(1) demonstrate that ô13C of soil organic matter responds to and records changes in the rela
tive abundances of C3 and C4 plants in situations where plant community histories are well 
known; then (2) apply this technique to soil organic matter in palaeosols representing the past 
15 000 years in order to reconstruct vegetation and climate change during that period. The 
ôl3C values of soil organic matter accurately documented vegetation dynamics at two sites 
where land use and vegetation history had been quantified previously: a tallgrass prairie and 
a subtropical woodland. Changes in <513C values of organic matter in palaeosols from central 
Texas indicated shifts in the relative abundance of C3 and C4 plants which tracked changes 
in climate indicated from accounts published previously and based on other climate recon
struction techniques. Results indicate that ô13C of soil organic matter, by reflecting the rela
tive contribution of C3 and C4 species to plant community productivity, can be used to 

reconstruct vegetation history and can therefore serve as a proxy indicator of past climate.
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As a consequence of industrial and agricultural activity, the structure and func
tion of the earth-atmosphere-biosphere system is being altered [1]. Accurate predic
tion of global changes that might arise from these chemical and climatological 
perturbations requires an ability to measure their manifestations, both in the present 
and in the past. Stable isotopes are among the most powerful approaches available 
for studying a broad range of global change issues [2 ], including past and present 
biogeochemical pools and fluxes, temporal changes in the biota, and palaeoclimate. 
Natural abundance ratios of the light stable isotopes (2H/*H, 13C/1 2C, 1 5N/14N, 
180 / 160  and 3 4 S/3 2 S) in the organic and inorganic components of the global bio
geochemical system integrate and record information on: (1 ) processes that form 
these components, (2) rates of these processes and (3) environmental conditions 
prevailing at the time of formation. The use of stable isotopes as intrinsic tracers of 
biogeochemical processes therefore has broad applications linking many disciplines. 
In this paper, we will focus on the carbon isotopic composition of soil organic matter 
(SOM) and its use in reconstructing vegetation and climate change.

The stable carbon isotope composition ( 1 3C/12C, or S13C) of SOM contains 
information regarding the presence/absence of C3 and C4  plant species in past plant 
communities, and their relative contribution to community net primary produc
tivity [3,4]. This information has been utilized to document vegetation 
change [5, 6 ], to infer climate change [5, 7] and to estimate rates of SOM turn
over [8-10]. These applications are based on the fact that during photosynthesis, C4  

plants discriminate less against 1 3C02  than C3 plants [11], resulting in a characteris
tic carbon isotope ratio in plant tissue that serves as a diagnostic indicator. The ô 13C 
values of C3 plant species range from approximately -32  to -2 0 7 00, with a mean 
of —27700; in contrast, <513C values of C4  species range from -17 to —9700, with 
a mean of —13700. Thus, C3  and C4  plant species have distinct, non-overlapping 
<513C values and differ from each other by approximately 14700 [12]. Because there 
is little change in the <513C value of plant material as it decomposes [13, 14], the 
ô13C value of SOM reflects the relative above and below ground contribution of C3 

and C4  plants to the soil organic carbon pool [3, 6 ]. Consequently, 6 13C of SOM 
has been utilized to document vegetation change in both modem soils [6 ] and 
palaeosols [7].

The majority of plant species possess the C3 photosynthetic pathway. Because 
nearly all trees, shrubs, forbs and cool season temperate grasses are C3 species, all 
forest communities and most other temperate and boreal zone plant communities are 
dominated by C3  species. Plants with the C4  photosynthetic pathway, primarily 
grasses (Poaceae), are most abundant in warm, often semiarid environments with 
high light intensity such as grasslands, savannahs, deserts and salt marshes. Tropical 
and subtropical grasslands consist almost exclusively of C4  species. Warm season 
grasses of tropical or subtropical origin account for more than 40% of all known C4  

species [15].

1. INTRODUCTION
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The geographical distribution and relative productivity of C4  plant species are 
a function of climate [16, 17]. In the North American Great Plains, the proportion 
of C4  grass species increases from approximately 30% in North Dakota to approxi
mately 70% in Texas [18]. It has also been shown that both the proportion of C4  

species [18] and the proportion of C4  biomass in a given community [19, 20] are 
highly correlated with environmental temperature. In North America, the proportion 
of C4  species in the grass flora is correlated strongly (r = 0.97) with normal July 
daily minimum temperature, and with several other indices of temperature [18]. In 
addition, the relative proportion of C3 /C4  biomass in grassland communities has 
been shown to be correlated with temperature. For example, relative C3 /C4  biomass 
in seven grassland communities in the western Great Plains was highly correlated 
(r = 0.92) with mean annual temperature [20]. These relationships suggest that 
reconstruction of the relative proportions of C3  and C4  species could be of potential 
value in palaeoecological studies.

The purpose of this paper is to (1) demonstrate that <513C of SOM responds to 
and records changes in the relative abundances of C3  versus C4  plants in situations 
where plant community histories are well known; then, (2 ) apply this technique to 
SOM in palaeosols and reconstruct changes in vegetation and climate over the past 
15 000 years.

2. METHODS AND MATERIALS

2.1. Vegetation change recorded in modern soils

2.1.1. Tallgrass prairie site

This study was conducted within the San Antonio Prairie, a southern extension 
of the tallgrass prairie biome of North America. The study site was 15 km north of 
College Station (30°50' N, 96° 10' W) in east-central Texas on a well drained upland 
area classified as a Schizachyrium scoparium-Sorghastrum nutans community type 
dominated by C4  grasses. Soils were Benchley series (fine, montmorillonitic, ther
mic, Vertic Argiustolls) and Normangee series (fine, montmorillonitic, thermic, 
Vertic Haplustalfs).

Records of land use extend back to 1832 when the site was initially settled. We 
compared a 10 ha stand grazed heavily and continuously by cattle since 1969 with 
an adjacent 14 ha stand with no history of cattle grazing. Percentage cover by species 
and ô13C values of above ground vegetation were measured monthly from May to 
August 1987. Five soil cores (5 cm x 90 cm) were taken from each stand in 
July 1987 and subdivided into seven depth intervals. The <513C values were meas
ured on roots and bulk SOM. Methods for soil pretreatment and isotopic analysis are 
detailed below.
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2.1.2. Subtropical woodland site

This study was conducted at the Texas Agricultural Experiment Station 
La Copita Research Area, approximately 15 km from Alice (27°40' N, 98° 12' W) 
in southern Texas. Recent studies based on a 50 year sequence of aerial photographs 
and present vegetation patterns indicate that relatively treeless subtropical grasslands 
or savannahs dominated by C4  grasses have been replaced by subtropical thorn, 
woodlands dominated by C3 woody plants during the past 100-200 years [21-23]. 
Six soil cores (5 cm x 150 cm) were taken in May 1990 in each of two closed canopy 
woodland stands dominated by the woody legume Prosopis glandulosa, and sub
divided into six depth intervals. Soils in these stands belonged to the Racombes series 
(fine loamy, Pachic Argiustolls). We measured ô13C on above ground litter, roots, 
bulk SOM and organic matter associated with different soil particle size classes. The 
14C age of bulk SOM was determined on soil from 0-15, 15-30, 30-60 and 90-120 
cm depth intervals.

2.2. Vegetation change recorded in palaeosols

Samples for stable carbon isotope analysis were taken from a series of 
palaeosols and alluvial deposits representing the past 15 000 years at the Ft. Hood 
Military Reservation (31°30' N, 97°30' W) near Killeen in central Texas. Details 
of the alluvial stratigraphy and soils were presented elsewhere [24]. This area is 
located at the eastern margin of the Edwards Plateau and the southernmost extension 
of the Great Plains. Modern vegetation is mixed grass prairie dominated by C4  

grasses.
Forty-six soil and alluvium samples were taken from four trenches that 

exposed five major alluvial stratigraphie units. All pedogenic horizons and the under
lying parent material were sampled in each trench. An additional 14 samples 
representing time intervals not present in the four trenches were collected from cut- 
banks. Chronological relationships of all samples were based on stratigraphy and 55 
14C dates on associated wood and charcoal samples.

2.3. Pretreatment and isotopic analysis of soils

Large roots were removed manually from all soil samples. Soils were then 
dried, ground to pass a 2 mm screen and homogenized thoroughly. Smaller roots 
were removed from the soil samples by placing a 1 0 0  g aliquot of each soil sample 
in a 600 mL beaker which was then filled with a saturated NaCl solution (density 
»  1.2 g/mL at 25°C). Organic debris (almost exclusively roots) which floated to the 
surface was removed and pooled with the larger roots removed earlier. Roots were 
washed in IN HCl to remove adhering CaC03, rinsed with distilled water, dried, 
ground to a powder and saved for isotope analysis. Root free soil samples were
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washed about five times with distilled water to remove NaCl. Soil samples were then 
treated with IN HCI at 25°С for 3 d to remove CaC03, washed about five times 
with distilled water, dried and ground to a fine powder. Although acid pretreatment 
slightly reduced the absolute amount of organic carbon in the samples, it had no 
effect on the percentage of organic carbon or total nitrogen, or on the <513C of 
SOM [25].

Plant litter, roots and SOM were combusted to C02  at 850°C in the presence 
of CuO and Cu in sealed quartz tubes [26]. The C02  was isolated and purified by 
cryogenic distillation, and its isotopic composition determined on a VG-903 (VG 
Isogas, Middlewich, UK) dual inlet, triple collector isotope ratio mass spectrometer. 
All results are reported relative to the international V-PDB standard by calibration 
through NBS-19 [27]. Overall precision (machine error plus sample preparation 
error) was <0.27oo.

The proportion of organic carbon derived from C4  sources was estimated by 
the mass balance equation:

ô 13C soil =  ( ô 13C c 4) (x) + ( ô 13C c 3) ( l  -  x)

where ¿>13Csoil was the 513C value of SOM, <5I3 CC 4  was the average <513C value of 
C4  plants (-1 3 7 00), x was the proportion of carbon from C4  plant sources, 01 3CCj 
was the average ô13C value of C3  plants (-2 7 7 00), and 1 -  x was the proportion 
of carbon derived from C3  plant sources.

3. RESULTS AND DISCUSSION

3.1. Vegetation change recorded in modern soils

3.1.1. Tallgrass prairie site

Twenty years of livestock grazing caused a significant increase in C3  forbs
and C3 grasses and a decrease in the importance of C4  grasses relative to the 
ungrazed stand. The <513C value of vegetation (Fig. 1(a) in the grazed area was 
—22.4 ±  1.17oe, indicating that approximately 30% of standing crop biomass was
C4  in origin. By contrast, 6 13C of vegetation in the ungrazed area was —16.7 ±
0.67oo, indicating that approximately 70% of the biomass was C4. Isotopic differ
ences between the two areas were also evident in roots recovered from soil cores 
(Fig. 1(a). The <513C of roots in the grazed stand ranged from -2 4 7 00 near the soil
surface to —18700 deeper in the profile, with an average of —21.9 ± 0.37oo
(approximately 30% C4  biomass) for all samples. The increase in root 013C with 
depth in the grazed stand suggested that the C3 component which increased in
response to grazing may not be rooted as deeply as the coexisting C4  vegetation and
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FIG. 1. S13C values o f (a) above ground vegetation (open symbols) and roots (solid sym
bols), and (b) soil organic matter in adjacent grazed and ungrazed areas in the San Antonio 
Prairie o f east-central Texas. Each point is the mean ± standard error o f five soil cores, and 
is plotted as the midpoint for each o f the following depth intervals: 0-5, 5-15, 15-30, 30-45, 
45-60, 60-75 and 75-90 cm.

contributed less to root production below 40 cm in the profile. The ô13C values of 
all root samples in the ungrazed area averaged —16.1 ± 0.1700 (approximately 70% 
C4  biomass) and varied little with depth. Thus, both above and below ground vege
tation consisted of *70% C4  biomass in the ungrazed stand, whereas that of the 
grazed stand was only «30% C4.
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The Ô13C of SOM in the ungrazed area ranged from - 17700 at the surface to 
—14°/00 deeper in the profile (Fig. 1(b), and was in approximate isotopic 
equilibrium with the current plant community. Since the mean age of SOM increases 
with depth [28], the increase in ô13C with depth may reflect a gradual decrease in 
C4  abundance in the plant community through time. However, a l-3 7 0 0  increase in 
<513C of SOM from upper to lower profile has been documented in many different 
soils and ecosystems throughout the world [3, 4, 6 , 13] and is usually attributed to 
fractionation during microbial respiration, resulting in a gradual increase in S13C of 
SOM through time. Hence, the oldest SOM (i.e. that deepest in the profile) ought 
to be the most 13C enriched. It is also conceivable that the 013C depth trend may be 
related to the decrease in <5I3C of atmospheric C02  documented for the past 
200 years, which would decrease ô13C of primary producers [29, 30].

In the grazed area (Fig. 1(b), ô13C values of SOM were significantly lower 
than those in the ungrazed area at all but the 75-90 cm depth increment, reflecting 
the lower <513C values of the current plant community. The SOM in the 0-5 cm 
depth increment (—21700) was isotopically similar to both above-ground biomass 
and roots (—22700), indicating rapid turnover of soil carbon at that depth. Using 
methods described previously [8-10], we estimated turnover rates for SOM of 
4.5% per year at 0-5 cm, 1.2% per year at 5-15 cm and 1.1% year at 15-30 cm. 
The plant community dominated currently by C3 plants in the grazed area has left 
a significant isotopic imprint on the SOM, apparently reflecting shifts in C3 -C4  

plant abundance associated with changes in land use initiated in 1969. However, 
<513C of SOM below 15 cm indicates clearly that this site had supported a C4  domi
nated plant community, in agreement with historical land use records for this site.

3.1.2. Subtropical woodland site

Both woodland sites had similar species composition and canopy cover. The 
ô13C values of litter, roots and soils were statistically comparable between the two 
sites, so data were pooled. The <5I3C of litter ( -2 6 700) and roots (-2 5 7 00) 
reflected the fact that both sites were dominated by C3 trees and shrubs (Fig. 2(a). 
Roots varied little in <513C from 0 to 150 cm.

By contrast, ô13C values of SOM were all greater than -1 9 7 00 (Fig. 2(a), 
indicating that a significant proportion of that SOM was derived from C4  grasses. 
At 0-15 cm, SOM was - 19700, indicating that approximately 60% of the SOM in 
that depth interval was derived from C4  sources. From 15-90 cm, however, 6 13C 
values ranged from -16  to -1 4 7 00, indicating that approximately 80-90% of the 
organic carbon in that interval was derived from C4  plants. The SOM became more 
depleted between 90 and 150 cm, approaching a <513C value of —19700. The 14C 
ages of SOM increased with depth in the profile, and ranged from 115.8 ± 0.7% 
modem at 0-15 cm to 2140 ± 95 years at 90-120 cm (Fig. 3).
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FIG. 2. Ь,3С values o f (a) litter, roots and bulk SOM, and (b) organic matter associated 
with soil particle size fractions in a subtropical woodland ecosystem in southern Texas. In (a), 
each point is the mean ± standard error o f 12 soil cores, and is plotted as the midpoint for 
each o f the following depth intervals: 0-15, 15-30, 30-60, 60-90, 90-120 and 120-150 cm. 
Data in (b) are derived from analysis o f a single soil core.

The SOM associated with specific soil particle size fractions differs in turnover 
rate and mean age [31]. The ô13C values of particle size separates (Fig. 2(b)) reveal 
that the sand fraction consisted exclusively of ‘new’ carbon derived from the current 
C3 woodland vegetation. Conversely, fine and coarse clay fractions were both 
slightly more enriched in 13C than the whole soil, and appeared to contain organic
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FIG. 3. 14С age o f bulk soil organic matter in a subtropical woodland in southern Texas. 
Each point is the mean ± standard error o f two soil cores.

matter derived largely from the previous C4  grassland. Fine and coarse silt were 
more 13C enriched than the sand fraction, but clearly contained some carbon 
derived from the present community. Thus, organic matter turnover rates in this sys
tem appear to decrease in the sequence sand > silt > clay. Because most organic 
carbon resides in the ‘old’ clay fractions, the isotopic composition of the whole soil 
would be dominated largely by the signal in these fractions. Thus, as a consequence 
of variation in their carbon turnover rates, 513C values of particle size separates 
provide an enhanced view of plant community history.

Previous studies based on a 50 year sequence of aerial photographs, present 
vegetation patterns, and tree age determinations using 14C dating and annual ring 
counts all suggest that the present subtropical woodland replaced relatively open 
grassland or savannah in the past 100-200 years. The large discrepancy between 
ô13C of current organic matter inputs and that of SOM confirms these findings and

115.8 ± 0.7%
¿ ¿ s' modern carbon

t > ■ I____________» .  t I
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indicates that »  60-90% of the present SOM in the upper 150 cm of the profile was 
derived from C4  sources.

The studies described above, as well as many others at sites with well 
documented vegetation records [8 , 9, 32-34], demonstrate that <513C of SOM 
accurately reflects plant community history and suggest that it is reasonable to apply 
this technique in situations where past vegetation history is unknown.

3.2. Vegetation change recorded in palaeosols

The <513C values of organic carbon in palaeosols and alluvial deposits at Ft. 
Hood revealed significant shifts in the ratio of C3 to C4  plant biomass production 
over the last 15 000 years (Fig. 4). During the late Pleistocene and most of the early 
Holocene, ô 13C values of organic carbon were consistently more depleted than dur
ing any subsequent time period, and ranged from - 2 1  to -2 2 7 00, indicative of a 
mixed C3/C4  community («45-50% C4  biomass) and relatively cool and/or moist 
conditions. It is not clear whether the C3 component represents grasses, trees or 
shrubs. At 8000 YBP (years before present), <513C values of organic matter began 
to increase and reached a maximum of —14700 near 5000 YBP. This indicates a 
mid-Holocene community in which 90% of SOM was derived from C4  species, sug
gesting a very open and relatively treeless grassland community. Since both the 
proportion of C4  species [16-18] and the proportion of C4  biomass [19, 20] in a 
geographical area are correlated strongly with temperature, and to some extent with 
aridity, these results suggest maximum warming and/or drying during the mid- 
Holocene. A less pronounced warm and/or dry period occurred near 2000 YBP, fol
lowed by a return to cooler and/or more mesic conditions up to the present.

These results correlate well with other late Quaternary climatic interpretations 
for central and northern Texas, and the southern Great Plains region in general. For 
example, evidence from fossil pollen in central Texas [35] suggests that mid-summer 
temperatures during the last full glacial (22 500-14 000 YBP) were approximately 
5.5°C cooler than at present. Similarly, noble gas concentrations in groundwater in 
southern Texas [36] indicate that mean annual temperature at approximately 
15 000 YBP was about 5°C lower than at present. The ô13C values of pedogenic 
CaC03 and organic carbon at a site representing 14 200-1600 YBP in north-central 
Texas [37] has yielded an isotope record remarkably similar to that in Fig. 4, includ
ing distinct warm and/or dry periods at 5000 YBP and again at 2000 YBP. Previous 
studies in Texas and the southern Great Plains [38, 39] have produced similar 
interpretations based on other, non-isotopic methods.

Our results are also in general agreement with Holocene climatic trends 
observed in other portions of the Great Plains. <5lsO analyses of uranium/ 
thorium dated samples of speleothem calcite from a cave in northeastern Iowa [40] 
indicate a mid-Holocene (5900-3700 YBP) that was approximately 3°C warmer than 
the preceding early Holocene (8000-5900 YBP), and approximately 4°C warmer
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FIG. 4. Ô,3C values o f organic matter from palaeosols and alluvial deposits at the eastern 
edge o f the Edwards Plateau in central Texas. Chronology was established by stratigraphy 
and radiocarbon dating o f 55 associated wood and charcoal samples.

than the late Holocene (3700-1000 YBP). Furthermore, this mid-Holocene warm 
period in northeastern Iowa was accompanied by a significant increase in the propor
tion of C4  derived carbon, as evidenced by a 47 0 0  increase in <513C of these same 
calcites [40]. Our results are also in general agreement with postulated temperature 
variations at the global level during the past 11 000 years [41].

It is well known that mechanisms other than climate are capable of inducing 
dramatic changes in vegetation, either through their direct effects or through inter
action with climate [42]. For example, grazing [43] and fire [44] both have a strong 
influence on plant species composition and species dominance, particularly in grass
land and savannah ecosystems (Figs 1 and 2). Thus, it is conceivable that the changes
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in <513C during the late Quaternary that we have measured (Fig. 4) are a conse
quence of changes in bison grazing [45] or manipulation of fire frequency by pre
historic humans in this region. However, because our results correlate strongly with 
other climatic reconstructions and interpretations not only from this region but also 
from other parts of the Great Plains, we favour climate as the driving force behind 
the vegetation changes documented here.

4. CONCLUSIONS

Our results indicate that <513C of SOM, by reflecting the relative contribution 
of C3 and C4  species to plant community productivity, can be used to reconstruct 
vegetation history. We have shown that <513C of SOM has accurately documented 
recent vegetation changes at two sites with well known vegetation and land use histo
ries, indicating that this technique should be useful for both short term and long term 
monitoring of the effects of human land use and/or climate change on the biota. Since 
the geographical distribution and the productivity of C4  species are strongly cor
related with temperature, 013C of SOM in palaeosols may enhance our understand
ing of climatic history. Our <513C record in organic matter spanning the past 
15 000 years in central Texas has produced a qualitative climate record that agrees 
well with several regional studies published earlier and based on other methods, and 
with previous climate reconstructions for other parts of the Great Plains. These 
results suggest that <513C of SOM in palaeosols can be used as a proxy indicator of 
climate to complement other techniques, or in situations where more traditional 
techniques have limited applicability.
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Abstract

DEVELOPM ENT OF THE M OLLUSC Arctica islandica AS A PALAEOCEANO
GRAPHIC TOOL FOR RECONSTRUCTING ANNUAL AND SEASONAL RECORDS OF 
Д 14С AND <5180  IN THE MID-TO-HIGH-LATITUDE NORTH ATLANTIC OCEAN.

Corals have been used, previously, to reconstruct high resolution geochemical records 
of the surface subtropical oceans, but no comparable tools have been developed for the colder, 
higher latitude oceans. It is reported that the application of accelerator mass spectrometry and 
microsampling techniques now allows the carbonate shell of the long lived ( — 200 years) mol
lusc (bivalvia) Arctica islandica to be used to fulfil this role for the mid and high latitude North 
Atlantic Ocean. The sampling methods used to produce the first time histories of bomb 14C 

in the northern North Adantic Ocean from Georges Bank (41 ° N, 67° W) and the North Sea 

(54° N, 6° E), and a record of seasonal bottom temperatures derived from the ô180  profile 
of a shell collected on Nantucket Shoals (410 N, 69° W) are described.

1. INTRODUCTION

The carbon and oxygen isotopic composition of marine waters and calcareous 
skeletons of marine organisms has been used to provide important evidence of global 
ocean and climate processes [1]. Combined with sclerochronology, the study of 
sequentially deposited calcareous growth structures, the isotopic analysis of long 
lived stony corals has been used to reconstruct seasonal and annual records of past 
ocean conditions in the lower latitude oceans for the past several centuries [2 ]. 
However, until now, no comparable tool has been developed for the colder, higher 
latitude oceans, despite the vital role these regions are thought to play in the 
regulation of global climate and ocean circulation [3].
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Although sclerochronological methods have also been applied to molluscs, the 
carbonate mass is small (relative to corals) and shell growth rates often slow down 
with age, so that sampling resolution is limited. Periodicity of the mollusc growth 
bands must be established for each species because subannual or episodic banding 
can create chronological uncertainty [4] if unidentified. Also, most marine bivalves 
are relatively short lived (less than 20 years) [5] compared to corals, making it 
difficult to reconstruct geochemical records longer than a decade or two. In recogni
tion of some of these problems, previous work has identified the bivalve Arctica 
islandica to be a potentially important marine geochemical recorder because of its 
great longevity ( 2 0 0  or more years), distinct annual banding, large size ( ~ 1 0 0  mm), 
and wide latitude (35°-70° N) and depth (10-200 m) distribution on the continental 
shelves of the North Atlantic Ocean [6 - 8 ].

Bulk radiocarbon analyses of the shells of young ( ~ five years old) A. islandica 
have shown that their radiocarbon composition corresponds with that of ambient sea 
water [9]. Also, two previous studies, applying beta decay methods, have used ana
lyses of the combined carbonate from whole A. islandica shells, in attempts to 
produce crude radiocarbon time series [10, 11]. Unfortunately, the samples analysed 
by these bulk methods were composites of material deposited throughout the life
times of the specimens and, consequently, could not be used to produce true time 
histories of ambient ocean radiocarbon. With respect to stable oxygen isotopes, sam
pling methods used to obtain seasonal and interannual isotopic profiles from rapidly 
growing molluscs, such as Spisula solidissima [12], have not been applied to the 
longer lived A. islandica, because of this species’ growth rate.

So, despite past efforts, the potential of this long lived species as a geochemical 
recorder for the northern North Atlantic has never been fully realized. Two recent 
technological advances have now altered this situation: (1 ) the introduction of 
accelerator mass spectrometry (AMS), which has reduced the sample size require
ments for radiocarbon analysis by three orders of magnitude; and (2 ) the develop
ment of microscale sampling equipment combined with micromass stable isotope 
mass spectrometry. In this paper, we report the results of applying these new tech
niques to the shells of A. islandica and describe the methods used to obtain the first 
radiocarbon and oxygen isotope time series from them.

2. METHODS

Selected A. islandica specimens are prepared for analysis by first radially sec
tioning a 2 mm thick slice from one valve using a low speed diamond saw. The shell 
slice is then mounted on a pétrographie slide and ground to (~  1 0 0  /tm) thickness. 
Using a photographic enlarger, the ‘thin-section’ is used as a negative to provide an 
enlarged print of the shell’s internal annual banding. The bands in the shell’s outer 
layer are counted to determine the age of each specimen.
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2.1. Radiocarbon

For radiocarbon work, a radial shell slice ( — 2 mm thick) is mounted on a 
pétrographie slide, and the outer shell layer of the slice is then subsectioned (using 
the microsampler) into samples containing one or more annual bands. Once sec
tioned, samples are cut away from the slide using a low speed diamond saw or 
dremel tool. Care is taken to extract only carbonate from the outer shell layer, and 
not from the adjacent inner nacreous layer which represents material deposited at a 
later time. Also, the periostracum, or outer organic layer, is removed, along with 
part of the outer prismatic layer just below the periostracum, in order to eliminate 
inclusion of surface contaminants or material affected by early diagenesis. For the 
work reported here, a single shell slice per specimen was used, and the number of 
annual bands comprising a sample was constrained by the minimum amount of 
aragonite required for one AMS radiocarbon analysis (~  10 mg). Samples ranged 
in mass over about 15-80 mg and in time over 1-5 years. Greater time resolution 
can be obtained in the future by combining material collected from additional slices 
of the same shell.

Samples were prepared for AMS analysis by first etching them in 10% HCl 
for 30 s to remove surface contaminants, followed by conversion to C02  in anhy
drous phosphoric acid at 60°C (overnight), and finally conversion to graphite using 
a hydrogen reduction and iron catalytic process [13]. Samples from the Georges 
Bank specimen were analysed at the NSF-Arizona Accelerator Facility for Radioiso
tope Analysis, at Tuscon, Arizona, USA. Samples from the North Sea specimens 
were analysed at the National Ocean Sciences AMS Facility at Woods Hole Oceano
graphic Institution, Woods Hole, Massachusetts, USA. Analytical Д14C precision at 
both facilities for these samples is approximately ±1 °/ca.

2.2. Stable isotopes

For stable isotope work, the shell’s banding structure is digitized using the 
enlarged photograph of the thin section, and the information is used to navigate a 
microsampling system (KCL Micro-Sampler, Stable Isotope Laboratory, University 
of Michigan). The microsampler consists of a belt driven dental drill in a fixed 
position and an automated three axis precision stage. The drill mills the ‘thin section’ 
along paths parallel to the growth surface. Each path’s dimensions average about 
20 /Ш1 wide, 50 /¿m deep and 2-5 mm long. The carbonate ‘dust’ produced from one 
or more passes is collected manually and represents shell material that was deposited 
coevally. The time interval integrated by each path is a function of the specimen’s 
shell growth rate at the time the sample material was deposited. This can be roughly 
estimated from the length of the seasonal growth period and the number of paths per 
annual band (assuming a constant growth rate for the season). A typical sample for 
analysis integrates from 4 to 30 days of shell deposition.
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Before the analysis, the aragonite samples are roasted under vacuum for 1 h 
at 200°C to volatilize any organic matter (and to preclude conversion of aragonite 
to calcite). For the stable isotope work reported here, a Finnigan MAT 251 mass 
spectrometer with an on-line extraction system, at the University of Michigan’s Sta
ble Isotope Laboratory, was used to analyse 219 carbonate samples. This instrument 
had a minimum sample size requirement of ~ 1 0  /xg of carbonate, although for this 
initial work most samples were larger than 50 /tg. Analytical precision reported for 
this instrument is approximately iO .l0/»  for both carbon and oxygen isotopes.

3. RESULTS AND DISCUSSION

3.1. A14C time histories

AMS radiocarbon analyses of samples from: (1) one 54-year old A. islandica 
specimen collected live (August 1990) on the southern flank of Georges Bank 
(41° N, 67° W and 76 m depth); and(2) A. islandica specimens, 28 and 41 years 
old, collected live (November 1990) from the German Bight section of the North Sea 
(54° N, 6 ° E and 35 m depth) have produced the first bomb 14C time histories for 
the higher latitude North Atlantic Ocean (Fig. 1). The Georges Bank Д14С signal 
shows low pre-bomb values from 1939 to 1956, followed by a sharp rise during the 
1960s, peak values during the 1970s, and a declining trend during the 1980s. Our 
reconstruction of the North Sea Д14С signal is still incomplete (for the period 
1952-1965) at this time, but its data otherwise are consistent with these same general 
trends. Both of these higher latitude Д14С time histories are also in broad agreement 
with the phase of the ocean’s bomb 14C signal as recorded by corals at Bermuda 
(32° N, 65° W) [16]. The Georges Bank and North Sea Д14С time histories show 
strong contracts with respect to their enrichments. The Georges Bank signal is more 
depleted (with a minimum of —757 0 0  and a maximum of +77700), while the North 
Sea signal is more enriched (with a minimum of -5 4 7 o 0  and a maximum of 
+256700) than other North Atlantic Д14С time histories so far reported. Both data 
sets are consistent with other contemporary mollusc and seawater derived ocean 
radiocarbon measurements made in, or near, these two respective regions [9, 17]. 
Our data confirm earlier work by Erlenkeuser [9] that the A. islandica shell is a faith
ful recorder of the Д14С of the ambient seawater, as well as confirming the 
accuracy of A. islandica annual growth band chronology.

The depleted condition of the Georges Bank bomb 14C signal relative to other 
North Atlantic Д14С time histories indicates a significant deep water source and 
supports previous work linking the origin of waters on Georges Bank to the Labrador 
Sea [18]. The authors have recently used this linkage to explain the Д|4С composi- 

-tion of continental shelf waters in the northwestern Atlantic from Cape Hatteras to
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FIG. 1. A 14С time histories for sites in the North Atlantic (bottom) and Northern 
Hemisphere atmosphere (top) [14,15]. The Georges Bank (solid squares) (41 ° N, 67° W) and 
North Sea (solid circles) (54° N, 6° E) A 14 С data derived from A. islandica shells show low 
pre-bomb values before the 1960s, peak values in the late 1960s and early 1970s, and 
generally declining values from the mid-1970s to 1990. However, reconstruction o f the North 
Sea A 14 С signal has not been completed (from 1952 to 1965), so that its precise phase is not 
yet certain. These high latitude signals are broadly consistent with the phase o f the lower lati
tude coral derived A 14С signals from Bermuda and Florida (thin lines) [16], but the North 
Sea signal is more enriched and the Georges Bank signal is more depleted than any other 
North Atlantic A 14С time history yet reported.

the Grand Banks, as well as to back-estimate a A14C time history for the Labrador 
Sea [19].

In contrast, the very enriched values of the North Sea Д14С signal suggest a 
relatively shallow reservoir and source. This interpretation is consistent with the 
shallow bathymetry of the southern North Sea and a primary supply of water to this 
region through the shallow silled English Channel [20]. The strong oscillations 
apparent in the North Sea’s post-1966 bomb signal, with minima occurring in 1968,



466 WEIDMAN and JONES

1977-1978, and 1983-1984, may be related to the large salinity and residual current 
variations reported in the North Sea [20]. In this light, the German Bight’s Д14С 
signal may be recording the episodic intrusion of depleted (and deeper) northern 
source waters, although more work is required to confirm this hypothesis.

3.2. 0180

Stable isotope analyses were performed on 219 carbonate samples extracted 
from 12 annual bands on a single A. islándico shell collected live (August 1991) near 
the former position of the Nantucket Lightship (41° N, 69° W and 60 m depth). Con
tiguous samples were extracted from the band years 1956-1957 and 1961-1970. The

Sample position (cm)

FIG. 2. Shell 5180  (PDB) composition versus cumulative sample position. The seasonal 
6I80  signal is in phase with the banding pattern, and the annual ‘marks’ (vertical dashed 
lines) are deposited at, or next to, the seasonal b,80  minima (or maximum bottom 
temperatures). Annual band widths decrease with age reducing sampling resolution (and 
temporal resolution) in the outermost bands.
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FIG. 3. Predicted monthly 6*8 О (from temperature and salinity) (solid line) versus shell 
6lsO (open circles). The shell 6,80  is plotted based on a seven month, June-December 
growth period, which is deduced from an apparent ~8°C  winter shutdown o f the shell's 
SI80  record. The shell record accurately reflects the 4°C cooling in maximum bottom tem
peratures in the mid-1960s at the Nantucket lightship.

results show that A. islandica records a seasonal ô180  signal which is in phase with 
its growth bands, and the annual ‘mark’ is consistently deposited at or immediately 
adjacent to the seasonal <5180  minimum (Fig. 2). This indicates that the annual mark 
is deposited near the time of the bottom temperature maximum, which occurs during 
the autumn overturn at this location. This jevidence confirms that A. islandica is 
depositing its bands annually.

For comparison, predicted 0180  values were derived for this location by 
applying Grossman’s [21] palaeotemperature equation for aragonite to daily bottom 
temperature and salinity measurements, which were made at this lightship from 1956 
to 1970. The <5180  composition of the water was estimated from the salinity ôl80  
relationships calculated for this shelf region [22]. The absence of ô 180  values heav
ier than +2.37oo in the shell record indicates that shell deposition occurred only dur
ing the warmest months and ceased during the coldest months, the transition being 
water temperatures ~ 8 °C. Winter calcification shutdown or reduction is a recog
nized trait of most temperate and boreal bivalves [4].

Using this evidence we can assume a seven month (June-December) seasonal 
shell growth period (when bottom temperatures exceed 8 °C), and overlay the shell 
and predicted <S180  signals for the periods from 1956 to 1957 and from 1961 
to 1970 (Fig. 3).The shell’s seasonal minimum <5180  values faithfully record a
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measured 4°C drop in the maximum bottom temperatures for the mid-1960s. This 
4°C cooling of bottom temperatures on the continental shelf in the mid-1960s is also 
coincident with a reported cooling of atmospheric temperatures in the Northern 
Hemisphere for this period [23].

Our data suggest that/4. islandica deposits its aragonite shell in oxygen isotopic 
equilibrium with the surrounding water and is an accurate monitor of the maximum 
bottom temperatures. Despite greatly improving the utility of this species’ shell as 
a high temporal resolution recorder of ambient bottom temperatures, the present 
methods only permit a seasonal resolution (four or more samples per band) to be 
obtained from the innermost (youngest) 2 0  years of shell growth, because of greatly 
reduced annual shell growth in the adult stage. Fortunately, because of this species’ 
longevity, we can combine 0 18 0  profiles from the inner 2 0  years of growth from 
several specimens of different ages in order to reconstruct interannual maximum bot
tom water temperatures for the past two centuries.

4. CONCLUSIONS

The need for methods to reconstruct geochemical records with seasonal, 
annual and decadal resolution for the high latitude oceans, similar to those currently 
applied to banded corals for the subtropics, has long been recognized, and owing to 
the increased demand for information related to global climate change, the need for 
these records has never been greater. Recent technological advances, such as AMS 
radiocarbon analysis and computer aided microsampling, now provide a way for 
long lived, slow growth rate molluscs to be used for this purpose. We have described 
the methods applied to the long lived bivalve Arctica islandica, in order to obtain:
(1) the first high resolution A14C time histories in the northern North Atlantic 
Ocean; and (2) the first high resolution ô180  record from this species. These data 
provide new information on the growth history of A. islandica and confirm a consis
tent seasonal banding pattern. The Д14С and ô180  data are consistent with those 
expected from regional measurements of these isotopes and hydrographic records, 
while providing new evidence of physical processes. Arctica islandica’s great lon
gevity and wide distribution throughout the northern North Atlantic make it an 
important new high resolution oceanographic tool for this globally vital region.
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Abstract

THE 14C CONTENT OF MARINE SHELLS: EVIDENCE FOR VARIABILITY IN 
COASTAL UPWELLING OFF PORTUGAL DURING THE HOLOCENE.

The 14C content of marine shells can be used as an indicator of upwellihg intensity and 

to monitor eventual changes that occurred in the past. At present, along the western coasts 
of Europe, active upwelling is practically restricted to the Portuguese coast. Radiocarbon dat
ing on marine shells collected alive before 1950 indicates that the difference, AR, in reservoir 
age of this area of the Atlantic Ocean and the reservoir age of the average ocean is 
250 ± 25 years; The corresponding value of the apparent age (Tapp) of marine shells is 
670 ± 20 years. These values are in accordance with the occurrence of an active upwelling 

and are valid for all the Portuguese coast. Concerning the eventual upwelling variability 
during the Holocene, several pairs of samples of marine shells and, charred wood or bones 
collected from the same level (and closely associated) at various archaeological sites of 
Portugal, representing different periods of time, were dated. The results show that before 
1300 BP the mean apparent age was 380 ± 30 years, which corresponds to a coastal environ
ment weakly influenced by the upwelling of deep water, with a possible exception at about 
4000 BP, which needs to be confirmed. After 1100 BP, the upwelling intensity would have 

increased to the present value. All these results suggest that, between 1300 and 1100 BP, 
a change in some climatological parameters along the Portuguese coast might have occurred, 
causing a significant intensification of coastal upwelling off Portugal.

1. INTRODUCTION

Along the western coast of Europe, upwelling conditions are, at present, 
specifically restricted to the coast of Portugal. The Portuguese west coast extends 
along the 9° W meridian between 37° N and 42° N and the south coast (Algarve) 
is oriented along 37° N, between 7°20' W and 9° W. The regime of winds is 
strongly related to the latitudinal migration of the subtropical front and with the 
dynamics of the Azores anticyclonic cells. Thus, the atmospheric circulation
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associated with the Azores high corresponds to westerly winds in winter off the 
Portuguese coast and to northerly and northwesterly winds with considerably more 
strength in the summer. These northerly summer winds induce Ekman transport off
shore along the Portuguese west coast, i.e. they are clearly upwelling favourable 
from June to September. Concerning the south coast, the winter westerly winds can 
also induce a seasonal upwelling regime.

Several upwelling indicators or indices have been used to study the phenome
non. Among them, sea surface temperature (SST) data permit calculation of thermal 
anomalies of the waters along the coast relative to the central North Atlantic, where 
isotherms present a consistently zonal distribution. These anomalies used as up
welling indices show that shortly after the beginning of a northerly wind cycle, 
upwelling starts occurring southwards of all capes on the Portuguese west coast and 
is strongly influenced by the bathymetry of the shelf-upper slope region. Other fac
tors such as land runoff and local aerological circulations — for instance, in summer, 
a strong thermal grandient exists between the coastal region of Sines (38° N) and 
the continental region at the same latitude, which gives rise to very strong sea breezes 
— determine a complex upwelling pattern off Portugal. Upwelling is more 
pronounced to the south of Cape Carvoeiro (39°20' N), with an intensity maximum 
in the Sines coastal region [1-3].

As upWwelled waters are deficient in I4C relative to sea surface water, the 
14C content of marine shells that inhabit coastal regions can be used as an 
upwelling index. During the 12th International Radiocarbon Conference, a calibra
tion curve for marine samples was presented [4]. To use this curve, a factor AR must 
be calculated. AR is the difference between the reservoir age of the mixed layer of 
the regional ocean and the reservoir age of the mixed layer of the average world 
ocean in AD 1950. Although reservoir ages are time dependent, AR is not unless 
some change of oceanographic conditions restricted to the regional ocean had 
occurred. As a measure of the regional enhancement or depletion of radiocarbon, 
AR can also be used as an upwelling index. Nevertheless, if a change of regional 
oceanographic conditions occurred in the past, AR cannot be determined for the 
period before that event.

This difficulty can be overcome by using the apparent age (Tapp) of the shells, 
which is the age difference between the surface ocean and the atmosphere. This 
approach is only a first order approximation, since it assumes a constant atmospheric 
14C level, where calendar years and conventional l4C years are interchangeable [5,6].

2. SAMPLING

Three sets of samples were used in this work: (i) shells collected alive between 
1986 and 1990, (ii) shells collected alive before 1950 and (iii) charcoal or bone/shell 
pairs from excavated archaeological sites. Sampling locations are shown in Fig. 1.
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FIG. 1. Sampling locations: • — shells collected alive between 1986 and 1990; * — shells 
collected alive before 1950; ▲ — archaeological sites.
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Archaeological samples from each context were collected from the same level 
in a restricted area (samples closely associated). It is assumed that the deposition of 
both types of samples was simultaneous. In some cases, several different shell 
species or different materials of terrestrial origin from the same archaeological 
context have been measured.

3. EXPERIMENTAL

Samples were first cleaned by manual removal of foreign material. Shell sam
ples were restricted to whole valves of the same species with no visual evidence of 
surface deterioration. The outermost 30% by weight of the shells was discarded via 
controlled acid leaching (0.5M HCl at 25°C). For some samples, where size 
allowed, controlled acid hydrolysis was used to separate approximately equally sized 
volumes of C02  representative of the intermediate fraction and the inner fraction of 
the shells’ carbonate structure. Charcoal samples were further decontaminated by 
acid/alkali/acid digestion. Gelatin was extracted from bone samples using the Longin 
method [7].

Measurement of 14C content was by means of the liquid scintillation technique 
described elsewhere [8 ]. Stable isotope enrichment values (<513C) were determined 
for the carbon dioxide gas produced at the initial stage of benzene synthesis.

Radiocarbon ages or radiometric enrichments (D14C, Д and pM) were calcu
lated in accordance with the definitions recommended by Stuiver and Polach [9]. 
When necessary (shells collected alive before 1950) an adjustment to compensate for 
industrial dilution was applied [5].

4. RESULTS AND DISCUSSION

4.1. Shells collected alive between 1986 and 1990

Measurements of the 14C activity of marine shells collected alive between
1986 and 1990 along the Portuguese coast (see Fig. 1) are listed in Table I. Results
are given in terms of pM.

These results show that the existing different upwelling intensities, revealed
with other upwelling indices (e.g. SST anomalies), are not detected by the measure
ment of the activity of marine shell carbonate, which is representative of the activity
of the surface water bicarbonate in the growth region [10]. Note that the upwelling
is a seasonal phenomenon that affects the whole Portuguese coast and for shells used 
in this work the growth period corresponds to the major part of the year.
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TABLE I. 14C CONTENT OF MARINE SHELLS COLLECTED ALIVE
BETWEEN 1986 AND 1990

Collection site 

(see Fig. 1)
Species

Collection
year

pM

(%)

I —  Lavadores Patella sp. 1990 107.5 ±0.7

П — S. da Pedra Patella sp. 1990 107.3 ±0.6

in  — Paramos Patella sp. 1990 108.1 ±0.6

IV — Granja Patella sp. 1990 108.2 ±0.6

IV — Granja Monodonta lineata 1990 107.3 ±0.6

V  — S. Martinho 
do Porto Mytilus sp. 1990 106.3 ±0.6

VI — Peniche Patella sp. 1988 104.9 ±0.4

VII — S. Juliâo Patella sp. 1986 105.7 ±0.5

VII — S. Juliâo Siphonaria pectinata 1986 106.7 ±0.5

VII — S. Juliâo Pat. +  Siph. (soft parts) 1986 108.5 ±0.6

V n i — Torre Patella sp. 1987 104.4 ±0.5

IX — Almográve Patella sp. 1987 107.1 ±0.5

X — Castelejo Patella sp. 1987 106.6 ±0.5

XI — Sagres Patella sp. 1987 105.9 ±0.5

ХП — Alvor C. edule + C. glaucum 1989 106.3 ±0.6

ХШ  — Armaçâo de Pera Patella sp. 1987 105.9 ±0.5

XIV -  Cacela Venerupis decussata 1989 105.5 ±0.6

XÏV — Cacela Cerastoderma edule 1989 106.5 ±0.8

XV -  V. Real S. António Mytilus sp. 1989 107,4 ±0.6

4.2. Shells collected alive before 1950

Shells collected before 1950 were museum samples assumed to have been 
collected alive between 1886 and 1937 by the Portuguese King Carlos I or by the 
biologist Augusto Nobre. Measurements of the I4C activity of these samples are 
given as conventional radiocarbon dates from which AR and Tapp values are calcu
lated [4, 5]. All these results are listed in Table П.



TABLE П. RADIOCARBON MEASUREMENTS OF KNOWN AGE SHELLS COLLECTED ALIVE BEFORE 1950

Lab. Species
Collection site Collection 513C 14C date AR Да Tapp

(see fig. 1) year ("/..) (years) (years) С/..) (years)

ICEN-249b Mytilus edule
/

A — Leça da Palmeira 1886 0C 460 ±90 -25 ±90 -48.3 ±10.5 400 ±90

ICEN-254 Donax trunculus В —  Aveiro 1887 4.54 780 ±90 295 ±90 -86.0 ±9.7 720 ±90

ICEN-195 Laevicardiwn
norvegicwn

Aveiro 1920 0C 580 ±90 108 ±90 -64.1 ±9.9 530 ±90

ICEN-181 Pecten maximus 
(intermediate f.)

Aveiro 1920 3.09 790 ±45 318 ±45 -87.8 ±4.8 740 ±45

ICEN-182 (inner f.) Aveiro 1.52 730 ±40 258 ±40 —81.5 ±4.6 685 ±40

ICEN-187 Peden maximus Aveiro 1922 2.32 810 ±35 337 ±35 —90.4 ±4.1 760 ± 35

ICEN-192 Venerupis decussata С — S. Martinho do Porto 1937 2.72 680 ±60 199 ±60 -73.8 ±6.3 615 ±60

ICEN-245b Venerupis aurea D —  Setúbal 1920 2.07 540 ±50 68 ±50 -59.4 ±6.4 490 ±50

ICEN-253 Dosínia exoleta E  —  Costa da Galé 1897 -1.30 650 ±90 172 ±90 -71.9 ±10.0 600 ±90

ICEN-251 Ensis siliqua F —  Portimâo 1925 2.24 800 ±90 326 ±90 -89.5 ±9.7 755 ±90

ICEN-204 Venerupis decussata G  — Ria de Faro 1925 2.85 680 ±70 206 ±70 -75.5 ±8.0 630 ±70

ICEN-194 Venerupis decussata Ria de Faro 1896 0.98 720 ±60 242 ±60 -79.7 ±7.0 655 ±60

ICEN-246b Cassis saburon H — Cabo de S. Maria 1897 3.18 490 ±70 12 ±70 -52.4 ±8.7 430 ±70

ICEN-206 Pecten maximus J —  Ria de Olháo 1934 2.73 610 ±50 132 ±50 -65.9 ±5.9 550 ± 50

ICEN-205 Neritula neritea Ria de Olháo 1933 3.76 760 ±70 248 ±70 -83.7 ±7.8 700 ±70

ICEN-193 Venerupis aurea Ria de Olháo 1934 0C 570 ±90 92 ±90 —61.9±9.9 515 ±90
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TABLE П. (cont.)

Lab. Species
Collection site 

(see Fig. 1)

Collection
year

013C

(700)

14C date 
(years)

AR
(years)

A*

(°/0c)

T1«pp
(years)

ICEN-243 Lutraria lutraria L  — Ilha da Culatra 1937 3.62 770 ± 80 289 ± 80 -83.7 ±8.7 700 ±80

ICEN-180b Cymbium papillatus Ilha da Culatra 1937 4.16 870 ±45 389 ±45 -95.5 ±4.8 805 ±45

ICEN-250b Mactra corallina M  — V.R.S. António 1925 4.27 460 ±70 — 14 ±70 -49.6 ± 8.6 410 ±70

ICEN-174 Charonia sp. Algarve (exact location 1917 6.00 680 ±40 210 ±40 -75.8 ±4.3 635 ±40

(intermediate f.) not recorded)

ICEN-175 (inner f.) 2.08 700 ±40 230 ±40 -78.2 ±4.5 655 ±40

ICEN-178 (soft parts) -16.16 840 ±70 370 ±70 -93.3 ±7.9 785 ±70

ICEN-183 Pecten maximus 1917 4.32 760 ±45 290 ±45 —84.8±5.0 710 ±45

Weighted mean of AR............ .................... 250 ±101ОCO a in unweighted mean...... ........................ 25 AR = 250 ±25 years
Weighted mean of Д............................. -80.5 ±1.4 Mean values for Portuguese coastline.. .......A = — 80.5 ±2.1 %o
Scatter a in unweighted mean. ............................ 2.1 Tapp = 670 ± 20 years

a Д values are adjusted for natural 14C decay between year of collection and A.D. 1950 and for industrial effect as in Ref. [5]. 
b Rejected in the mean value calculation. 
c Value not measured.
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TABLE Ш. RADIOCARBON MEASUREMENTS OF ARCHAEOLOGICAL SAMPLES

Lab.
Shell sample 
description

6nC
CU

d 14c
r u

l4C age 
(years BP) U b- No'

Terrestrial sample 6I3C 
description (°/00)

D,4C
r u

14C age 
(years BP)

1 — Setúbal 14 a

ICEN-703 Cerastoderma sp. 0.92 -145.7 ±4.4 1270 ±40 Associated ceramic from 14th Century A.D.

1 -  Setúbal 14 d

ICEN-702
ICEN-701

Cerastoderma sp. 
Mytilus sp.

Mean

0.87
1.01

— 157̂ 6 ±4.5 
-164.4 ±4.3
— 161.2 ±3.1 1410 ±30

Associated ceramic from 13th Century A.D.

2 — Malhâo

ICEN-163 
ICEN-164* 
ICEN-165bc 
ICEN-167 
ICEN-168

Balanus sp.
Charonia sp.
Charonia sp.
Mytilus edulis 
Mytilus edulis

Mean

3.78
3.60 
1.00 
2.40
3.61

-167.2 ±7.6 
—171.4 ± 4.1 
—155.9 ± 4.7 
—164-.4 ±5.1 
-169.2 ±3.0 
-168.8 ±2.1

ICEN-130
ICEN-161

1490 ±20

3 -  Silves 3 Q4/C4

Charcoal
Charcoal

Méan

-23.83
-22.84

-117.0 ±25.2 
-102.2 ±8.7 
-103.7 ±9.5 880 ± 85

ICEN-225 Cerastoderma edule -0.75 -208.8 ±6.9 1880 ±70 ICEN-202 

3 -  Silves 3 Q30/C3

Charcoal -25.01 -132.2 ±4.9 1140 ±45

ICEN-550 Venerupis decussata 0.01 -182.9 ±4.0 1620 ±40 ICEN-551 

4 — Alvor

Charcoal -24.48 -146.9 ±4.1 1280 ±40

ICEN-232 Trochocochlea lineata 1.07 -265.4 ±6.8

ICEN-226
ICEN-227

2480 ± 70

Charcoal
Bones

Mean

-21.18
-21.06

-212 ±30.4 
-231.3 ±6.4 
-230 ±12.8 2100 ± 140
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5 — Faro

ICEN-157 Venerupis decussata 4.67 -280 .5  ±4 .5 2640 ± 5 0  ICEN-156 Bones -17 .49 -2 4 2 .8  ± 3 .8

6 — Rocha Branca E3

ICEN-8568
ICEN-857b

Trochocochlea linéala 
Trochocochlea linéala 

Mean

0.06
-0 .2 5

-303 .8  ± 4 .0  
-301 .6  ± 4 .3  
-302 .8  ± 2 .9 2900 ± 35  ICEN-855 Bones -20 .49 -2 5 7 .4  ± 4 .0

6 — Rocha Branca D3

ICEN-8518
ICEN-852b

Mytilus sp. 
Mytilus sp.

Mean

-2 .6 9
-1 .5 9

-310 .8  ± 3 .8  
-312 .5  ± 3 .7  
—311.7 ±  2.7 3000 ± 3 0  ICEN-853 Charcoal 

7 — Tapada da Ajuda

-2 4 .8 4 -2 7 3 .5  ± 3 .8

ICEN-96
ICEN-97
ICEN-988
ICEN-99b

Trochocochlea lineata 
Mytilus edulis 
Patella sp.
Patella sp.

Mean

2.98
0.04
0.23

-1 .4 2

-349.1  ±3 .1  
-3 4 2 .2  ± 3 .9  
-347 .3  ± 3 .6  
-3 4 0 .0  ± 3 .4  
-3 4 4 .9  ±2;1

ICEN-100 Bones 
ICEN-184 Charcoal 

3400 ±  25 Mean

-1 9 .8 0
-25 .38

—311.9±3 .6  
-311 .5  ± 8 .6  
—311.8 ±  3.3

8 — Pedra Escorregadia

ICEN-845®
ICEN-846b
ICEN-847
ICEN-848C

Pollicipes sp. 
Pollicipes sp.
Patella sp.
Thais haemastona

Mean

-1 .2 0
-1 .0 2

1.08
1.28

-453 .2  ± 3 .8  
-455.1  ± 3 .8  
-454 .7  ± 3 .5  
-441 .4  ± 3 .4  
-4 5 4 .4  ±2.1 4870 ±  30 ICEN-844 Bones -19 .42 -3 9 6 .9  ± 5 .0

2230 ± 4 0

2390 ± 45

2570 ± 45

3000 ± 4 0

4060 ± 7 0
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TABLE Ш. (cont.)

Lab.
Shell sample 
description

Í 13C
eu

d ,4c

cu
14C age 

(years BP) U b - No'
Terrestrial sample 

description
i 13C
CU

О

~ 
О

О
о о

14С age 
(years BP)

9 — Leceia

ICEN-95
ICEN-101*
ICEN-102b

Venus sp.
Patella sp.
Patella sp.

Mean

1.34
2.98
1.68

-419 .87  ± 4 .0  
-4 2 1 .7  ± 3 .6  
-4 1 8 .4  ± 4 .0  
-420 .1  ± 2 .3

ICEN-92
ICEN-89

4380 ± 3 0

10 — Fiais

Charcoal
Bones

Mean

-2 4 .5 6
-19 .91

-4 0 0 .9  ± 5 .7  
-4 0 7 .4  ± 5 .3  
-4 0 4 .4  ± 3 .9 4160 ± 5 5

ICEN-103 Cerastoderma edule 1.07 -5 9 7 .3  ± 3 .8 7310 ± 7 5  ICEN-110 

11 — S. Juliâo Q El

Bones -2 1 .1 0 -5 7 4 .8  ±11.8 6870 ±  220

ICEN-106a
ICEN-107b

Cerastoderma edule 
Cerastoderma edule 

Mean

-2 .5 1
-1 .2 3

-6 3 3 .2  ± 2 .4  
-6 3 6 .6  ± 2 .2  
-6 3 5 .0  ± 1 .7 8100 ± 3 5  ICEN-73 

11 — S. Juliâo П FI

Charcoal -23 .42 -6 1 2 .4  ± 4 .1 7610 ± 8 0

ICEN-151 Cerastoderma edule -0 .6 5 -6 2 8 .0  ± 6 .6 7940 ±  145 ICEN-78 

11 -  S. Juliâo I B1

Charcoal -24 .72 -6 2 1 .7  ± 4 .4 7810 ± 9 0

ICEN-108a
ICEN-109b
ICEN-1528
ICEN-153b

Cerastoderma edule 
Cerastoderma edule 
Cerastoderme edule 
Cerastoderme edule

Mean

0.38
5.70

-0 .1 8
-1 .7 5

-648 .5  ±2 .1  
-6 5 5 .0  ± 2 .9  
-6 4 9 .7  ± 2 .5  
-6 4 5 .7  ± 2 .0  
-6 4 8 .9  ± 2 .0 8410 ± 4 5  ICEN-179 Charcoal -24 .74 -636 .2  ± 4 .4 8120 ±  100



ICEN-216 Thais haemastona 1.65 -636.8 ±3.3
ICEN-217a Mytilus edulis -0.03 -641.8 ±2.5
ICEN-218b Mytilus edulis 1.79 -639.7 ±2.8
ICEN-221a Patella sp. 2.11 -645.3 ±2.6
ICEN-222b Patella sp. 0.32 -639.4 ±2.0
ICEN-2120 Balanus sp. 1.28 -627.1 ±4.0

Mean -640.8 ±1.4

ICEN-80 Mytilus edule 2.34 —711.0 ±2.5
ICEN-81 Patella sp. 2.75 -704.3 ±4.3
ICEN-82 Cerastoderma edule 1.33 -708.9 ±3.6

Mean -709.2 ±2.1

a Intermediate fraction. 
b Inner fraction.
c Rejected in the mean value calculation.

12 — Castelejo C4

8220 ±35 ICEN-213 Charcoal -23.59 -625.9 ±1.8 7900 ±40

13 — Magoito

9020 ±60 ICEN-52 Charcoal -24.56 -693.3 ± 2.4 9490 ±60
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The mean values1 (AR = 250 ± 25 years; Tapp = 670 ± 20 years) are in 
accordance with the occurrence of an active upwelling in the Portuguese coastal 
region. Its intensity is similar to that existing in the coastal waters of California 
(USA). For the Pacific coast of California the values are AR = 225 ± 35 years [4] 
and Tapp = 680 ± 15 years [6 ]. This was expected since the general structure of 
the circulation of the California Current system off the Pacific coast of the USA bears 
strong resemblances to that of the circulation off Portugal [1].

4.3. Samples from archaeological sites

Radiocarbon dating of charcoal or bone/marine shell pairs from excavated 
archaeological sites, representing different periods of time, makes it possible to cal
culate the apparent age of the shells and its eventual variability during the period of 
time taken into consideration and, therefore, to test if the value of AR, determined 
from recent shells, is valid for ancient ones.

In some cases several samples of the same origin (e.g. marine shells of differ
ent species or charcoal and bone) from the same stratigraphie level and context were 
dated. A weighted mean was then calculated using D14C values and the statistical 
criterion referred to in footnote 1. All results are listed in Table Ш.

In Table IV the apparent age of marine shells is presented for each archaeo
logical context; this age was determined by using samples of terrestrial biosphere 
origin. The data show that shells from Setúbal, Malhâo and Silves 3 Q4/C4 have 
apparent ages similar to that of recent shells (Tapp = 670 ± 20 years). All the 
others from older archaeological sites (before about 1300 BP), with the exception 
of those from Pedra Escorregadia, have lower apparent ages. Values of this order 
of magnitude indicate that the coastal environment was weakly influenced by the 
upwelling of deep water.

On the other hand, the referred value for AR (250 ± 25 years) is only applica
ble for the calibration of conventional radiocarbon dates of shells with values less 
than, or equal to, 1100 BP. For shells older than 1300 BP its use leads to calibrated 
dates which are not compatible with those obtained with associated materials of 
terrestrial origin.

1 The acceptable statistical variance of the individual age measurements about the 

group mean value was examined by the criterion:

As -  Am. < 2 + a2m

where As is the median value for a given sample, a2 its associated variance, Am the median 

value for the group mean and a2s its associated variance. If a value falls outside the prescribed 

limits it is rejected and a new mean is calculated.
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TABLE IV. APPARENT AGE (Tapp) OF MARINE SHELLS FROM SEVERAL 
ARCHAEOLOGICAL CONTEXTS

Collection site 

(see Fig. 1)

Age of the 

archaeological context

T•app

(l4C years)

Portuguese coast Modern 670 ±20
(before A.D. 1950)

1 — Setúbal 14a 14th century A.D: 600 - 700

1 -  Setúbal 14d 13th Century A.D. -700

2 — Malhâo 880 ± 85 BP 610 ±85

3 -  Silves 3 Q4/C4 1140±45 BP 740 ± 85

3 -  Silves 3 Q30/C3 1280 ±40 340 ± 35

4 — Alvor 2100 ±140 380 ± 155

5 — Faro 2230 ±40 , 410 ± 65

6 — Rocha Branca E3 2390 ±45 510 ±55

6 — Rocha Branca D3 2570 ±45 430 ± 55

7 — Tapada da Ajuda 3000 ±40 400 ±45

8 — Pedra Escorregadia 4060 ±70 810 ± 75a

9 — Leceia 4160 ±55 220 ± 65

10 — Fiais 6870 ±220 440 ±230

11 -  S. Juliâo II E l 7610 ±80 490 ± 85

11 -  S. Juliâo II FI 7810 ±90 130 ±170

12 — Castelejo C4 7900 ±40 320 ± 55

11 -  S. Juliâo I BI 8120 ±100 290 ±110

13 — Magoito 9490 ±60 430 ± 85

Weighted mean 380 ±20 years; scatter a in unweighted mean is 30 years.

Calculated mean T...app = 380 ± 30 years.

Rejected in the mean Tapp calculation.
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Reservoir ages can provide information on the intensity of upwelling and 
mixing processes in regions of the ocean strongly influenced by this phenomenon. 
A record of past reservoir ages is preserved in the 14C ages of coeval marine and 
terrestrial material. Radiocarbon dating of more than 60 samples of marine shells and 
associated charcoal or bones from Portuguese archaeological coastal sites with ages 
spanning the Holocene show that before 1300 BP the mean apparent age of marine 
shells was 380 ± 30 years. This reservoir age corresponds to a coastal environment 
weakly influenced by the upwelling of deep water. After 1100 BP the reservoir 
age of the Portuguese coastal waters increased to the present value of 
670 ± 20 years (AR = 250 ± 25 years), in accordance with the occurrence of an 
active upwelling of strong intensity.

Since the North Atlantic reached, at the beginning of the Holocene, a state 
close to its present mode of circulation, the different apparent age values referred 
to above suggest that, between 1300 and 1100 BP, a change in some climatological 
parameters along the Portuguese coast might have occurred, causing a significant 
intensification of coastal upwelling off Portugal.

5. CONCLUSIONS
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CHEMICAL AND ISOTOPIC STUDIES 
IN THE AMAZON BASIN RAINWATER
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With the financial support of the Swedish Agency for Research Cooperation 
(SAREC), the IAEA, the Comissâo Nacional de Energia Nuclear (CNEN) and the 
Fundaçâo de Amparo à Pesquisa do Estado de Sâo Paulo (FAPESP), a new precipita
tion network for isotope analysis over the Amazon region was installed in 1989 as 
part of the hydrological cycle activity of the Amazon 1 Project.

1 . S. Luiz
2 . Belém
3. Macapá
4. Marabá
5. Santarém
6 . Manaus
7. Manicoré
8 . P. Velho
9. R. Branco

1 0 . С. do  Sul
1 1 . В. Constant
1 2 . S. G. Cachoeira

75° 
_l_

FIG. 1. Sampling stations o f  the Amazon precipitation network.
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Since January 1989, 12 stations have been in operation, with routine collection 
of two samples per month (15 days composite rainfall samples). The samples were 
analysed for stable isotopes (180  and deuterium) and chemicals at the Centro de 
Energia Nuclear na Agricultura, Piracicaba, Universidade de Sâo Paulo. The 
samples for tritium analysis are forwarded to the IAEA.

Figure 1 shows the location of the sampling stations of the Amazon precipita
tion network. A simple linear regression between <5I80  and ÔD values for the 
stations along the transect across the basin, from Belém to Manaus, shows the 
occurrence of the classical slope (= 8 ) for these stations, and an increase in the linear 
coefficient from the coastal region to the inland station is also observed [1]. The 
relationship between ô18 0  and rainfall shows a large scatter in the data, which 
suggests the presence and influence of recycled water in the basin and also a tendency 
towards depletion in the <5180  values with rainfall increase [2 ].

The behaviour of the major elements in the Amazon rainwater is used to 
estimate the atmospheric effects on the dissolved load of the main rivers of the basin.

The correction of the atmospheric input at Obidos station shown is 23.8% for 
SO;', 14.3% for СГ, 3.5 and 3.0% for Ca++ and Mg ++, 10.2 and 17.2% for 
Na+ and K+, respectively. These results are similar to those obtained by Stallard 
and Edmond [3], except for SOJ" and K + .
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Thermonuclear weapons tests after the Second World War caused a distur
bance in the natural equilibrium of the cosmogenic isotopes I4C and 3H in the 
atmosphere, resulting in global changes in the isotopic concentration in the northern
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and southern hemispheres. However, the environmental air can be locally affected 
by the emissions from nuclear facilities and institutions that are producing and/or 
applying labelled material.

Measurements of the 14C activity of atmospheric C02  and of various biologi
cal samples have been performed in our laboratory since 1978. Three sampling sites 
were chosen: the sparsely populated area of the Plitvice National Park, the densely 
populated area of the city of Zagreb, and the surroundings of the nuclear power plant 
at Krsko.

Samples of C02  from the atmosphere were collected monthly by absorbing 
the gas in a saturated NaOH solution. Samples of leaves and annual plants were col
lected during the growing period. The general trend of the ‘clean air’ 14C activity 
of plants and C02  in the air collected in the Plitvice National Park during the period 
1976-1986 showed a decrease of (—1.96 ± 0.30)% per year (r2  = —0.97), which 
is in very good agreement with the regression line for Central Europe. Samples col
lected near Krsko gave mean annual values approximately 3% higher than the 
samples from the Plitvice area; the highest increase of 4% coincided with the annual 
change of 33% of fUel elements in the reactor core. However, the radiocarbon 
activity of plants collected from 1985 to 1986 in the vicinity of the power plant shows 
no significant increase in the 14C level.

Measurements of 14C activity of fir (Abies) tree rings grown in the Plitvice 
National Park area and of a linden tree (Tilia) grown near Krsko were performed

Year

FIG. 1. Carbon-14 concentration (pmc) in atmospheric C02 at some loactions in Croatia 
and Slovenia compared with 14С concentrations in tree rings and in the northern hemisphere.
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FIG. 2. Tritium concentration (Bq/L) in precipitation at Zagreb, Ljubljana, Plitvice and 
Rijeka in the period from 1981 to 1992.

to reconstruct the past radiocarbon. The 14C concentration in cellulose samples 
separated from single tree rings follows the general activity of the northern 
hemisphere [1] in all cases (Fig. 1).

Tritium activity, as well as the stable isotope (2 H, 180) content of precipita
tion in Zagreb and Ljubljana, have been systematically measured since 1976 and 
1981, respectively, as part of the IAEA/WMO network [2]. Precipitation was also 
collected in the Plitvice National Park and at Rijeka at the northern Adriatic coast 
(Fig. 2). The decrease in mean annual values and the seasonal variations follow the 
Mid-European pattern. The tritium concentration in monthly precipitation samples 
from the continental stations of Ljubljana and Plitvice follows that of the Zagreb 
precipitation, while samples collected at Rijeka are, on the average, close to half the 
activity of the continental values and are closely correlated to the Genova station 
activity.

To reconstruct the tritium activity in Zagreb precipitation before 1976, the 
annual mean tritium activity for the last 15 years was compared to the values at 
several neighbouring IAEA/WMO stations. A correlation between the Zagreb and 
the Hohe Warte (Vienna) precipitation activities for the period 1976-1991 was 
obtained, which enabled us to calculate the Zagreb precipitation activity A7„Ergh 
from А = 0.8 A Vienna + 3.2 (r2  = 0.97). The tritium activity of several old
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wines was also measured, and the results agree with the measured or calculated 
activities of precipitation.

The tritium activity was also measured in atmospheric water vapour to monitor 
the local contamination. Sampling of water vapour from the air started at the Ruder 
Boskovié Institute in 1988 within the mid-European network for tritium monitoring 
in HT and НТО in the atmosphere. The tritium concentration in atmospheric water 
vapour is slightly higher than that in precipiation and depends on the sampling site,
i.e. it is influenced by local contamination, while the tritium activity in precipitation 
reflects global changes in the atmosphere.
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Identification, quantification and prediction of environmental changes are pos
sible by investigating the spatial and temporal variations in the isotopic composition 
of trace gases in the atmosphere: I4 C, 85Kr and 222Rn may serve for such studies 
of different transport and mixing processes in the atmosphere.

Monthly samples of atmospheric 14C in the form of carbon dioxide have been 
collected at Bratislava since 1967 by using the method of dynamic absorption. The 
14C activity of samples has been measured by using low level proportional counters 
with methane gas filling. Figure 1 shows a histogram of the typical behaviour of 
14C in atmospheric carbon dioxide during the last few years in the Bratislava air
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(previous results can be found in Ref. [1]). An interesting feature observed in recent 
years is a ‘fine structure’ in 14C values seen during the summer. This feature was 
not observed before, when only a simple maximum became distinctly manifest in 
early summer.

Samples of atmospheric krypton have been collected in the Bratislava air since 
1980 by using the cryogenic-chromatographic method [2]. Proportional minicoun
ters (5 and 10 mL) have been used for 85Kr activity measurements. The long term 
trend in the 85Kr concentration in the Bratislava air can be seen from Fig. 2. There 
is a clear increase in the last years with a much larger scatter in the data. This would 
indicate an increase in the emission rates during the last five years.

Samples of atmospheric radon have been collected in the Bratislava âir since
1987 by using the charcoal method [3]. The short term volume activity of 222Rn in 
the surface air varies from 0.1 to 25 Bq/m3. The average monthly activity varies 
from 2.3 to 9.5 Bq/m3. The annual course shows maximum values in autumn and 
systematically lower values in spring and summer.
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A system for collecting rainwater (total or fractionated) was set up in Dakar, 
Mbour, Bakel and Gouloumbou in the period 1982-1986. This work was a follow-up 
to preliminary chemical and isotopic investigation of the monthly rainfall collected 
at eight stations in Senegal in the course of 1981 [1].

In Dakar in 1982 rainwater was collected over very short periods of time using 
apparatus consisting of bottles in series. For chemical and isotopic analysis 123 sam
ples from 28 showers of varying intensity and lasting from about 10 min to 3 h were
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collected. Over the same period, rainfall was collected on a daily basis (27 bottles) 
at the Mbour coastal station 70 km to the south. The intensity, pH and conductivity 

.of the precipitation were measured at the time of collection. Detailed meteorological 
data (pressure, temperature, humidity, winds, nebulosity) were provided by 
ASECNA (Dakar airport).

During the rainy season, the Sahel zone is influenced by the intertropical front, 
the northernmost element of the meteorological equator. Sharp discontinuities in 
humidity between the monsoon and the Saharan air of the harmattan hinder precipita
tion despite the great precipitation potential of the vapour. Brief and violent precipi
tation is brought about only by the movement of line squalls, formed from clouds 
with a large vertical extension moving from east to west. The position of Dakar is 
unique in this climatic zone because of its proximity to the ocean; the intertropical 
front disperses at sea, and the influence of the maritime tradewinds is felt on the con
tinent. This characteristic is reflected in the monthly chemical and isotopic composi
tion, which makes it possible to identify two different sources and two routes of the 
vapour generating the monsoon rains and aerosols bearing sea salts [1]. The interpre
tation of ‘isotope chemistry’ relations from shower data is therefore more difficult 
and needs to be corroborated by meteorological observations.

Detailed analysis of the data yields the following main observations:

— The 180  content ranges from —1 to —11.2700, with a weighted mean value 
of —4.75700;

— There is no correlation between precipitation intensity and heavy isotope con
tent. At very low intensities, however, the water is highly enriched, reflecting 
the effect of evaporation;

— Evaporation during precipitation is related mainly to the relative humidity of 
the atmosphere, which confirms the preliminary results obtained for the 1984 
rainy season, which had very low levels of rainfall [2 ];

— Periods of rain with extreme concentrations of heavy isotopes correspond to 
very specific aerological conditions and are closely related to the general wind 
direction. Thus, some periods of rain show clear evidence of ocean vapour 
from a first condensation stage, which is consistent with high chloride concen
trations and the Cl'/SO2" ratios. At the end of the rainy season when the 
monsoon is abating, the heavy isotope content of the rain increases as a result 
of low altitude condensation, and the evaporation associated with the north and 
northeasterly winds becomes highly pronounced.

Lastly, the heavy isotope content of the showers which fell on 23 August 1982, 
in the middle of the rainy season, was exceptionally low (—9.570 0  < ô180  
< -1 1 .2700). Although a drop in the heavy isotope content as a result of vapour 
recirculation along the squall lines cannot be completely excluded, we should con
sider the hypothesis, already put forward by climatologists, that extratropical factors 
are at work [3]. This interpretation is based not only on local meteorological obser-
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vations but also on the regional meteorological situation (as shown by satellite 
photos) preceding this rainfall, which suggests that the rain is caused by condensation 
of water vapour from the northwest Atlantic. It is interesting to note that at this point 
in the rainy season the rain also has an elevated nitrogen content (up to 40 mg/L at 
the beginning of a shower).

These observations on precipitation in the Senegalese Sahel zone are compared 
with data for recent shallow groundwaters and old groundwaters from deep horizons 
of the Senegal basin and provide a basis for the discussion of different hypotheses 
regarding the position and evolution of the meteorological equator in the recent 
Quaternary.
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The study of the distribution pattern of the environmental isotope composition 
of atmospheric precipitation has become an important tool for the use of these tracers 
in hydrological investigations.

Investigations of the environmental isotope composition of rainfall in the 
Syrian Arab Republic were started in June 1989, within the framework of the ongo
ing IAEA Regional Technical Co-operation Project entitled “ Isotope Hydrology in 
the Middle East” .
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The isotopic composition of atmospheric precipitation was determined for a 
network covering nine meteorological stations distributed mainly in the western part 
of the country. Rainwater samples collected as monthly composites during a period 
of five months (December 1989-April 1990) were analysed for 1 80 , deuterium and 
tritium. In general, we observe that the isotopic composition of rainwater is scattered 
between the different stations. This is probably the result of many factors such as 
temperature, altitude, precipitation amount, evaporation and distance from the coast.

The relationship between <5D and 0180  shows that, approximately, all the 
sample points are situated between the Mediterranean water line and the global 
meteoric water line. The regression line fitting all rainwater samples in the country 
is given by the following equation:

ÔD = (8.26 ± 0.37) ô180  + (19.3 ± 2.7) (R2  = 0.96, n = 43)

This equation which defines, in fact, the Syrian meteoric water line has a slope 
of 8.26 that is slightly different from the slope of 8  of the global meteoric water line 
estimated by Craig [1], while the estimated intercept value of the line of 19.3, 
representing the Syrian deuterium excess, is found to be lower than the estimated 
value of 22 given by Nir [2] for the eastern Mediterranean region.

On the other hand, the estimated equation for the regional meteoric water line, 
calculated on the basis of data collected from the Syrian Arab Republic during this 
study and from Jordan during the period from 1987 to 1989 [3] is given by the fol
lowing equation:

ÔD = (7.8 ± 0.34)0180  + (19.3 ± 2.4) (R2  = 0.94, n = 75)

This equation shows a deuterium excess value similar to that estimated for the 
Syrian meteoric water line, which should be due to the fact that the rain waters falling 
over this region correspond to similar conditions, particularly as regards the cause 
of moisture.

The altitude effect is shown by a progressive depletion of heavy stable isotopes 
of about —0.237«, and —1.657» per 100 m for ô180  and ÔD respectively. The 
ô180  gradient is comparable to that (—0.197a,) given by Prizgonov et al. [4] for 
the same study area.

The mean annual weighted value estimated for tritium content in rain water 
falling over the country was 9.5 T.U. Although the data of the tritium content in rains 
are insufficient for evaluating the temporal variations, a buildup of tritium content 
with increasing distance from the coast (Carmi and Gat [5]) may be noted. This effect 
seems to be more or less the result of the moisture contribution originating from the 
Mediterranean Sea, characterized by a lower tritium content.
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Snow strata in glaciers, as long as they remain stable and frozen, are reliable 
collectors for dry and wet depositions, making chronological information about 
recent pollution events obtainable.
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For effective counteractive measures against the rising air pollution, not only 
is the amount of the ionic load at the receptor site of interest but also the source 
apportionment has to be known.

Attempts have been made to use the natural stable isotope variations of sul
phur, nitrogen and carbon in snow and air filter samples, collected at the deposition 
site, as inherent signatures of distinct emitter groups (geogenic, biogenic, anthropo
genic) [1-3] and also to differentiate between regional emission patterns [4]. For the 
retrospective approach, a time-scale (snow calendar) has been established to link the 
single deposition event to a defined meteorological situation, for which air mass 
trajectories are calculated. Moreover, the stable isotope analysis of hydrogen and 
oxygen in snow water provides valuable additional information about the origin of 
the deposited cloud water [5]. As an example, investigations at the Goldbergkees, 
Sonnblick (3106 m a.s.l.), Austria, are discussed.

Stable oxygen and hydrogen isotope measurements are performed with an iso
tope ratio mass spectrometer. The sulphur, nitrogen and carbon isotope analysis is 
done by on-line combustion mass spectrometry [6 ] of the dry residues after vacuum 
distillation of snow water and air filter solutions, respectively. Particulates and sul
phur dioxide are collected by high volume sampling on teflon filters and impregnated 
cellulose filters.

In Fig. 1, the comparison of two snow cores, sampled in March and May 1991 
at the same site, is represented. From this the conservation of oxygen and hydrogen 
isotopic signatures, fair accordance of sulphate and nitrate concentration, as well as 
sulphur and carbon isotope ratios in the equivalent horizons can be derived.

Case study of the marked snow layer: In this situation a high ô34S value 
coexists with negative <513C and elevated sulphate and nitrate concentration. The 
strongly negative ô13C value indicates anthropogenic pollution. From the <534S 
information mainly coal combustion input can be assumed. With the help of the snow 
calendar a deposition event is deduced around 16 December 1990. During this 
period, air masses with a long resident time over eastern Europe reached the 
Sonnblick. This finding is supported by stable isotope analysis of the snow water.

The spatial representativity of two adjacent snow pits and the analytical preci
sion of S/N/C isotope values are shown in Fig. 2. In the 6 34S and ôî5N diagrams 
the degree of homogeneity of snow strata is evident. The results of repetitive mea
surements are also shown in some cases.

Case study o f the marked snow layer: In this event high sulphate concentration 
and low S34S and ô13C values prevail. Therefore, an industrial contribution is sup
posed. Using the snow calendar, a deposition period around 21 January 1992 is 
defined. The windfield was inhomogeneous at that time. From the oxygen isotope 
results, the date of the main deposition event was deduced, so that the relevant trajec
tory could be applied. The precipitation occurred presumably out of air masses from 
the south.
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The aerosol sampling period in December 1992 is described in Fig. 3. The rise 
of the sulphate concentration and the sharp decrease of ô34S on 1 December is due 
to the arrival of uplifted, heavily polluted air masses from the Po Valley (Italy). 
From 3 December, the passage of several front systems from the west with clean air 
from the Atlantic (background condition) took place.
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The sedimentation rates, the atmospheric fluxes of 210Pb and the mixing 
depths of sediments collected from the north-northwestern part of the Marmara Sea 
were measured by using the 210Pb dating method. Six samples were collected from

IAEA-SM-329/9P

FIG. 1. Location o f sample sites in the Marmara Sea.
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TABLE I. PARAMETERS FROM UNIFORM MIXING MODEL

Core
Flux, P 

(dpm-Cm"2- a '1-)
Mixing depth, Xq 

(cm)
Mass sedimentation rate, w 

(g-cm"2-a"‘)

M2 2.26 (0.40) 7.04 (1.23) 0.181 (0.07)

M5 2.05 (0.22) 4.00 (0.79) 0.058 (0.011)

M7 2.43 (0.29) 7.17 (0.85) 0.059 (0.013)

M8 2.20 (0.29) 10.6 (1.3) 0.084 (0.030)

M* 3 0.087

the Marmara Sea by the research ship R/V Knorr using a Soutar Box corer (50 cm 
X 50 cm X 60 cm) on its 1989 cruise. The samples coming from the Bosporus and 
the Dardanelles cannot be analysed because of the mixing of sediments in the strong 
currents in these straits. The samples collected from site M2 in the southern part of 
the Bosporus and from site M8  in the northern part of the Dardanelles at depths of 
64 m and 65 m, respectively, are subject to high particulate matter fluxes [1]. The 
other two samples, M5 and M7, were collected from the two basins located in the 
northern part of the Marmara Sea at depths of 1226 m and 1106 m. The locations 
of the sites of the samples are shown in Fig. 1.

The core samples were cut into 2 cm thick layers, and their densities and 
porosities were measured. In the analyses of the samples, the alpha particle activity 
of 210Po was measured; it was in secular equilibrium with 2 1 0 Pb. A surface barrier 
detector, ORTEC BA-018-300-100, was used in the measurements, and the spectra 
were analysed by a multichannel analyser, Canberra 35 +, and an ЮМ-XT computer 
interfaced to it.

The measured activity profiles of samples M2, M5, M7 and M8  show three 
characteristic regions. Usually, the activities at the top few centimetres are constant 
because of physical and biological mixing, which follows a decaying activity region. 
The last profile region has a constant activity owing to the supported 210Pb activity 
produced on the sea floor. This supported activity is then subtracted from the total 
activity, yielding the unsupported 210Pb activity originating from the atmosphere.

In this study a novel model is developed for simultaneous analysis of the 
sedimentation rate, S, the atmospheric flux of 2 1 0 Pb, P, and the sediment mixing 
depth, xq. The constant activity in the mixing region may be expressed as

Aq = P/[Sp(l -  ф)] (1 -  e-x/Sx°) for x < xo (1)
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Here, p is the density of the dry sediment and ф is the porosity of the samples. The 
activity in the decaying part of 210Pb may be expressed as

A(x) = A0  e-X/S(x “ ^  for x > Xq (2)

Using the activity relations (1) and (2) for x < xo and x > xq, respectively, and the 
experimental data, the optimum values of the parameters S, P and xq are computed 
by using a non-linear least squares minimization of the parameters by a grid search 
algorithm. The results of the analysis for these four sites are given in Table I.

The mass sedimentation rate, w, is found to be largest in the southern part of 
the Bosporus which has a large particulate matter flux. The sample collected in the 
northern part of the Dardanelles is found to be lower than that from the Bosporus, 
and the samples M5 and M7 from the two basins located in the northern Marmara 
Sea are lowest. The mass sedimentation rate measurements in the south of location 
M2 (southern Bosporus) at a depth of 1200 m in a previous study [2] show sedimen
tation rates decreasing with increasing distance from the Bosporus and with increas
ing depth.
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The paper describes the method used in the region of the South Shetland 
Islands in Antarctica (King George Island) to study the behaviour of toxic metal con
taminants (Hg, Pb, Cd, Cr) which are produced by urban and industrial activity in
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the southern hemisphere and enter the region by means of atmospheric transport 
processes.

Caesium-137 released and dispersed into the atmosphere as a result of nuclear 
weapons testing was used as a tracer [1 ] in order to establish a preliminary model 
for the investigation of the transport dynamics and mixing processes of the toxic 
metals in question.

A mobile gamma spectrometry laboratory was set up in the area under study 
to process and analyse samples. The laboratory was equipped with a 3 in x 3 in 
Nal(Tl) detector and a 3 in x 3 in GeHP detector1. The energy and efficiency of 
the detectors were calibrated, and the detectors were linked to a single channel elec
tronic modular system. During the Antarctic summer, samples were taken of soil, 
atmospheric sediment and glacial ice. A map of the sampling points is given in 
Fig. 1.

Thirty sampling sites were selected, distributed in such a way as to make it pos
sible to study their correlation in terms of maritime influences, altitude variations, 
topographic and geomorphological influences, edaphic properties of the site and 
meteorological behaviour [2]. Samples of a 60 m glacial ice profile (Collins Glacier) 
were taken at different horizons and split so that each fraction included the 
atmospheric sediments deposited over one year periods [3]. The paper describes the 
methods used to prepare each type of sample collected.

The concentrations of 137Cs found in the samples analysed show an accumula
tion higher than that reported in the continental environments of the countries near 
the area studied [4, 5].

In the conclusions of this paper it is shown that there is good correlation 
between the 137Cs concentrations found in the soil with respect to variations in 
height, topography and geomorphology, and that this correlation clarifies local depo
sition phenomena, which were modelled on the basis of available meteorological data
[6 ] and the fundamental assumption that the ‘Antarctic convergence’ zone (polar cap 
extending to 60° S) functions as a wall preventing all airborne particles which enter 
the zone from leaving it.

There is also a correlation between the concentrations of 137Cs found at 
different horizons of the glacial ice column and the corresponding values obtained 
from water and sediment samples taken at the accumulation edges of the glacier. 
Furthermore, there is a relationship between the sum of the concentrations of 137Cs 
measured in the atmospheric sediments of the upper (recent) layers of the glacier and 
the average values for the same type of sediment found in water tight zones located 
in the higher mountain peaks of the island.

The aerosol samples taken by using paper filters from eight sites selected from 
the 30 sites indicated in Fig. 1 and soil samples collected from the same points are

1 1 in =  2.54 cm.
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FIG. 1. Map o f sampling points: •  — solid material (soils, ice); я — atmospheric aerosol.
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currently being analysed by X ray fluorescence to determine their total Pb content 
so that the relationship between these values and the 137Cs values obtained from the 
same samples can be established.
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The recently increasing sedimentation rate at some navigable estuaries and 
waterways in Viet Nam may serve as evidence of environmental degradation caused 
by the destruction of tropical rain forests in the mountain areas and of protective 
mangrove swamps along the coastline. During the last four decades over half of the
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primary tropical rain forests have been cleared out. During this time, at Haiphong 
Port for example, the volume of bottom sediment to be dredged annually to keep the 
30 km long navigation channel operational has increased about tenfold. The nowa
days growing industrialization of the country, especially the rapidly expanding oil 
and gas exploration and production in the shelf, certainly causes another adverse 
effect on the coastal ecosystem.

Thus, there is growing concern about the unfavourable environmental change 
in the coastal and harbour areas adjacent to densily populated industrial centres such 
as Ho Chi Minh City or Haiphong. This fact serves as a motivation of this work to 
make use of nuclear and other techniques to characterize the sediments (suspended, 
bottom) collected in these areas. Sediment cores of up to 30 m depth drilled out by 
off-shore oil companies have also been included as objects of this study.

Concentrations of 35 elements in the sediment samples were determined by 
INAA, RNAA, PGNAA and polarography methods at the Dalat nuclear research 
reactor. The elemental compositions of the samples have been assessed by taking into 
account the data on mineral composition and grain size distribution. In general, the 
trace element compositions of the collected bottom sediments are still of geochemical 
origin and rather similar to those of the alluvium (suspended matter) transported by 
the rivers Red and Mekong. The concentrations of some ecologically relevant heavy 
metals (Cu, Zn, Cd, Hg, Pb, etc.) are lower than those in some polluted estuaries 
in industrialized countries. Thus, the obtained data can be considered as a back
ground reference allowing the assessment of any elemental concentration variations 
of anthropogenic origin in the future.

The cores drilled out at a distance of 120 km from the estuaries of the river 
Mekong (9°34' N, 107°52' E) and under 50 m deep water mostly consist of clastic 
sediments (terrigenous origin). Carbon-14 dating shows a sedimentation rate of
0.5 m/1000 a. The obtained analytical data for the upper stratum fix the present sta
tus of trace element concentrations on the bottom of the shelf which could be polluted 
in the future by large scale oil exploration and production. Stratigraphie data, includ
ing those on elemental compositon obtained experimentally, are now being assessed. 
It is expected that these data could provide information on some environmental and 
climatological aspects of the past.
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-ISOTOPE HYDROLOGY OF NATURAL 
AND ARTIFICIAL RESERVOIRS IN ARCTIC CLIMATES

J.J. GIBSON, T.W.D. EDWARDS, J.A. WHIDDEN
Department of Earth Sciences and Waterloo Centre for Groundwater Research, 
University of Waterloo,
Waterloo, Ontario

T.D. PROWSE
National Hydrology Research Institute,
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Canada

The mass balance of 180  and deuterium is being tested as an operational, cost 
effective method of calculating the water balance of mine tailings ponds in Arctic 
Canada. Gold and base metal mining activities constitute one half of the economic 
base of the Northwest Territories and are also the largest generators of industrial 
waste in the region. As only limited hydrologie information is available on the per
mafrost regions of Canada, large safety factors are currently required to ensure the 
long term stability of ponds following mine abandonment. Four mine sites are ini
tially being studied in ecoclimatic regions ranging from high boreal (62° N) to arctic 
desert (73° N). Results are presented from 1991-1992 investigations at the Lupin 
gold mine situated in a low Arctic ecoclimatic region (65°47' N, 111°12'W).

Studies to date at the Lupin mine have focused on the determination of the 
water balance of a natural index lake and its catchment area. An extensive hydromet
ric and sampling network has been established to calibrate isotopic enrichment under 
local climatic conditions. This includes detailed measurements of micrometeorologi- 
cal parameters necessary to calculate evaporation by the energy balance and aero
dynamic profile methods [1, 2]. The current research clarifies problems associated 
with the use of isotopic and hydrologie steady state models in estimating lake evapo
ration in regions with limited thaw seasons and pronounced snowmelt runoffs [3, 4].

The systematic seasonal enrichment measured in lake water ô180  and <52H 
(Fig. 1(a)) has enabled calculation of thaw season evaporation rates comparable to 
the labour intensive micrometeorologically based methods with similar accuracies. 
Subdued evaporative enrichment of tailings pond water compared to lake water is 
related to high rates of mill water throughflow in the tailings ponds (Fig. 1(a)). Cal
culation of evaporation rates in the tailings pond system is more complicated than 
in natural lakes, as a result of the coupled nature of the water balance. Here, the iso
topic response is modified through the progressive addition of isotopically enriched

IAEA-SM-329/25P
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FIG. 1. (a) Seasonal variations in 6,sO of mill effluent, tailings pond and index lake waters. 
Mill water is drawn from a large local lake and after processing is returned as a wastewater 
slurry to the tailings pond system. The natural lake receives input from local precipitation and 
groundwater only, (b) 0I80 enrichment in freshwater and tailings water evaporation pans. 
Both class ‘A’ pans were maintained at constant volume by daily topping with lake water and 
tailings pond water, respectively.

water in successive reservoirs, similar to a string-of-lakes effect without atmospheric 
feedback [5].

Evaporation pan experiments reveal virtually identical evaporation rates from 
local fresh water (<  150 ¿tO-1) and mill effluent (<2000 цО'1), indicating that 
humidity corrections for salinity are not necessary. Isotopic enrichment measured in 
constant volume freshwater and tailings water evaporation pans shows consistently
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offset compositions related to differences in the isotopic composition of the input 
source water (Fig. 1(b)). The measured enrichment is consistent with the predicted 
behaviour on the assumption of equilibrium between atmospheric vapour and mean 
annual precipitation. This is further supported by the results of several desiccating 
pan experiments using allochthonous and autochthonous water compositions.
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The results obtained by a combined application of hydrogeochemical and iso
topic methods in a study of saline aquifers on the Isle of Youth are discussed.
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Second to the Cuba island itself, the Isle of Youth is the largest island in the 
Cuban archipelago. It is located in the Canarreos, in the southern part of the country, 
and has a surface area of about 2 2 0 0  km2.

Two well defined geological zones are recognized:, the metamorphic massif (in 
the northern part) composed of schists and marbles of varied composition folded and 
fractured during the Jurassic, and a coastal plain over Miocene-Quaternary lime
stones, where karstic processes are intensively developed.

Both units are separated by a swamp belt (Ciénaga de Lanier), with a variable 
section across the whole isle.

In the northeastern part of the metamorphic complex, a fractured, controlled 
groundwater flow system has developed; the values of the specific conductivity of 
water range between 1000 and 9000 mS/cm at 25°C, with a positive depth gradient. 
These values are very often found in the karstic plain.

A comparison between hydrogeochemicál patterns and the ionic ratios of 
groundwaters, in both geological units, show that, to the south, the geochemicál 
processes are strongly affected by the saline contribution of the sea.

Accelerated dissolution-corrosion processes occur as a result of water mixing 
actions. Here, sea water intrusion governs the system kinetics.

In the metamorphic massif, even though such a process is also important, the 
hydrodynamic geochemistry seems to be more effectively controlled by kinetic fac
tors within the metamorphic rocks; here, part of the water mineralization may come 
from the combined alteration of schists and marbles.

In the northern area, the stable isotope composition and the hydrochemical 
ratio clearly demonstrate a mixture between sea water and fresh water.

Electrical conductivity and salinity measurements were performed in the verti
cal profile of several wells. The information was processed by the examination of 
the relationship between salinity depth groundwaters, referred to 1 m, and the 
groundwater depth values.

Different levels of water inflow were identified in the well profiles, even with 
groundwater salinity values higher than 1 g/L. This fact allowed local differences 
among the degrees of fissuration, the flow velocity and the preferential patterns of 
groundwater circulation in the layers studied to be established. This investigation 
was supported by the study of the three dimensional fields of physical properties at 
the fissure networks.

The results obtained suggest that, in a general sense, sea water intrusion is due 
to aquifer overexploitation and not solely to ground flow patterns, which are derived 
from the tectonic framework.

Conventional methods have, so far, not allowed several problems to be solved, 
such as the presence of a common zone of groundwater recharge, the flow line distri
bution within the system, the artesian phenomenon in some aquifers or the hydrogeo
logical regionalization of the territory. For this reason, 3 H, 1 4C, 180  and 2H 
measurements have been carried out.
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The information derived from the variability of the stable isotope composition, 
its homogeneity, the residence time of the waters, the contribution of the inorganic 
carbon to the total dissolved inorganic carbon, and the 14C activity has in a first 
approximation allowed the sea water intrusion to be distinguished from other secon
dary effects which increase the total mineralization of the groundwaters over the 
limit of 1 g/L.
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1. INTRODUCTION

Short term aspects of groundwater protection in karstified limestones are well 
known and are related to rapid groundwater flow in solution channels and/or open 
fissures. The influence of the facies on the transport of contaminants gives, however, 
also rise to aspects of long term groundwater protection which may become impor
tant, but have been given only little consideration, as yet.

2. METHODS

The classical hydrograph was combined with the black box interpretation of
tritium data. Both methods are based on the same mathematical expression, but use
different data sets. With these two methods it was possible to quantify the fraction

— of flow paths with high flow velocities compared to the total porosity of the
aquifer, and

— of groundwater recharge discharging with low mean residence time.
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The combination of the evaluation of artificial tracer experiments and environ
mental tracers leads to results about:

— the mode of infiltration (punctual and/or areal),
— the prevailing dispersion mechanisms, and
— the long term mechanisms of tracer storage in matrix porosity.

3. RESULTS

Limestones in the Southern Frankonian Alb consist of:

— the bedded facies which is fissured and karstified, and
— the reef facies, which is fissured and karstified and, in addition, possesses a 

primary porosity of about 7 to 10 vol.%.

The hydrograph analysis results in two distinct mean residence times for dis
charges (Fig. 1). Integration of the curves and its relation to the total discharge leads 
to a volume of solution channels and/or open fissures of about 2% of the total 
porosity of the aquifer; through it, however, about 30% of groundwater recharge is 
drained with very low residence times.

FIG. 1. Hydrograph analysis results in two distinct mean residence times.
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FIG. 3. Tracer experiments with (o) and without (•) recovery.

Stable isotopè concentrations in the karst under research indicate, as compared 
to detailed water balance studies (Fig. 2), that:

— infiltration water is enriched during summer in its stable isotope concentrations 
by means of evaporation, and

— groundwater recharge during winter mixes with residual waters of the forego
ing season [1 ] .
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These observations imply that areal infiltration prevails over infiltration through sink 
holes.

Experiments with artificial tracers lead to (Fig. 3):

— positive results and usually high tracer recovery in the bedded facies, and
— mostly negative results and very low recovery rates in the reef facies.

This is due to different mechanisms of tracer dilution in the two facies [2].
The Grôssdorf spring (Fig. 4) drains the reef facies. The tritium concentration 

under dry weather conditions (17 TU) is below the tritium concentration in the 
bedded facies (70 TU); however, experiments with artificial tracers reach the spring. 
Obviously, the 17 TU represent both a few- and a multi-component mixture of water 
ages. The catchment area of the spring delineated by means of artificial tracer tests 
(Fig. 4) is too small compared to the mean discharge (140 L/s) and the groundwater 
recharge ( 8  L/(s-km2)); it should also comprise the hatched area in Fig. 4. Obvi
ously, some more tracer experiments reached the Grôssdorf spring, but remained 
undetected (detection limit 2 ng/L). This strong dilution in the reef facies is based 
on tracer diffusion from fissures (Fig. 5) into some stagnant waters in the matrix 
porosity of the reef limestones [3].

Calculations lead to the conclusion that about 25% of the tracers discharge 
directly through fissures and 75 % discharge from fissures into matrix porosity and 
back to fissures. The 75% of tracers which discharge in a ‘retarded’ way have mean 
residence times of about 40 years.

4. CONCLUSIONS

Distinct diffusive tracer exchange between mobile water in fissures and little 
mobile water in the porous matrix of reef facies, in cases of continuous tracer input, 
leads to a considerable storage of pollutants and an increase in the mean residence 
time of the pollutants. This storage may:

— either favour the chemical and/or microbiological decomposition of non- 
persistent pollutants, or

— charge the underground system with persistent pollutants without being detec
table for long times.

Long term storage of contaminants creates more uncertainties and serious long term 
problems in save groundwater management than short term contaminants. Predicta
bility may, however, be achieved by using combined traditional and tracer methods 
in hydrogeology.
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The quantitative interpretation or simulation of mass transport in groundwater 
systems requires the application of mathematical models. Two kinds of model can 
be recongized: 2-D or 3-D numerical (FDM, FEM) models. Both are primarily 
applied to the simulation and prediction of real field situations, signifying modelling 
of inhomogeneous groundwater systems of complicated geometrical size. These 
models have to be calibrated with a database containing transport and interaction 
parameters of the migrant of interest as a function of a given groundwater and 
aquifer. In addition, the interaction behaviour of migrant (reversible/irreversible 
adsorption, instantaneous/time dependent interaction, geochemical exchange 
mechanisms) has to be considered.
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FIG. 1. Comparison of the retardation factors of strontium and calcium: Rt: total retarda
tion factor, R¡: instantaneous equilibrium retardation factor.

To estimate the interaction behaviour and to quantify the model parameters and 
to minimize their number, controlled experiments were performed and interpreted 
by simple analytical solutions of mathematical transport and interaction models (the 
second kind of models) by solving the inverse problem.

In connection with radioactive waste repositories planned in salt domes, mathe
matical risk analyses will be performed. To develop the database, column experi
ments with several migrants and groundwater-sediment systems taken from different 
stratigraphical layers of the overburden of a salt dome were carried out. Among 
other things, radioactive 8 5 Sr2+ was studied in 3HHO calibrated columns with 
groundwaters whose salt contents ranged from fresh over brackish to saline.

Klotz, Lazik and Maloszewski have shown that strontium behaviour cannot be 
described by an instantaneous equilibrium reaction model but only by a combined 
equilibrium first order kinetics reaction transport model as introduced by Cameron 
and Klute [2]. The application of this model allows an exact estimation of two kinds 
of retardation factors: one indicates the retardation caused by the entire process and 
the other one assumes instantaneous equilibrium.

The retardation of strontium shows a direct relation with the salt content of 
groundwater used, as is shown in Ref. [1]. Retardation decreases with increasing salt 
content. Ion exchange of strontium for calcium ions bonded in clay minerals and a 
simple competitive mechanism between both elements is suggested as an explanation 
for the general trend of the retardation behaviour of strontium. To confirm this 
assumption under comparable flow conditions the same columns as were used for 
strontium experiments were also taken for 4 5 Ca2+ experiments. The experiments 
were analysed by fitting to the combined interaction transport model [2]. Model
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parameters from both the strontium and the calcium experiments were reduced to the 
curve shape free retardation factors for total (Rt) and instantaneous equilibrium 
retardation (R¡).

Figure 1 shows a comparison of retardation factors obtained in the completely 
different groundwater-sediment systems with fresh water to salt water. In particular, 
the calculated retardation factors for instantaneous equilibrium reaction correlate 
very well and confirm the above assumption. Owing to the not completely obtained 
recovery it has to be pointed out that an exact calculation of this retardation factor 
is not possible without a combined equilibrium-non-equilibrium reaction model.
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The water supply sources for urban areas are more vulnerable to pollution 
because of the human activities in the supply areas. To study the pollution vulnerabil
ity and the protection of these water sources some non-pollutant research methods 
using tracers had to be worked out.



TABLE I. NUCLEAR AND ANALYTICAL PARAMETERS OF ACTIVABLE TRACERS

Tracer and 
chemical 

stability coefficient

Target isotope 
and relative 

isotopic abundance 
(%)

Thermal neutron 
cross-section 

and integral resonance 
(b)

Isotope formed 
and half-life

Measured gamma rays 
(keV)

Detection limit 
from water samples

(g/mL)Intensity (%)

In-EDTA ll5In/(95.7) 157/2638 ,16Inm (54.15 min) 416.9/29.20 0.9 x  К Г '2

Г ,27I/(100) 4.04/100 l28I (24.99 min) 442.9/16.9 1 x  lO’10

Br" slBr/(49.31) 2.58/49.8 82Br (35.30 h) 554.3/70.6 1 x  10’9

Dy-EDTA 164Dy/(28.2) 2725/518 165Dy (2.33 h) 94.7/3.58 2 X  10’12

La-EDTA lwLa/(99.91) 9.34/11.6 140La (40.22 h) 1596.5/95.49 1 x 10~'°
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Different tracers were studied to determine the transfer functions of pollutants 
(Table I). These transfer functions depend on the water transfer functions, self- 
cleaning, dilution, dispersion and retardation. To determine the residence time distri
bution of the pollutants, taking into account that the input and output functions are 
known, the mathematical models for surface water pollution and an axial dispersion 
model for the porous medium between the repository and the catchment were 
studied.

As activable tracers we used In-EDTA and Nal, which can be detected in 
limiting concentrations of 0.9 X 10“ 12 g/mL and 1 X 10' 10 g/mL, respectively. 
The tracers are of an ecological type, completely non-pollutant, and the method of 
their use as hydrogeological tracers constitutes the patent of an invention [1 ]. 
100 mL of water are necessary for an analysis. In principle, In is extracted by co
precipitation with bismuth hydroxide; afterwards the precipitate is filtered by using 
nuclear filters with a pore diameter of 8  pm. These filters completely eliminate the 
disadvantages of other similar methods [2]. The precipitate samples are small so that 
five to ten of them may be irradiated simultaneously by using a pneumatic dispatch 
tube system of small diameter; 41Ar contamination does not occur any longer. The 
irradiated samples are measured by using a gamma spectrometric system with a 
multichannel analyser and a Ge(Li) detector.

t (d)

FIG. 1. Variation o f tracer concentration in a borehole.
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FIG. 2. Tracer lost from under the drain.

For Nal the I" ion is measured by similar procedures.
The cost of this method is similar to that of the fluorescent tracer method.
As in the case of the drinking water supply source of the town of Jassy, which 

is realized by the captation of a 1200 L/s flow with the help of a drain located in 
the Ozana river plain, an alarming increase in the pollution level was noticed; this 
area was chosen for in situ testing of the tracers under investigation.

Two major sources of pollution were identified in the area: the treatment plant 
of used waters of the town of Tîrgu Neamt, whose pollutants flow over into the 
Ozana river, and an animal waste repository from a farm. The pollutants may reach 
the catchment waters in three ways: by direct infiltration from the river water, by 
infiltration in the alluvial layer and by migration in the aquiferous system between 
the organic repository and the drain.

For research into the water losses from under the drain and into the 
hydrodynamic parameters, In-EDTA and Nal are used as tracers.

The determination of pollutant dilution and dispersion in the Ozana river was 
done by simulation with Rhodamina B, obtaining a variation of the concentration 
according to the following formula:

С = C0  exp(-ax)

where C0  = 1107.6 /tg/L, a = 0.35 km" 1 and x is the distance in kilometres.
The self-cleaning and retardation coefficients are also determined. Thus, the 

distribution coefficienct Kj of In-EDTA in the alluvial and geological layers crossed 
by polluted waters is in the range of 0.003-0.025 mL/g.
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By tracer injection performed in an upstream borehole, using In-EDTA as a 
tracer, we have established that the water flow lost from under the drain is 2 0 %.

Figure 1 presents the output curve for I" and Fig. 2 the output curve for In- 
EDTA; by mathematical modelling they allowed the determination of hydrological 
parameters and hydrodynamic dispersion, which finally led us to a determination of 
the new sanitary protection area of the Jassy catchment.
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A combination of geochemical and isotopic techniques was used to investigate 
this problem, with local sea water being subjected to chemical and isotopic analysis. 
Specific marine components such as B, Br and Sr were measured and the 1 80, 2 H, 
3 H, 3 4 S180  (sulphates) and 1 3C180  (bicarbonates) isotope content of the sea water 
was analysed.

The isotopic composition of the groundwater resulting from possible circula
tion through the Keuper was established from the analysis of 3 4 S180  in sulphates 
and 13C180  in bicarbonates in the water of the Novelda salt spring (with a flow of 
8  L/s and a salinity of 30 g/L).
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TABLE I. RESULTS OF THE ISOTOPIC ANALYSES

Groundwater Carbonates Sulphates

180  2H 3H 13C 18o  MS 180
Sample (700 SMOW) (7 00 SMOW) (TU) (700 PDB) 7 00 SMOW) (700 CDT) (700 SMOW)

Probem wells

PBN-2 -5 .4 9 -2 8 .5 5.7 ±  0.8 -12 .20 +25.19 +9.70 +  13.80

PBN-3 -5 .2 5 -3 2 .2 6.1 ±  0.8 -10 .94 +23.46 +8.80 + 17.30

PBN-5 -5 .3 7 -28 .1 7.1 ±  0.8 -13.51 +25.71 Insufficient sample

PBN-7 -5 .2 9 -2 7 .6 3.3 ±  0.8 10.37 +25.95 +8.30 + 10.0

Salt water

KBN (Keuper salt source) -6 .5 0 -5 3 .3 7.7 ±  1.0 -14.91 +23.46 + 12.5 + 10.0

SBN (sea) +  1.00 +5.9 2.2 ±  1.0 -17 .26 +  18.81 +20.7 + 8.9

Springs

MBN-1 -4 .81 -2 8 .8 6.5 ±  1.1

MBN-2 -4 .7 2 -2 4 .0

MBN-3 -4 .4 4 -3 2 .3 9.0 ±  1.1 -14 .57 +23.65

POSTER 
PRESEN

TA
TIO

N
S



POSTER PRESENTATIONS 529

180  (SMOW)

FIG. 1. 2H  versus lsO.

Once the potential saline end members had been established, studies were also 
made of the meteoric water and shallow groundwater components, with sampling of 
the isotopic content of three springs situated in the mountains which surround the 
Benisa depression to the west. The samples were taken at different heights to take 
into account possible spatial variation. In all cases, the water in these springs is from 
perched aquifers of very local significance, but they are entirely suitable for use as 
isotopic reference of meteoric water.

As most of the problem wells were not in use owing to their high salt content, 
it was possible to sample only four of them.

Table I shows the results of the isotopic analyses carried out.
On the basis of these results, 2H was plotted versus 180  (Fig. 1) from which 

we can draw the following conclusions:

— The water in all the problem wells has a very similar 180 /2H ratio, which is 
very close to that of the rain water which feeds the small perched springs used 
as a meteoric reference.

— There was no indication of an increase in l80  and 2H in the problem ground
water owing to possible mixing with sea water;

— There was no indication of the presence of sea water from the analysis of car
bonates and sulphates, either. The values of 1 3C, and 180  are even higher 
than in sea water compared to those of the Novelda salt spring;

— The values for tritium in the groundwater match those of meteoric water from 
the perched springs. Only the sample PBN-7 may indicate a longer transit time, 
which is logical in view of its greater depth (330 m).
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Both the isotopic and the chemical results confirm quite clearly that the salinity 
of the wells in the Benisa depression is not due to the presence of sea water but to 
the contact of the recharge water from more or less recent rain with evaporites which 
give it a high salt content. What we have is an equilibrium between meteoric water 
and evaporites of marine origin.
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Calcareous deposits known as tufa or travertine are the results of decomposi
tion of dissolved calcium bicarbonate in cold fresh water. The C02  that has dis
solved the limestone bedrock is of biogenic origin, thus introducing 14C into 
dissolved inorganic carbon (DIC) and, subsequently, into lacustrine sediments, enab
ling thus radiocarbon dating of travertine samples. The environmental conditions for 
calcite precipitation from freshwater are very stringent. The most important factors 
are the physicochemical, biological and hydrogeological conditions, with strong 
mutual interplay. Therefore, climatic conditions, such as the mean annual tempera
ture and humidity, as well as hydrological and vegetational conditions can be 
inferred from travertine studies. 14C dating and U series disequilibrium dating as 
well as stable isotope analyses of travertine can provide reliablè data, reflecting cli
matic conditions of the past.

Our investigations of the physicochemical conditions for calcite precipitation 
(temperature, pH, alkalinity, dissolved C02, calcium and magnesium concentra
tions, saturation index of calcite) as well as isotopic measurements ( 1 4C, 13C and 
1 8 0 ) were performed on water and travertine samples from two karst areas in 
Croatia: the Plitvice Lakes and the Krka River catchment areas. Both areas are 
situated in the Dinaric Karst region. Recent travertine was found along streams and 
lakes, and its precipitation is, at present, very intensive, whereas old travertine 
deposits were found as outcropping above the present water level.

Systematic isotopic and physicochemical measurements for a ten year period 
at Plitvice Lakes [1] are compared with recent investigations at Krka River. Accord
ing to our physicochemical measurements, several conditions for calcite precipitation
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FIG. 1. Frequency o f 14С results o f travertine samples in two karst areas. The results 
are expressed in per cent o f modem carbon (pmc) and in years BP (calculated by 
A0 - 85 pmc).

must be fulfilled in an aquatic system: (1) the pH must be over 8 , the most frequent 
value being between 8.2 and 8.4; (2) water must be supersaturated with respect to 
calcium carbonate; the most intensive precipitation of calcite occurs at Isat between 
5 and 7; (3) a low concentration of dissolved organic carbon (DOC), below a few 
milligrams of carbon per litre, is a prerequisite for abundant calcite precipitation.

The content of stable isotope 13C in travertines from Plitvice and Krka areas 
(ô13C values range between -77 0 0  and -107oo versus Pee Dee Belemnite (PDB)) 
confirms the biogenic origin of carbon. The ô180  values from -97 0 0  to -11700 
versus PDB indicate fairly constant climatic conditions during the sedimentation 
process over a long period of time.

Two factors affect the accuracy of the age of 14C dated travertine samples:
(1) the initial 14C activity of calcite (Ao) and (2) the contamination of old travertine 
deposits by recent calcareous material and/or bomb test produced 1 4C. Experimen
tal values of the 14C initial activity (Aq) of travertine deposits from Plitvice Lakes 
increase downstream from 70 to 90 per cent modem carbon (pmc). The same 
phenomenon, which is due to 14C isotope exchange between DIC and atmospheric 
CO2 , is also observed in the Krka River. The 14C activity of recent calcite sedi
ments from the Krka River ranges from 75 to 95 pmc, increasing downstream.

Travertine samples from two different karst areas show similar patterns in 
14C ages (Fig. 1). Most of the travertine samples from outcroppings of travertine
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deposits along the river banks range in age from recent to 7000-8000 years BP, 
which clearly indicates the Holocene as the period of intense deposition (Fig. 1, 
group A). The 14C age of 12 m long lake sediment cores from Kozjak and Prosée 
Lakes at the Plitvice spans over the same period of time [2]. Another distinct group 
of travertine samples showed 14C ages from «  20 000 years BP down to the lowest 
limit of our 14C dating method (Fig. 1, group B). However, measurements of 
several fractions of the old travertine samples showed that most of the samples were 
contaminated by recent carbonate (up to 10 pmc) [3]. The true age of the old traver
tine samples from Plitvice area was determined by the 2 3 0 Th/234U and 2 3 4 U/238U 
method using very clean, crystallized calcite. It turned out that the age of old traver
tine coincides with that of warm, humid interglacials, mostly oxygen isotope stage 
5 and, possibly, stage 11.
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1. INTRODUCTION

Although carbon dioxide represents only a trace component in the atmosphere, 
it plays a great role in the energy balance of the earth through adsorption and emis
sion of harmful infrared radiation (greenhouse effect) [1 ].

Trees represent a good monitor for atmospheric C02  changes in the past, 
present and future through measurements of the stable carbon isotopic ratio in their 
annual growth rings.

The C02  concentration results calculated from the 13C/ I2C isotopic ratio mea
surements of cellulose extracted from tree rings agree with the results of direct mea
surements made by Keeling et al. (1976) for the time period 1960 to 1975. The 
results demonstrate that 13C isotopic changes in tree rings are a good measure for 
the atmospheric C02, especially in the past where direct measurements were not 
available [2 ].

From a comparison of I3 C/12C isotopic ratio changes in the annual growth 
rings of trees from different regions of the globe — which is the subject of this 
work — we can conclude that the environmental pollution resulting from additional 
release of C02  into the atmosphere due to anthropogenic impacts and man-made 
effects is global rather than local.

2. METHOD

2.1. Location of the trees

The Egyptian trees examined are two mango trees both are ~40 years old. 
They were grown in the eastern Delta province, 30.5° N, 30.5° E, Egypt, in a 
hardly industrialized region.
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The European trees are Scots pine trees from the Muddus National Park, 
Sweden, 67.0° N, 20.2° E, and one Scots pine tree from Visdalen, Norway, 
60.5° N, 9.0° E [3, 4].

2.2. Treatment of the samples

The wood samples of the Egyptian trees were polished until the annual growth 
rings appeared clearly. A thin strip of the tree passing from the pith to the park was 
taken to estimate the age of the tree. Four year blocks were then separated for 
analysis.

2.3. Isolation of cellulose

The cellulose fraction was separated from the wood by using the alkaline 
hydrolysis method producing a yield of about 50% of the whole wood [5].

2.4. C 0 2  extraction from cellulose

The cellulose samples were burned up at 800°C in circulating purified oxygen 
over a CuO surface by a combustion technique modified after Craig (1953) [6 ]. The 
resulting C02  was finally collected under liquid nitrogen temperature in a glass 
spike fitted with a break seal mechanism for subsequent mass spectrometric analysis.

2.5. 13C measurements

The 1 3C/1 2C. isotopic ratio was measured by using a VG Micro Mass 602D 
mass spectrometer with double collector and double inlet system. The 13C values 
were expressed as the deviation of the 13C/ 12C ratio from a PDB standard according 
to the following equation:

0 13C  _  Rsample ~  ^ d a r d , y  1000o/o<)

^-standard

where R is the 1 3C/ 12C ratio. The results were corrected for nO by using Craig’s 
equation (1957).

3. RESULTS

The analysis of the 13C trend with time for the two Egyptian mango trees 
showed a trend similar to that of the European trees during the shared time of 
growing after the beginning of industrialization in the time period of 1940-1980 as 
is shown in Figs 1 and 2.
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FIG. 3. AS13C versus time for Egyptian trees.
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FIG. 4. Egyptian versus Swedish trees.



POSTER PRESENTATIONS 539

The absolute data of the individual <513C values were normalized according to 
Freyer and Belacy [3] and presented in Fig. 3 as 13C mean record of the two Egyp
tian mango trees.

It is observed from Fig. 3 that the Д<513С values show a decreasing trend 
towards more positive values compared to the European trees analysed by Freyer and 
Belacy [3] (Fig. 4).

4. CONCLUSIONS

It is concluded from the data that, although Egypt’s fossil fuel consumption 
required for its energy production is much less than that of the industrial countries, 
the Egyptian trees recorded a decreasing <51 3C/12C trend which reflects the global 
increase of C02  in the atmosphere.

The shift towards more positive values in the mean Д513С curve of the Egyp
tian trees with respect to that of the European trees may be due to the dilution effect 
of the 13C isotope caused by migration and mixing of the polluted air of the devel
oped countries with the less polluted air of the developing countries.

5. RECOMMENDATIONS

It is recommended that the developed countries should make great efforts to 
minimize the C02  release to the atmosphere resulting from their continuous 
increase in the rates of fossil fuel burning, land cultivation and deforestation. Fur
thermore, they have to pay closer attention to the development of clean energy 
sources such as solar, hydraulic and wind energy, in addition to the already existing 
fission and the forthcoming fusion reactors.

Besides increasing the green areas and controlling forest release, this will 
perhaps help to minimize the harmful pollution effects resulting from the continuous 
release of carbon dioxide into the atmosphere, which could rebalance the carbon 
dioxide between its sources and its reservoirs.

REFERENCES

[1] SEINFELD, J.H ., Air Pollution, Physical and Chemical Fundamentals, McGraw-Hill, 
New York (1975).

[2] BELL, P.R., Carbon-13 from Tree Rings as a Tracer in the Carbon Dioxide Problem, 
Rep. ORAU/IEA-79-10(R), Institute for Energy Analysis, Oak Ridge, Tennessee, USA 
(1979).

[3] FREYER, H.D., BELACY, N., J. Geophys. Res. 88 C l l  (1983) 6844.



54 0 POSTER PRESENTATIONS

[4] HARKNESS, D.D., MILLER, B.F., Radiocarbon 277 (1980) 291.
[5] KÜRSCHNER, K., PONIK, M.G., Holzforschung, Mitteilungen zur Chemie, Physik, 

Biologie und Technologie des Holzes, Vol. 16 1, Technischer Verlag Herbert Cram, 
Berlin (1962).

[6] CRAIG, H., Geochim. Cosmochim. Acta 3 (1953) 53.

IAEA-SM-329/41P

PALAEOGEOGRAPHICAL ASPECTS OF 180  AND 13C 
VARIATIONS IN LOESS SECTIONS

J.-M. PUNNING 
Institute of Ecology,
Estonian Academy of Sciences,
Tallinn, Estonia

T. MARTMA 
Institute of Geology,
Estonian Academy of Sciences,
Tallinn, Estonia

A. MINERVIN 
Moscow State University,
Moscow, Russian Federation

Geologists define loess as a soft, homogeneous, porous, unconsolidated and 
unstratified deposit predominantly of silt but also containing lesser amounts of clay, 
and very fine sand. Quartz is the most common mineral in loess. Nearly all deposits 
also contain 15-25% calcite as well as minor amounts of feldspar and mica.

There are a number of different hypotheses about the genesis of loesses. Cli
matic conditions, lithological and geomorphological characteristics in different areas 
are most probably the determining factors.

Two principal steps can be distinguished in loess development: sedimento- 
genesis — the accumulation of mineral matter, and transformation of primary matter 
during the physicochemical, chemical and cryogenic processes.

The main aim of this study was to estimate the general mechanism of formation 
of the loesses in Central Asia and to investigate the possibilities of using the isotope 
information stored in carbonate sediments for palaeoclimatic reconstructions.

Detailed isotope geochemical investigations were performed in the Tcharvak 
loess section in Central Asia, near Tashkent, the capital of Uzbekistan. The geomor-
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phological position, structural peculiarities, palaeomagnetic characteristics, and the 
occurrence of fresh water malacofauna and diatome algae lead to the conclusion that 
the loesses belong to proluvial and lacustrine-alluvial genetic types formed in the end 
of the Late Pleistocene. The course of <5180  and <513C variations in calcareous for
mations has permitted the reconstruction of hydrothermic conditions during accumu
lation. It also has allowed a hypothesis about the hydrochemical formation 
mechanism of carbonates to be drawn.

From the upper 13 m of sections, samples were taken for carbonate content, 
<51 3C, <5180  and TL analyses. TL analyses of samples from depths of 3.0, 5.5 and 
12.0 m were carried out in five different laboratories. The data show that the layers 
formed in the Late Pleistocene, during the last 100 ka years.

Lithologically, six units may be distinguished in the part of the section studied. 
The content of carbonates (15-20%) is rather stable throughout the sections, with 
the exception of the interval 10.0-10.5 m, where it is much higher (up to 50%), evi
dently as a result of pedogenic processes.

<5I3C and ô180  were measured in about 60 samples. If we presume that the 
formation of carbonate was controlled by a chemogenic mechanism in the system 
atmospheric C02, HC03, Ca + + , then the variations of ô180  may reflect the iso
topic composition of water (and, hence, the climatic conditions), while ¿>13C varia
tions show the state of equilibrium between atmospheric C0 2 and HCO3 in water 
(mixing, turbulence, etc. in a body of water).

The isotope curves obtained suggest that in the first half of the Late Pleistocene 
the water basin, where loess was deposited, was subject to several fluctuations, 
during which the CaC03 sedimentation conditions essentially changed. The basin 
was rather deep, the transportation and mixing of atmospheric C02  was weak; this 
accounts for <513C values as negative as - 9 °/00. The variations of ô180  are smaller. 
In the layers which formed about 60-50 ka BP, <5,80  and <513C reach their highest 
values. This is indicative of a climatic warming and shallowing of the basin. In the 
end of the Late Pleistocene, about 20 thousand years ago, the climatic conditions 
changed rapidly. In the consequent layers, 0180  and ô13C have their minimum 
values.

On the basis of regular 513C and ô180  variations in the Tcharvak section and 
their apparent connection with changes in palaeoclimatic conditions, carbonates from 
15 loess sections in different regions of the world were subject to isotopic studies. 
Fraction I was smaller than 0.001 mm, the size of fraction П was 0.1-0.01 mm.

The stable isotope analyses were carried out at the Institute of Geology, 
Estonian Academy of Sciences, in Tallinn, using bulk carbonate samples. Carbon 
and oxygen isotope compositions were determined on a ‘Delta E’ mass spectrometer 
(Finnigan-MAT) in carbon dioxide obtained by decomposition of the samples in 
100% phosphoric acid at 50°C. The precision of the data is 0.1o/oo. The results are 
presented conventionally as relative deviations per mille (ô180, <513C) from the 
international PDB (Pee Dee Belemnite) standard.
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The chronological results (14C dating with accelerator mass spectrometry 
(AMS)) and isotopic data ( 1 3C) of organic compounds of two lacustrine sequences, 
cored in January 1992, in two lakes of the Madagascar high plateaux, are presented.

(1) Lake Itasy, a freshwater lake (electrical conductivity (EC) = 62.5 ¡iS • cm'1) 
is an open volcanic lake, with a large watershed. The pH value allows carbonate 
precipitation (pH «  6.9). A 6.0 m deep core shows an accumulation of fine grained, 
organic rich sediments and detrital layers, overlaying, at the base of the core, 
indurated blue clays and coarse sands.

The radiocarbon activity of the modern total dissolved inorganic carbon 
(TDIC) of the surficial water lake is 108% (±1.6%). This result shows that surficial 
waters are in equilibrium with atmospheric C02. The 180  content of the modern 
water, of +2.8 7 0 0  with respect to the standard mean ocean water (SMOW), indi
cates a low evaporation rate and a low residence time of the waters in the lake.

IAEA-SM-329/42P
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The chronology was established on plant remains. From base to top, 14C dat
ing gives ages of 7040 (±90) years BP at a depth of 344 cm to 458 (±45) years BP 
at a depth of 3 cm.

The 13C content of organic matter indicates that these organic remains (<513C 
mean value «  —27700 with respect to Pee Dee Belemnite (PDB)) have a C3 
photosynthetic cycle [1], with enrichment at the top of the core (<513C = -1 8 7 00 
with respect to PDB), possibly due to a change of vegetation that is probably related 
to human activities (deforestation).

(2) Lake Tritrivakely is a crater lake with fresh waters (EC = 20.6 /¿S -cm-1; 
pH = 5.35), swampy (mean deepness: 0.6 m) and colonized by Jurtcus and Cyperus. 
A 13 m deep core taken from the centre of the lake shows an accumulation of organic 
rich deposits (total organic content: from 10 to 50%), with alternation of organic 
layers (at depths of 12.5 m and between 0 and 3 m), finely laminated gyttja and 
clayish sediments. Two ash layers were found at depths of 11.6 and 12.5 m.

The 14C chronology of Lake Tritrivakely indicates that the ages of the core 
base are near the detection limit of the radiocarbon method. These dates have to be 
verified by dating the two ash layers.

Three well defined zones have been identified by the 13C content of the plant 
remains. At the base of the core, the isotopic values indicate that the plant remains 
belong to the C3 cycle (<5 13C = —25700 with respect to PDB), characteristic of 
organic matter from Cyperus. From the base of the core and during glaciation (until 
18 000 years BP, at 4.5 m depth), organic matter is enriched in 13C (¿>13C « 
- 15700 with respect to PDB) and is related to the C4 photosynthetic cycle [1]. This 
evolution may be due to changes in the C02  concentration of the atmosphere, dur
ing the passage from the pre- to the post-10 000 years BP period, but also due to 
changes in the fractionations of atmospheric C02  by plants [2, 3]. From a depth of 
4.5to3m(15 000-4300 years BP), a slight decrease in isotopic values, associated 
with a low sedimentation rate, can be linked to the degradation of the vegetation 
cover and the participation of terrestrial, detrital organic matter. At the top of the 
core (0-3 m depth; 4300 years BP to present), organic residues belong to the C3 
cycle, as at the base of the core.

On these fluctuations, abrupt events are superimposed, at depths of 9 m (<513C 
= — 107oo with respect to PDB), 6.5 m (<513C ~ - 6 7 00 with respect to PDB) and 
4.5 m (<513C « +47 0 0  with respect to PDB), respectively. These changes in the 
isotopic values of the organic remains could be related to a contribution of organic 
matter from algae. The development of algae can be attributed to optimum primary 
production, to maxima of light and to clearness of the surface waters, following large 
inputs of nutrients during floods from the watershed.
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There are two kinds of long term 013C records measured on ice, limnic and 
marine sediment cores, on travertine profiles and speleothem: one with amplitudes 
of parts of a per mille and the other one with high amplitudes of several per mille. 
Low amplitude <513C records are found in Antarctic ice, marine sediments and wood 
and are used for the dendrochronological calibration of the 14C time-scale (Kromer, 
personal communication). They show a trend towards more negative <513C values 
for the glacial period compared to the interglacial period [1]. It is argued that these 
ô13C records represent the carbon isotope composition of the global atmospheric 
C0 2  [2].

Surprisingly, many peaks of the high amplitude ô13C records from organic 
matter [3, 4] and from speleothem [5] obtained from different regions of the world 
and covering several thousands or even ten thousands of years appear to be coinci
dent. The high amplitudes are due to both climatically modulated kinetic isotope 
fractionation [6 ] and climatically changed C3 /C4  plant assemblages.

Our composite ô13C record derived from stalagmites grown in caves of Israel 
for the last 30 ka years shows considerable undulations during climatologically 
stable periods (Fig. 1). The major amplitudes and the long term trends are similar 
to those detected by Talma and Vogel [3] who investigated a stalagmite from South 
Africa, and at least partly correlated with the climatic development in the Eastern
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Mediterranean. For example, the pronounced low at 18 ka BP is correlated with a 
very short pluvial period in the Dead Sea area and the minimum global temperature. 
A high lake level and a unique intensive stalagmite formation are documented for 
this period. The large amplitudes of 37 0 0  found can be explained by kinetic isotope 
fractionations that were coincident in the eastern Mediterranean and in South Africa 
and that are due to changes in the assemblages of C3 and C4  plants.

A representative high amplitude <513C record of organic matter is a line of 
11 point running mean of ô13C values (Fig. 1) for wood samples [4]. The ô13C 
records from C4  shrub matter from packrat midden [2] (Fig. 2) and from lacustrine 
organic matter from tropical West Africa [5] are other-examples. All these records 
show a trend of increasing ô13C values towards the cold upper Pleistocene opposite 
to that of the stalagmites. However, the peaks of all kinds of large amplitude <513C 
records and their amplitudes are similar.

Small deviations between the 013C records from organic and inorganic matter 
within the age range exceeding 15 ka may be due to problems in time-scale calibra
tion, contamination or different climatic conditions.

There are still problems in understanding the possible coincidence of the large 
amplitude 6 13C records. The ô13C values of organic matter are controlled in a 
complex manner by the stomatal conductance [6 ], which depends upon the C02  

concentration in the atmosphere, various climatic factors such as temperature, soil 
moisture and precipitation as well as biological parameters (juvenile effect, ring 
width). The long term ô13C trend of organic matter from Pleistocene towards Holo
cene may be explained by a decrease of both 6 13C values and content of 
atmospheric C02. The short term amplitudes of up to 2700 are explained by other 
biological-climatological factors [6 ]. In transition regions from humid to semi-arid 
climate, changes in the abundance of C4  and C3 plants may play a major role.

Additional evidence is necessary from other regions and other materials to 
increase confidence in the palaeoclimatic interpretation of any <513C record.
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The isotopic composition ( 1 80 , 2 H) of cellulose in tree rings from the temper
ate zone seems to respond to changes in the isotopic composition of the waters on 
which the plants feed (the source water), thus searing as a possible climate proxy [1 ]. 
Plant material from the arid zone was found to be more enriched in the heavy iso
topes of oxygen and hydrogen relative to the source water (i.e. local precipitation) 
than in plants from temperate climate (Epstein, unpublished). This enrichment can 
be attributed to the highly evaporative conditions which affect the isotopic composi
tion of both leaf and soil waters. Such a record of evaporative conditions and water 
stress would be of interest in the context of arid zone palaeoclimatology. This is par
ticularly so in view of the paucity of climate proxies from the arid regions and 
because the availability of water is the most important environmental parameter in 
these zones.

A survey of the isotopic composition of leaf waters in a variety of plants grow
ing in the central Negev under different conditions of water availability and in the 
salt stressed environment of the Dead Sea shores [2] showed that the enrichment in 
heavy isotopes was indeed the result of isotope fractionation during evaporative 
water loss; the degree of enrichment was, however, found to be controlled by the 
timing of stomata openings and the stomatal resistance. Different plant species thus
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responded in different ways to environmental stresses. C3 plants such as 
Zygophyllum dumosum cut off exchange with the atmosphere with stomata closing 
under water stress, while the C4 plants, e.g. Atriplex alimus, maintained a limited 
stomata opening throughout the day. These patterns are reflected in the 13C values 
of the cellulose but also in its 180  enrichment. The latter was rather uniform 
throughout the region, without having a strong correlation with environmental condi
tions, further suggesting that the photosynthetic activity occurred primarily under 
more favourable conditions such as early morning hours, rainy periods, etc., so that 
extreme drought conditions are often not recorded in the 18 0  content of the 
cellulose.

In contrast to the 180  content the deuterium content of the cellulose showed 
a surprisingly wide range of values for each plant species under different water stress 
conditions, thus holding further promise of serving as a useful climate proxy. Obvi
ously, however, the comparison of different periods or regions will require sampling 
of well defined plant species, whose isotopic pattern in response to the environmental 
conditions has been studied.
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SPRING TEMPERATURE 
RECORDED IN 6180  OF TREE RINGS
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The values of ô 180  in cellulose from tree rings are a potential means of recon
structing <5180  of meteoric water and, hence, of a time series of temperatures with 
high temporal resolution. Only a few attempts have been made to evaluate this source
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FIG. 1. b,aO anomalies o f the three trees investigated.

of information by correlating tree ring <5180  values with precipitation 18 0  and/or 
climate data [1]. Interpretation of the results was hampered because of the many fac
tors that may affect the final isotopic composition of cellulose; not all of them are 
well understood. These factors are mainly: (1) the relative amounts of groundwater 
and of summer rain that are taken up by the roots of the trees; (2 ) the influence of 
relative humidity and isotopic composition of atmospheric water vapour on leaf 
water isotope enrichment, and (3) biochemical fractionation processes.

In our study we tried to avoid the uncertainty caused by item (1) by choosing 
a dry site on a slope where the trees (beech, Fagus silvático) have no access to 
groundwater. The site is situated in the north-west of Switzerland, near Twann, at 
the southern border of the Jura mountain chain. From three trees we took radical 
cores, three per tree. To yield enough material for the analysis the cores were cut 
into pieces consisting of three rings (three years), and then the cores from each tree 
were pooled. The samples cover the time period from 1934 to 1987. Cellulose was 
extracted with a standard method, and C02  was produced with a nickel pyrolysis 
method similar to that described in Ref. [2]. The overall reproducibility is 0.2 
per mil.

The ¿>l80  anomalies (original data minus mean value of a tree) of the three 
trees are shown in Fig. 1. The mean tree-to-tree scatter is only 0.21 per mil (standard
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deviation). Thus, little noise is introduced by the individual biological characteristics 
of the trees, in contrast to what has sometimes been observed in other tree ring iso
tope studies. We performed a correlation analysis of the mean ô180  tree curve with 
monthly temperature, humidity and precipitation data from the weather station in 
Berne. The best correlation resulted from the April + May + June temperature 
(r2  = 0.49, p < 0.001), i.e. the temperature of a time interval of the growth 
period. This highly significant and biologically meaningful result indicates that at our 
site the <5I80  of the water taken up by the trees in spring mainly determines the ô18 0  

of the cellulose of the trees. An influence of the relative humidity on the tree <5180  
could have been expected via evaporative leaf water enrichment. Yet, the variance, 
which is not explained by the temperature, cannot be reduced by taking into account 
the relative humidity since variations of the three year mean of the humidity are of 
the same order of magnitude as the precision of the humidity measurement.

Between ¿¡180  of precipitation and 0180  of tree ring cellulose a more direct 
link can be expected than between temperature and tree 01 80. Monthly precipitation 
<5I80  data for Berne have existed since 1970. A good correlation (r2  = 0.53) was 
found between ôlsO of tree rings and precipitation, which confirms the 
temperature-0180  relation. However, the period since 1970 includes only six three- 
year samples, which is not enough for a generalization of this result. Annual resolu
tion, i.e. analysis of individual tree rings, is planned for the future and will yield 
more detailed information.

We have also measured <513C on the same tree ring series. Preliminary results 
from correlation analysis point to the influence of the amount of summer precipita
tion on the carbon isotope composition.

REFERENCES

[1] RAMESH, R., BHATTACHARYA, S.K., GOPALAN, K., Climatic correlations in 
the stable isotope records of silver fir (Abies pinrow) trees from Kashmir, India, Earth 
Planet. Sci. Lett. 79 (1986) 66.

[2] THOMPSON, P., GRAY, J., Determination of 180 / 160  ratios in compounds contain
ing С, H and O, Int. J. Appl. Radiat. Isot. 28 (1977) 411. .



POSTER PRESENTATIONS 551

SPELEOTHEMS AS INDICATORS OF PAST CLIMATIC 
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Speleothems, the calcitic cave deposits, are formed from vadose seepage 
waters supersaturated with calcium carbonate. When formed in isotopic equilibrium 
conditions they provide valuable information on past climatic changes. During the 
last two decades the application of isotope composition of both fluid inclusions 
(<5Dfl) and calcite (018Oc) to palaeotemperature determination has been widely 
accepted. The ôD-ôlsO relationship for palaeoinfiltration waters, necessary in cal
culations, is usually assumed to be the same as for the present day local infiltration 
water or precipitation. However, the experimental results suggest that, in general, 
the calculated palaeotemperatures are too low. This statement is fully confirmed by 
the investigations carried out in the laboratory in Kraków. . About 25% of the samples 
from south and central Poland have revealed temperatures below 0°C.

The calculated palaeotemperature can be significantly altered by two processes 
inside the cave: (a) evaporation of water and (b) outgassing of carbon dioxide from 
the solution. For the experimental verification of the occurrence of these processes, 
usually the criteria formulated by Hendy [1] are used.

Under typical cave conditions (pH of carbonate solution ~ 8 , temperature 5 °C) 
the characteristic equilibration time for 180  (reaction between HCO3  ions and H20) 
is of the order of 104  s, whereas for 13C (exchange between C02aq and HCOJ) it is 
only 102 s. Thus, the appearance of kinetic effects within the speleothem does not 
only depend on the microclimatic parameters of a given cave at a given, time (relative 
humidity, partial pressure of C02) but also on the proportion of time which the

* On leave from the Institute of Physics and Nuclear Techniques, Kraków, Poland.
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i 18Oe (°/oo PDB)

FIG. 1. Results o f SD and b,8Oc analyses in speleothems from the western Tatra Mountains. 
Solid and parallel lines represent bDj¡-bI8Oc equilibrium at temperatures o f 0°С and 5°C  
calculated fo r  the global — WMWL (ÔD -  8blsO + 10) — and local — LMWL (6D = 
8.1 b18 О + 13) — relationships in precipitation. Several numbers close to the dashed ellipses 
denote the palaeotemperatures indicated by these samples.

solution spends on the roof of the cave and on the speleothem surface. This problem 
has already been discussed in detail [2 ].

The experimental results for samples from the Tatra Mountains presented in 
Fig. 1 confirm the occurrence of these effects. The influence of water evaporation 
and outgassing of C02  on the position of experimental points on the 0Dfl-0 1 8Oc dia
gram is explained in the inset. Since inside the caves we should expect a higher rela
tive humidity than in an open area, the slope of the evaporation line is assumed to 
be 6.5. The range of temperature is chosen according to present day mean annual 
temperatures observed in the Tatra Mountains (3°C: Hala Omak station, 4.5°C: 
Zakopane). The actual temperature measured inside the caves is ~5.2°C.

Three points situated above the equilibrium lines for 5°C reveal signs of evapo
ration. For samples from Bañdzioch Cave and Bystra Cave the evaporation was 
probably dominant and relatively fast. A lower rate of evaporation would lead to 
abnormally low values of ô 18Oc. However, a similar explanation for the sample
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from Szczelina Cave is not so obvious. It could be affected either by a fast evapora
tion or by a combination of both effects. Depending on the ôD-ôlsO relationship 
used in calculations, the temperatures of CaC03 precipitation indicated by these 
samples are 1.6-3.2°C higher than the present, Holocene temperatures.

Four samples representing negative temperatures are affected by kinetic out- 
gassing of C02. Small evaporation effects cannot be excluded (except for the 
sample from Szczelina Cave), but their influence on the observed values of ô1 8Oc 
is negligible.

No similar considerations for the rest of the samples are possible. They may 
either represent the isotope equilibrium conditions or may be affected by one or both 
of the kinetic processes discussed above.

Figure 2 summarizes the results of isotope analyses of modem seepage waters 
from several caves in the Tatra Mountains and surface outflows (streams, resur
gence, springs) in the south-western part of the Czerwone Wierchy massif. The 
caves Naciekowa, Wysoka, Wielka Sniezna and Miçtusia also belong to the same 
part of this massif. The data reveal a large scatter which, considering their 
geographical location, cannot be simply explained (e.g. by altitude or seasonal 
effects or mixing of known water components [3]).

One cannot be fully sure of the stability of cave systems in the past and their 
similarity to present day conditions. With different infiltration waters on a small area
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FIG. 2. The SD-S,sOcrelationship observed in modem seepage waters and several surface 
outflows in the western Tatra Mountains. WMWL and LMWL are defined as in Fig. 1.
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(~2 km x 2 km) the choice of the proper relation between ÔD and ô180  becomes 
very difficult (if possible at all). This is, however, apart from the existence of iso
topic equilibrium during the precipitation of the speleothems, the crucial condition 
warranting a proper calculation of palaeotemperatures.

The examples indicate that in such a complex karst area as the Tatra Mountains 
the palaeoclimatological interpretation of results derived from single samples is prac
tically impossible. Also, the significance of the <518Oc profiles along the growth axis 
of a single speleothem may be questionable. Under these conditions the experimental 
data should be interpreted in terms of parameters that are indirectly related to cli
matic changes (e.g. the continental and temperature gradients of ÔD in palaeoinfiltra
tion waters). Such interpretation is more reliable, but in most cases means the loss 
of the fine time-scale.
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1. INTRODUCTION

There is good isotopic evidence for recharge under wetter and cooler climatic 
conditions during the later Quaternary from many sites across North Africa and to 
a lesser extent southern Africa [1]. However, in equatorial Africa the absence of 
suitable aquifers has prevented direct isotopic analysis of such palaeowaters. The 
only stable isotope information concerning palaeowaters has come indirectly from 
the study of stromatolites in the Rift Valley lakes [2-5]. Various factors affect the 
18 0  content of stromatolites; hence, inference of the possible isotopic composition 
of the water in which they grew is difficult; in addition, rather special conditions are 
necessary for their growth. As a result, not all high lakestands are represented by 
stromatolitic deposits [5].

Sinters (deposits of amorphous silica normally formed at or near ground sur
face) are found at various elevations on dormant volcanoes in the northern Kenya 
Rift. Present day groundwater levels are low, and the sinters could only have been 
formed during past pluvial episodes when the hydrological base levels were signifi
cantly higher. These sinters have been dated by U series methods to ages from 7 ka 
to over 500 ka BP [6 ]. The 180  contents of these sinters were measured as a possi
ble alternative way of providing information on palaeo-lakewater isotope contents.

2. ASSUMPTIONS

As a working hypothesis, three assumptions were made about the sinters. First, 
the sinters were deposited in isotopic equilibrium with waters at 100°C. Silica 
depositing springs are likely to have issued at around boiling point (lower tempera-
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ture springs in the Rift Valley have too little silica for significant deposition on cool
ing), which would imply a ô 180 SiC>2-ô 180 H 2 0  fractionation of ~21700 [7]. There 
is, however, no guarantee that silica was not deposited at lower temperatures during 
cooling; the only real test of this assumption is comparison, where possible, with the 
stromatolitic record. Secondly, the calculated ô180  values of the depositing waters 
were close to the average lakewater value during the period of deposition. The extent 
of Holocene lake sediment deposits [6 ] shows that the depositing springs are likely 
to have been situated on islands or peninsulas in the palaeolakes; modem analogues 
such as 01 Kokwe Island, Lake Baringo, and Central Island, Lake Turkana, have 
springs with isotopic compositions similar to those of lakewater. Thirdly, the 
depositing waters were not significantly affected by 180  shifting. There is no evi
dence from present day deep geothermal waters that the 180  shift exceeds 1700 
anywhere in the Rift Valley [8 , 9].

3. RESULTS

The inferred ô180  contents of depositing waters are shown in Fig. 1, plotted 
against their U series ages [6 ], extending back in time to 150 ka BP. Older sinters 
were measured for oxygen isotopes and gave a relatively restricted range of inferred 
<5180  values for waters of - 1 . 8  to +2.6700, but their ages were rather poorly con
strained between 250 ka and 500 ka BP; they are not shown here.

U series age (ka)

FIG. 1. Plot o f inferred bI80  values o f lakewaters versus U series ages [6] for sinters over 
0-150 ka BP. Also shown are 6I80  values o f lakewaters inferred from stromatolites [2-5]. 
Volcanic centres: В =  Barrier, E  =  Emuruangogolak, К  =  Korosi, N  =  Namarunu, 
P  =  Рака. Lakes: Bo =  Bogoria, Ma — Magadi, Mn =  Manyara, Tu =  Turkana.
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FIG. 2. Expanded version o f Fig. 1 over the period 0-15 ka BP. Volcanic centres as 
identified before. Lakes identified as before plus Ba — Baringo.

Also shown in Fig. 1 are the ô180  ranges for waters suggested by isotope ana
lyses of stromatolitic carbonate from various East African lakes [2-5]. A separate 
plot (Fig. 2) amplifies the rather crowded detail of the last 15 ka and also shows the 
present day values of lakes Baringo, Bogoria, Magadi, Manyara and Turkana.

4. INTERPRETATION

The results are first used to test the assumptions made above concerning the 
composition of depositing waters. There is reasonable agreement between the <5I80  
values for lakewater inferred from contemporaneous sinters and stromatolites 
(Figs 1 and 2). Admittedly, they may come from different Rift Valley lakes, but at 
times of high lakestands it is likely that the isotopic compositions would be similar 
for all the lakes. Only when lakes become terminal and small in volume does the 
effect of evaporation on isotope content become apparent. For example, stromatolite 
<5lsO evidence from Lake Bogoria at ~5 ka BP shows a trend towards the highly 
enriched values of the present day.

It is probably significant that the more depleted <5I80  values inferred from 
sinters are not accompanied by any stromatolite data (Fig. 1 and the > 150 ka data 
referred to above). Presumably these periods were too cool to permit stromatolite 
growth. However, if isotopic equilibration between silica and water were taking
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place at temperatures significantly below the boiling point the inferred <5180  values 
for lakewater would be 4-8 7 0 0  more negative. Such low values of <5180  would 
seem to be implausible for East African lakes even during the Pleistocene.

Given that the ô180  values for lakewater inferred from sinters may therefore 
be reasonably reliable, a brief interpretation of palaeoconditions can be attempted. 
Beyond 150 ka BP there is little detailed information about local climatic conditions, 
and the only high lakestand known during the period is that of the Magadi-Natron 
basin at about 300 ka BP [3]. This probably corresponds to the samples mentioned 
earlier. In the period of 15-150 ka lake levels in East Africa generally were high 
from 25-35 ka and 125-145 ka BP. Figure 1 shows that the U series dates on sinters 
from Emuruangogolak and Namarunu are consistent with these ages, suggesting that 
lakewater <5180  values were not dissimilar to the present ones, though indicating 
somewhat cooler conditions. The Рака samples from 60 to 85 ka do not correlate 
with any known highstands but indicate a humid phase under significantly cooler 
conditions.

More is known about the last 15 ka. During this period Lake Baringo reached 
its highest level at 11-12 ka, while the highest stand on the Suguta palaeolake has 
an age of 9.7 ka BP. Lake Turkana fluctuated around a maximum level between 7.5 
and 9.5 ka BP. Figure 2 shows that at the beginning of the Holocene the sample from 
Korosi (associated with the highstand of Lake Baringo) indicates a lakewater con
siderably depleted in 180  compared to the present. Shortly after this, however, a 
sinter from the Barrier shows much more enrichment in 180 , although this falls 
over the next 2.5 ka to a value not dissimilar from today’s. The implications of these 
results are that at the start of the Holocene the lake basins were full of isotopically 
depleted water, but that rapid changes in atmospheric circulation [1 0 ] and perhaps 
catchment led to an enrichment in 180  reaching a peak within 2 ka. After 9 ka BP 
lakes Suguta and Turkana became separate [11] and, as Lake Suguta dried up, the 
sinters may have been derived primarily from Turkana lakewater. By this time the 
main source of Turkana water was probably the Ethiopian Highlands (as at present), 
and therefore the lake would have had an increasingly depleted composition. At 
about 3.5 ka BP Turkana became a closed basin [12] and is presumably becoming 
more enriched in 180  with time. The same process would have begun in the much 
smaller Lake Bogoria at an earlier date.

5. CONCLUSIONS

Lakewater ô180  values inferred from the measurement of hydrothermal sili
ceous sinters are generally supported by available evidence from stromatolites. This 
suggests that sinters can play a useful role in constraining palaeoclimatic and palaeo- 
hydrological reconstructions during the late Quaternary of the East African Rift 
Valley, particularly during the cooler episodes.
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The long observed heavy isotope enrichment of deuterium and 180  in plant 
water during transpiration is relevant to climate change studies because of the con
tinued interest in the use of stable hydrogen and oxygen isotopes of plant organic 
matter as proxy palaeoclimatic indicators. It has also been suggested that the isotopic 
content of leaf water modifies the stable isotope composition of continental water 
vapour and subsequent precipitation [1 ], that leaf water oxygen isotope content 
influences the oxygen isotope content of atmospheric carbon dioxide ([2 ] and 
references therein) and that leaf water controls the isotopic content of atmospheric 
oxygen ([3] and references therein). Consequently, the processes influencing the sta
ble isotope composition of leaf water may be important for understanding global 
water, carbon dioxide and oxygen cycles. Although it has been shown that the oxy
gen isotopic content of atmospheric carbon dioxide has little direct influence on the 
oxygen isotopic composition of either leaf water or cellulose, increasing atmospheric 
carbon dioxide concentrations may have significant indirect effects on heavy stable 
isotope enrichment in leaf water. This would result from expected decreases in trans
piration and increases in water use efficiency by plants as the C02  levels increase.

The ô180  values of leaf cellulose and daytime total leaf water increased 
approximately 2700 in yellow poplar, Liriodendron tulipifera, growing in outdoor 
open top chambers exposed to ambient + 300 /unobmol- 1  C02, compared to 
ambient C0 2  concentrations (Fig. 1, Table I). ô180  values of light cycle total leaf 
water were also enriched in a separate indoor growth chamber experiment where the 
humidity variation was limited. In both experiments, no significant differences were 
observed in ÔD values of leaf water in ambient or elevated C02  treatments. Simul
taneous open top measurements made of white oak, Quercus alba, a more conserva
tive water user than L. tulipifera, did not show any significant difference in either 
ô180  or <5D values in leaf water for ambient, ambient + 150 ¿irnol-тоГ 1 or 
ambient + 300 /¿mol-mol- 1  C02  treatments. Stomatal conductance tended to be 
lowest in the elevated C02  treatments, particularly for L. tulipifera. Leaf water con-
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Tim* of day, August 30 to 31, 1990

FIG. 1. 18О content o f total leaf water in relation to carbon dioxide treatment.

TABLE I. <5180  VALUES OF CELLULOSE FROM DEVEINED Uriodendron 
tulipifera LEAVES
Ambient C02  and ambient + 300 /шюЬтоГ1 C02  treatments, one tailed t-test, 
with null hypothesis: no difference between groups for p < 0 . 0 1

Ambient Ambient + 300 р то Ь то Г 1
Treatment C0 2 treatment C 0 2 treatment

n = 7 n = 7

Mean +25.57„0 ± 1.3700 SDa +27.5700 ± 1.3700 SDa

a SD stands for standard deviation.

tent was also consistently lower for the ambient + 300 /¿mol-mol' 1 treatment in 
both L. tulipifera and Q. alba.

The increases in ô180  values of leaf water in L. tulipifera without parallel 
increases in <5D values indicate that elevated C02  treatments can affect the kinetics 
and path length of leaf water évapotranspiration, for which H2180  evaporation is 
more sensitive than DH160. We think that the lack of significant difference in 
Q. alba treatments is due to specific differences in water use and physiology.
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L. tulipifera is a fast growing species that will produce leaves indeterminately under 
favourable conditions. Transpiration in Q. alba was lower in our study, consistent 
with higher water use efficiency and other conservative water use characteristics. 
Differences in stomatal conductance among treatments appear to be significant 
enough in L. tulipifera to result in longer effective path lengths for irreversible loss 
of water from the leaf pool, leading to significant differences in ¿> 1 8 0  values in leaf 
water between ambient and ambient +. 300 /шюЬтоГ 1 treatments.

The incorporation into leaf cellulose of this increase in <5180  values of total 
leaf water of L. tulipifera may introduce a new complication into the use of stable 
isotopes of fossilized plant fibres as palaeoclimatic indicators because of the long 
term variation in atmospheric C02 content. If the oxygen isotope content of leaf 
water also influences the global distribution of 18 0 / 160  ratios in carbon dioxide, 
water vapour and atmospheric oxygen, these findings may also affect the use of oxy
gen isotopes to study elements of the global carbon, water and oxygen cycles.
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In arid zones, where groundwater recharge by local infiltration has been less 
than 1 mm/a or even zero since the beginning of the present arid climate, the phreatic 
groundwater receives considerable quantities of modern carbon by C02  exchange 
between the C02  dissolved in the groundwater and its associated carbonate species, 
on the one hand, and the modern C02  of the soil air in the unsaturated zone above, 
on the other hand. This molecular exchange across the groundwater table is con
trolled by molecular diffusion of the dissolved inorganic carbon (DIC) in the ground
water. Furthermore, the soil air is well mixed because of air exchange of the order 
of years compared with thousands of years for 14C decay. Thus the soil C02 close 
to the groundwater surface may be considered modem carbon, whereas seasonal var
iations of <513C are damped with increasing groundwater depth.

The molecular-diffusive penetration of modem carbon into phreatic ground
water increases with the square root of the time until a vertical steady state 14C 
profile is established. In this steady state the 14C input across the groundwater table 
just balances the 14C decay in the groundwater. The relaxation depth, z = л/DT 
= 15.8 m, of this exponential profile is given by the molecular diffusion coefficient 
D «  1 x 10" 5 cm2/s « 3 X 10“ 2  m2/a and by the mean life of radiocarbon, 
T = 8270 a. This steady state is, however, presumably not established since, within 
the last eight thousand years at least, one humid phase has existed with local rainfall 
sufficient for groundwater formation.

The 14C input to phreatic groundwater by molecular diffusion is equivalent to 
an advective input due to a groundwater recharge of 0.5 mm/a. Only if the recharge 
exceeds 1 mm/a is the vertical 14C profile dominated by this advective input. This 
has to be considered if recharge estimates are derived from 14C data.

The 513C of phreatic groundwater is also affected by the C02  exchange. The 
013C value of soil C02  undergoes seasonal variations between —7°/00 in the long 
dry season and -2 5 7 00 in the wet season with enough rainfall to activate plant 
productivity. In the case of high groundwater depths, e.g. 40 to 90 m below ground 
surface, this seasonal ô13C variation in the uppermost soil layers does not affect the
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4000 a

FIG. 1. Depth below water table versus 14С activity. Circles: out o f Darfur; triangles: out 
o f Kordofan area, (a) Decrease o f 14 С fo r  constant infiltration o f I  mm/a; (b) infiltration o f  
1, 2 and 5 mm/a during the last pluvial period ending 4000 a BP. The influence o f diffusion 
is shown by the marked area in the case o f  the 5 mm line.
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FIG. 2. ÔI3C versus DIC. Numbers indicate ,4C values o f the samples. Solid curve: &I3C o f 
groundwater controlled by biogenic C02 production. For nearly all samples carbonate disso
lution in the unsaturated zone (open conditions) is necessary to explain the high DIC content.

soil C02  close to the groundwater surface. But this soil COj has attained a more or 
less constant C02  Value, between - 7 7 0 0  and -2 5 7 00, which also controls the 013C 
of seepage water and groundwater. 013C values in soil C0 2  exceeding -2 5 7 00 may 
have a strong effect on 13C based corrections of 14C groundwater ages.

Case studies of 14C groundwater dating in the provinces Darfur and Kordofan 
in middle Sudan are presented (Figs 1 and 2).
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Isotope studies of palaeowaters within a number of geographical regions of the 
Eurasian continent allow the authors to demonstrate some regularities in the forma
tion of groundwater resources during the climate change at the Pleistocene-Holocene 
transition.

In the mountainous regions of the Caucasus and central Asia, accumulation of 
thermal and mineral groundwaters was mainly connected with the destruction and 
melting of the mountain glaciers. This happened 12 000-10 000 a BP and was 
accompanied by intensive recharge of groundwater and release of thermal meta- 
morphic C02  due to unloading of mountain blocks and renewal of fractured, zones. 
Interaction of C02  with water bearing rocks resulted in the formation of mineral 
groundwaters whose resources are limited.

In the central and northern regions of European Russia during the glacial maxi
mum (22 000-14 000 a) groundwater was not recharged. Isotope data show that this 
process has started between 14 000 and 12 000 a. At the beginning the development 
took place within the melted zones of river and lake beds. More intensive ground
water recharge is recorded in South Karelia in the afterglacial optimum at about 
7000-5000 a. In particular, our studies confirmed that the accumulation of melan- 
terite (FeS04 -7H2 0) in parmafrost zones, which is formed as á result of oxidation 
of ferrous sulphates in shungite shales, has resulted in the formation of ferrous 
mineral water known as Marzial water. Analogous conditions of the formation of 
groundwater resources are characteristic of the Cambrian-Vendrían complex in 
Estonia. Intensive groundwater recharge through melting zones of river beds was 
favoured by low water pressure in the aquifers because of degradation of the cryo
genic thickness. The prolonged frozen stage of the Cambrian-Vendrian complex was 
most likely to result also in an accumulation of 234U in the crystalline lattice defects 
of minerals. The uranium preferentially went into the liquid phase during the destruc
tion of the cryogenic thickness and the filling of the aquifer with the ice meltwater. 
As a result, the 2 3 4 U/238U ratio in the meltwater is sometimes equal to 26 and even 
higher.
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In the south of the west Siberian depression and in northern Kazakhstan, 
groundwater recharge did not start to develop before 8000 a. It was found from car
bon isotope data that the genesis of C02  in the carbon dioxide groundwater of the 
Upper Cretaceous sediments was related to biochemical processes.

In the Syrian Desert, groundwater recharge of the Upper Cretaceous aquifer 
took place in the pluvial period of 30 000-15 000 a. The process was intensified 
through 12 000-6000 a during mountain glacier melting. The natural groundwater 
resources of nowadays are limited.

In central Yakuta, the groundwater recharge due to permafrost degradation 
was established at 5000 a within the area of the Lena and Angi Rivers. Sub- 
permafrost regenerated groundwater, metamorphic in its isotopic composition, was 
determined everywhere. The amount of this water is assumed to be given by 
107  m3 per 1 km2  over the aquifer area. Within the Bilibinsk nuclear power plant 
on Kolyma River, regenerated groundwater shows a mineralization of over 100 g/L 
and specific sulphate and magnesium contents. The formation of such water is 
governed by permafrost melting due to impact from the nuclear power plant.

The results prove the idea that climatic changes play an important role in water 
resource formation.

IAEA-SM-329/67P

CLIMATIC CHANGES AND 
GROUNDWATER RECHARGE 
IN SOUTHERN TUNISIA 
DURING THE RECENT QUATERNARY

K. ZOUARI
Ecole nationale d’ingénieurs de Sfax,
Sfax, Tunisia

Southern Tunisia contains three great aquifers, which are in the form of multi
layer systems several hundred metres thick. These aquifers are intercalated with con
tinental argillaceous sandstone layers of the Cretaceous period, whose outcrops 
cover only fairly limited areas; these constitute the replenishment area. This situation 
means that the present recharge is very limited and can occur only at shallow levels 
and in places where the aquifer becomes unconfined. Studies of the hydrochemical 
characteristics and isotopic composition of the groundwater have madé it possible to 
locate the recharge areas and to explain how the aquifers are currently replenished 
as well as the hydrodynamic exchanges between the different levels of these aquifer
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systems. The current limited recharge is not sufficient to explain the presence of the 
enormous reserves of water found today in the deep aquifers of southern Tunisia. 
It therefore seems that more favourable climatic conditions were responsible for 
these reserves [1 ].

Essential information on the functioning and evolution of the hydrological 
systems in the region has been obtained from isotope studies conducted over several 
years on the water resources of southern Tunisia. These include those carried out 
under technical co-operation projects (RAB/80/011 UNDP — “Water Resources in 
the Countries of North Africa”; RAF/8/007, representing the isotopic component of 
the very large UNDP project) [2, 3], which concern the determination of runoff 
modes, recharge, intercommunications, water residence time and mineralization 
processes, and the multidisciplinary analytical approach (sedimentology, isotope 
geochemistry, radiometric dating, etc.) used in studies of samples of lacustrine car
bonate deposits taken from the same region under the Palhydaf (Palaeohydrology in 
Africa) project [4].

FIG. 1. Correlation between Sahara rain periods, the sapropels o f the Mediterranean and 
the periods o f intensified tropical summer monsoon o f the northern hemisphere.
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Detailed examination of all the results obtained by using the different 
approaches (from the liquid phase and the solid carbonate phase) has made it possible 
to establish a time-scale for hydrological events using 14C and Th/U methods. This 
work reveals two wet periods in the Upper Pleistocene (around 145 ka and 90 ka) 
[1, 5]. The absence of more recent carbonate deposits for the Üpper Pleistocene 
seems to indicate a climatic change characterized by aridity leading to severe wind 
erosion. However, a wet pulse seems to have occurred around 40-35 ka BP without 
causing a flood leading to the formation of palaeolakes. The 14C dates obtained 
were at the limit of that method’s capabilities and need to be confirmed by the Th/U 
method [1]. Runoffs recommenced at around 11 ka BP. This can be seen from the 
establishment of a continuous lacustrine phase lasting until around 4-3 ka BP, with 
an optimum around 8 .5-8.0 ka BP [1].

These data raise the problem of correlation with isotope ocean climate strati
graphy. The wet periods found in southern Tunisia also seem to affect the hydrology 
of the easter Mediterranean [6 ]. Freshwater inflows into this basin caused stratifica
tion of the water column, preventing the formation of deep water. This is shown by 
the formation of sapropels (layers of organic-rich sediment), the ages of which are 
8 .6 , 52, 80, 99 and 120 ka BP [7]. Allowing for analytical error, the wet periods 
in southern Tunisia (8.5, 90, 145 ka BP) could correlate with certain rainfall periods 
in the Mediterranean (Fig. 1).

Moreover, these wet phases may also be consistent with the ages produced by 
Kutzbach’s general atmospheric circulation model [8 ], which shows that the periods 
of strongly contrasting summer and winter insolation correspond to rainfall periods 
over the whole intertropical zone. Such conditions existed around 8 , 50, 75, 95 and 
130 ka BP.

REFERENCES

[1] ZOUARI, K., Géochimie et sédimentologie des dépôts.continentaux d’origine aqua
tique du Quaternaire supérieur du sud tunisien: interprétations paléohydrologiques et 
paléoclimatiques, Thèse d’Etat, Université Paris XI (1988) 256 pp.

[2] ARANYOSSY, J.F., MAMOU, A., Ressources en eau dans les pays d’Afrique du 
Nord (Tunisie), Apport des techniques nucléaires à l’étude des aquifères du sud tuni
sien, Internal Rep., IAEA, Vienna (1985).

[3] UNESCO, Etude des ressources en eau du Sahara septentrional, Rapport final (1972).
[4] FONTES, J.-Ch., GASSE, F., Palhydaf: état d’avancement, Novembre 1985, INQUA- 

ASEQUA, Changements globaux en Afrique durant le Quaternaire — Passé, présent, 
futur (Proc. Int. Symp. Paris), ORSTOM (1986) 149.

[5] CAUSSE, C ., et al., Two high levels of continental waters in southern Tunisian chotts 
at about 90 and 150 ka, Geol. 17 (1989) 922.



570 POSTER PRESENTATIONS

[6] SHACKLETON, N.J., OPDYKE, N.D., Oxygen isotope and paleomagnetic stratigra
phy of Equatorial Pacific core V28-238: Oxygen isotope temperature and ice volumes 

on 105 years scale, Quat. Res. 3 (1973) 39.
[7] MUERDTER, D.R., KENNETT, J.P., THUNNELL, R.C., Late Quaternary sapropel 

sediments in the Eastern Mediterranean Sea: faunal variations and chronology, Quat. 
Res. 21 (1984) 386.

[8] KUTZBACH, J., GALLIMORE, R.G., Sensivitiy of a coupled atmosphere/mixed 

layer ocean model to changes in orbital forcing at 9000 years BP, J. Geophys. Res. 93 

(1988) 803.

IAEA-SM-329/68/P

INDICATORS OF PALAEOCLIMATE
AND GROUNDWATER RECHARGE
IN THE EAST MIDLANDS TRIASSIC AQUIFER

W.M. EDMUNDS, P.L. SMEDLEY, W.G. DARLING 
Hydrogeology Group,
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Wallingford, Oxforshire,
United Kingdom

The East Midlands Triassic aquifer has been the subject of detailed geo
chemical and isotopic investigations for the past two decades [1-3]. Resampling of 
the area was carried out in 1991/1992 — taking advantage of new boreholes that had 
become available over the intervening period — to perform a wider range of water 
quality measurements and to refine the palaeoclimatic model [4].

The original studies [1] showed that the aquifer contained a record of palaeo- 
hydrological information spanning over 30 000 years, based on radiocarbon data cor
rected using the WATEQF-ISOTOP model [5]. This framework was used as a 
background against which possible palaeoclimatic information contained in the 
oxygen and hydrogen stable isotope ratios could be discussed. Ar/Kr ratios suggested 
that temperatures in the late Pleistocene were around 5-6°C lower than those at 
present.

The 1991-1992 sampling and analysis largely confirmed the original interpre
tation and demonstrated that the aquifer could be used to derive information on the 
palaeohydrology. Groundwaters of late Pleistocene age could be recognized by their 
distinctive ô180  and <52H signatures more negative than -8.57 0 0  and -62700, 
respectively (Fig. 1). The isotopically light water, corresponding to the recharge of
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FIG. 1. Stable isotope (ô'sO, ô2H) distribution along the flow lines within the East Midlands 
Triassic aquifer. The palaeowater component can be recognized by values more negative than 
-8 .5°/00 and -62°/oot respectively. 'Notts’ is short fo r Nottinghamshire.

glacial meltwaters immediately after (or before) the most recent glaciation, can be 
clearly recognized in the eastern section of the aquifer.

Thé halogen elements Cl and Br provide further information on the nature of 
the palaeowaters since their ratios are determined predominantly by atmospheric 
inputs with changing climatic conditions over the time-scale of >30 0 0 0  years.

The chloride concentrations in the palaeowater are much lower than in present 
day rainfall and recharge (after allowing for évapotranspiration (ET)) and indicate 
different ET conditions and/or a noñ-maritime source of moisture during much of 
the Holocene and late Pleistocene (Fig. 2).
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The Br/CI ratios of the palaeowaters are fairly homogeneous (2.2 x 10“3) in 
the waters of late Pleistocene age and are significantly enriched in Br as compared 
with maritime rain. Groundwaters of pre-industrial Holocene ages may, however, 
be distinguished not only on the basis of their per cent modem carbon value but also 
by very low chloride and lower Br/CI ratios than those of the glacial meltwater group 
(as distinguished also on the basis of depletion in the heavy isotopes).

These data are taken to indicate that the sources of water and halogens are 
meteoric and indicate changing climate and recharge conditions during the Holocene 
and late Pleistocene. Some modem groundwaters have enriched Br/CI ratios result
ing from contamination by mine drainage influx to the aquifer and need to be dis
regarded for the palaeohydrological interpretation. A more detailed examination of 
this subject is being carried out by using 3 6 C1/C1 [6 ].

The hydrogeochemistry of the aquifer has remained remarkably stable over the 
18-year period. Groundwater abstracted in the outcrop area is typically a mixture of 
modem and palaeowaters the relative amounts of which can be determined on the 
basis of <5180 , <52H and chloride.
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FIG. 2. Chloride and Br/CI plotted against temperature (depth) as in Fig. 1.



POSTER PRESENTATIONS 573

REFERENCES

[1] BATH, A.H., EDMUNDS, W.M., ANDREWS, J.N., “ Palaeoclimatic trends 
deduced from the hydrogeochemistry of a Triassic sandstone aquifer, United King
dom” , Isotope Hydrology (Proc. Symp. Vienna, 1978), Vol.2, IAEA, Vienna (1979) 
545.

[2] EDMUNDS, W.M., BATH, A.H., MILES, D.L., Hydrogeochemical evolution of the 
East Midlands Triassic sandstone aquifer, England, Geochim. Cosmochim. Acta. 46
(1982) 2069.

[3] ANDREWS, J.N., BALDERER, W., BATH, A.H., CLAUSEN, H.B., EVANS, G.V., 
FLORKOWSKI, T., GOLDBRUNNER, J.E, IVANOVICH, М., LOOSLI, H., 
ZOJER, H. “ Environmental isotope studies on two aquifer systems: A comparison of 
groundwater dating methods” , Isotope Hydrology (Proc. Symp. Vienna 1983), IAEA, 
Vienna (1983) 535.

[4] EDMUNDS, W.M., SMEDLEY, P.L., Palaeohydrology and groundwater develop
ment: The East Midlands Triassic aquifer (in preparation).

[5] PLUMMER, L.N., JONES, B.F., TRUESDELL, A.G., W ATEQ F-A FORTRAN IV 
version of WATEQ, a computer program for calculating chemical equilibrium of 
natural waters, U.S. Geol. Surv. Water Resour. Invest. 76 13(1976) 71.

[6] ANDREWS, J.N., EDMUNDS, W.M., FIFIELD, K., FONTES, J-Ch., 
SMEDLEY, P.L., 36C1 and palaeohydrology of the East Midlands Triassic aquifer, 
England (in preparation).



574 POSTER PRESENTATIONS

IAEA-SM-329/71P

A MODIFICATION ON THE BATCH PROCESS 
FOR DIRECT CONVERSION 
OF WATER AND ORGANIC OXYGEN 
TO C0 2  FOR <5I80  ANALYSIS

T.W.D. EDWARDS, W.M. BUHAY, R.J. ELGOOD 
Department of Earth Sciences,
University of Waterloo,
Waterloo, Ontario,
Canada

H.B. JIANG
Institute of Geochemistry,
Chinese Academy of Sciences,
Guiyang, Guizhou,
China

1. INTRODUCTION

The nickel tube pyrolysis method of Brenninkmeijer and Mook [1] permits 
more rapid analysis of oxygen isotope ratios in organic matter or water than the origi
nal nickel pyrolysis techniques [2 ], but it is complicated by the need to weld and cut 
the tubes for each sample analysis. Resealable nickel bombs developed and manu
factured at the University of Waterloo have greatly increased the service life of 
individual bombs (in excess of 50 cycles), resulting in lower cost and improved ana
lytical consistency. Tests with the Waterloo style bombs have also led to a simplifica
tion of the operating procedure.

2. MATERIALS

Pyrolysis bombs are machined from nickel-200 rod ( 6  mm outside diameter) 
to a wall thickness of 0.6 mm, leaving one end sealed (Fig. 1). A threaded stainless 
steel fitting is welded to the bomb to accommodate a Swageloc nut, which secures 
a tapered nickel plug (Fig. 2(a)) against a bevelled seat on the open end of the nickel 
tube, as shown in Fig. 2(b). The Swageloc nuts are bored to a depth of 10 mm, 
increasing the thread drawing length for a tighter seal.
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FIG. 1. A pyrolysis bomb and a modified Swadgeloc nut (dimensions in centimetres).

The puncturing device (Fig. 3) consists of three components machined from 
brass. The sample shaft is machined to accommodate nickel bombs of various 
lengths, and a removable hexagonal sample holder enables easy placement and 
proper alignment of the nickel plug with the puncturing needle. Vertical movement 
of the puncturing needle within the securing head unit is achieved by a threaded 
handle on the puncturing hilt. A replaceable stainless steel sewing needle (0.42 mm 
diameter), secured with a set screw, is sufficient to puncture the nickel plug. Three 
о-rings provide a vacuum tight seal within the unit, and a machined stainless steel 
Rotulex type fitting allows connection to a vacuum extraction line.

3. PROCEDURE

Purified organic matter (3-10 mg) is loaded into the nickel bombs, dried in an 
oven for several hours at 80°C and transferred into an evacuated dessicator for a 
period of 1 2  h before baking, to eliminate any traces of adsorbed atmospheric water 
vapour. The bombs are placed in an argon filled glove box, and dried argon is
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(a)

FIG. 2. (a) Dimensions o f nickel plugs (mm), (b) Nickel plugs secured against 
inner surface o f a pyrolysis bomb.
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FIG. 3. The puncturing device (dimensions in centimetres).
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directed into each to fully displace any residual atmospheric oxygen, before installa
tion of the nickel plugs and Swageloc nuts. The nuts are lightly lubricated with high 
temperature grease (Loctite Nickel Anti-Seize Compound) to prevent seizure of the 
threads.

Analysis of water samples (1-5 piL) requires the addition of purified graphite 
as a source of carbon. Bombs containing graphite (about 1 mg per 1 /xL water) are 
oven dried, degassed in a dessicator and flushed with argon in the glove box, as for 
bombs containing organic matter samples. Water samples are injected by 
microsyringe directly onto the graphite in bombs cooled to liquid nitrogen tempera
ture to avoid vapour loss, and the bombs are immediately sealed.

Sealed bombs, containig organic matter or water plus graphite, are baked at 
950°C for 20 min in an electric resistance oven, suspended vertically by the stainless 
steel fitting (i.e. the fitting remains outside the oven and thus slightly cooler than 
950°C). After air cooling to room temperature the bombs are transferred to the punc
turing device, which is connected to a vacuum extraction line, and the C02  is col
lected for isotope ratio analysis. As a precaution, the extraction line includes a 
section of heated glass (350°C) to decompose any traces of Ni(CO) 4  that might be 
produced in the bombs [1 ].

We find it convenient to work with batches of twelve pyrolysis bombs, ten con
taining samples and two containing standards. Standards are rotated among the 
bombs to monitor any deterioration in performance. After use, the punctured nickel 
plugs are discarded, and the interior of each bomb is cleaned by using an abrasive 
rod and acetone to remove residual carbon and to provide a fresh nickel surface. 
Extra care is essential to ensure that the bevelled sealing surface is not damaged. The 
exterior of the bomb is polished with an abrasive cloth to remove oxide. As a precau
tion, the bombs are kept under vacuum in a dessicator when not in use.

4. DISCUSSION

After baking, the bombs contain C02  and CO in varying proportion, in addi
tion to Ar and small amounts of other non-condensable gases arising from trace con
taminants in the samples. Although quantitative recovery of oxygen requires transfer 
of CO oxygen to C02, tests using an electrical discharge chamber indicated that this 
procedure did not alter the S180  values obtained [3], and hence this step is not con
sidered necessary. Monitoring of the C0/C02  ratio and the <5180  obtained on 
hundreds of analyses using both the Thompson and Gray [2] nickel vessels and the 
Waterloo style bombs have failed to reveal any systematic relation that would indi
cate a difference in the ô1 8 0  of the two gases, perhaps reflecting attainment of iso
topic equilibrium at the high reaction temperature.
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Preliminary analyses of water samples of known isotopic composition (from 
conventional C02 -H20  equilibration) reveal precisions of ±0.1700 for 5/xL sam
ples and ±0.67oo for 2 fiL samples. Reproducibility for commercial cellulose and 
natural wood alpha cellulose and holocellulose is commonly of the order of ±0.37oo 
or better.
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In 1989 the United States National Science Foundation provided funds to estab
lish a National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) Facility 
at the Woods Hole Oceanographic Institution. Our charge was to provide the scien
tific community with a facility capable of both high throughput and high precision. 
To accomplish this unprecedented dual charge we employed new accelerator mass 
spectrometry technology and placed heavy emphasis on automation, robotics and

Caesium sputter ion source 2

3 MV tandetron accelerator tank 

Argon stripper canal 110 degree m agnet

RF power supply

33 degree 
electrostatic 

deflector

FIG. 1. Schematic o f the NOSAMS Facility 3 MV accelerator mass spectrometer. The system 
contains dual 60 sample cartridges with high current hemispherical ion sources, a recombina- 
tor for simultaneous injection o f all three carbon isotopes, and an enlarged accelerator tube 
and stripper canal. The accelerator is approximately 11 m long by 6 m wide.
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FIG. 2. Water column profile o f A I4C from 1991 WOCE cruise CGC-2 in the North Pacific 
Ocean. Large open circles are data obtained by Dr. Gate Ostlund using large volume samples 
(250 L) and the beta decay method o f radiocarbon dating. Small solid circles are AMS 14С 
dating o f <1 L o f seawater. Data from both methods are statistically indistinguishable from 
each other.

relational database systems [1]. The first analyses from this facility were made in 
early 1992, and by the later half of that year we had demonstrated the soundness of 
our approach.

The NOSAMS facility accelerator is a 3 MW machine built by US-AMS Cor
poration and is capable of simultaneous injection and acceleration of all three carbon 
isotopes (Fig. 1). The accelerator has operated reliably at 2.5 MV and has been con
ditioned to 2.8 MV throughout 1992. This is at significantly higher energies than the 
first generation radiocarbon accelerators built in the late 1970s and early 1980s, 
allowing us to operate on the peak of the charge state +3 yield curve. In addition, 
this is the first AMS radiocarbon machine to employ the dual recombinator 
design [2]. This design allows both continuous operation of the accelerator and 
simultaneous injection of all three carbon isotopes, substantially increasing the time 
available for data collection and reducing uncertainties potentially introduced by time 
dependent fractionation that can occur with the sequential method of isotope injection 
employed in earlier AMS designs. The high intensity hemispherical Cs sputter ion 
sources have proven extremely reliable and in our mode of operation provide 14C 
count rates of 80 per second for samples of near modern age. The design of the high 
energy end of the accelerator provides one of the cleanest 14C spectra of any
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accelerator. There is no contribution of other charge states and/or masses under the 
14C peak, and samples as old as 50 000 years can be dated with this system. These, 
and other, features employed at the NOSAMS facility have allowed us to accom
plish, within the first year of operation, the capability of measuring the 14C activity 
of a 1 mg sample with a ±0.5% precision in less than 30 min of analysis time. This 
compares with a sample size requirement some 1 0 0 0  times larger and an analysis 
time some 1 0 0  times longer for comparable results using the beta decay method of 
radiocarbon dating.

One of the major goals of the NOSAMS facility is to perform 2000 or more 
high precision sample analyses in 1993 and to reach 4000 or more per year by 1995. 
Over 70% of the analyses performed at this facility during the 1990s will be for sam
ples provided as part of research programmes studying all aspects of global change, 
whether man induced or natural. Primary among these programmes is the World 
Ocean Circulation Experiment (WOCE), an international effort to understand the 
general circulation of the global ocean well enough to be able to model its present 
state and predict its evolution in relation to long term changes in the atmosphere [3]. 
In order to accomplish this goal the ability to precisely, accurately, rapidly and cost 
effectively collect and measure large numbers of samples is required. AMS allows, 
for the first time, these requirements to be met for determining the radiocarbon 
activity of seawaters collected from the world oceans. These data provide an under
standing of ocean/atmosphere exchange processes and the rates of circulation in the 
deep ocean basins. An intercomparison of the AMS and beta decay methods of 
radiocarbon dating has recently been undertaken for the WOCE programme, and 
preliminary results have shown that the NOSAMS facility is already capable of meet
ing much of the precision and accuracy demands of the WOCE programme with the 
smaller sample sizes and faster analysis times afforded by the AMS technique 
(Fig. 2 ).
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ISOTOPIC STUDY OF THERMOMINERAL SPRINGS 
IN THE EASTERN PYRENEES:
CORRELATION WITH THE ORIGIN OF AIR MASSES 
AND THE ALTITUDE OF RECHARGE

M. KRIMISSA*, L. CHERY, C, FOUILLAC 
Département de géochimie,
BRGM,
Orléans, France
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Chemical and isotopic studies have been carried out in recent years in about 
20 thermal zones in the eastern Pyrenees. Sodium sulphidic springs, used in thermal 
spas, make up a homogeneous whole along the Pyrenean axial zone.

The objective of this study is to gather data on the flow pattern of the thermal 
waters, in particular as far as their origin and the way and altitude of recharge are 
concerned.

More than 110 springs were sampled, and the samples were analysed for major 
ions and trace elements, for stable ( 180  and deuterium) isotopes and for the radio
active tritium isotope.

A regional meteoric water line has been derived from about 50 samples of 
superficial waters taken at various altitudes. It can be expressed as follows:

<52H = 8<5lsO + 12.770 0  (standard deviation at 2<x: ±3700)

The equilibrium slope of this line, similar to that of the global meteoric water 
line [1], demonstrates that precipitation is not affected by evaporation (Fig. 1).

Chemical analyses confirm the great homogeneity of these springs; this was 
already observed by several authors [2-4]. All these thermOmineral springs have 
similar chemical characteristics (low total dissolved salt content, presence of sul
phide, very high pH and sodium ions accouftting for almost 95 % of the total cation 
content). These sodium sulphidic waters are only slightly mixed with superficial 
water (absence of tritium and poor Correlation betwëen the parameters characteristic 
of the deep fluid and the superficial waters).

* Also at Laboratoire d’hydrologie et de géochimie isotopique, Université Paris-Sud, 
Orléans, France.
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FIG. 1. 18O-deuterium relationship.

All thermal waters of the Pyrenees are aligned along the regional meteoric 
water line defined in a D -180  diagram, indicating a meteoric origin, with a deu
terium excess of 13.1700 (±2.07oo). Geothermal exchange (leading to an enrich
ment in 180) is not observed. The origin of the air masses appears to be different 
for the springs from the eastern part of the study area (influence of the Mediterranean 
Sea and entry of marine air).

The heavy isotope content is homogeneous within a given thermal zone. These 
isotopes are depleted compared to those of the superficial water in the same zone, 
indicating higher recharge altitudes.

The isotopic gradients as a function of altitude have been calculated by using 
selected isotopic data on superficial waters. In the western part of the studied area, 
the gradients calculated between 1 2 0 0  and 2 0 0 0  m are very low (0.15700 and 1,07oo 
per 100 m, for 180  and deuterium, respectively). A large proportion of the 
recharge water in this part of the Pyrenees comes from snow. The effect of altitude 
and temperature on the isotopic composition of snow is, in fact, negligible. In the 
eastern part of the studied area, the calculated gradients (0.227oo and 1.8700 per 
1 0 0  m for oxygen and deuterium, respectively) are very similar to those calculated 
for other neighbouring regions. The recharge altitudes calculated in this way range 
between 500 and 2100 m and are consistent with the topography (Table I).
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TABLE I. ALTITUDE OF RECHARGE

585

Thermal
zones

Altitude 
of emergence 

(m)

Mean altitude 
of recharge 

(m)

Amélie-les-bains 230 1150

Ax-les-thermes 720 1850

Ayguatebia 1280 2120

Le Boulou 121 570

Canaveilles-les-bains 695 2210

Carcanières 1010 1950

Les Escaldes 1460 2070

Dorres 1460 2100

Escouloubre 910 1880

Merens-les-vals 1490 2100

Molitg-les-bains 450 1510

Llo 1480 1920

La Preste 1200 1610

Sahore 450 1520

St. Thomas-les-bains 1300 2120

Thues-les-bains 1050 2120

Usson-les-bains 1000 2030

Vemet-les-bains 660 1900

Marquixanes 400 1270

Nossa 400 1170
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ENVIRONMENTAL ISOTOPIC AND HYDROCHEMICAL STUDY 
OF GROUNDWATER RESOURCES 
IN HARIPUR PLAIN, PAKISTAN

M.I. SAJJAD, M.A. TASNEEM, S.D. HUSSAIN,
M. AHMAD, I.H. KHAN
Pakistan Institute of Nuclear Science and Technology,
Islamabad, Pakistan

Environmental isotopic and hydrochemical investigations were carried out in 
the Haripur Plain to study the groundwater resources for a determination of their 
recharge mechanism and the cause of water table rise in some wells near Tarbela 
Lake.

Haripur Plain is bounded by Doar River in the north, and by mountain ranges 
in the east and west, while Haro River flows a little away from its southern bound
ary. In the north-west, Tarbela Lake is situated, and on the south-eastern boundary 
the Khanpur dam has been built.

The plain is extensively covered with alluvial fill which has been eroded and 
gullied extensively by numerous nalas. The clay cover over most of the area varies 
in thickness from 30 to 60 m. It is underlain by sand, gravels and boulders of con
siderable thickness, with some layers of clay in between. These boulders and gravels 
are highly permeable and form a good aquifer [1 ].

The climate of this area is semi-arid with hot summers and mild winters. The 
mean maximum temperature in the hottest month (June) is 44°C while the minimum 
temperature in the coldest month (January) is 3°C. The mean annual precipitation 
in Haripur is 910 mm while that at the adjoining hills is about 2000 mm [2].

About 55 water sampling stations including tube wells, open wells, lakes, 
rivers and drains were established. The location map of the sampling points is given 
in Fig. 1. Nine sets of samples were collected from October 1987 to June 1990.
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Temperature, pH and electrolytic conductivity measurements were made in situ. 
Laboratory analyses of samples for ô180, ÔD and tritium were carried out. Rain 
samples of the area were also collected and analysed. Tarbela Lake was sampled on 
a weekly basis so that its mean isotopic index could be established.

The 0180  and <5D values of water samples were determined mass- 
spectrometrically [3]. The ô180  and <5D values of groundwater (shallow and deep) 
vary from -5.807oo to -3 .947 0 0  and from -34  7 0 0  to —21.570 0  with mean values 
of —5.19 ± 0.377oo and -29.2 ± 2.69700, respectively. The <5180  and <5D values 
of Tarbela Lake averaged over a period of about three years (weekly samplings) are 
-12.07oo and -80.107oo, respectively. The variation for ôl80  is in the range of 
-13.37oo to -10.47oo. The mean ô180  and ÔD values of Khanpur Lake are 
-4.78 ± 0.52700 and —25 ± 4.5700, respectively. The isotopic index of rainfall 
on adjacent mountains is -5.38 ± 0.167oo and —29.95 ± 2.2700 for ô180  and 
<5D, respectively, and for local rains it is -  5.07oo for 0 18 0  [4].

A plot of <5D versus <5180  of all samples from the Haripur area is depicted in 
Fig. 2. All samples of groundwater as well as surface water (Doar River, drains, 
Khanpur Lake) except for Tarbela Lake lie in the same region above the global 
meteoric water line (GMWL). The frequency distribution histogram of 6180  of 
groundwater samples (Fig. 3) shows that the distribution has a frequency maximum 
close to the isotopic index (-5 .38700) of rainfall in the mountains.

72° 45’ 72° 50’ 72°55’ 73°0’ 73°5’ 73° 10’ 73° 15’

FIG. 1. Location map o f Haripur area and spatial distribution o f tritium.



588 POSTER PRESENTATIONS

i 180  (% ) 

FIG. 2. ôD versus ô,sO.
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FIG. 3. Frequency distribution o f à18O.

The tritium content of groundwater ranges from 0 to 53 TU (as depicted in 
Fig. 1) . The 14C content of groundwater is generally of the order of 100 pmc, 
indicating the recharge to be of modem or recent origin.

The salinity levels in various shallow wells vary from 390 to 1150 mS/cm. The 
deep groundwater has a range of 375 to 742 mS/cm. The pH of shallow and deep 
groundwater has a range of 7.0 to 7.7. The temperature of shallow and deep water
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ranges from 19 to 25°C and from 19 to 29°C, respectively. All samples collected 
were analysed for their major ionic concentrations. The shallow water at about 50% 
of the locations has sodium as the dominant cation, while at the remaining locations 
calcium or magnesium or both (equally abundant) are dominant, whereas in the case 
of anions shallow water has bicarbonate as the dominant anion, ranging from 143 
to 540 ppm. The chloride content varies from 6  to 65 ppm. Sulphate is less abun
dant. In deep groundwater, calcium and magnesium appear to be the dominant 
cations and vary from 12 to 51 ppm and from 7 to 31 ppm, respectively. No car
bonates could be detected in shallow or deep groundwaters, which is in good agree
ment with the measured pH values. The alkalinity is entirely due to bicarbonates.

Isotopic data of the Haripur area lead to the conclusion that the major source 
of groundwater recharge in the Haripur Plain is the rainfall on the adjoining hills. 
Local rainfall contributes through gullies only, while most of it is wasted as surface 
runoff [5]. There is no contribution from Tarbela Lake towards groundwater 
recharge in Haripur Plain. The infiltration from Khanpur Lake is confined to the 
extreme southern parts of Haripur Plain. Tarbela Lake does not contribute to the rise 
of the water level in the open wells located near the boundary of the lake. The water 
rises rather because of the general rise of the groundwater level in the area due to 
summer rains. The residence time varies from a few years to more than fifty years, 
depending on the lithology of the area. The groundwater in both shallow and deep 
zones has fairly good chemical quality for drinking and irrigation purposes.
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Isotopic ÔD and ô180  records in ice show that the gradients are smoothed out 
with time by diffusion processes. Diffusion through solid ice is slow whereas water 
vapour diffusion through the interconnected pores is much more rapid. This process 
takes place preferentially in the upper layers of the firn, where the density is lowest, 
and is responsible for the gradual alteration of the isotopic stratigraphy.

Results on the diffusivity of water vapour in ice are presented. These were 
obtained from laboratory experiments with diffusion couples prepared from artificial 
ice with different D/H ratios. Samples were allowed to diffuse for about one year 
at a controlled temperature before being cut into thin pieces and analysed with a mass 
spectrometer. The effect of both temperature and density was investigated. The 
diffusion coefficients computed from the ôD interdiffusion profile in the different 
experiments are fully consistent with the process of water vapour diffusion. 
However, the computed values are found to be 40% below the theoretical estimate 
for gaseous diffusion.

These results are applied by means of a finite differences diffusion model to 
the real case of the smoothing of ice cores. The smoothing rate is highly dependent 
on the wavelength of the isotopic signal: the seasonal variability is found to disappear 
in a matter of a few tens to a few hundreds of years, depending on the accumulation 
rate, in agreement with isotopic data. The effect of density and temperature is also 
discussed.

Finally, our model of smoothing is applied to the case of the tritium deposition 
in Antarctica, from a continuous record of artificial fallout at the south pole 
(1954-1978). The model results are consistent with the data and show that, in spite
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of the high tritium levels recorded in the early 1960s, the lower levels (before 1955) 
should not be tritium contaminated, in agreement with observations. New corrected 
figures are proposed for the annual tritium levels and the fallout rate that account 
for the smoothing effect.

IAEA-SM-329/78P

RESPONSE OF PALAEOZOIC AND CRETACEOUS 
AQUIFER SYSTEMS TO CLIMATE CHANGE 
IN THE SOUTHERN DESERT 
AND NORTHERN HIGHLANDS OF JORDAN

M. ALMOMANI, A. HAMMOUDEH 
Water Resources Studies Department,
Water Authority of Jordan,
Amman, Jordan

Thick Palaeozoic sandstone aquifers crop out in the southern desert of Jordan 
where the younger formations of upper Cretaceous calcareous aquifers are exposed 
in the central and northern highlands of the country. The lower Cretaceous sandstone 
unit is exposed along the east side of the Dead Sea. It overlies unconformably the 
Triassic sediments.

Isotope samples from the sandstone groundwater and younger calcareous 
aquifers have been collected from 6 0  wells and 2 0  springs within the period of 1987  

to 19 9 0  (Fig. 1). These samples have been analysed in the isotope laboratory of the 
Water Authority of Jordan for 1 80 , deuterium and tritium, with the spring water 
representing steady state conditions whereas the sampling from the well sites mostly 
represents transient conditions.

Ten precipitation stations in Jordan have been sampled monthly for stable iso
topes and tritium from 1987  to 19 9 0 . The regression line through all the precipitation 
data defines a local meteoric water line (LMWL), the average deuterium excess 
being d = 2 2 .6 °/o o  [1].

The regression line of 1 80-deuterium representing the data of the sandstone 
aquifer in the southern desert of Jordan (Fig. 2 ) has R2  = 0 .9 1 ,  n = 2 0 . Two 
groups of groundwater have been identified: The first group in the Disi area is more 
depleted in stable isotopes than the second group which represents Mudawwara arte
sian groundwaters at the border with Saudi Arabia. The mean value of 180  in the 
first group is - 6 . 6 5  ±  0 .0 6 3 ° /o o , whereas the second group has a mean value of 
- 5 . 7 1  ±  0 . 0 5 7 oo. Both groups lie on, or close to, the global meteoric water line 
defined by Craig (1 9 6 1 ) , with a deuterium excess range from 9  to 1 4 7 00.
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FIG. 1. Location map o f the sampling sites (wells and springs).

This represents the climatic conditions during the recharge period, which is 
understood to be characterized by colder, more humid climatic conditions than the 
present.

Recent sampling indicates that Disi and Mudawwara groundwater is not 
tritiated. The average tritium values of the Disi groundwater are very low, and 14C 
dating indicates that there are old waters [2 ].

The water of the springs in the hilly highland areas displays variation in stable 
isotopes, despite the constant tritium content which was found to be equal to that of 
rainfall. This is usually the case in fast systems in which local evaporation could 
occur (Fig. 3).
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FIG. 2. Regression o f 180-deuterium in the southern desert area.

Deuterium (%«.)

FIG. 3. Plot o f tritium-deuterium o f the springs.
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FIG. 4. lsO content versus spring elevation.

FIG. 5. Plot o f tritium-18О in the northern highland wells.
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The 1 80-altitude relationship (Fig. 4) implies that a depletion in the 180  con
tent of spring water occurs with increasing altitude according to the equation 
0180  = -0.0016 x elevation — 4.516, which is close to the altitude coefficient of 
180  (0.26°/oo per 1 0 0  m) representing the weighted mean value of the monthly iso
topic precipitation network in Jordan.

The well fields of the upper Cretaceous calcareous aquifer system show great 
differences in tritium content from location to location; this may help to prove the 
heterogeneity of the systems (Fig. 5). The presence of a high tritium content in 
groundwater in several wells in the Cretaceous aquifer in the sixties (1967, 1968) 
in the Qatrana and Sultana areas (S-75, S-83, S-44, S-76, PP-47 wells), ranging from 
60.3 to 157 TU, proves the existence of a strong component of modern recharge 
(Fig. 6 ). This is definitely post-nuclear water; the tritium content in the atmosphere 
reached about 600 TU in 1963 and decreased gradually since then. Some hydrologi
cal systems are still affected by the past environmental changes. This conclusion 
could be supported by the present high tritium content in several wells as a result 
of the recharge contribution to the storage water which precipitated during the atomic 
tests 20 to 30 years ago. A level of 24-36 TU exists in the groundwater of the 
N-Qatrana No. 1, N-Qatrana No. 2 and Qatrana No. 16 wells while the tritium 
content of the local precipitation is around 10 TU.

The non-tritiated water or the low tritium content in groundwaters of the 
mound areas of ffidan and Siwaqa imply that direct recharge can only move through 
a thin, high permeability upper section of the aquifer, taking into account the effect 
of the dilution by older waters during the pumping period.

180  (%«) и 1968/1969

FIG. 6. Plot o f tritium-18О in the Qatrana and Sultana well fields.
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FIG. 7. Regression line o f ,sO-deuterium plot in the Baqa area.

The deep artesian water in the H-l well (upper Cretaceous aquifer) in the 
eastern part of Jordan is more negative by —3.470 0  of 180 . The same holds for the 
S-90 petroleum well. Both exploration wells have been sampled during the pumping 
tests. The difference in the stable isotopes between deep waters and modem recharge 
in the mound areas is due to a change in climatic conditions, showing the possibility 
of different ancient climatic regimes during the late Quaternary. The 14C analysis 
of deep groundwater in the S-90 well indicates 2 pmc.

Concerning the sandstone aquifer (lower Cretaceous age) represented by the 
Baqa well field, the regression line of the stable isotopic composition (Fig. 7) shows 
an enrichment as a result of evaporation of local precipitation at the ground surface 
or in the soil layers. The best fit of the line representing the evaporation water line 
is found to follow the following equation:

02H = (3.13 ± 0.556)0180  -  (9.364 ± 0.771), R2  = 0.79, n = 10
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SOME RESEARCH RESULTS ON 
STABLE ISOTOPIC COMPOSITION 
IN THE ENVIRONMENT IN CHINA

Y.T. HONG
Institute of Geochemistry,
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Positive ô34S values are obtained from meteoric waters over a vast area in 
northern China, extending from Urumqui, Xinjiang Autonomous Region, in the 
west, to Harbin, Heilongjiang Province, in the east. The <534S values measured from 
the Yellow River water are positive, too. In contrast, negative ô34S values are found 
from rain and river water in regions south of the Yangtze River, extending from 
Lhasa, Xinzang Autonomous Region, in the west, to Guangzhou, Guandong 
Province, in the east.

The isotopic composition and the sulphur content of coal samples from major 
coal mines in 15 provinces and regions of China show that coal produced in northern 
China is characterized by higher ô34S values and lower content of sulphur, but coal 
produced in south China has lower ô34S values and higher sulphur content.

IAEA-SM-329/79P

FIG. 1. Fractionation o f sulphur isotopes during the coal burning process.
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FIG. 2. Relative contribution o f different sulphur sources in rain water (average o f three 
years, 1987-1989).

Analyses were also carried out in places where industrial coal is burnt. The 
results support the fact found by Nakai and Jensen that S02  released from burning 
coal is enriched in a lighter sulphur isotope relative to the original coal. A new dis
covery is that the released particles are enriched in a heavier sulphur isotope in com
parison with coal (Fig. 1). These facts indicate that the use of coal as a fuel results 
in anthropogenic emission of two kinds of pollutant with different isotopic sulphur 
composition and provide the basis on which pollutants from coal burning can be 
traced and their effects on the global environment can be evaluated by means of 
stable sulphur isotopes.

The city of Guiyang, Guizhou Province, is one of the areas that are most seri
ously affected by acid rain in China. From January 1987 to December 1989, the sul
phur isotopic composition of 113 samples of acid rain water collected in Guiyang and 
adjacent districts, and of many samples of atmospheric particles, coal and S02  

released from coal burning were determined. The results are as follows:

(1) Acid rain water is characterized by enrichment in the light sulphur isotope, 
with all the ô34S values being negative.

(2) The S34S values of acid rain samples show seasonal variations, decreasing 
from a maximum in January or February to a minimum in June or July.

(3) According to the principle of isotope mass balance, some sources of sulphur 
have been evaluated for acid rain water (Fig. 2).
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The interpretation of the data of the three deep ice cores (Vostok, Dome С and 
Komsomolskaya) drilled on the East Antarctic plateau has yielded continuous 
detailed long term environmental records extending back to the last glacial 
period [1]. Climatic information is mainly derived from the isotopic profiles (<5D and 
ô 18 0 ) of those cores that allow temperature and, more indirectly, precipitation 
estimates.

We present a new ô180  profile of a 780 m deep ice core from Dome В drilled 
during the 1987-1988 Austral summer, 400 km from Vostok site and 900 km from 
Dome С site. The profile is more detailed than those investigated previously.

Down to the bottom, the basic features of the 5180  profile of the Dome В core 
are very similar to those of Dome C. A well expressed dominating feature is the last 
glacial maximum (LGM) to Holocene transition in the depth interval of 410 to 
570 m, which is interrupted by the Younger Dryas type cold event in the depth inter
val of 440 to 480 m. This cold event has been widely discussed in recent years 
because it indicates the possibility of abrupt changes in climate within the time limits 
of less than some centuries, perhaps even decades. The origin of this remarkable cli
matic event is still under discussion. Previous investigations have, however, shown 
the specific role of the North Atlantic and related regions in creating the Younger 
Dryas cold spell. For a long time the opinion prevailed that outside the regions under 
the influence of the North Atlantic the clear pieces of evidence for a Younger Dryas
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cooling are not sufficiently convincing. In Antarctica the cold reversal during the last 
climate transition was first recognized in isotopic profiles of Byrd and Dome С 
cores, later also by Vostok isotopic profiles [2].

The Dome B ¿¡ 180  profile is new evidence confirming the existence of a 
Younger Dryas type cooling in Antarctica. A significant feature of the reversal part 
at Dome В is the existence of two spikes. These spikes are also characteristic of 
Vostok but are missing at Dome C, possibly because of coarser time resolution.

Another characteristic feature of the Dome В isotope profile is a well 
expressed warm period immediately after the transgression. This compares well with 
previous results at Dome C, Vostok and Byrd. It indicates that, in contrast to the 
hypsithermal optimum for Europe and North America showing higher temperature 
during the mid-Holocene, in the southern hemisphere high latitudes the climate opti
mum existed at the end of the last deglaciation.

As a rule, the interpretation of the ice core ô 180  profile versus temperature is 
complicated because the isotopic composition of the precipitation is not only 
governed by its temperature of formation, but also by the origin and history of the 
air masses, by the condensation processes as well as by its altitude of formation [3]. 
Previous investigations have, however, shown that the Antarctic isotopic records 
from central areas mainly reflect atmospheric temperature changes [1]. For the 
Dome В core ô180  profile we use the slope 0.757oo°C, which is well defined all 
over this part of East Antarctica. The ôI80  value for the LGM Holocene shift at 
Dome B, 5.8700, leads to an estimate of ДТ of about 7°C which is 1°C less than 
the temperature shift at Dome С but very close to the shift at Vostok.

For the Holocene climatic optimum on Dome В the warming calculated with 
respect to the mean value for the whole Holocene is about 1.5°C.
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