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FOREWORD
In recent years isotope applications in hydrology and water resources assess
ment have reached a level of maturity. Adequate investigations have been carried out
to provide sufficient examples for practical applications in combination with other
hydrological methods. The IAEA contributed to this development through field
projects implemented in Member States within the framework of the Agency’s Tech
nical Co-operation programme. At present, the thrusts of the IAEA involvement are
towards improved management of water resources in regions suffering from water
scarcity, assessment of human impact on water resources, e.g. water pollution, and
exploration and management of geothermal resources. Lately, novel isotope based
techniques have been evolving from specialized laboratories. While the techniques
have emerged, efforts need to be concentrated on more practical work to accomplish
a visible impact on water resources management.
These trends and challenges are reflected by the scientific contributions to the
International Symposium on Isotopes in Water Resources Management, held from
20 to 24 March 1995 in Vienna. The main themes of the symposium were ground
water resources management, with about two thirds of the contributions addressing
origin and recharge of groundwater, groundwater dynamics and pollution, modelling
approaches, and geothermal and palaeowater resources. The remaining third of the
contributions were concerned with surface water and sediments, unsaturated zones
and methodological aspects. On the occasion of World Water Day, 22 March, a spe
cial session was held, with speeches by representatives from UNESCO, the govern
ment of the host country and from the IAEA, as well as an address by the
International Association of Hydrological Sciences.
These proceedings contain the 43 papers presented and the extended synopses
of over 100 poster presentations. It is hoped that they will contribute to widespread
integration of isotope techniques in projects tackling water and environmental
problems, and also foster further developments in isotope hydrology.

EDITORIAL NOTE

The Proceedings have been edited by the editorial staff o f the IAEA to the extent
considered necessary for 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 of the nominating Member States or o f the nominating organizations.
Although great care has been taken to maintain the accuracy o f information contained
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The use o f particular designations of countries or territories does not imply any judge
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A COMPARISON OF CHLORIDE
AND HELIUM CONCENTRATIONS
IN DEEP GROUNDWATERS
B.E. LEHM ANN, H .H . LOOSLI, R. PURTSCHERT
Physics Institute,
University o f Bern,
Bern, Switzerland
J.N . ANDREW S+
Noble Gas Hydrogeochemistry Laboratory,
University o f Reading,
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Dedication
The authors (BEL and HHL) collaborated with John Andrews and Jean-Charles Fontes
for many years, both in the field and as co-authors on publications. We had many scientific
as well as private discussions, especially during previous IAEA meetings in Vienna, where
we actually met for the first time years ago. Together with many friends in isotope hydrology
we mourn the passing away of two excellent scientists and very good friends. Our contribution
to this symposium is in honour of John and Jean-Charles. We had been working closely with
John Andrews on the ideas we intended to present in this publication until just a few days
before his sudden death. Needless to say, our work is incomplete and we do not know, of
course, if John would have agreed to the present version of this text for which his name
appears as that of a co-author for the last time.

Abstract
A COMPARISON OF CHLORIDE AND HELIUM CONCENTRATIONS IN DEEP
GROUNDWATERS.
Chlorine and helium concentrations in groundwaters from crystalline rocks and various
sediments in Switzerland, Sweden, Canada, Australia, Niger and Austria vary by up to five
orders of magnitude. Most of the observed atomic Cl/He ratios, however, are in a much nar
rower range between —100:1 and 10 000:1. Based on available U and Th concentrations in
rocks the respective He production rates are calculated. A certain anti-correlation between
these rates and the observed Cl/He ratios seems to indicate that in situ He production is
partially responsible for determining the Cl/He ratio in groundwater. The fact that chlorine
is more readily leached from sediments than from crystalline rocks also appears to be signifi
cant. A more detailed comparison between groundwaters from the Stripa granite and waters
from crystalline rocks in Switzerland and between the two sedimentary systems in Canada
(Milk River aquifer) and Australia (Great Artesian Basin) is given. For a stagnant water/rock
system in situ sources of both Cl and He are large enough to supply the two elements in the
proper ratios.
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1.

LEHMANN et al.

INTRODUCTION

Exactly 100 years after the discovery o f the element helium on Earth by Sir
W illiam Ramsay [1] and long after he detected it in groundwater in the thermal
waters o f Bath [2] the controversy about the correct interpretation of measured
helium concentrations still continues. It is the purpose of this paper to focus attention
on the fact that very often groundwater samples with high helium concentrations also
have a high chloride content. In a very general sense both factors are considered as
an indication for ‘old’ groundwater.
We shall therefore compare published Cl/He ratios from a number of different
aquifers and discuss possible origins o f the two elements. For such a comparison all
reported concentrations will be converted to m ol/m 3. Chloride concentrations, often
given in m g/L, need to be divided by 35.5. Helium concentrations in cm 3 STP/cm 3
o f water need to be divided by 0.0224.
The reported concentrations in the thermal springs of Bath [3] are 287 m g/L Cl
and 1.08 X 10 - 5 cm 3 STP 4 H e/cm 3 of water, which convert to 8.08 and
4.82 x 10 " 4 m ol/m 3 respectively and therefore to a molar (or atomic) Cl/He ratio
o f 16800:1. As we shall show, measured Cl/H e ratios in a number o f different
aquifers have comparable ratios, although their Cl and He concentrations vary by up
to five orders o f magnitude.

2.

DATA SELECTION

The samples to be discussed are presented in Table I. They originate from
Switzerland (Nagra investigations), Sweden (Stripa study), Canada (Milk River
aquifer), Australia (Great Artesian Basin), Africa (Irhazer Plain) and Austria
(Molasse Basin).
Our study was triggered by the need to identify sources and processes respon
sible for the accumulation of helium in a large number of groundwater samples col
lected from deep boreholes, thermal waters and wells within the Nagra programme
in northern Switzerland (Nagra = National Co-operative for the Storage of Nuclear
Waste). It was recognized that He concentrations vary over several orders o f magni
tude and that there is a general trend towards higher levels of He with higher chloride
concentrations [4, 5]. Sample Nos 1-26 in Table I are from waters extracted from
well defined sections o f various deep boreholes; sample Nos 1-12 are from the crys
talline basement; sample Nos 13-16 are from the sediments o f the PermoCarboniferous Trough, sample Nos 17-21 from a sandstone aquifer (Buntsandstein)
and sample Nos 22-26 are from carbonate sediments (Muschelkalk). Sample
Nos 27-29 are from tunnels in the Alps (crystalline rocks) and sample Nos 30-33
are from selected thermal waters from crystalline rocks in Switzerland and southern
Germany.
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TABLE I. REPORTED Cl AND He CONCENTRATIONS

No. Sample

Cl
Cl
He
He
(mg/kg) (mol/m3) (cm3/cm3) (mol/m3)

Cl/He
ratio

1 Bottstein 399 m

1.2E+2 3.4E +0

2 .2 E -4

1 .0 E -2

340 Crystalline

2 Bottstein 621 m

1.3E+2 3.7E +0

2 .IE—4

9 .4 E -3

390 basement

3 Bottstein 649 m

1.2E+2 3.4E +0

1 .9 E -4

8 .4 E -3

400

4

Bottstein 792 m

1.4E+2 3.9E+0

1 .5 E -4

6 .6 E -3

600

5

Weiach 2218 m

3.4E + 3 9.6E+1

2 .6 E -3

1.2E -1

830

6

Schafisheim 1571 m 2.4E+3 6.8E+1

2 .7 E -3

1.2E -1

550

7

Schafisheim 1888 m 3.6E+3

1.0E+2

9 .IE—4

4 .IE —2

2500

6.0E+1

1.7E+0

1 .0 E -4

4 .5 E -3

380

7.3E+1

2.1E +0

5 .IE—5

2 .3 E -3

910

10 Leuggern 706 m

1.1E+2 3.1E +0

8 .9 E -5

4 .0 E -3

780

11

Leuggern 923 m

1.9E+2 5.4E +0

2 .2 E -4

1 .0 E -2

540

12

Leuggern 1643 m

1.3E+2 3.5E +0

1 .1 E -4

5 .0 E -3

700

13 Weiach 1116 m

1.8E+4 5.1E+2

1 .6 E -3

7 .IE —2

7100 Permo-Carbon

14 Weiach 1408 m

6.0E +4

1.7E+3

4 .5 E -3

2 .0 E -1

8500 Trough

8 Kaisten 482 m
9

Kaisten 1272 m

15

Riniken 993 m

7.9E+3 2.2E +2

2 .0 E -3

9 .0 E -2

2500

16

Kaisten 284 m

1.0E+2 2.8E +0

9 .3 E -5

4 .2 E -3

680

17 Bottstein 317 m

6.4E +2

1.8E+1

1 .3 E -4

5 .9 E -3

3000 Buntsandstein

18 Weiach 985 m

2.9E+3 8.2E+1

1 .8 E -3

8 .1 E -2

1000

19

Riniken 807 m

4.1E+3

1.2E+2

1.1E—3

4 .9 E -2

2400

20

Schafisheim 1488 m 6.5E+3

1.8E+2

1 .5E -3

6 .5 E -2

2800

21

Kaisten 113 m

4.9E + 2

1.4E + 1

3 .0 E -4

1 .3 E -2

1000

22

Bottstein 163 m

1.3E+3 3.7E+1

2 .IE —4

9 .4 E -3

3900 Muschelkalk

23

Weiach 859 m

5.3E+1

1.5E+0

1 .7 E -6

7 .7 E -5

19000

24

Riniken 656 m

6.0E+3

1.7E+2

5 .0 E -5

2 .2 E -3

76000

25

Schafisheim 1233 m 6.4E+3

1.8E+2

2 .4 E -4

1 .1 E -2

17000

26

Leuggern 75 m

3.4E+1 9 .7 E -1

4 .7 E -6

2 .IE —4

4600

27

Amsteg

2.6E + 0 7 .3 E -2

5 .6 E -7

2 .5 E -5

2900 Crystalline

28

Grimsel

8.8E+0 2 .5 E -1

4 .6 E -6

2 .IE —4

1200 rocks

29

Lotschberg

2.5E +2 6.9E + 0

5 .0 E -5

2 .2 E -3

3100
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TABLE I. (cont.)

No. Sample

Cl
Cl
He
He
C1/He
3
3
3
3 atomic
(mg/kg) (mol/m ) (cm /cm (mol/m )
ratio

30

Zurzach 2

1.3E+2 3.8E+0

1 .1 E -4

4 .7 E -3

800 Thermal

31

Rheinfelden

6.1E+2

1.7E+1

5 .3 E -4

2 .3 E -2

730 waters

32

Waldkirch

1.5E+2 4.3E +0

3 .5 E -4

1 .6 E -2

280

33

Bad Sàckingen

3.6E+3

1.0E+2

2 .6 E -4

1 .1 E -2

9000

34

Stripa M3

3.8E+1

1.1E+0

5 .2 E -4

2 .3 E -2

46 Sweden

35

Stripa El

2.8E+1

7.9 E -1

2 .4 E -4

1 .1 E -2

73

36

Stripa N1-2

3.9E+1

1.1E+0

2 .9 E -4

1 .3 E -2

85

37

Stripa N1-1

4.8E+1

1.4E+0

3 .3 E -4

1 .5 E -2

91

38

Stripa VI

5.1E+2

1.4E + 1

2 .7 E -3

1.2E -1

120

39

Stripa V2-3

5.5E+2

1.5E + 1

3 .2 E -3

1.4E -1

110

40

Stripa V2-lb

4.6E +2

1.3E+1

1.7E -3

7 .7 E -2

170

41

Stripa V2-2

4.4E +2

1.2E + 1

3 .3 E -3

1.5E -1

85

42

Milk River 8

5.5E+1

1.6E+0

2 .4 E -5

1.IE —3

1500 Canada

43

Milk River 9

1.4E+2 4.0E +0

4 .6 E -5

2 .0 E -3

1900

44

Milk River 11

4.4E+1

1.2E+0

4 .4 E -5

2 .0 E -3

630

45

Milk River 12

5.4E + 1 1.5E+0

5 .4 E -5

2 .4 E -3

630

46

Milk River 13

7.8E + 1 2.2E+0

5 .9 E -5

2 .6 E -3

840

47

Milk River 13A

7.8E+1

2.2E+0

9 .7 E -5

4 .3 E -3

510

48

Milk River 14

5.9E + 1 1.6E+0

6 .0 E -5

2 .7 E -3

620

49

Milk River 15

7.4E + 1 2.1E+0

3 .3 E -5

1 .5E -3

1400

50

Bonavista

1.2E+2 3.4E+0

3 .4 E -6

1 .5 E -4

51

Juangbong

4.1E+1

1.2E+0

1.4 E -5

6 .3 E -4

1800

52

Cocklaurina

2.9E + 1 8.2E -1

1.2 E -5

5 .4 E -4

1500

53

Kahmoo

4.0E + 1 1.1E+0

1.2E -5

5 .4 E -4

2100

54

The Gap

7.5E+1

2.1E+0

5 .2 E -5

2 .3 E -3

920

55

Thargomindah

7.0E+1 2.0E+0

3 .1 E -5

1 .4E -3

1400

56

Stannum

1.7E+2 4.7E +0

1.1E -5

4 .8 E -4

9800

57

Adavale

1.9E+2 5.3E+0

1.4 E -5

6 .IE—4

8700

58

Milo Holdings

9.2E + 1 2.6E+0

1.8 E -5

8 .IE—4

3200

23000 Australia
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TABLE I. (cont.)

No. Sample

Cl
Cl
He
He
(mg/kg) (mol/m3) (cm3/cm3) (mol/m3)

Cl/He
ratio

59

Naretha

7.1E+1 2.0E + 0

2 .4 E -5

1.1 E -3

1900

60

Eromanga

1.0E+2 2.8E + 0

8 .4 E -5

3 .7 E -3

750

61

Mt. Margret

1.7E+2 4.7E + 0

2 .5 E -5

1 .1 E -3

4200

62

Innamincka

1.5E+2 4.3E + 0

6 .IE—4

2 .7 E -2

160

63

Aufhausen

4.0E + 0

1. IE —1

1.1E—6

5 .IE —5

2200 Austria

64

Braunau

4.0E +0

1. IE —1

1.6 E -6

7. IE —5

1600

65

Aurolzmiinster

1.5E+1 4 .2 E -1

3 .3 E -6

1.5 E -4

2800

66

St. Marienkirchen

2.0E +0 5 .6 E -2

1.8 E -6

8 .1 E -5

700

67

Ried 18

1.5E+0 4 .2 E -2

7 .4 E -7

3 .3 E -5

1300

68

Schallerbach 1

4.5E+1

1.3E+0

5 .7 E -6

2 .5 E -4

5000

69

Schallerbach 2

1.9E+2 5.4E +0

1.7E -5

7 .5 E -4

7100

70

Birnbach 3

2.4E+2 6.8E +0

1.7E -5

7 .4 E -4

9200

71

Geinberg

1.6E+2 4.6E + 0

5 .9 E -5

2 .6 E -3

1700

72

Teleguinit

9.9E + 0 2 .8 E -1

1.3E -5

5 .7 E -4

490 Niger

73

Tibilelik

9.0E+1 2.5E + 0

9 .7 E -5

4 .3 E -3

590

74

In Gitene

9.9E + 0 2 .8 E -1

1.4E -5

6 .4 E -4

430

75

Akenzigour

2.7E+1 7.6 E -1

6 .2 E -5

2 .8 E -3

280

76

Teyndi

2.2E+1

6.2 E -1

7 .4 E -5

3 .3 E -3

190

77

Teggarot

6.4E+1

1.8E+0

7 .5 E -5

3 .3 E -3

540

78

Tegguida In Adrar

1.6E+1 4 .6 E -1

9 .3 E -5

4 .1 E -3

110

79

Tegguida n’Tessoum 1.6E+3 4.6E+1

3 .6 E -4

1.6 E -2

2800

80

Bath

1.1E -5

4 .8 E -4

2.9E + 2 8.1E+0

17000 UK

In the Stripa granite in Sweden [6 - 8 ] a quite similar situation was observed:
low He values correlate with low Cl values and vice versa (sample Nos 34-41 of
Table I are average values from repeated measurements at various times).
In the Milk River aquifer in Canada both Cl and He increase from the recharge
area in northern Montana towards the end o f the aquifer in southern Alberta [9, 10]
(sample Nos 42-49). An increase o f He was also reported along the flow direction
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He/CI-correlations

Cl concentration (mol/m3)
FIG. 1. Reported Cl and He concentrations from aquifers in Switzerland, Sweden, Canada,
Australia, Niger and Austria (see text for references).

in the J aquifer o f the Great Artesian Basin in Australia [11] and a slight increase
o f Cl may be recognized for samples in the downdip zone of this aquifer [12, 13]
(sample Nos 50-62).
Additional data for Table I are taken from an earlier study in the Molasse Basin
in Upper Austria [14] (sample Nos 63-71) and from work completed more recently
by J.N . Andrews, J.-C . Fontes and co-workers in Africa [15] (sample Nos 72-79).
Sample No. 80 is from the King’s Spring o f the thermal waters in Bath [3].
All data from Table I are plotted in Fig. 1. The following general features can
be recognized: He and Cl concentrations of the selected samples cover almost
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five orders o f magnitude; the observed Cl/He ratios of most samples, however, are
in the much narrow er range between approximately 100:1 and 10 000:1. There are
no samples with low chloride concentrations that contain large amounts o f helium
and no samples with high chloride concentrations that contain almost no helium.
Since water sampling for a helium gas concentration measurement is not easy when
the water is heavily oversaturated with respect to the equilibrium concentration with
atmospheric air (2 X 10 “ 6 m ol/m 3 at 10°C), a possible loss of helium, especially
for data points at the upper end o f the scales, can sometimes not be ruled out. At
the lower end of the scales a recharge value of 1-20 mg/L Cl might have to be sub
tracted to recognize the Cl/H e ratio of the species added in the subsurface. This situa
tion is illustrated in Fig. 2 for the four aquifers in Canada (Milk River), Australia

Great Artesian Basin, Australia

Milk River, Canada
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FIG. 2. Reported Cl and He concentrations in four sedimentary aquifers with straight lines
indicating the possible range o f Cl/He ratios for subsurface sources in the respective aquifers.
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(Great Artesian Basin), Niger (Irhazer Plain) and Austria (Molasse Basin). Sample
No. 62 (Innamincka) from the Great Artesian Basin, which contains a significant gas
fraction [11], is outside the scale in the respective plot. The figure shows the range
o f scattering in the data, and the slopes of the various straight lines indicate the range
o f uncertainty o f about a factor o f four for the observed Cl/He ratio in each system.

3.

SOURCES OF CHLORIDE AND HELIUM

For both elements the key question in interpreting measured groundwater data
is usually whether the source is local or remote. For chloride the question has been
extensively discussed, e.g. for Stripa by Nordstrom et al. [16], Andrews et al. [17]
and Fabryka-M artin et al. [7] or for the Milk River aquifer by Fabryka-M artin et
al. [10] and Hendry et al. [18]. Local rock derived sources for chloride would
include (a) the opening of fluid inclusions in the case of crystalline rocks, (b) a disso
lution o f evaporites, (c) admixture o f residual saline fluids within the aquifer or
(d) diffusion o f chloride from such higher salinity solutions in more stagnant zones
within the aquifer. Possible external sources could supply chloride by (a) seawater
incursion, (b) infiltration from aquitards or by (c) admixing o f waters with higher
salinity from outside the aquifer. Whereas no general consensus was reached, it
appears that a ‘local rock-derived salinity’ in Stripa [16] and ‘altered original sea
water diffusing from low permeability units within the Milk River formation’ [10]
are the favoured hypotheses for the source of Cl in these two cases.
Local sources o f helium would supply the gas either (a) by in situ production
within the aquifer or (b) from reservoirs within the aquifer where in situ produced
He has been accumulated; external sources would import He, for example, from
nearby aquitards or over longer distances, even from as far as the whole crust [19].
For a comparison between the two elements Cl and He one should therefore
discuss four different scenarios: ( 1 ) both species originate from local sources within
the aquifer, (2 ) both substances originate from more or less remote sources outside
the aquifer, (3) and (4) one of the two sources is ‘local’ and the other is ‘rem ote’.
In each case one has to find arguments to explain the observed correlation in quite
different aquifers, as illustrated in Fig. 1.

4.

SUBSURFACE PRODUCTION OF HELIUM

Helium-4 atoms are generated in the subsurface by neutralization o f a particles
emitted in the natural decay series o f 2 3 8 U, 235U and 2 3 2 Th. Table П summarizes the
published uranium and thorium concentrations o f the respective rock formations
(which generally show typical variations on the order o f ± 50% ) together with
calculated He production rates PHe [20, 21] and with the observed Cl/He ratios
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TABLE II. REPORTED U AND Th CONCENTRATIONS, CALCULATED IN
SITU He PRODUCTION RATES IN ROCK AND OBSERVED Cl/H e RATIOS IN
GROUNDWATERS

Formation

U

Th

(ppm)

(ppm)

Swiss crystalline

4.2

Stripa granite
Niger

Рне
(cm3/g)/a E-13

Cl/He
ratio observed

20

11

600

44

33

63

100

?

?

?

Stripa leptite

5.4

18

Swiss Permo-Carbon

3.6

17

Swiss Buntsandstein

2.5

Swiss Muschelkalk

12

300
?

9.3

5000

6.5

4.9

2000

1.9

1.1

2.6

10000

Milk River sandstone

2.4

6.3

4.7

800

GAB sandstone

1.7

6.1

3.8

1200

Molasse Austria

0.97

0.83

1.4

3400

? = no data.

extracted from Figs 1 and 2 and Table I. No rock data are available for the samples
from the Niger aquifer. However, numerous zones of uranium-rich (0 .3 -0 . 6 %
U 3 Og) sediments were reported [15] and U ores are mined in the region. The rela
tive low observed Cl/He ratio of 300 might therefore be due to an elevated
He production in this system.

5.

DISCUSSION

5.1. G eneral statem ents
Each observed Cl/He ratio o f a specific groundwater system listed in Table П
can be higher or lower by about a factor o f two, as can be judged from the variations
in Table I and Figs 1 and 2. Since the overall variation o f this ratio between a value
o f -1 0 0 :1 in the groundwaters from the Stripa granite and ~ 1 0 000:1 in the
samples from the Swiss M uschelkalk formation is much larger, significant differ
ences between the various aquifers must exist.
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A different value of the Cl/H e ratio will result from change in either of the two
elemental concentrations. Chlorine atoms are transferred over geological times from
sites where they are more or less structurally bound to the pore water volume. Diffu
sion, dissolution o f minerals, opening of fluid inclusion and other rock water inter
action processes all require a certain time and it is to be expected that the Cl
concentrations in solution will increase with time. In contrast to chloride, the concen
tration of which does not change in a closed rock/water system, helium is produced
in rocks at well defined rates which can easily be calculated from the U and Th con
centrations of the rock. Helium is almost immediately transferred to the pore water
and the buildup in time in groundwater can therefore in principle be used for dating
purposes under closed system conditions. The question o f course remains as to
whether a system is indeed closed for very long times.
The values in Table II seem to indicate that a certain anti-correlation between
the production rate o f helium and the observed Cl/He ratio in groundwater exists:
the Stripa granite, which has the highest He production rate, shows the lowest
observed Cl/He ratio; waters from the Muschelkalk and from Molasse, with the
lowest He production, have the highest Cl/He ratios. As already mentioned, the
samples from Niger seem to follow this trend. The difference in the He production
rates between, for example, Swiss crystalline rocks and the various sediments in
Switzerland, however, appears to be smaller than the differences in the observed
Cl/He ratios in the respective groundwaters. The higher Cl/He ratio in waters from
sedimentary aquifers, therefore, might be partly due to the fact that Cl is more read
ily leached from sediments than from crystalline rocks.

5.2. Cl and He in a closed water/rock system
From the helium production rates given in Table II it is not difficult to calculate
the time it would take to supply the observed He concentrations in groundwater by
in situ production in rock and it is also easy to show that rocks are in principle large
enough Cl reservoirs for supplying the required Cl concentrations in groundwater.
For a complete transfer o f all He into the pore water the maximum observed
He concentrations would be reached in Swiss crystalline rock, for example, after
10 Ma (porosity 1%, rock density —2.6 g/cm 3, maximum concentration 2.7 x
10 ' 3 m 3 /m 3 in sample No. 6 ). These rocks contain —115 ppm o f Cl [22]. If only
8 % o f it were transferred to the pore volume the salinity would reach the observed
value of 2.4 g/L (sample No. 6 ) and the Cl/He ratio would correspond to the
observed value o f about 600:1.
The corresponding He accumulation time in the Milk River sandstone (porosity
1 0 %,
rock density 2 . 6 g /cm 3, maximum concentration 1 0 ~ 4 m 3 /m 3 in sample
No. 47) is 8 Ma and if 20% of the reported Cl concentration of rock o f 14 ppm [10]
were released to the pore volume the salinity would reach the observed value o f about
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80 m g/L (sample No. 47). The Cl/H e ratio would then correspond to the observed
value of 500:1 for this sample.
These two examples demonstrate that it is possible to generate the observed He
and Cl concentrations with the proper ratio from local sources under the assumption
that neither He nor Cl was lost from the system and that the water, therefore, was
more or less stagnant over such very long times. This possibility by itself does not
rule out, of course, that external fluxes o f Cl and He into the aquifer are equally or
even more important, but they are not necessary.

5.3. Swiss crystalline rock versus Stripa granite
Most observed Cl/He ratios in waters sampled from crystalline rocks in
Switzerland are in a range o f approximately 400-800. The values measured in
groundwaters from the Stripa granite on the other hand are close to 100. The obvious
difference o f a factor o f about six could be attributed to a higher He production rate,
which in Stripa is indeed higher by such a factor (see Table П). However, an alterna
tive explanation is also possible. From the fact that the 3 6 C1/C1 ratio in the Stripa
groundwaters is not in equilibrium with the in situ neutron flux [17] it was concluded
that Cl was imported from the surrounding leptite. If He has been transported into
this system together with Cl, the elevated He concentrations might not be caused by
in situ production within the granite with its very high but localized U and Th con
centrations. The elevated He concentrations in Stripa might then rather be caused by
a longer accumulation time for helium. The Stripa granite and leptite are indeed
1600 Ma old, which in comparison with the crystalline basement in Switzerland with
an age o f 320 Ma would also give about the right factor to explain the observed
difference in the Cl/He ratio in groundwaters in the two systems. However, one then
would have to postulate that the longer times for rock/water interaction did not also
increase the transfer o f Cl by the same factor. Data on He, Cl and 3 6 C1/C1 from the
surrounding leptite would be necessary for further discussion o f the situation.

5.4. A comparison between the Milk River aquifer in Canada and the Great
Artesian Basin in Australia
The two groundwater systems belong to the best investigated sedimentary
aquifer systems in the world. In particular, hydrodynamic models together with
3 6 C1 dating have been applied to give possible ranges for groundwater transport
times in these aquifers [10, 12, 23]. If it is assumed that these ages are generally
correct, we can compare the observed increases in both Cl and He in the two systems
versus time. For the samples from Australia listed in Table I such a figure was given
for helium based on hydrodynamic ages by Torgersen and Clarke [19]; in contrast
to Ref. [19], however, the two water samples (Nos 60 and 62) which contain a
‘significant gas fraction’ [11] are not used for our linear fit. For sample Nos 42-49
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FIG. 3. ComparisonoftheHeincrease versuswater agein theMilk River aquifer in Canada
and in the Great Artesian Basin in Australia. Water ages were reported based on hydrodynamical modelling or 36Cl dating (see text for references).

in Table I from the Milk River aquifer we calculate an age from the average flow
velocity which was deduced from modelling the 3 6 C1 data [23] (0.07 m /a on the
western flow path for sample Nos 42 and 43; 0.1 m/a for the other samples on the
eastern flow path) and from the distance o f the samples to the recharge area. With
these values, the He increase versus time is the same in both systems within a factor
of about two (Fig. 3).
Overall there seems to be a remarkable similarity for most relevant data on Cl
and He in the two systems: None of the following factors differ by more than about
a factor of two (Table III):
(1)
(2)
(3)

uranium and thorium concentrations and the associated He production rate
observed Cl/H e ratios in groundwater samples
rates of He and Cl increase with time along the flow directions.

Both sandstone systems are also quite similar in geological and mineralogical
factors (density, porosity, rock composition, age o f the rocks, Cl content o f rock)
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but not in size: The Milk River aquifer is short (80 km), thin (120 m) and shallow
(180 m); the Great Artesian Basin is long (950 km), thick (450 m) and deep
(1400 m). And the published mean flow velocities differ by almost one order of mag
nitude. Flow velocities o f 0.07-0.1 m /a were given for the Milk River aquifer;
values as large as 0.8-1 m /a seem to exist in the Great Artesian Basin.
The observed increase of the helium concentration in the two aquifers is too
large to be attributed to in situ production within the aquifer during the water flow
time through the system. An extra source of helium must therefore exist. If the
aquifers are modelled as homogeneous layers with constant porosity from which all
the in situ produced helium was lost over geological time, the helium must come
from outside the aquifer. Such an approach was taken by Torgersen and Clarke [19]
and Torgersen and Ivey [24]. If, however, the system is allowed to be inhomogeneous with interbedded shales existing within the system as discussed, for example, in
the local diffusion model proposed by Fabryka-M artin et al. for the interpretation
o f the halide distribution in the Milk River aquifer [10], then the extra helium source
might also be available within the aquifer. As was shown there for chloride, shale
beds o f the order o f 5-20 m can supply by diffusion the necessary Cl for several

TABLE Ш. A COMPARISON OF PARAMETERS FROM THE MILK RIVER
AQUIFER IN CANADA AND THE GREAT ARTESIAN BASIN IN AUSTRALIA

He increase in water (mmol/ш3)/Ma

Milk River aquifer

Great Artesian Basin

Canada

Australia

Ratio

4.4

2.7

1.6

He increase in water (cm3/cm3)/a

9.9E-11

6. IE — 11

1.6

Cl increase in water (mol/m3)/Ma

3.5

3.2

1.1

Cl increase in water (mg/L)/Ma

120

110

1.1

Cl/He ratio observed in water

800

1200

Uranium (ppm)

2.4

1.7

1.4

Thorium (ppm)

6.3

6.1

1.0

4.7E-13

3.8E-13

1.2

Age of sediment (Ma)

85

150

0.57

Aquifer length (km)

80

950

0.084

Aquifer thickness (m)

120

450

0.27

Aquifer depth (m)

180

1400

0.13

Average flow velocity (m/a)

0.1

0.8

0.13

He production rate (cm3/g rock)/a

0.67
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hundred thousand years. In parallel, He might diffuse out of the same stagnant parts.
Diffusion of helium out o f such sections is faster by probably about a factor of three
compared to chloride (square root o f the mass ratio).
Such a model is only possible if the aquifer was not flowing for most o f the
time the sediment existed. F or the Milk River sandstone it is known that it was
eroded only 0.5-1 Ma ago in the recharge area in northern Montana. Nothing is
known about the flow prior to that time and therefore the old stagnant saline and
helium-rich fluids may not yet have been completely replaced by fresh water until
today. Since all important Cl and He parameters (Table III) for the Great Artesian
Basin appear to be very similar to the ones o f the Milk River aquifer in spite o f the
rather large differences in aquifer size one could postulate that in other large
sedimentary aquifers a volume source within the aquifer does supply Cl and He to
the groundwaters.
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Abstract
EVIDEN CE FROM STABLE CHLORINE ISOTOPES FOR M U LTIPLE SOURCES OF
CHLORIDE IN GROUNDW ATERS FROM CR YSTA LLIN E SHIELD ENVIRONMENTS.
Analyses of the 37C1/35C1 isotopic ratio of Canadian and Fennoscandian Shield
groundwaters show a range of values, as well as several interesting trends. The data seem to
indicate several different sources of Cl in these environments and a variety of common
processes which may be invoked to account for the observed trends. In particular, Canadian
Shield groundwaters have a dominantly negative 37C1/35C1 isotopic signature range from
—0.51 to +0.17. Fennoscandian groundwaters, from a wide range of geological and
geographical locations, are dominated by positive isotopic signatures and a range of values
from —0.61 to +1.97. Similar to results for major ions and for 2H and 180 , individual study
sites on each Shield have distinctive 37C1/35C1 signatures for the most concentrated brines.
However, shallower groundwaters in Finland appear to be mixtures of dilute glacial waters
and possible Baltic-Eem Sea end members with local brines. The ability to distinguish Cl
sources and understand mixing scenarios in these environments promises to add a valuable tool
to understanding hydrogeological and geochemical processes in fractured rock media.

1.

INTRODUCTION

1.1. Salinity in crystalline rocks
The source of salinity and chloride in crystalline shield rock environments has
been discussed by describing a variety of chemical and isotopic parameters [1-3].
Groundwater studies in crystalline rocks have treated chloride as a conservative
parameter, often with a source external to the rock environment [4-6]. However,
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20

FRAPE et al.

several studies by Kamineni [7] and Kamineni et al. [8 ] and others by Nordstrom
et al. [9] have shown that there is a plentiful supply of Cl in rock minerals and fluid
inclusions to account for the often extremely high salinities ( > 100 g/L) found in
shield brines.
The ability to distinguish the source of chloride in shield rocks would be
important in constructing hydrological scenarios associated with waste repositories
located in crystalline rocks. Recognizing the extent to which Cl derived from in situ
rock leaching interacts with external sourced Cl would allow hydrogeologists an
insight into the magnitude and timing of palaeoflow systems. Therefore, the use of
the stable isotopes 3 7 C1/3 5 C1 has been invoked in our studies to attempt to finger
print end members and to assess the degree of ‘mixing’ of water masses in fractured
crystalline rocks.
1.2. Stable chlorine isotopes
As evidenced by a number of recent articles, the usefulness o f stable chlorine
isotopes in hydrogeochemical studies is becoming important [10-12]. Early research
established that the relative abundances of 3 7 C1/3 5 C1 are 0.2547/0.7553 [13] and
coupled to the monovalent nature of Cl, the range of <53 7 C1 was predicted to be
limited and o f little interest to the isotope using community [11]. The under
exploitation of this isotope pair has been due to analytical constraints and to the
perception that the range of chlorine isotopic signatures varies within the precision
o f the analytical method. Earlier studies analysing Cl isotopes in groundwaters from
crystalline and sedimentary environments [14-16] provided reconnaissance scale
data which attested to measurable and distinctive isotopic values but were often
hampered by the number of samples that could be analysed. Several new studies and
theses have contributed significantly to our understanding of the variability of <53 ?C1
and the distribution o f Cl in rocks [10, 12, 17].
The occurrence of chlorine and the S3 7 C1 signature in rocks can be summa
rized as follows. Studies of amphiboles, vein fillings and associated ocean basalts
have yielded ô37Cl values ranging from + 0 .7 4 to + 4 .0 4 7 oo standard mean ocean
chloride (SMOC) [12]. Analyses of biotites in hydrothermal ore deposits gave values
of + 0 .3 to + 1 .7 ° / 0 0 (SMOC), which were significantly more enriched than Cl iso
topic ratios from associated fluid inclusions [10]. In recent studies [17], <53 ?C1
results for volatile condensates ( —4.88 7 00) and evaporate/oxidation minerals
(+ 5 .9 6 ° /00) expanded the known inorganic range and usefulness of this isotopic
ratio. Recent work has demonstrated fractionation of 3 7 C1/3 5 C1 during heating
and/or evaporation studies [17], as well as significant enrichment in ocean aerosols
(up to + 2 .5 3 °/00) upon evaporation and transport in the atmosphere [18]. Therefore,
in crystalline environments a variety of isotopic signatures in groundwaters may be
possible. The degree to which primary processes such as the volatilization of Cl
during magmatic events, or the induction of surface waters (e.g. sea water) during
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hydrothermal events, may occur, can significantly affect both the rock and residual
fluid Cl isotopic signatures. Later intrusions of sea water, evaporated surface brines,
or mineral leaching/weathering would act to change or ‘m ix’ these signatures. As
observed by Kamineni et al. [8 ] “ A saline water may obtain components from
external sources, thus obscuring the features derived from the host rock” .

2.

SAMPLING AND METHODS

Groundwater samples were obtained from exploration boreholes and open
fractures in underground mines as well as surface exploration boreholes. In most
underground situations the boreholes were either flowing or capped with a valve that
could be opened to initiate flow. Samples from surface boreholes were obtained
either by lowering an electronically controlled sampler [19] or a tube sampler [20]
into the borehole. In this fashion boreholes could be geochemically profiled to depths
as great as 1100 m. Samples for isotopic analyses were filtered and left unacidified.
The present analytical methodology used by the University of Waterloo
parallels the methods outlined by Long et al. [11]. Essentially, Cl in the sample is
precipitated as AgCl using A g N 0 3. The AgCl is refined to remove sulphate con
tamination [11] and reacted with CH3I to form CH 3 C1. The CH 3 C1 is separated
from excess CH3I and A gi using a gas chromatograph and the refined CH 3 C1 is then
introduced to the mass spectrometer. Owing to the length of time taken during some
reaction steps the procedure may take several days for each sample. Therefore,
samples, standards and duplicates are usually processed together in batch mode.
The analysis of samples and standards is carried out on a VG SIRA 9 mass
spectrometer. W orking standards are SMOC, shown to be uniform worldwide [21],
and NBS 975. W aterloo’s SMOC was collected from the ocean off Nova Scotia,
Canada, and has been intercompared to SMOCs from the University o f Arizona [11]
and Utrecht University [17] with values within reported precision (+ 0 .2 0 7 oo).
Minor adjustments to gas chromatograph separation/cleaning times and mass
spectrometry have allowed a decreased processing time and thus effective analyses
of more samples in a given time period. It should be noted that high quality ô37Cl
results for extremely small sample sizes can be produced using thermal ionization
mass spectrometry [ 1 2 ].

3.

THE CHEMISTRY OF SHIELD BRINES

Fluids of high salinity have been found in all crystalline/plutonic rock environ
ments [1-3, 22]. In general these brines occur in deep fracture systems and rock
openings [23]. Fluids are often at very high pressure, sometimes in excess of
hydrostatic. Shallow shield groundwaters are usually dominated by C a(N a)H C0 3
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TABLE I. TYPICAL GROUNDW ATER CHEMISTRY
SCANDIAN AND CANADIAN SHIELDS
Sample

Ca2+

Na+

identity

(mg/L)

(mg/L)

Cl"
(mg/L)

OF THE FEN NO

Br‘

37C1

(mg/L)

°/00 vs SMOC

Canada
Sudbury

64 000

21 000

153 000

1 370

-0.19

Thompson

44 300

28 000

119 000

1 060

-0.29

Timmins

24 600

8 570

65 800

1 040

-0.20

Yellowknife

49 400

27 900

132 800

1 180

0 .0 0

Finland
Enonkoski

2 450

4 110

12 180

135

+0.66

Juukall6

8 250

5 310

20 560

172

+0.31

9 050

35 400

78 700

513

+ 1.05

Noormarkku

8 430

4 580

24 100

144

+0.31

Outokumpu

5 730

2 940

18 100

120

Ylivieska

8 550

16 000

50 800

625

17 100

51

2 190

6

0 .0 0

+0.33

Other
Sea water3
Baltic Sea

308

7 370

61

1 160

'

0 .0 0

-0.21

a University of Waterloo SMOC, Nova Scotia, Canada, sea water.

signatures, whereas deep brines tend to be C a-N a-C l fluids in the Canadian Shield
and both C a-N a-C l and N a-C a-C l in the Fennoscandian Shield o f Finland (Table I).
Total dissolved solids of these brines is often in excess o f 300 g/L at some Canadian
sites. The origin of salinity in crystalline rocks has been attributed to in situ processes
such as rock/w ater interaction or fluid inclusion/mineral leaching [ 1 , 8 , 9 , 2 2 ].
Some authors have invoked external sources to account for the salinity found in
crystalline rock environments [4-6]. Such studies treat the major element chemistry
and stable isotopic signatures as essentially conservative in nature. However, some
aspects of recent studies associated with sulphur isotopes [2 ] and stable oxygen and
hydrogen isotopes [3, 2 2 ] have shown that combinations of the two possible origins
may exist at some sites in both shields.
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4.

RESULTS OF STABLE CHLORINE ISOTOPIC ANALYSES
FOR GROUNDW ATERS FROM SHIELD ENVIRONMENTS

4.1. ô37C l signatures o f groun d w aters
Figure 1 is a distribution histogram of <53 ?C1 values for both the Canadian and
Fennoscandian Shields (4 and 11 sites respectively). The Canadian sites have an iso
topic range from -0 .5 1 to + 0 .1 7 , but results are dominantly depleted relative to
SMOC. Groundwaters from the Fennoscandian Shield of Finland have values
ranging from - 0 .6 1 to + 1 .9 7 7 0 0 and are mostly enriched relative to the seawater
standard and Canadian fluids. Although an interesting observation, this difference in
signature between fluids from each shield does not have a ready explanation cur
rently. Nor do there appear to be any systematic differences in Cl isotopic signature
between Na and Ca dominated brines from Finnish sites.
The Cl isotopic signature of the Baltic Sea is listed as - 0 .2 1 7 00 (Table I).
Data from halite rich salt deposits found in Poland and northern Germany was found
to range from —0.12 to —0.18 and a parallel study [17] lists evaporative salts from
the Zechstein of the Netherlands as having ô37Cl ranging from —0.58 to 0.00 (one
sample was + 0 .2 4 7 oo). It is probable that the isotopic difference between SMOC
and the present Baltic Sea may be due to the influence of salts leached from geologi
cal strata in northern Europe.

ЩFennoscandian
ÉH Canadian

637CI (%» SMOC)

FIG. 1. Distribution o f stable chlorine isotopic signatures in groundwaters from the
Canadian and Fennoscandian Shields.

24

FRAPE et al.

Cl (g/L)

SMOC

637CI(%oSMOC)
SMOC

m
ш

400

Depth (m)

m
800

0 o
o c50'
c

<У

1200
(b)
1600

o
■
♦

Fennoscandian
Canadian
B a ltic

2000
-0 .8

-0 .4

0 .4

0 .8

1.2

1.6

бэтС1 (%o SMOC)

FIG. 2. The relationship o f (a) Cl concentration and (b) depth to the b37Cl signature for
groundwaters from the Canadian and Fennoscandian Shields.
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4.2. Cl concentration versus ô37Cl signatures
In order to examine the relationship of the ô37Cl signature to chloride concen
tration, Fig. 2(a) was constructed. The distribution and differences for Canadian and
Fennoscandian saline fluids is very apparent on this plot. Canadian samples
segregate because of their much higher Cl concentrations. Not shown is the distinc
tion between the four sites examined. Although these sites do occupy different
regions of the plot, the differences are due to changes of Cl concentration rather than
isotopic variability. In general the Canadian sites analysed to date have isotopic
values spanning the range for that shield and exceeding the precision/repeatability
of our analyses ( < 0 . 2 7 oo).
Without distinguishing individual research sites from the Fennoscandian data,
it appears that several trends may exist. Sample results seem to radiate from either
SMOC or Baltic Sea signatures in three patterns:
(1)
(2)
(3)

a trend toward increasing Cl concentration and <53 7 C1 enrichment,
a weak trend of increasing Cl concentration and <537CI depletion, and
a number of samples with enrichment of ô37Cl and little or no change in the
Cl concentration.

As will be seen in later discussions, the most concentrated saline waters at each
site plot with unique Cl isotopic signatures. Similar findings for major element ratio
signatures and stable isotopic results o f oxygen and hydrogen have been discussed
by Blomqvist et al. [22] and are attributed to unique rock/water reaction chemistry
at individual sites.

4.3. Depth versus 637C1 signatures
A plot of depth and Cl isotopic signature shows a few additional aspects of the
data (Fig. 2(b)). Canadian samples generally occur below 500 m in depth. Saline or
brackish waters are not commonly found in shallow Canadian Shield systems [23].
As with the Canadian data, the Fennoscandian results show a considerable variability
for any particular depth. If the figure were coded for site specific results there would
still be no discernible trends. Finally, some Fennoscandian samples appear to
approach the signature of the Baltic Sea, a similar finding to that of the results plotted
in Fig. 2(a).
5.

DISCUSSION

5.1. Primary chlorine signatures
The concept that the rocks at a given site can have a primary, magmatic
chloride signature would appear to be viable. Many minerals such as amphiboles,
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FIG. 3. The ô37Cl signature versus Cl~ concentration (a) coded for depth, (b) coded for
6,sO signature for groundwaters from a number of research sites on the Fennoscandian
Shield. (Depth <300 m.) Numbers and lines represent possible mixing scenarios.
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micas and apatite have been shown to contain considerable concentrations of Cl
found both in structural sites (O H ' substitution) and as liquid inclusions [7, 8 ].
M ore recent research has shown that the isotopic signature of this mineral bound Cl
can be quite heavy (up to + 4 .0 7 oo) [10, 12, 17]. W ork on continental versus ocean
rocks by one author [17] suggests that mafic rocks may have a heavier Cl signature
than felsic rocks. Also, theoretical calculations on fractionation due to Cl volatiliza
tion during volcanic activity suggests that considerable isotopic shifts of both
volatiles/condensates and residual fluids may be possible [24, 17]. Figuré 3(a)
shows the ô37Cl versus Cl concentration for the Fennoscandian data plotted by site
and coded for depth.
The most concentrated samples which are also isotopically enriched are found
along the line labelled 1 and are generally from ultramafic (serpentinites) and mafic
sites. Sites closer to SMOC or less enriched (e.g. Oku) are generally more felsic
rocks. Therefore, the observation that mafic rocks may be more enriched relative
to felsic rocks may be true, to judge from our limited data set. The most concen
trated, deeper samples at each site do appear to plot in distinct and separate fields
on this diagram. However, without additional data for the Cl isotopic signature in
the host rocks and minerals at each site, we are constrained as to speculation on the
primary controls of isotopic signature.

5.2. Secondary modification of the 637C1 signature
Figure 3(a) does show that more dilute groundwaters found at shallower depths
at most sites tend to have a narrower isotopic range and may even be converging
along lines such as 1 and 2 toward a Baltic Sea signature. A number of authors have
pointed out that both the recent Litorina Sea (7500-7000 BP) and the larger, more
extensive Eem Sea (last interglacial) covered much o f the coastal and some inland
portions of the Fennoscandian Shield [3, 22, 25]. Our own research [22] suggests
that the Ylievieska (Yli), Noormarku (Noor), Pori and Mantsala (Mha) sites were
all covered by post-glacial sea water.
Figure 3(b) codes the same data set for oxygen isotope signatures. Many very
dilute, shallow samples have very depleted signatures, possibly representing cold
climate or glacially recharged fluids. More complicated mixing scenarios would
occur where concentrated brines such as found at the Juukka (JuMi) site are
infiltrated by extremely dilute, glacial melt waters. The glacial waters having little
or no Cl would not change the ô37Cl signature significantly and the mixed waters
would follow a line similar to that labelled 3a. With continued ice melting and before
isostatic rebound, the palaeo Baltic Sea covers the site and mixing and/or diffusion
of the two <53 7 C1 end members could cause a trend similar to line 3b in Fig. 3(b).
However, it should be noted that the present Baltic Sea oxygen isotopic signa
ture is approximately —8.5 7 00. This is very different from the samples with ‘Baltic
like’ ô37Cl shown in Fig. 3(b). One explanation is that the palaeo Baltic 180 signa-
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ture would most likely have been much more negative during periods immediately
following glacial melting. The source of Baltic salt and thus the ô37Cl signature is
most likely related to the extensive Palaeozoic salt deposits in northern Europe and
therefore would vary only by the degree of halite ( ~ 0 .1 5 7 oo) versus C a-M g salts
( ~ 0 .4 5 7 oo) [17] dissolved during or after a glacial event.

6

.

SUMMARY

Several aspects of shield groundwaters have been revealed using stable Cl
isotopes:
(1)
(2)
(3)

(4)

The <53 ?C1 signature of shield brines is variable and dominantly non-marine,
i.e. present-day sea water or SMOC;
Canadian Shield waters generally have depleted ô37Cl signature compared to
SMOC and Fennoscandian Shield brines;
Fractionation of 3 7 C1/3 5 C1 by primary processes such as magmatic/hydrothermal activity may be responsible for the distinctive ô37Cl signatures
associated with the most concentrated fluids at each site;
In Finland evidence exists for the modification of the Cl isotopic signature at
each site by mixing of combinations of palaeo Baltic Sea and dilute glacial melt
waters.

M ost rock types and areas seem to have a unique signature. However, the fact
that Baltic and possibly older ‘glacial’ sea waters can be identified in Fennoscandian
rocks and related to salt signatures found in salt deposits south of the Baltic Sea
would indicate that shield environments are susceptible to sea water/surface water
infiltration during periods of intense tectonic/isostatic activity when extensional
stresses create fault dilatancy and zones of probable lower lithostatic/hydraulic head.
Under such stress conditions in open hydrogeological systems, surface fluids could
penetrate to the extent of the interconnectivity of the fault system.
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A bstract
USE OF EN V IR O N M EN TA L ISOTOPES IN ORGANIC CON TAM IN AN TS RESEARCH
IN GRO U N D W A TER SYSTEMS.
The paper presents two case studies that explore the use of environmental isotopes
(13C, 37C1) in organic contaminants research in groundwater systems. Carbon-13 data on soil
C 0 2 were collected at a gas plant field site where the degradation of organic contaminants by
bioventing is being investigated. The isotope study was done to contribute to the evaluation
of biodégradation of organic contaminants, especially under field conditions where results
obtained by standard techniques are not conclusive. The results show enriched <5I3C values
on soil C 0 2, in comparison with the natural gas condensate source, a by-product of gas
plants. Degradation of the condensate in a controlled laboratory microcosm did not show any
significant isotopic fractionation during degradation. These results suggest that preferential
degradation of enriched 13C hydrocarbons is occurring during bioventing. This hypothesis
is being tested under field and laboratory conditions. The isotope research on chlorinated
solvents aims to evaluate the use of 37C1 and 13C as tracers to provide information about
sources and transformation of chlorinated solvents in groundwater systems. Chlorine-37 and
13C data in chlorinated solvents, perchloroethylene (PCE), trichloroethylene (TCE) and
1,1,1, trichloroethane (TCA), supplied by different manufacturers range from -3 .5 to
+6.0°/oo for <
53?C1 and from —37.2 to —23.3°/00 for ¿>13C. These results indicated that these
compounds have a different and distinct isotopic composition, which results from the
individual manufacturing practices. These results show the potential of 37C1 and 13C as
tracers to provide information to identify source areas of chlorinated solvent plumes in
groundwater.
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INTRODUCTION

Contamination of groundwater by organic compounds is one of the major
environmental problems affecting water resources worldwide. The major sources of
organic contaminants in groundwater are petroleum products and a group termed
DNAPL (dense non-aqueous phase liquid). The most common and most damaging
DNAPLs in groundwater are chlorinated solvents [1]. Creosote, coal tar and polychlorated biphenyl (PCB) oils are other important DNAPLs that cause groundwater
contamination. Studies on the transport and fate o f organic compounds in ground
w ater required a multidisciplinary approach involving biologists, chemists, geolo
gists and hydrogeologists. Isotope techniques have not been applied extensively in
the field of organic contaminants in groundwater. However, the development of new
analytical technologies, specifically gas chromatography/isotope ratio mass spectro
metry (GC/IRMS) technologies [2], make possible the exploration of the use of
environmental isotopes as fingerprints to evaluate sources and processes which affect
organic contaminants in groundwater.
This paper presents preliminary data from two case studies that explore the
possibilities o f using 13C and 3 7 C1 in organic contaminant studies in groundwater
environments. The first case was part of a research project on bioventing of natural
gas condensate hydrocarbon, a by-product of gas plant facilities [3]. Carbon-13 has
been used to document biodégradation of hydrocarbon under field conditions by
monitoring the soil C 0 2 produced during aerobic biodégradation o f the natural gas
condensate. These experiments were also carried out under controlled conditions in
microcosm environments. The rationale for this type of application can be found
in Ref. [4].
The second case study concerns the evaluation of 3 7 C1 and 13C as tracers to
provide information about sources of chlorinated organic solvents and processes that
affect these compounds in groundwater. The isotope research is part of a major
research project the main aim o f which is to understand the behaviour of chlorinated
organic solvents and to design technology for the degradation of these contaminants
in groundwater [5].
Carbon isotopes ( 1 3 C, 1 4 C) have been used extensively in organic geo
chemistry to differentiate sources of natural organics (dissolved organic carbon
(DOC) and CH4) in groundwater [6 , 7] and sources o f crude oils and organic
compounds in lake sediments [8 ]. Carbon isotopes have not been applied in organic
contaminant research in groundwater, except in two studies that evaluated the
use of 13C and 14C in soil C 0 2 to monitor in situ biodégradation of hydrocarbons
and chlorinated solvents [4, 9] and studies that used 13C analyses on dissolved
inorganic carbon (DIC) to document degradation of organic compounds in ground
water [ 1 0 , 1 1 ].
Chlorine isotopes have not been extensively used in groundwater studies,
probably because of their small natural isotopic range [12]. M ost applications of
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3 7 C1 have been in research concerning the origin of chloride in brines, formation
water and fluid inclusions [13, 14]. The first 3 7 C1 study in organic compounds
reported a small, but significant chlorine fractionation in tert-butyl chloride [15]. The
results showed that the 3 7 C1 atom is bound more firmly to the carbon atom than the
3 5 C1 atom. Tanaka and Rye [16] provided the first evidence for isotopic fractiona
tion occurring during synthesis of chlorinated organic compounds. Their 3 7 C1 data
on six chlorinated compounds are within the 3 7 C1 composition o f the inorganic
chloride, with the exception of methylchloride, which is characterized by a depleted
S3 7 C1 (-6 .4 7 o o ).

2.

EXPERIM ENTAL M ETHODS

2.1. Bioventing study
2.1.1.

Site description

The study area is the Strachan gas plant site, located approximately 220 km
northwest of Calgary, Alberta. The stratigraphy consisted of 2 m of silty till overly
ing a 8 m thick layer of fine sand and gravel, overlying fractured siltstone and shale
bedrock. The water table is located at a depth of approximately 7.5 m below the sur
face, with a groundwater flow direction toward the south. There are two distinctive
lobes within the free phase condensate plume at Strachan. One lobe emanates from
the process area, while the other migrates downgradient from the condensate storage
tank area (Fig. 1).

2.1.2.

Gas sampling

Soil gas samples were collected from four monitoring wells (ML-ЗА, ML-4A,
ML-9B and P-65) and the soil vapour extraction well, SVE-1 (Fig. 1). The monitor
ing wells were screened over an interval of 0.3 m close to the depth of the water
table, except for ML-93, which was a shallower installation. The atmospheric 0 2
and C 0 2 values observed at ML-9B indicated that this well was representative of
background conditions. Well P-65 and the extraction well SVE-1 were screened at
an interval of 6.5 to 8 m and 4 to 7 m below the surface, respectively.
Approximately three well volumes or air were removed prior to sampling to
ensure that a representative sample of the soil gas was obtained from the screened
depth. Vapour samples were collected in one litre Tediar bags.
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FIG. 1. Location o f wells used in the bioventing experiment and extension of the contaminant
plume.
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Laboratory microcosms

Vapour samples were collected from four 800 mL laboratory microcosms,
which were prepared identically in April 1993, each containing 150 g of soil with
a 10% moisture content by weight. The microcosms were impregnated with 80 /¿L
of pure hydrocarbon condensate from the Strachan gas plant. Three of the four were
amended with a nitrogen-potassium -phosphorus nutrient mixture to stimulate bio
dégradation. The samples for isotope analyses were collected after the condensate
within the microcosm had been biodegrading for ten months.
2.1.4.

Chemical and 13С analyses

C 0 2 and 0 2 concentrations were determined on samples collected from the
monitoring wells, using a portable Nova C 0 2 / 0 2 analyser, and hydrocarbon con
centration was determined using a portable Gas Tech Trace Techtor analyser. The
C 0 2 and 0 2 levels in the microcosms were determined using a laboratory thermal
conductivity detector. A flame ionization detection (FID) gas chromatograph was
used to evaluate the hydrocarbon composition (C 5 to C 1 0 compounds).
For I3C analyses, the C 0 2 was extracted in a vacuum line and purified cryogenically using a dry ice-m ethanol mixture to remove moisture and a liquid pentane
temperature trap to remove hydrocarbons that were part of the soil gas. The 13C
analyses were done at the Environmental Isotopes Laboratory, University of W ater
loo, using a VG Prism mass spectrometer. The analytical reproducibility for 13C
was better than 0 .2 7 oo2.2. C hlo rin ated organic solvents
The isotope data reported in this paper correspond to three pure chlorinated
solvents, perchloroethylene (PCE), trichloroethylene (TCE) and 1,1,1 trichloroethane (TCA) provided by Dow Chemical Company (Dow), ICI Chemicals and
Polymers Group (ICI) and PPG Industries (PPG). Vulcan Chemicals (Vulcan)
provided samples of PCE and TCA. The chlorine and carbon isotopic ratios of these
solvents were measured using the following methods.
2.2.1.

Chlorine-37 measurements

The main steps of the analytical protocol for 3 7 C1 analysis in chlorinated
solvents involve sample combustion, precipitation of silver chloride, and the prepa
ration and purification of methyl chloride. The standard ASTM method D808-91 for
chlorine analysis on combustible solids or liquids involves combustion of the sample
in a Parr 1901 oxygen bomb [17]. This step releases the chlorine from the chlori
nated organic solvents, and the chlorine is trapped in the bomb. Detailed information
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about this methodology can be found in Ref. [18]. The steps to convert the chloride
in solution generated during the combustion to methyl chloride can be found in
Ref. [19]. The sulphate separation step is eliminated for the solvents because they
have minimal sulphate content.
The purified methyl chloride samples are measured using a VG Sira 9 mass
spectrometer. The triple collector geometry allows for measurement of the individual
50 and 52 mass peaks. The analytical protocol for 3 7 C1 was calibrated using sea
water from the Atlantic Ocean, Nova Scotia, Canada, and by data intercomparison
with Utrecht University in the Netherlands and the University o f Arizona laboratory,
United States of America. The experimental analytical reproducibility for 3 7 C1
measurements on organic solvents is ± 0 .2 9 7 oo, based on 21 analyses of TCA
manufactured by ICI. Some solvents show less reproducibility. The reason for this
could be associated with the development and improvement of the technique or impu
rities in the sample. Further analyses o f these solvents are being carried out to
improve their analytical precision.
2.2.2.

Carbon-13 measurements

Stable carbon isotope ratios in chlorinated solvents were processed by com
bustion at 550°C with CuO and silver wire in sealed Pyrex tubes [20]. The evolved
C 0 2 from the combustion was purified cryogenically and measured using a
VG M icromass 903 isotope ratio mass spectrometer. The experimental analytical
reproducibility for 13C is better than 0 .1 7 oo, based on at least four measurements
o f each chlorinated solvent.
The 3 7 C1 and 13C analyses are expressed in the standard delta per mille ( 7 00)
notation, defined as:
Ô3 7 C1, ÔI3C =

(R s a m p le ^ s t a n d a r d

— 1) X 1000

where Rsampie and R s ta n d a r d are the 3 7 C1/3 5 C1, 1 3 C /12C ratios of the sample and
standard, respectively. The international standards are PeeDee belemnite (PDB) for
13C and standard mean ocean chloride (SMOC) for 3 7 C1.

3.

RESULTS AND DISCUSSION

3.1. Aerobic degradation of condensate hydrocarbons
The 13C data for soil C 0 2 range between - 2 0 .2 and - 2 2 . 7 7 ot), with the
exception o f well P-65, which shows a very depleted <5I3C value o f —3 1 .0 7 oo
(Fig. 2(b)). No relationship is observed between 13C composition and C 0 2 concen
tration (Fig. 2(a)). The samples from ML-9B representing the background condition
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FIG. 2. (a) C02 versus ôI3C values for field and microcosms samples, biodégradation
experiments (6,3C = —25.4°/00 for condensate hydrocarbons); (b) C02 versus 0 2 levels in
field and microcosms samples, biodégradation experiments (27 = hydrocarbons concentra
tion, ppm).
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show a ô 13C of —2 1 . 0 7 o o , which is typical for soil C 0 2 generated in environments
with a major distribution o f C3 plants [21]. The soil C 0 2 in the areas affected by
degradation, which is documented by the 0 2 and C 0 2 concentrations (Fig. 2(b)),
shows an isotopic composition very similar to the background, with a slight trend
to depleted <513C values in ML-4A (Fig. 2(a)). This site also shows the higher C 0 2
and lower 0 2 levels.
The <5I3C of the vapour and liquid phase of the condensate hydrocarbon
source are - 2 5 .6 and - 2 5 . 3 7 00, respectively. Therefore, the <513C value of
-3 2 .1 7 o o observed at P-65 has to be related to a different contaminant source.
Previous studies had documented that the contaminant plume is composed o f two
main lobes originating from different sources. The east lobe has been impacted by
condensate hydrocarbons. The P-65 site is located in the west lobe, caused by con
taminants from the processing area (Fig. 1). Identification and isotopic characteriza
tion o f this source are part of the ongoing research.
It was expected that the samples representing different degrees o f degradation
would tend to show a trend toward the 13C composition of the source, assuming that
no isotope effects are involved in degradation. This trend is not observed in the field
data, which show S13C values for the biodégradation C 0 2 close to background value
and more enriched than the condensate. This 13C enrichment o f C 0 2 from degrada
tion has also been reported in field data by Aggarwal and Hinchee [4]. The two
processes that could enrich the soil C 0 2 in 13C compared with its source are diffu
sion [22] and degradation [23]. It is difficult to accept that diffusion profiles will
develop fast in a system that is being disturbed by air pumping. The microcosms
experiment seems to show that there is slight enrichment during degradation
(Fig. 2(a)), but it is not significant enough to explain the field data. It is possible that
preferential degradation of 13C enriched hydrocarbon could be occurring under
field conditions. The natural gas condensate is composed of C 5 to C 3 0 hydro
carbons, with a preponderance in the C 5 to C 1 0 range [3]. These compounds are
comprised of n-alkanes, branched alkanes, aromatics and cyclics (probably with
different 13C compositions), which are affected by different rates of degradation.
These rates are a function of the structure and composition of the hydrocarbon com
pound. Therefore, carbon isotopic fractionation could occur as different functional
groups are removed. This hypothesis will be tested on further research using
GC/IRM S technology to evaluate the isotopic composition of individual hydro
carbons in the condensate, under field and laboratory conditions.
3.2. C h lo rin ated solvents
3.2.1.

Chlorine-37 data

The <53 ?C1 values for PCE, TCE and TCA samples range from - 2 . 5 to
+ 4 .4 °/00. These values extend the range for 3 7 C1 data in chlorinated organic com-
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FIG. 3. ô37Cl versus ôl3C values for chlorinated solvents (PCE, TCA and TCE) from
different manufacturers.

pounds reported by Tanaka and Rye [16], which vary between + 2 .6 and —6 . 8 °/00.
The overall <53 7 C1 range of 6 .9 7 0 0 obtained in the analysis of solvents in the present
study is comparable to the range reported for natural inorganic systems [19, 24].
Each solvent type analysed in this study (PCE, TCE, TCA) has a <53 7 C1 signature
that differs between manufacturers (Fig. 3). The greatest ¿>3 7 C1 differences between
manufacturers are observed in the TCE samples, which show 6 3 7 C1 values of
- 2 . 5 7 0 0 for PPG TCE, + 2 .4 7 0 0 for ICI TCE and + 4 .4 7 0 0 for Dow TCE. These
differences are well beyond the bounds of analytical error. The TCA samples show
a smaller ô37Cl range ( —2.4 to + 2 .0 7 oo). TCA manufactured by ICI is more
enriched ( + 2 .0 7 oo), while that manufactured by PPG is more depleted ( —2 .4 7 00).
Trichloroethane manufactured by Dow and Vulcan has slightly different <53 ?C1
values (+ 0 .7 and —0 .5 3 7 oo respectively). Smaller <53 7 C1 differences are observed
in the PCE samples, with the PPG solvent being isotopically the most distinct. The
solvents of some manufacturers, i.e. PPG and Vulcan, which differ in their absolute
isotopic composition, show a similar <53 7 C1 value in all cases.
3.2.2.

Carbon-13 data

The carbon isotope results show a significant ô 13C range for PCE samples,
varying between - 2 3 . 2 7 00 for Dow PCE to - 3 3 . 8 7 00 for Vulcan PCE. In the case
of TCE and TCA samples, results range between - 2 7 .8 and - 3 1 .9 7 00 and - 2 5 .8
and —2 9 .4 7 00 respectively (Fig. 3). The 13C range is smaller than for the PCE
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samples but there is still an appreciable difference, taking into account that the
analytical error for 13C measurements is less than 0 .1 7 oo- These values are within
the range of <513C data reported on light hydrocarbons from sediments and
petroleum origin [8 , 25]. As with ô 3 7 Cl, it seems that the <5I3C content of each
solvent differs between manufacturers.
The different and distinct isotopic composition ( 3 7 C1, 1 3 C) documented in this
study for chlorinated solvent provided by the main manufacturers has to be related
to raw materials used in the synthesis of these compounds and manufacturer practices
[18]. All the different processes used to manufacture chlorinated solvents used
chlorine as a Cl source, and different hydrocarbons (C 2 H2, C 3 H 8) as a carbon
source. Further research is being carried out to evaluate the relationship between the
isotopic composition of chlorinated solvents and their manufacturers. Ongoing
research on the effect o f processes such as sorption and degradation of chlorinated
solvents in aquifer materials, in the isotopic composition of chlorinated solvents, is
also being performed.

4.

SUMMARY

The carbon isotope results obtained in the bioventing research show that the
ô 13C composition of soil C 0 2 from degradation of the condensate hydrocarbons is
much more enriched in 13C than the 13C content of the condensate. No significant
isotopic differences were observed in the biodégradation experiments done under
controlled laboratory conditions. This suggests that preferential degradation of 13C
enriched hydrocarbon could be occurring under field conditions. Much more
research has to be done on the degradation of hydrocarbon mixtures, specifically on
isotope effects occurring during preferential degradation of the more labile
hydrocarbons.
The 3 7 C1 and 13C data on chlorinated solvents show that these compounds
seem to have an isotopic composition that is a function of the manufacturers’
practices. These fingerprints could be a potential tool for the evaluation of sources
o f chlorinated solvent plumes and processes that affect these compounds in ground
water. M ore research has to be done to establish the accuracy of these fingerprints;
this could be accomplished by analysing different batches o f solvents from the main
manufacturers. The preservation and modification of these fingerprints in ground
water systems have to be established through field experiments involving a known
organic source and well defined contaminant plumes. These experiments should be
done on plumes affected and unaffected by degradation.
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A bstract
CONSTRAINING 14C AGES IN SULPHATE REDUCING GROUNDWATERS: TWO
CASE STUDIES FROM ARID REGIONS.
Groundwater dating with 1 4 Cdic is complicated by sulphate reducers such as Desulfovibrio desulfuricans which use SO2- to metabolize organic carbon, producing both sulphide
(H2S and HS") and dissolved inorganic carbon (DIC). The process dilutes the I4 Cdic pool
and modifies á l3 CDIC, thus precluding calculation of carbonate dissolution (q,) by classical
approaches. Two examples of high H S' groundwaters are studied to quantify the effect of
sulphate reduction on the DIC pool, and to model the accompanying l4C dilutions. Results
give considerably lower estimates of age than when carbonate reactions alone are considered.
Thermal groundwaters in the Yarmouk basin of northern Jordan discharge under artesian pres
sure from a fractured limestone aquifer with high kerogen content. Because of the modifica
tion of ôl3 C, l4C dilution by carbonate dissolution was determined by analysing
groundwaters in the recharge area. The 14C dilution from sulphate reduction was quantified
by sulphide and DIC mass balance. A third dilution of l4C by incorporation of mantle C 0 2
in the rift zone was identified by 13C mass balance calculations, showing that measured <513C
values were positive-shifted from calculated ¿>13C values. Corrected ages indicate Holocene
recharge. This is supported by their ôlsO-ô2H signature, which is a qualitative indication of
age. Unlike isotopically depleted Pleistocene groundwaters from the region, these thermal
waters are isotopically indistinguishable from modem meteoric waters in the recharge region.
The interior draining Najd aquifer in southern Oman hosts artesian groundwaters recharged
in the karstic outcrop region of the Dhofar Mountains. Dissolution of dolomite and matrix
exchange, together with SO^- supported oxidation of hydrocarbon from black shales have
modified both l4C and ôl3 CDIC. The correction model uses mHS~ calculated from a Rayleigh
distillation observed in 0 3 4 Sso^ data, excess Mg2+ as a measure of dolomite dissolution and
13C as an indicator of exchange, to quantify l4C dilution. The resulting age estimates largely
conform to palaeoclimatic reconstructions for the region which document an early Holocene
pluvial period in Oman at about 12.5 to 6 ka BP.
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INTRODUCTION

Groundwater dating with 14C and 13C in dissolved inorganic carbon (DIC) is
complicated by geochemical reactions when sedimentary organic carbon (SOC) is
encountered within the aquifer. Oxidation of organic carbon in confined aquifers is
generally limited by the availability of electron acceptors including Fe(III) and
Mn(IV) oxyhydroxides and sulphate. As oxidized Fe and Mn compounds are gener
ally not highly represented in sedimentary sequences, reduction of sulphate is a
prevalent redox buffer in aquifers with organic carbon sources. Bacterially mediated
sulphate reduction produces both sulphide (H2S and HS") and DIC. As the 14C
activity o f SOC is essentially zero for all but late Quaternary alluvial aquifers, the
DIC produced by sulphate reduction will dilute the 14C active DIC incorporated
during recharge. Further complications arise from the modification of 1 3 C. The
input o f DIC from organics lowers the measured value for ô l3 C DIC. Calculations of
14C dilution by carbonate dissolution [1] will undercorrect, giving unrealistically
old ages.
Sulphate reducing groundwater systems in Jordan [2] and Oman [3] are being
studied to quantify the effect o f sulphate reduction on the DIC pool, and to model
the accompanying 14C dilutions. A correction is made on the basis of the aqueous
sulphide content. Corrections for this and other geochemical processes relevant for
each case study are modelled on a computer spreadsheet to calculate ages and sensi
tivity to uncertainties in input parameters. This approach is then tested by geochemi
cal modelling with NETPATH [4].
Analyses were performed at the Ministry o f W ater and Irrigation in Jordan
( 1 8 0 / 2 H, 1 3 C, 1 4 C, 3 H, geochemistry), as well as at the University of Ottawa
( 1 8 0 / 2 H, 3 4 S, 1 3 C, geochemistry), University o f Waterloo ( 1 8 Osc>4), and University
of Groningen ( 1 4 C).

2.

THE ARTESIAN THERMAL WATERS OF NORTHERN JORDAN

2.1. Geological setting and groundwater flow
High yielding aquifers occcur in the high relief and active tectonic setting o f
the northern Jordan Rift Valley. In 1981, the Jordanian well MK-1 was drilled to
350 m depth to explore the groundwater potential at Mukhebeh, and produced one
o f the greatest artesian flows recorded to date in the world [3]. The total discharge
o f this rogue well was estimated at 6000 m 3 /h. Between 1981 and 1983, an addi
tional seven wells were drilled ( ~ 3 0 M m 3 /a), plus four wells in the northern
Jordan Rift Valley (JRV) ( ~ 11 M m 3 /a), all producing low salinity (< 1 0 0 0 mg/L)
hydrogen sulphide water (F ig .l).
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FIG. 1. Geology, sample sites and flow patterns o f the artesian groundwaters in northern
Jordan.

The geological setting of northern Jordan [5] is dominated by a synclinal struc
ture between the Ajloun Highlands and the Golan Heights, truncated to the west by
the down-faulted eastern margin o f the JRV. The deep Ajloun Formation (with
subzones A1-A6) is a low yield artesian aquifer system consisting mainly o f dolomitic limestone with marl and gypsiferous horizons. The overlying aquifer A7 is
marly and dolomitic limestone with some kerogen, and outcrops in the Ajloun
Highlands and in deeply incised wadi channels on the east bank o f the rift valley
(Fig. 1). The overlying Balqa kerogenous and marly limestone hosts a highly
productive artesian aquifer in the upper B2 strata. The upper B2 outcrops in the Irbid
region and upper Yarmouk basin.
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FIG. 2. Isotopic composition o f modem meteoric waters and thermal waters in northern
Jordan.

2.2. Evidence for post-Pleistocene recharge: a modern ô180 and ô2H signature
Low 14C activities in the thermal waters suggest pre-Holocene recharge,
although their stable isotopes indicate recharge by modern meteoric waters. Shallow
tritiated groundwaters in the aquifer outcrop regions plot on the local meteoric water
line defined by precipitation data from Ajloun and Irbid (Fig. 2), with a fractionation
attributable to the elevation contrast between the Irbid region and the higher Ajloun
Highlands [6 ].
The thermal groundwaters plot with modern meteoric waters, which qualita
tively constrains their age to the Holocene. Pleistocene groundwaters are isotopically
depleted, reflecting cooler conditions when climatic zones were latitudinally com
pressed by a southward displaced je t stream along the southern margin of ice sheets
in Asia and Europe. This period correlates with the Lake Lisan period, placed at
18 000 to c. 9000 years BP [7]. W ithin the group o f thermal waters aligned with the
local meteoric water line (LMW L), three isotopically distinct groundwaters are
evident (Figs 1 and 2).

2.3. Geochemical evolution of groundwaters
M odern groundwaters from the outcrop regions o f the B2 and A7 aquifers have
a geochemical facies typical o f karst recharge (Table I). The thermal groundwaters
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have a similar facies, although the saturation index for dolomite (SIdol) as well as
M g 2 +/C a2+ ratios and SO 4 ' concentrations are higher, indicating that dolomite and
gypsum dissolution occurs beyond the recharge area. However, as m H C O j, mCa2+
and the saturation state o f calcite change little along the flow path, calcite precipita
tion maintains carbonate equilibrium.
All the thermal groundwaters contain hydrogen sulphide from sulphate reduc
tion fuelled by aquifer kerogen. The origin of sulphate is shown by 34S and 180 to
be mainly upper Cretaceous gypsum dissolved along the flow path [2].
Gypsum dissolution and sulphate reduction force calcite precipitation through
increased C a2+, elevated pH and increased bicarbonate alkalinity. It is surprising
then to see that the thermal groundwaters have lower pH and increased PCq 2 (as
high as 1 0 '° " ) compared with recharge groundwaters. This is attributed to incor
poration of mantle C 0 2 from the rift zone margin, which is supported from 13C
evidence.

2.4. Mean residence time of the thermal groundwaters
The evolution of DIC and hence 1 4 Cdic in these groundwaters is complicated
by carbonate dissolution, sulphate reduction and incorporation o f mantle C 0 2. A
sequential correction model solvable on a computer spreadsheet has been developed
to consider these processes individually and to calculate 1 4 Cdic dilution factors (q)
which are used in the 14C decay equation for estimates of groundwater age.
2.4.1.

Carbonate dissolution: q l

The carbon isotope geochemistry of shallow, tritiated groundwaters from the
recharge area is used to determine 14C dilution and the <5l3 C DIC shift during
recharge and carbonate dissolution (Table I). As the I3C contents o f DIC (ô 1 3 Cmeas)
in the thermal waters has been modified by sulphate reduction it cannot serve to
quantify carbonate dissolution. The 14C activity in the groundwater o f the recharge
area ( 1 4 Crech) averages 65.4 ± 8 pmC (n = 3), ( 3H = 7.6 ± 2 TU), and the 1 4 Catm
was 114 ± 6 pmC (n = 4) during this study [2]. Carbonate dilution during recharge,
qrech, is calculated according to:
4rech —

C rech/

C atm

(1 )

This direct approach precludes the difficulties o f estimating original recharge
pH and PCo 2 conditions as required for classical carbon isotope mass-balance
approaches (e.g. Ref. 1). However, dolomite dissolution (from elevated M g2+ and
SIdoi) has imparted an additional dilution to the 1 4 Cdic pool, proportional to the
excess M g2+ over the recharge groundwaters:
qdoi = mDICrech/(m DICrech + 2 mMg excess)

(2)

00
TABLE I. GEOCHEM ICAL AND CARBON ISOTOPE DATA FOR SULPHATE REDUCING GROUNDW ATERS IN JORDAN
AND OMAN
14r

мж:

Name

b

(pmC)(2ff)

i 3C d i c

Temp.

(%o)

(°C)

Eh
PH

TDS

C a2+

M g2+

Na +

K+

НСОз

cr

S O |“

H SC

(mV) (ppm) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L)

Mg/Ca
(eq)

SIcald

SIdol

SIgyp

lOgPCOj

J o rd a n 2
Recharge areas
61.4 ± 0.7

-1 1 .1

21.8

7.48

314

386

3.45

1.87

0.82

0.07

4.51

1.08

0.19

nd

0.54

0.24

0.23

-2 .6 2

—2.08

Irbid

73.4 ± 1.7

-1 3 .3

20.9

7.23

234

481

4.89

2.11

1.02

0.08

5.98

1.13

0.70

nd

0.43

0.22

0.07

- 1 .9 6

—1.72

-1 .4 3

Thermal waters
JR-VI

5.4 ± 0.5

-9 .4

42.5

7.21

93

984

6.38

3.61

5.93

0.37

5.47

5.73

4.88

0.7

0.57

0.43

0.75

-1 .1 2

MK-1

16.9 ± 0.6

-1 2 .9

29.6

7.24

163

530

4.63

2.60

1.76

0.10

6.20

1.65

1.12

0.8

0.56

0.32

0.47

-1 .8 5

-1 .6 4

MK-2

18.0 ± 0.9

-1 1 .6

32.4

7.22

118

522

4.40

2.60

1.80

0.09

6.02

1.65

1.09

0.8

0.59

0.31

0.49

-1 .9 3

- 1 .7 2

MK-3

—

—

34.0

7.25

103

539

4.63

2.62

1.79

0.09

6.18

1.75

1.14

0.8

0.56

0.38

0.64

-2 .0 8

- 1 .5 9

MK-4

17.3 ± 0.9

- 1 1 .6

36.3

7.35

73

521

4.33

2.61

1.84

0.09

5.94

1.69

1.12

0.8

0.60

0.72

1.38 -1 .9 4

-1 .8 2

MK-6

16.6 ± 0.9

-1 2 .0

37.9

7.22

-4 4

410

3.83

2.24

1.98

0.13

5.42

1.81

0.77

0.8

0.58

0.29

0.47

-2 .0 8

- 1 .6 0

MK-7

16.1 ± 0.6

-1 2 .5

42.0

7.44

-3 2

474

3.60

2.15

1.93

0 .1 1

5.28

1.62

0.78

0.8

0.60

0.42

0.75

-2 .2 7

- 1 .6 0

JRV5

3.6 ± 0.5

- 1 2 .8

45.6

7.04

-5 8

568

4.23

3.62

1.85

0.10

6.98

1.70

1.07

1.9

0.86

0.32

0.74

-1 .9 3

-1 .0 6

JRV3

4.7 ± 0.7

- 9 .5

50.8

7.11

-6 1

495

3.89

3.27

1.32

0.04

6.01

1.37

0.99

1.3

0.84

0.36

0.80

-1 .8 8

- 0 .9 9

JRV2

8.0 ± 1.0 -1 0 .2

54.0

7.02

-1 0 1

653

3.99

3.60

3.12

0.14

6.43

2.79

1.56

1.2

0.90

0.33

0.77

-1 .7 9

-1 .0 3
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Ajloun

Oman
Dhofar recharge area
Average (2) 69.8 ± 1.1

- 6 .3

28.0

7.26

nm

582

2.85

2.25

1.59

0.05

5.94

2.38

0.20

nd

0.79

0.13

0.24

-2 .7 1

- 1 .6 9

- 3 .6 9

Najd artesian groundwaters
7.3 ± 1.6

-1 .7

32.0

8.85

nm

787

2.80

2.86

7.35

0.31

2.23

6.31

1.94

0.5

1.02

1.26

2.65

-1 .8 5

66

7.9 ± 0.5

- 4 .6

34.0

7.45

nm

2707

7.19

12.24

25.83

0.36

1.97

34.57

8.92

0.4

1.70

0.09

0.53

- 1 .1 0

- 2 .3 6

57

4.2 ± 1.1

-1 .8

37.5

7.10

nm

1022

5.24

3.54

7.22

0.37

4.04

7.00

3.02

0.7

0.67

0.11

0.18

-1 .4 5

-1 .6 5

62

3.0 ± 0.8

0.0

38.0

7.55

nm

1241

3.65

6.29

10.83

0.22

1.87

13.80

3.81

0.6

1.72

0.04

0.46

-1 .5 5

- 2 .4 4

64

2.7 ± 0.4

- 0 .6

34.0

7.55

nm

1180

2.99

4.24

10.70

0.51

0.75

11.23

5.46

1.8

1.42

- 0 .5 8

- 0 .7 0

-1 .4 5

- 2 .8 6

58

6.3 ± 2.6

- 4 .8

37.0

7.76

nm

1140

3.99

5.04

6.96

0.32

3.12

7.23

5.83

1.6

1.26

0.49

1.21

-1 .3 2

- 2 .4 3

55

3.3 ± 0.7

- 2 .0

34.0

7.55

nm

814

3.59

4.41

6.00

0.27

2.61

6.09

2.63

0.2

1.23

0.18

0.56

-1 .6 3

-2 .3 1

56

2.3 ± 0.8

-2 .1

35.0

7.45

nm

936

5.39

4.29

5.43

0.27

2.00

6.46

4.65

0.8

0.80

0.12

0.27

- 1 .2 6

-2 .3 2
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a Values are average of annual monitoring over six years. Recharge sites includesrepeat sampling at five (Nuaimeh)and nine (Irbid) sites.
b Note: 14C and 13C measurements made for one sample only per well.
c Jordan: HS" determined gravimetrically from CdS precipitated in field. Oman: HS“ wasdetermined from sulphate ô ^ S /ô ,80 data. Values for MK-1, 2, 3, 4, 7 adopted from
MK-6.
d Saturation index for calcite (cal), dolomite (dol), gypsum (gyp), calculated as log (IAP/K).
nd = not detected,
nm = not measured.
mV = electrochemical potential.
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where mMgexcess = Mgmeas - Mgrech. The product o f qrech and qdol gives the
dilution for carbonate dissolution along the flow path (ql = qrech X qdol).
2.4.2.

14

Cdic

Sulphate reduction: q2

A reasonable analogue for the organic carbon is CH4, as it is one of the vola
tile breakdown products of kerogen maturation [8 ] :
SOt

+ CH 4 -

HS~ + HCO 3- + H20

The reduction o f one mole of SO 2" to HS~ produces one mole of
Accordingly, I4 C dic dilution is calculated from:
q2 = mDICmeas/mDICmeas + mHS~

(3)
14

C-free HCO 3 .

(4)

A 13C mass balance would serve to verify this calculation, except that mantle C 0 2
has imparted a further modification. In this case, calculations based on the degree
o f carbonate dissolution and sulphate reduction are used to determine values for
1 3 CDIC modified
by carbonate dissolution (d 1 3 CDIC ) and sulphate reduction
\ 'T U io io Л а к п л 1л
n n n fi A lin n
1"1
(dI Cdic^2).
This is the basis fornquantifying
14C dilution
by mantle C 0 2. The value
<51 3 C Dicql can be determined from the following isotope mass balance:
^ 13^

_ Д Cfech X niDICrech + S Cdo[ X 2 mMgexcess
DICql

^

mDICrech + 2 mMg excess

The value for ô l 3 Crech is the average for shallow groundwaters in the recharge areas
(Table I). This value is used in the calculation of ô 1 3 CDIC through a second isotope
mass balance equation based on the contribution to D id from sulphate reduction:
ô 1 3 CDlc x mDICrech + ô 1 3 Corg x m H S'
0 1 3 CDIC „ = ---------- ------------------------------------------------42
mDICrech + mHS~

(6 )

Kerogen has <51 3 Corg = - 2 6 7 00 [9]. The calculated values for the 13C content of
DIC (d 1 3 CDIC^2) following sulphate reduction ( - 1 0 .5 to - 14.4700) are lighter than
measured values in the thermal groundwaters (ô 1 3 Cmeas = - 8 . 4 to —1 2 .0 7 OO)
Table I), signalling inputs of mantle C 0 2.
2.4.3.

Mantle C 0 2: q3

Further evidence for such contributions are found in thermal springs along the
Jordan Rift Valley 15 to 50 km south o f the study area, discharging gas with up to
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97.4% C 0 2. Using a value for ô 1 3 Cmantie = —7 7 00, the contribution from this
source is calculated to be 1.28 to 4.1 mmol/L according to:
mDIC,meas X b Cmeas

mDICromeas

113p
°

(7)

'- 'mmantle
a n tle

A I4C dilution factor is then determined from the isotope mass balance equation:

mantle

(8)

•mantle

2.4.4.

Groundwater age calculations

The product o f the three dilution factors (qt = q l -q2-q3) is then used in the
decay equation to calculate the residence time o f the thermal groundwaters (Fig. 3):

x 8267

(9)

Atmospheric 14C activity for the thermal waters is taken to be 100 pmC.
Based on this correction model, recharge o f the Mukhebeh and most JRV
thermal groundwaters occurred less than 9000 years BP and as recently as 4200 years
BP. This is after the Lake Lisan period, when climate patterns were still dominated
by a southward displaced jet stream due to glacial conditions in Eurasia. These
groundwater ages are consistent with the stable isotope data (Fig. 2) which indicate
Holocene recharge under a climate similar to that which prevails today. The greater
ages for the JRV wells are consistent with the low yields for these wells, which tap
the deeper and less permeable A7 aquifer. Only MK-5, which is in the most distal
portion o f the flow system, has an anomalously old age.
The groundwater ages calculated here must be considered to be maximum
ages. The concentration of dissolved sulphide is a sensitive parameter in this model.
Neither ion sulphide precipitation in the aquifer nor H2S loss during sampling can
be estimated here, but act to increase calculated ages.
2.4.5.

NETPATH modelling o f groundwater ages

The NETPATH geochemical code [2] is used to interpret net geochemical and
isotopic mass-balance reactions between initial and final wells along a flow path. The
method does not employ thermodynamic data directly and relies upon hydrological
and geological knowledge o f the groundwater system, and is best suited for regional
confined flow systems.
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FIG. 3. Modelled groundwater ages for sulphate reducing groundwaters in northern Jordan.

Sulphur and carbon isotope data were included to assess the extent o f sulphate
reduction, predict the isotopic composition of dissolving gypsum, predict the
observed 1 3 C, and compute the I4C ages corrected for carbon influx and calcite
precipitation. Constraints include C, S, Ca, Mg, Na, Cl, 3 4 S, redox; and phases
consist o f dolomite, calcite, gypsum, kerogen, C 0 2, Mg/Na exchange, halite and
pyrite. The <513C o f dolomite was varied from 0 to 2 7 00 and gypsum 34S was varied
from 13 to 2 0 7 oo- The <513C o f mantle derived C 0 2 was varied from - 5 to —7 7 00.
Calculated ages (Fig. 3) are slightly conservative with respect to estimates
using spreadsheet modelling, although both approaches are consistent in showing
Holocene recharge for most of the thermal waters.

3.

THE ARTESIAN GROUNDWATERS FROM SOUTHERN OMAN

Exploratory drilling in the past decade has delineated extensive artesian
groundwater resources in the lower Tertiary carbonate strata beneath the barren Najd
region o f southern Oman. Wells with yields ranging up to 1500 m 3/h have been
completed in solution fissured zones of the Umm er Radhuma Formation.
Age estimates from previous studies [3] showed a discrepancy between the tim
ing o f late Quaternary palaeoclimates in Oman [10] and groundwater ages corrected
only for carbonate dissolution, which suggested recharge during periods of aridity
(ca. 19 to 13 ka BP). By contrast, the Pleistocene/Holocene transition was marked
by the onset o f pluvial conditions that persisted until the mid-Holocene (< 1 2 .5 to
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6
ka BP). Accordingly, the Najd artesian groundwaters were most likely recharged
during the early Holocene. Accounting for sulphate reduction in age modelling
seems to reconcile this discrepancy.

3.1. Hydrogeological setting
A lower Palaeocene to Eocene transgressive succession began with the
~ 300 m thick Lower Umm er Radhuma Formation (LUerR), a partially dolomitized
limestone with interbedded black shales and mudstones. The LUerR is confined by
the Upper Umm er Radhuma limestone (170-300 m) and Rus Formation of chalky
limestone with marl and evaporitic horizons. This succession was uplifted anticlinally along the coastal margin during late Tertiary time. Subsequent erosion has
exposed the Umm er Radhuma strata in the core o f this anticline (Dhofar Moun
tains). An extensive, interior draining aquifer system has since developed through
karstification in the Umm er Radhuma outcrop regions. The highest yielding and
most regionally extensive aquifer is an artesian solution fissured zone at the top of
the LUerR [11].

3.2. Geochemical evolution of the LUerR aquifer groundwaters
3.2.1.

Dolomite dissolution and carbonate evolution

Artesian groundwaters in the LUerR aquifer have a C a 2 +-H C 0 3 chemical
facies with elevated sulphate and NaCl salinity (Table I), due to evaporite dissolution
within the UerR, or during infiltration through the Rus. Dolomite dissolution is an
important reaction, as seen in the higher M g2+ and dolomite saturation levels as
compared with the Dhofar recharge area. Ca2+ and calcite saturation remain very
close to those observed in the recharge waters, indicating that calcite precipitation
takes place along the flow path, and maintains DIC at recharge concentrations.
C aC 0 3 linings in fissures are observed in aquifer drill core.
3.2.2.

Sulphate reduction and organic carbon

H S“ is present in all the artesian groundwaters. Little is known about the
nature o f organic sources in the LUerR aquifer beyond the presence o f black shales.
However, elsewhere in the Arabian Peninsula hydrocarbons (C l to C3) are produced
with artesian groundwaters in the LUerR. Accordingly, reduced organic compounds
derived from shales within the LUerR are likely the basis for sulphate reduction.
H S- concentrations (Table I) were not measured, but have been derived
from isotopic enrichments observed in the ô 3 4 Sso4 and ¿ 1 8 0 So 4 data (Fig. 4). These
are Rayleigh type enrichments imparted on the residual SO2" by fractionation
during sulphate reduction. For these calculations, an initial value of ô 3 4 SSq4 =
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FIG. 4. Isotopic composition o f sulphate from sulphate reducing groundwaters in Oman.

—13°/oo was used as being representative o f early Tertiary gypsum, and an enrich
ment factor e 3 4 SHS-So4 = - 2 0 ° /oo for fractionation during sulphate reduction. The
accuracy o f this method for calculation is compromised by uncertainties in the esti
mate o f <534S for aquifer gypsum and the value for e 3 4 Ss0- HS-. This approach will
also underestimate mHS" if gypsum dissolution and sulphate reduction occur
together rather than sequentially, or if sulphide is precipitated within the aquifer.
Using methane to represent hydrocarbon in the sedimentary strata, the combi
nation of dolomite and gypsum dissolution, sulphate reduction and carbonate control
through calcite precipitation can be written as:
C a2+ + HCOJ + C aS 0 4 • 2 H20 + C aM g(C 0 3 ) 2 + CH 4 HCO 3- + 3C aC 0 3 + H2S + M g2+ + 3H20

(10)

3.3. Calculation of mean residence times for the Najd artesian groundwaters
A similar approach was taken to model groundwater ages in Oman as that
described above for the thermal groundwaters in Jordan. The initial dilution of
1 4 CDic by carbonate dissolution in the Dhofar recharge environment was used to
estimate qrech from Eq. (1). Dilution o f 1 4 CDrc through dolomite dissolution beyond
the recharge environment was calculated from Eq. (2). Dilution during sulphate
reduction was then determined from Eq. (4). The ô 13C values for DIC following
sulphate reduction, calculated from Eq. (6 ), were consistently lower than measured
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FIG. 5. Modelled groundwater ages for sulphate reducing groundwaters in southern Oman.

values, demonstrating that continued carbonate reaction (exchange) had occurred.
This was reconciled by a 13C mass balance calculation similar to that of Eq. ( 8 )
using exchange with aquifer carbonate (<513C = 2°/00). The results are compared
with earlier estimates for groundwater ages (Fig. 5). These revised groundwater age
estimates contain a considerable margin o f error due to uncertainties in the calcula
tion o f HS~, as well as in the chemical and isotopic profile selected to represent the
recharge waters. Nonetheless, these calculations demonstrate the effect o f sulphate
reduction on the systematics o f carbon isotopes and chemistry, and show that artesian
groundwaters in the Najd were likely recharged during the early Holocene pluvial.

4.

SUMMARY

It is clear that the occurrence o f sulphate reduction in most artesian ground
waters causes classical correction models to overestimate groundwater ages. This is
due to oxidation o f 14C free organic carbon leached from within the aquifer. This
contribution is proportional to the concentration o f H 2S and HS~, assuming sulphide
has not been lost from solution. However, <513C and chemistry based correction
models are complicated by this addition o f 13C depleted DIC, and underpredict dilu
tion by carbonate dissolution. Ages can be corrected by calculating sequential dilu
tions from carbonate dissolution in the recharge area, sulphate reduction, and
subsequent exchange or dissolution reactions. Revised corrections require accurate
data for mH 2 S, <51 3 Corg, <51 3 Ccarb, plus an understanding of the origin of the DOC
and the geochemical evolution o f the groundwaters. Calculations done on a spread-
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sheet allow an analysis o f sensitivity to input parameters, and simplify simultaneous
calculations. Application o f this approach to groundwaters in northern Jordan and
in Oman reconcile groundwater ages with existing palaeoclimatic reconstructions.
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A bstract
IN FLU EN CE OF SEDIM EN TARY ORGANIC M A T T E R ON DISSOLVED F U L VIC
ACIDS IN GROUNDW ATER: SIGNIFICANCE FOR G ROU NDW ATER DATING WITH
,4C IN DISSOLVED ORGANIC M A TTER .
Radiocarbon dating of 28 groundwaters with dissolved fulvic acids (FA) from three
different aquifer systems in Germany was carried out. In the case of the Munich limegravel
aquifer and the Keuper sandstone aquifer at the Franconian Albvorland (both Bavaria), which
are practically free of sedimentary organic carbon (SOC), the groundwater dating by FA
resulted, to a large extent,

in plausible groundwater ages.

As

initial

l4C

contents

75-85 per cent modern carbon (pmC), depending on the study area, were assumed. In the
Gorleben aquifer system (Lower Saxony), which is rich in organic deposits, the groundwater
ages obtained are partly unrealistically high and contradictory to other isotope data. This is
attributed to the influence of l4C free SOC, which reduces the l4C content of the dissolved
FA. In order to identify a possible SOC contribution, the dissolved organic carbon (DOC) and
corresponding FA were characterized. The concentration and compositon of DOC revealed
that the FA and humic acids (HA) concentration in the aquifer as well as their concentration
ratio are indications for a SOC contribution. The FA characterization by spectroscopic
methods (UV/Vis absorption and fluorescence spectroscopy) and gel permeation chromatogra
phy (GPC) resulted in significant differences of FA influenced by SOC from those not so
influenced.

In accordance with these results,

FA

originated from SOC

had larger

hydrodynamic molecular sizes and showed higher absorbance and fluorescence intensities. By
means of this DO C and FA characterization, the SOC contribution to the dissolved Gorleben
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F A fractions can be identified. It is possible to correlate the amount of admixed SOC with
the change in spectroscopic characteristics. Thus in groundwater dating with FA, criteria for
a better interpretation and a starting point for the correction of the initial FA 14C content
were ascertained.

1.

INTRODUCTION

Recent investigations have shown that radiocarbon dating o f groundwater with
dissolved fulvic acids (FA) is an alternative method to conventional dating with 14C
in dissolved inorganic carbon (DIC) [1-4]. The common feature of both methods is
the decrease o f the 14C content o f the dissolved carbon species along the flowpath
which is used to calculate the 14C groundwater age. Fulvic acids can be classified
as a part of the dissolved organic carbon (DOC), which is an ubiquitous part of the
groundwater carbon inventory. DOC and FA show fundamental differences concern
ing origin and dynamics compared with DIC [5]. The 14C content o f DIC can be
influenced by geochemical processes such as the dissolution or precipitation of car
bonates, isotope exchange processes, biogenetic processes and volcanic C 0 2 gas.
These processes hinder the correct calculation of the initial l4C content, which is
necessary to determine the groundwater age. In contrast, FA are not affected by
these inorganic geochemical processes. Therefore, under special hydrogeological
conditions, radiocarbon dating with FA can be more reliable and can be used to
check 1 4 C -D IC groundwater ages.
However, the l4C content o f FA can be influenced by some processes. One
uncertainty is the initial 14C content of the FA originating from organic matter in
the soil zone. For example, the 14C content o f FA from recharged groundwaters
containing 3H varies from 76 to 101 per cent modern carbon (pmC) [4, 5]. Differ
ent turnover times o f the decomposing organic matter, mixing with FA from older
organic matter from deeper soil horizons and the influence o f 14C from nuclear
weapon tests are possible reasons for the variation o f the initial 14C content o f FA.
A second aspect with respect to the correction of the initial l4C content of FA
is the mixing with FA which have their origin in sedimentary organic matter (SOC).
The dissolution or degradation o f SOC, which is usually free o f l4 C, increase the
DOC and FA concentration and correspondingly decrease the 14C content o f FA in
groundwater. These processes are expected especially in the presence of aquifer sedi
ments which are rich in organic deposits. Therefore, for calculation of groundwater
ages with l4C from FA it is necessary to recognize a possible contribution o f FA
derived from SOC and also to quantify this supplementary amount of carbon.
In order to get a deeper understanding of this problem, we isolated FA frac
tions from different groundwater systems in Germany which are rich in or practically
free o f organic deposits. This paper focuses on the detailed characterization o f these
FA fractions.
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FIELD SITES AND EXPERIM ENTAL METHODS

2.1. Field sites
Three different groundwater systems in Germany were investigated. The first
site is an unconfined limegravel aquifer on the eastern outskirts of the city o f Munich
(southern Bavaria). From this aquifer three different groundwater samples were
taken and from them the corresponding FA were isolated. The aquifer consists of
fluviatile alternated sandy, fine and coarse pebbles. The sediment is mainly calcium
carbonate and dolomite (« 9 8 % ) and is practically free in organic deposits. All
groundwater samples contain 3H in concentrations of about 35 TU and are saturated
with oxygen. The flow velocity reaches values from 15 to 45 m /d from south to
north [6]. The groundwater level increases along the flowpath from 12.8 to 2.0 m
below ground surface. Eight measurements from 1988 to 1991 show a seasonal
variation o f the DOC content from 0.3 to 1.5 mg C/L. The aquifer was selected for
information about the initial 14C content and characteristics o f FA from young
recharged groundwaters.
The second investigated aquifer is a hydrogeologically well characterized
confined sandstone aquifer o f the Upper Triassic Keuper sequence in the Franconian
Albvorland (northern Bavaria) [7-10]. Along the flowpath, which extends over a dis
tance of 26 km southeastwards, seven groundwater samples were taken from filter
depths o f 76 m down to 144 m below ground surface. The aquifer is subdivided, to
a large extent, by clayey interlayers, which are all more or less groundwater bearing.
Drinking water wells develop all aquiferous layers so that the aquifer can be regarded
as one single groundwater bearing layer. The aquifer is covered by thick clay layers
of the Upper Middle Keuper (Feuerletten). The water movement occurs in fractures
as well as in the pore space o f the sandstone. The mean flow velocity is
1.4 ± 0.4 m /a as calculated by a mean water table gradient o f 0 .8 7 oo and a mean
drainable porosity o f 20% [11]. Therefore, the groundwater age is expected to be
about 20 000 years at the end o f the flowpath. However, the fracture porosity of 0.5
to 1 % is not taken into account, so that the flow velocity is certainly higher and the
corresponding groundwater age lower. The 3H concentration is in all groundwater
samples below the detection limit o f < 1 TU or < 0 .2 TU. After a flowpath length
o f about 18 km the isotope signature o f ô2H and <5180 indicates a Pleistocene origin
for the groundwater samples. The aquifer is anaerobic beyond 8 km and sulphate
reducing beyond 18 km. The sediment is, as at the first site, free o f organic deposits.
The DOC concentration varies from 0.2 to 0.5 mg C/L. The aquifer has the advan
tage that the dissolved FA with an age o f more than 10 000 years can be investigated
without any influence of sediment.
The third study area is located at Gorleben in the northern German Plain
(Lower Saxony). The aquifer is situated in the cover rock above a Permian salt
dome, which is being investigated as a possible nuclear waste repository. From this
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FIG. 1. Field site Gorleben with sampling wells (modified in accordance with Ref. [12]).

intensively hydrogeologically characterized aquifer system [12], which extends over
a depth o f 150 to 280 m in reworked and deformed Miocene and Pleistocene glacial
sediments, 18 groundwater samples were taken (Fig. 1). The wells are abbreviated
as GoHy. During the Elster glaciation the so-called Gorleben channel was formed,
which is indicated in Fig. 1 by a dashed line. The channel, which is in partial contact
with the salt dome, was filled with sand and marl and has therefore a relatively high
water permeability. Overlying clayey sediments (e.g. Lauenburg clay) show signifi
cant lower permeabilities and separate the lower aquifer o f the Gorleben channel
from an upper freshwater aquifer, which consists o f fluviatile sediments of high
permeability. The regional groundwater model locates the recharge area southwards
o f the salt dome. After sinking to lower aquifer layers, the Gorleben channel is a
preferred flowpath running northeast. With the exception o f GoHy-514, all sampled
groundwaters show a Holocene origin by the isotope signature o f ô2H and <5180 . In
the case o f the central Gorleben channel this is confirmed by numerical flow model
ling [12]. Tritium in concentrations > 1 TU is found only in groundwater samples
down to a depth o f 25 m , which is consistent with data from Refs [13, 14]. The DOC
concentration varies from < 1 mg C /L in the recharge area up to > 1 5 0 mg C/L in
deeper wells. The extreme high DOC contents are attributed to local Miocene brown
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coal and Pleistocene peat deposits in the sediment. In contrast to the first two aquifer
systems, which are free o f organic deposits, Gorleben groundwaters contain
dissolved humic acids (HA) in addition to FA [15].

2.2. Experimental methods
The aquatic FA were isolated by liquid chromatography using adsorption
chromatography on XAD-8 resin [16]. For the isotopic, chemical, and spectroscopic
characterization o f the FA sample quantities o f > 1 0 0 mg are required. In the case
of Gorleben groundwaters with DOC concentrations > 1 5 mg C/L, the FA content
is high enough to perform the isolation from 50 L groundwater samples in the labora
tory. However, aquifer systems which are free of organic deposits and the recharge
area in Gorleben showed very low FA concentrations down to 0.1 mg C/L. For such
groundwaters it was necessary to isolate FA from a groundwater volume of more
than 1000 L. Therefore we used an automatic sampling system, which combined
conventional XAD-8 adsorption chromatography with reverse osmosis (RO)
(Fig. 2). With this system we were able to concentrate and isolate FA from 300 L
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FIG. 2. Experimental setup fo r concentration and isolation o f FA in groundwaters with low
FA content.
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groundwater per hour in the field. The extracted groundwater was filtrated before
FA isolation over a filter with 0.45 /¿m pore size. After elution from XAD-8, FA
and HA were separated by conventional acidification at p H l and precipitation of HA.
In the second step the dissolved FA was adsorbed again on XAD-8, freeze dried after
elution in sodium form , and stored in sealed glass vials before isotope analysis. For
chemical and spectroscopic characterization, FA was additionally purified by cation
exchange with AG M P-50 (BIO RAD C o., Germany).
Carbon-14 measurements o f FA samples were performed after combustion to
C 0 2 and synthesis to benzene, by conventional liquid scintillation counting. In the
case of FA quantities representing below 0.5 g carbon, 14C was determined by
accelerator mass spectrometry (Isotrace Laboratory, University o f Toronto) [17].
The radiocarbon content of FA and DIC is given in pmC referred to 95 % of the
activity concentration o f the oxalic acid standard in 1950. Owing to several enrich
ment and isolation processes o f the FA samples and the associated contamination
risk, theage determination limit was fixed at 30 000 a, corresponding to a 14C
content o f 2.7 pmC. All DIC 14C groundwater ages presented in this paper are
calculated with the extended chemical mixing model [18] using the code
PHREEQE [19]. Stable isotope measurements and the determination of l4C in DIC
were done by conventional methods [20]. Tritium is measured, after electrolytical
enrichment, by liquid scintillation counting with a detection limit of about 0.7 TU
[21] or 0.2 TU [22].
The organic content of the isolated FA samples was determined by conven
tional organic element analysis. Ultraviolet/Vis characterization o f the FA was done
in solutions o f 0.1M NaCl, 10"3M Tris(hydroxymethyl)aminomethane, 1 0 '3M
EDTA at pH 8.5. The FA concentration was about 20 mg/L. The size separation of
FA was performed with gel permeation chromatography (GPC), which separates the
molecules on the basis o f their hydrodynamic size. Fractogel TSK HW-50 (Merck
Co., Germany) was used as gel, which separates molecular sizes up to
50 000 dalton1. As an eluent, the following solution was chosen: 0 .1M NaCl,
0.05M N a2H P 0 4, 10~3M EDTA at pH8.5. Chromatographic runs were performed
with FA concentrations o f 0.7 to 3.8 mg/mL eluent. The distribution coefficient К
characterizes the chromatographic behaviour o f solutes and is inversely proportional
to the hydrodynamic molecule size [23, 24].
К = (Ve - V0)/(V t - V0)
where Ve is the elution volume, V0 the void volume and V, the total volume o f the
gel bed. The use o f К enables a comparison o f the results independent o f gel bed
geometry and flow. In this w ork the К value was determined by the elution volume
o f the FA fraction with the highest absorption signal at 254 nm. In addition, the
1 1 dalton = 1 u (unified atomic mass unit) = 1.66 x 10 27 kg.
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eluted FA fractions were detected by fluorescence measurement at an excitation
wavelength o f 340 nm. The fluorescence yield o f FA was determined by integration
over the fluorescence intensity at 425 nm of all fractions.

3.

RESULTS

3.1. Comparison of FA and DIC ,4C groundwater ages
The FA and DIC l4C groundwater ages of the three investigated wells in the
limegravel aquifer of theMunich Gravel Plain are, except for one FA, less than
1000 a. The initial l4C content for dating with FA 80 pmC was assumed. Although
3H is found in concentrations o f about 35 TU, the 14C contents of two FA samples
were 72.6 and 75.9 pmC. Therefore, an initial 14C content of about 75 pmC is
more realistic for this aquifer than 100 pmC. This result is consistent with other
investigations [4, 5], which also found reduced initial 14C contents. One FA showed
an unrealistic high l4C groundwater age of 5000 a. Possibly this high value is a con
sequence o f a contamination with l4C free petroleum degradation products as the
well was in the groundwater downstream o f an industrial area, where the water table
is only 2.0 m below the ground surface.
From FA and DIC 14C groundwater ages o f the sandstone aquifer in the Fran
conian Albvorland it is known [4] that they agree extensively over a flowpath length
of 17 km. The 14C groundwater age increases in both cases up to « 10 000 a. In
accordance with previous work [4], the initial FA 14C content 85 pmC was taken.
The well right below the Feuerletten clay, which covers the aquifer, and the last well
at a flowpath length o f 26 km showed a drastic discrepancy. The DIC 14C ages are
5000 to 15 000 a greater than the corresponding FA 14C ages o f approximately
15 000 a, depending on the correction model for the initial l4C content. Possible
explanations are isotope exchange processes [25], retardation o f DIC by matrix
diffusion [26], and repeated dissolution and precipitation of carbonates. The FA 14C
ages seem to be in better agreement with the hydrogeological situation and are con
sistent with the <52H and ô l80 isotope signature.
In the aquifer system at Gorleben, which is rich in SOC, the difference
between FA and DIC l4C groundwater ages varies considerably depending on the
local hydrogeological situation (Fig. 3). For groundwaters with a high DOC content,
the HA l4C groundwater age was additonally shown. With the exception of well
GoHy-611 (35 pmC) the 14C content o f FA from the recharge area varies from 77
to 110 pmC. The high l4C content o f 110 pmc is attributed to the influence of l4C
from nuclear weapon tests. An influence of ‘bomb 14C ’ on FA samples with l4C
content lower than 100 pmC cannot be excluded. By analogy with the other two
aquifers investigated we assume a reduced initial 14C content of 80 ± 10 pmC for
groundwater dating. This value is significantly higher than that from Ref. [4], which
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FIG. 3. Comparison o f FA, HA and 14C groundwater ages in the study area Gorleben. FA
and HA groundwater ages were calculated with an initial 14С content o f 80 pmC.

was based only on one JH free sample. Thus the calculated ages of the recharged
groundwaters are practically zero and agree with the hydrogeological situation. In
the case o f GoHy-611 the FA and DIC 14C groundwater age was about 5000 a,
which is unrealistically high compared to a 3H concentration of 8 TU found in this
sample.
In the transition area to the Gorleben channel GoHy-412 shows in the case of
FA and DIC unrealistically high l4C groundwater ages. This is confirmed by the
<52H and ô 180 isotope signature, which is found in all sampled wells of the Gorleben
aquifer, with the exception o f GoHy-514, a Holocene origin ( < 12 000 a). GoHy-201
and -182 show no contradiction between FA and DIC l4C groundwater ages and
stable isotope data. Compared with the DIC groundwater age o f GoHy-201, the FA
age is m ore realistic. In the Gorleben channel it is conspicuous that the 14C ground
water ages of DIC are markedly higher than the respective FA ages. In contrast to
the DIC groundwater ages, the FA ages are in agreement with the stable isotope data
and the numerical flow modelling [12]. In the case o f groundwaters with a high DOC
concentration of > 15 mg C /L, it is found that both FA and DIC show unrealistically
high groundwater ages. This is especially true for HA, which shows groundwater
ages o f at least 30 000 a. The failing o f the radiocarbon dating with the DOC compo
nents FA, and especially HA, is attributed to the influence o f 14C free SOC.
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Although the 14C groundwater age calculated by FA and DIC differs drasti
cally in several cases, groundwaters with a high DOC content show both too high
FA and DIC ages, except FA from well GoHy-612 which is probably contaminated
by the sampling procedure. This result is a possible indication that the low 14C
content o f the DIC is also a result o f mineralization processes with DOC and SOC
of a low 14C content.
On the basis of these results it can be summarized that for aquifers without
SOC the dating with 14C of FA works quite well. An initial FA 14C content of
80 pmC seems to be reasonable. In the presence of SOC this method can fail, as
shown in the Gorleben aquifer. Therefore, in such aquifers it is necessary to have
FA characteristics, which allow a validation o f the FA 14C data and an identifica
tion o f 14C free FA from SOC. The next sections will discuss such FA
characteristics.
3.2. D O C concentration an d com position
The DOC concentration o f the investigated groundwaters varied from
0.3 mg C /L in the sandstone aquifer at the Franconian Albvorland to 184 mg C/L
in the Gorleben aquifer (Fig. 4). In aquifers without SOC (Munich limegravel
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aquifer and Franconian Albvorland sandstone aquifer) only FA in low concentrations
was found. In the Gorleben recharge area, some wells show also small amounts of
HA. In the transition area to the Gorleben channel and the Gorleben channel, all
sampled groundwaters have HA but in a lower concentration compared to FA. In
contrast, Gorleben groundwaters with DOC contents > 15 mg C/L show markedly
higher HA concentrations, significantly higher than the corresponding FA concentra
tions. Nevertheless the FA concentration increases with the DOC concentration.
Both phenomena are attributed to the influence o f SOC, which is present in the
Gorleben aquifer. Therefore the concentration and composition of the DOC reveal
some information about the origin o f the humic substances.
In the recharged groundwater of GoHy-611, which shows an unrealistically
high groundwater age by FA 14C dating, the HA concentration is significantly high
compared with the other recharged groundwaters. Therefore, the influence of SOC
on FA by mixing with 14C free FA can be assumed. The groundwaters of the transi
tion area to the Gorleben channel also have unrealistically high groundwater ages,
with higher DOC concentrations and also significantly higher FA and HA contents.
Therefore it can be concluded that the low FA 14C content o f GoHy-412 and -611
is a consequence o f the addition o f 14C free SOC. Wells GoHy-182 and, to a lesser
extent, GoHy-201 also show higher HA contents and accordingly an influence of
SOC must be taken into account. In accordance with these results, for FA from
groundwaters with the highest DOC contents the highest reduction in 14C content by
14C free SOC can be assumed. On the other hand, the DOC concentration and com
position o f the Gorleben channel brines show no significant influence of SOC,
although the effect cannot be completely excluded. The low DOC and HA contents
in the Gorleben channel are attributed to the high ionic strength o f the brines, which
causes a favoured precipitation o f the large HA molecules by ion association of
negatively charged functional groups.
3 .3 .

FA characterization by U V /V is absorption

A simple spectroscopic method to characterize humic substances is UV/Vis
absorption spectrometry [27, 28]. The absorptivity at 300 nm is a measurement for
FA characterization. As shown in Fig. 5 the absorptivity o f FA from the Gorleben
aquifer varies from about 4 up to 18 L - g '’ - с т ”1. Besides GoHy-611 the absorp
tivity of the recharged Gorleben groundwaters is about 5 L -g _l - c m 1, similiar to
FA from aquifers whithout SOC. For example, FA from the Franconian standstone
aquifer show an absorptivity o f about 3.5 L - g '1-cn T 1 at the recharge area as well
as at a flowpath length o f 26 km with a groundwater age o f > 10 000 a. FA from
the limegravel aquifer at Munich have absorptivities from 4.9 to 6.5 L - g '1- c m '1.
In contrast, FA from GoHy-611,-412, and the groundwaters with high DOC concen
trations which are influenced by SOC show significantly higher absorptivities.
Accordingly, FA from Gorleben channel are hardly influenced by SOC. Wells
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GoHy-201 and -182 from the transition area to the Gorleben channel show a slight
addition of SOC. Therefore it can be summarized, that the results from the FA
characterization by UV/Vis absorption are with regard to SOC influence consistent
with the results from the DOC characterization. As a result it is possible to make
a correlation of the amount of admixed SOC with the change in spectroscopic
characteristics.
From absorption measurements on colloidal humic substances it is known that
the measured absorptivity is influenced to a large extent by light scattering. On the
other hand the intensity of light scattering is dependent on the molecular size. Thus
it is likely that the absorptivity behaviour of FA and possibly the mixing with FA
from SOC can be attributed to the molecular size of the dissolved FA. This is
discussed in the next section.

3.4. FA characterization by gel permeation chromatography
The separation o f the FA by GPC confirms the assumption that the absorptivity
o f FA is also a consequence of light scattering, which is determined by the molecular
size. As shown in Fig. 6 the absorptivity o f the isolated FA increases with decreasing
distribution factor and with increasing hydrodynamic molecular size. Fulvic acids
which were influenced from SOC have larger molecular sizes. This is plausible if
a beginning coalification process o f the peat and an associated growth o f the FA in
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the sediment is assumed. In contrast, FA from the recharged Gorleben groundwaters
and the aquifers without SOC show the highest distribution factor and accordingly
the lowest molecular size. These results again confirm the reduction o f the FA 14C
content o f GoHy-611 and -412 by mixing with 14C free SOC. In accordance with
the chromatographic separation, FA from the Gorleben channel and GoHy-182
and -201 from the transition area to the channel are influenced by SOC, although to
a lesser extent.
The other FA characteristic which allows identification of a SOC contribution
to the dissolved FA is the fluorescence yield. Figure 7 shows the integrated fluores
cence intensity at 425 nm o f all FA fractions, which are separated by a GPC run.
Compared with Fig. 6, it can be noted that the fluorescence intensity of the FA
correlates with the absorptivity and the molecular size. One exception is the FA from
GoHy-514 at the Gorleben channel, which shows a significantly higher fluorescence
intensity, and hence a higher SOC contribution.
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It must be noted that the FA characterization by GPC, UV/Vis and fluores
cence spectroscopy is strongly dependent on pH, ionic strength and the degree of
complexation. Therefore, special efforts were made to maintain well characterized
experimental conditions in this work. As a consequence of this, the results obtained
can be compared only for the chosen conditions.

4.

CONCLUSIONS

The influence of 14C free sedimentary organic matter can falsify the ground
water age calculated by the 14C content of dissolved FA. As shown in some cases
for the Gorleben aquifer system, the isotopic data (3H, 2H, 180 ) and the hydrogeo
logical situation differ drastically from the FA 14C data. The characterization of
DOC and the analysis of FA by UV/Vis absorption and fluorescence spectroscopy
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as well as GPC enable the identification of admixing of SOC. SOC has a greater
hydrodynamic molecular size and shows a higher absorbance and a fluorescence
intensity compared with FA from recharged groundwaters. The FA and HA concen
tration in the aquifer as well as their concentration ratios are further characteristics
which reveal some information about the origin o f dissolved FA. The amount of SOC
admixed to the FA can be estimated by spectroscopic methods.
Although a detailed correction model for the calculation o f the initial FA l4C
content does not exist at present, the FA characterization gives a good starting point
for such a model. The investigation of radiocarbon dating FA is found useful for the
interpretation and better understanding o f groundwater ages.
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A bstract
TRANSPORT OF WATER AND SOLUTES ACROSS A REGIONAL AQUITARD
INFERRED FROM POREWATER DEUTERIUM AND CHLORIDE PROFILES: OTWAY
BASIN, AUSTRALIA.
Porewaters were extracted from a regional aquitard in the Otway Basin of southeastern
Australia and analysed for major ions and stable isotopes. The aquitard separates two regional
aquifers and limits the rate of water and solute fluxes between the two aquifers. Interstitial
waters from the aquitard tend to be more saline and enriched in 2H and 180 relative to
regional groundwaters. The aquitard water was most likely recharged in an arid period
> 50 ka BP, and since that time the aquitard water and solutes have been slowly diffusing
towards the regional groundwaters. A one dimensional advection/diffiision model indicates
that, for the removal of solutes and water from the aquitard, diffusion dominates the transport
process at Site 1, while advection and diffusion operate at the same order of magnitude for
Sites 2 and 3. Interaquifer advective mixing through the aquitard to the regional groundwaters
is minimal at the three sites. Recharge to the confined Dilwyn aquifer that has occurred over
the past 30 ka must occur via mechanisms other than diffuse leakage through the aquitard,
such as preferred flow paths through faults and fractures.

1.

INTRODUCTION

Regional aquitards play an important role in the physical and chemical evolu
tion of groundwater systems. By definition, aquitards contain material of low perme
ability, and transmit water very slowly. They may record the evolution of
groundwater systems through the chemical and isotopic composition of their
73
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FIG. 1. Location diagram showing drilling sites 1, 2 and 3 in the Otway Basin of
southeastern Australia.

porewaters. Low permeability layers transmit some water and solutes and may limit
the rates of recharge and discharge to confined aquifers. Information obtained from
this study will be used to estimate the sustainable use of the Dilwyn confined aquifer
in southeastern Australia (Fig. 1). The results also add to the understanding of
mechanisms operating through aquitards which have recently become the focus for
high level nuclear waste disposal in low permeability media.
Despite the important role that confining beds play in regional groundwater
systems, physical and chemical measurements for aquitards are rare [1-3] and an
understanding of the mechanisms operating in them is often inferred indirectly from
data in adjacent regional aquifers. This is partly due to the difficulty in extracting
porewaters from low permeability material. W e have obtained cores from a con
fining bed at various depths from 70 to 140 m below the ground surface at three loca
tions in the Otway Basin, South Australia (Fig. 1). These were analysed for
permeability, porosity and major ions and stable isotope compositions of extracted
porewaters. Solute and isotopic data for regional aquifers have been reported else
where [4, 5] (see paper IAEA-SM-336/27, these Proceedings).
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HYDROGEOLOGICAL SETTING

The study area contains two regional aquifers: an upper unconfined limestone
aquifer, the Gambier limestone aquifer, and a lower confined sand aquifer, the
Dilwyn aquifer in the Otway Basin o f southeastern Australia. These aquifers are
separated by a regional confining bed with a thickness of up to 50 m. Three wells
were drilled on an east-w est transect (Fig. 1, Sites 1, 2 and 3) along the inferred
direction of groundwater flow. The hydraulic head in the unconfined aquifer is
higher than that of the confined aquifer to the east of the zero head difference (ZHD)
contour, resulting in a potential downward flux to the confined sand aquifer.
C arbon-14 data has further constrained this potential recharge to the confined aquifer
between the current day ZHD location and the Kanawinka Fault [4, 5]. The Dilwyn
confined aquifer has limited outcrop so any recharge to the system must occur via
downward leakage through the aquitard. We need to determine the mechanism, loca
tion and amount of recharge so that the resource can be managed in a sustainable
manner. W estward from the ZHD the relative heads are reversed and there is a
potential for an upward hydraulic flux.

3.

METHODS

A number of cores were cut at various depths through the aquitard sequence
at each site and analysed for pore water chemistry, stable isotopes, permeability and
porosity. Porewaters were extracted by a hydraulic squeezing technique [6] and
filtered through a 0.45 /xm membrane filter. Major ions were analysed by standard
techniques at the Australian Geological Survey Organization. Stable isotopes and Br
were analysed at the Commonwealth Scientific and Industrial Research Organization
(CSIRO) by stable isotope ratio mass spectrometry and ion chromatography respec
tively. Permeability analysis used standard triaxial cell techniques.

4.

RESULTS

4.1. Lithology, h ydraulic conductivity an d porosity
The cores display variable components from marl, sandy clay, plastic stiff
clay, carbonaceous clay to sandstone. A feature of the lithology is the extent of
cementation from unconsolidated sediments to partial consolidation to lithified rock
which is reflected in the large variations in the measured physical properties (see
below). Hydraulic conductivity (Kv) measurements (Table I) ranged over seven
orders of magnitude from 2.16 to 3.9 x 10"7 m/d, while porosity varied from 8 to
50% (data not presented) reflecting the large degree o f heterogeneity within the
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TABLE I. HYDRAULIC CONDUCTIVITY (Kv) DATA FROM THE
AQUITARD
Site 1
Depth
(m)

Site 2
Kv
(m/d)

Site 3

Depth
(m)

Kv
(m/d)

Depth
(m)

Kv
(m/d)

109.3

3.02

10'2

118.6

7.34 x 10"4

74.15

1.73 x 10'2

118.25

2.16 x 10"2

119.9

3.9

76.6

5.6

128.2

6.06 x 10"2

122.85

1.73 x КГ2

95.65

1.73

129.95

1.3

x 10'4

135.95

2.6

97.7

2.16

131.55

3.9

x 10"5

100.5

6.02

X

141

8.6

x 10'5

112.35

5.6

x 10~3

X

x 10‘7
x 10'3

x 10“4

10~2

aquitard sediments. In groundwater studies the hydraulic flux across the aquitard is
often calculated using D arcy’s law, where permeability and porosity can be deter
mined from the aquitard core and the hydraulic gradient is measured from piezo
meters in the overlying and underlying aquifers. Darcy’s law and the present day flux
suggest that the effective porewater velocity can vary from 10“2-1 0 “4 m /d, which
converts to a transit time for a molecule of water to pass through the aquitard in the
order of 103 to > 105 a. These estimates provide no useful values for management
purposes. Neither does this methodology account for zones of low permeability,
which can exert a significant influence on transit times, nor can it account for the
possible effect of preferred pathways.
4.2. P o rew ater Cl an d 02H profiles
Site 1, the most easterly site, is located where the present-day heads of the two
aquifers indicate a potential downward flux (Fig. 2). Deuterium is relatively
enriched (up to - 1 6 . 7 7 00) and chloride concentrations are higher in the aquitard
(maximum 7296 mg/L) with respect to the juxtaposed regional aquifers. Porewater
profiles for both ô2H and Cl suggest that steady state has not been reached and that
diffusion from the middle of the aquitard towards the regional aquifers dominates the
transport process o f water and solutes. Porewaters are much more saline than the
lower confined groundwaters, inferring that there is currently minimal contribution
via downward leakage (i.e. recharge) to the aquifer at this site. However, 14C data
[3] and uranium data (see paper IAEA-SM-336/27) suggest a large downward flux
to the confined aquifer occurs via downward leakage in a zone approximately 30 km

IAEA-SM-336/31

FIG. 2. Porewater profiles for hydraulic conductivity (log К m/d, denoted as solid triangles), chloride (Cl, mg/L, denoted as solid circles) and
deuterium (b2H, 7 00, SMOW, denoted as open circles). Groundwaters are denoted as above but with a vertical line through the symbol represent
ing the aquifer completion interval. The arrow represents the present day hydraulic flux, while ZHD denotes the present day zero head difference
contour, indicating no net hydraulic flux under the present-day conditions.
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eastward from Site 2 to the Kanawinka Fault [3]. This apparent discrepancy may
suggest that a significant component of recharge occurs via preferred pathways and
not by diffuse recharge through the aquitard.
Site 2 is located where the present-day heads for both aquifers are the same,
indicating that there is no hydraulic driving force and therefore no advective flux
across the aquitard under present-day boundary head conditions. Chloride concentra
tions gradually increase through the aquitard from 419 mg/L at the lower boundary
up to 2058 m g/L at the upper boundary, showing possible downward diffusion of
the solute. Unfortunately no data are available for the unconfmed aquifer immedi
ately above the aquitard.
Site 3 is located where the present-day head data indicates an upward flux.
Chloride increases in concentration approximately linearly upwards through the
aquitard, while <52H tends to more depleted values in the same direction. This site
has the greater measured values of permeability, suggesting a larger component of
advective flow.

5.

DISCUSSION

5.1. Stable isotopes, chloride and bromide
The majority o f porewaters plot below the local meteoric water line (LMWL)
on a <52H versus ô 180 plot, indicating some degree of evaporation during the
recharge process (Fig. 3). The porewaters from core 1 show the largest degree of
enrichment of 2H and 180 while porewaters from cores 2 and 3 plot closer to the
LM W L. In contrast nearby regional groundwaters have a different signature and plot
even closer to the LM W L than the porewaters (Table П).
A plot of ô2H versus Cl (Fig. 4) indicates a wide range for deuterium ( - 1 6 to
- 3 0 ° / o o ) at low chloride concentrations corresponding to porewaters from Sites 2
and 3. Porewaters from Site 1 reveal a positive linear correlation between Cl and
ô2H, which may represent mixing or diffusion between two end members.
Ratios o f Cl/Br versus Cl reveal a similar although not as pronounced trend
(Fig. 5). The wide scatter at low chloride above the Cl/Br seawater ratio implies that
bromide is not behaving conservatively. Cl/Br ratios higher than the marine ratio at
lower chloride concentrations may be the result o f photochemical oxidation o f B r'
to Br2 during thunderstorms [7]; therefore high Cl/Br ratios may indicate recharge
during much wetter periods [8].

5.2. Origin of the interstitial waters
Porewaters from the aquitard have a different chemical and isotopic composi
tion from that of the majority of surrounding groundwaters. This suggests that
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FIG. 3. b2H versus bIS0 for porewaters and regional groundwaters.

porewaters in the aquitard reflect a recharge regime differing from that of those
waters now in the regional groundwaters, or that water isotopes and solute composi
tion have been substantially modified from their original recharge composition
within the aquitard via mechanisms such as anion exclusion or isotopic fractionation.
Confined groundwaters tend to have lower salinity and their stable isotopic
compositions are closer to the LM W L than aquitard porewaters. Some of the
younger unconfined groundwaters (recharged in the last 6000 years) tend to have a
higher Cl concentration and are relatively more enriched in 2H and 180 , approach
ing that o f the lower concentration aquitard waters [4]. However these younger
groundwaters are part of upper local flow regime and are hydraulically separate from
any zones of possible interaquifer mixing.
Another possible scenario is that the water in the aquitard is trapped connate
sea water, either since the time o f deposition or since the last major marine trans
gression ( ~ 2 M a BP) and that water has slowly been mixing via diffusion with the
regional groundwater. However this process is unlikely, as the <52H and <5180 data
have a meteoric signature significantly different from that of sea water (where
ô2H & ô 180 = 0).
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TABLE II. CHEMISTRY A N D STABLE ISOTOPE DA TA FROM REGIONAL
GROUNDW ATERS A N D POREWATER EXTRACTED FROM THE
AQUITARD
Depth
(m)

Cl
(mg/L)

Br
(mg/L)

ô 180
(7 00 SMOW)

02H
(7 00 SMOW)

- 3 .2
-1 .6 9
-1 .6 1
-1 .5 2
+0.06
- 1 .8
- 1 .2
-1 .6 1
-1 .7 7
-1 .6 9
- 2 .2
-2 .1 9
- 3 .8

-1 8 .1
-2 3 .5
-1 8 .4
-1 8 .4
-1 6 .7
-1 8 .9
-1 9 .3
-2 1 .7
-1 7 .9
-1 9 .5
- 2 0 .2
- 2 4 .6
- 2 4 .3

- 4 .2
-4 .2 9
- 3 .4 6
- 4 .9 3
- 2 .9 2
+0.97
- 3 .8

-2 3 .9
- 2 4 .6
-2 9 .5
- 2 7 .8
-1 6 .7
-1 9 .6
-2 3 .2

- 4 .4
-3 .1 5
-4 .2 3
-3 .0 5
-2 .5 7
-3 .0 6
-2 .8 7
-2 .5 4
-3 .8 9

-2 8 .9
-2 5 .8
-2 8 .4
-2 7 .4
-2 6 .4
-2 5 .7
-2 3 .5
-2 3 .5
-2 2 .3

- 3 .8

-2 3 .6

Site 1
80-90
108.5
109.8
118
118.8
119.1
127.1
127.5
128.7
130.2
131.7
140.8
151-154

1127
4456
5129
6651
6503
7023
7296
5216
6640
5734
6090
3216
582

11.6
17.5
16.1
21.9
15.5
22.2
25
16.4
10.8

Site 2
23-30
108.3
111.2
119
120.5
136.1
142-145

794
2058
1362
979
853
419
231

6.82
5.37
2.34
1.61

Site 3
57-67
74
74.4
76.5
77.5
96.1
97.8
100.1
110.1
112.2
158-163

1360
1055
923
869
869
524
821
581
310
413
240

2.17
2.12
1.96
3.28
1.53
1.4
1.48
0.576
1.8
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The preservation of the m arine ratio with a meteoric composition of the water
molecule infers a marine aerosol origin for chloride in these porewaters. However,
the high chloride concentration and evaporated signature suggest that the original
marine aerosol ratio has been modified by evaporation/transpiration processes con
centrating Cl, and evaporation causing enrichment of the stable isotopes. If this is
the case, then aquitard porewaters were most likely recharged during a period much
more arid than today. Dissolution of evaporites can also be discounted as the Cl/Br
ratio, although displaying a wide scatter at low concentrations, does not approach
ratios greater than 1000, which would be characteristic of the dissolution of
evaporites.
We can constrain the minimum timing of recharge of the porewaters from the
radiocarbon and stable isotope data from the regional aquifers [4]. These indicate
that confined groundwaters have a residence time of up to 30 ka with corresponding
isotopic compositions that are significantly less fractionated than the porewaters
extracted from the aquitard. Therefore the waters in the aquitard were recharged at
least 30 ka BP, but have had all traces of connate water and salts flushed out
(i.e. < 2 Ma BP).
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FIG. 5. Cl/Br ratio versus chloride for porewaters. SW denotes the Cl/Br seawater ratio.

5.3. A dvection/diffusion m odelling
The one dimensional form of the advection/diffusion transport equation is used
to simulate the observed solute and stable isotope profiles:
Эс/at =- - V dc/dz + D d2c/d z2 + J

(1)

where с is the concentration of the solute (mg/L) or isotope ratio of water ( 7 00
SMOW); t is the time in years; V is the porewater velocity (m/a); J is the addition
or loss due to reaction; z is the thickness of aquitard (m); and D is the combined
diffusion/dispersion coefficient (m2/a).
The equation was solved analytically using a series solution with initially
constant concentration boundary conditions throughout the aquitard and the upper
and lower aquitard boundaries respectively. In effect the equation describes the
change in concentration with time due to changes in advection and diffusion. Isotopes
of the water molecule and chloride were considered to be the most appropriate
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species to model as they behave conservatively. Because there is no net gain or loss
o f these species the J term in the equation is equal to zero. The dispersion coefficient
is considered negligible in low permeability media and has not been considered in
our model. The effective diffusion coefficient Do is defined as
Do = D 1 r

(2)

where D 1 is the diffusion coefficient of the solute or water molecule in free solution
and t is the tortuosity. Tortuosity is a dimensionless parameter and is related to the
actual path that a water molecule or solute will travel in relationship to a straight line
path.
One of the governing parameters o f the model is the time period since the
boundary concentration conditions were constant. This time is difficult to determine
because both hydraulic and compositional boundary conditions are constantly
evolving with time due to recharge under different climatic regimes or eustatic sea
level variations.
Our aim is to test the hypothesis inferred from the porewater data that the
aquitard waters were recharged > 3 0 ka BP and have since been slowly mixing/
diffusing with the respective aquifers. W e assumed that the initial concentration for

Cl mg/L (thousands)

Cl mg/L

Cl mg/L

FIG. 6. Advection/diffusion modelling. The solid circles denote the measured Cl data
from the aquitards, while the solid line denotes the analytical solution. The following
parameters were used for the model results (Site 1, V = 1 X 1 0 5 m/a, z = 35 m, т = 0.01;
Site 2, V = 7 X I0~4 m/a, z = 35 m, т = 0.06; Site 3, V = 9.95 x 1 0 4 m/a, z = 40 m,
t = 0.07).
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the aquitard was 7500 m g/L Cl. The upper and lower aquitard boundary conditions
were taken to be the average Cl concentrations measured in the aquifer today; 1240
and 350 m g/L for the unconfined and confined aquifer respectively. The data from
the unconfined aquifer at Site 2 were not used as this is most likely part of the local
flow system. The time to start running the model was chosen at 50 ka BP which cor
responds to a more arid period in southeastern Australia [9]. The diffusion coeffi
cient for Cl is 2.03 X 10-9 m 2/cm [10].
¡
The model was run varying only the porewater velocity and tortuosity for each
site to obtain a best possible match (Fig. 6). We were able to obtain a reasonable
fit by assuming small values for V and r (assuming a larger component o f lithification for Site 1), and then by increasing these parameters to fit the data for Sites 2
and 3.
For Site 1, a downward porewater velocity of 1 X 10-5 a and a tortuosity of
0.01 provided a best fit to the data. Using the estimates for V and т it would take
about 760 ka to reach steady state. The extremely low porewater velocity indicates
that diffusion dominates advection and that the lower confined aquifer is receiving
effectively zero diffuse recharge at this site. The tortuosity value, although appearing
low for clay, is not inconsistent with values reported in the literature for consolidated
material [11-13]. Increasing the porewater velocity and tortuosity to 7 X 10“4 m/a
and 0.06 respectively for Site 2 resulted in a reasonable match to data and steady
state reached in about 54 ka. For this site a reasonable match could only be achieved
by assuming an upward hydraulic potential. An upward porewater velocity of
9.5 x 10"4 m /a and a tortuosity of 0.07 achieved the best match between the model
and the data for Site 3.
Another way to establish the relative importance of advection or diffusion
in removing solutes from the aquitard is to calculate the dimensionless Peclet
number (Pe):
Pe = Vz/Do

(3)

where V is the porewater velocity, z is the thickness of aquitard and Do is the effec
tive diffusion coefficient. For Pe < 5 diffusion is the dominant process, while
between Pe 5 and 9 a combination of both diffusion and advection occurs, and for
Pe > 9 advection dominates for this length scale. At Site 1 (Pe = 0.55) diffusion
appears to be the dominant solute transport process. However the relative importance
of advection increases to Site 2 and Site 3 (Pe = 6.4, Pe = 7.8) respectively, indicat
ing that both diffusion and advection are of similar importance in removing salt from
the aquitard. Advection does not dominate for any of the sites studied.
The low values for the modelled porewater velocity (0.01—0.1 mm/a) imply
that there is little transfer o f solutes or water to the regional aquifers via diffuse leak
age through the aquitards at these sites. Recharge to the confined system inferred
elsewhere ([3] and paper IAEA-SM-336/27) must occur via other transport
mechanisms.
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Although our model provides a reasonable match to the measured data, similar
best fits could be obtained by changing the various parameters. However, this
approach provides additional evidence that the vertical aquifer flux in terms of water
or solutes through the aquitard is minor compared to the lateral flux in the adjacent
aquifers. Future work will need to consider measuring the tortuosity of the aquitard,
to provide better constraints for modelling.

6.

CONCLUSIONS

о Aquitard waters were recharged in a more arid phase than the regional aquifers
and have since been slowly mixing with the regional groundwaters
о If diffuse recharge or discharge to the confined Dilwyn aquifer is minimal, trans
fer of water and solutes must occur via preferred pathways, possibly through
numerous faults within the region.
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U T IL ISA T IO N D E LA JA U G E A TRA N SM ISSIO N DE RAYON G A M M A
DANS DES SED IM EN TS FIN S (SILT)
N. CHAOUQ, B.F. LONG, G! DRAPEAU
INRS-Océanologie,
Institut national de la recherche scientifique,
Rimouski, Québec, Canada

Le programme LISP (Littoral Investigation of Sediment Properties), mené sur
une zone intertidale, dans le bassin des mines (baie de Fundy, Canada), avait comme
objectifs la compréhension des paramètres physiques qui régissent la stabilité des
sédiments fins des estrans et le développement de nouvelles techniques de mesures,
in situ, des propriétés des sédiments [1]. Seuls les effets des courants de la marée
et de l’ensoleillement sur la stabilité des sédiments dans une zone intertidale à carac
tère macrotidal sont présentés.
Starrs Point (baie de Fundy, Canada) correspond à un estran qui est soumis
à une marée semi-diurne ayant une amplitude de 6 m. Les courants associés sont de
40 cm/s en flot et de 35 cm/s en jusant et forment une ellipse ouverte senestre
au-dessus du site d ’étude. L ’activité des vagues est faible car le fetch est réduit et
la région est abritée des grands vents d ’ouest. Les sédiments de surface sont des silts
moyens et une taille grano-croissante en direction de la zone subtidale (d <
0,053 mm varie entre 75% au sommet de la zone intertidale à 10% vers sa base [2].
Deux sites de mesures ont été sélectionnés selon le grand axe de l’estran.
Chacun d ’eux a été équipé d ’un courantomètre et d ’une jauge nucléaire à transm is
sion (JNT) directe de rayons gamma en position verticale, pour les mesures de
l ’érosion-sédimentation. Au site 2, une deuxième JNT est enfouie selon une position
horizontale, à 7 cm dans le sédiment, afin d ’en mesurer la porosité. Une station
météo, au centre de la zone intertidale, mesurait les vitesses et directions du vent,
l’ensoleillement et les précipitations. La campagne de terrain s’est déroulée du
13 juillet au 1er août 1989.
Les JNT enregistraient les variations du taux d ’érosion-sédimentation. En
effet, les tests en laboratoire montrent que, lorsque la hauteur de la colonne d ’eau
surmontant le détecteur est inférieure à 14 cm, les enregistrements sont influencés
par l’interface air-eau [3]. Pour remédier à cela, les données correspondant aux
12 premières et aux 12 dernières minutes de la marée haute ont été retirées, même
87
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FIG. 1. Variation à court terme (une marée) de l ’épaisseur des sédiments.
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FIG. 2. Variation à long terme (du 15 au 30 juillet 1989) de l ’épaisseur des sédiments.

si ces périodes sont importantes pour le transport des sédiments. Les transformations
des mesures des activités radioactives en épaisseurs équivalentes des sédiments ont
été déterminées in situ selon une loi empirique.
La JNT placée en position horizontale a été totalement enfouie dans le sédi
ment. L ’épaisseur des sédiments entre le détecteur et la sonde demeure inchangée.
Les variations des enregistrements dépendent principalement du contenu en eau
interstitielle des sédiments et sont reliées aux mouvements de la marée. Néanmoins,
deux paramètres influencent les mesures: l’effet bulbe et le problème des interfaces
(air-eau et eau-sédim ent). Les conditions climatiques, durant la période d ’échantil
lonnage, oscillaient entre jours ensoleillés et jours avec pluie. Cependant, aucune
différence n ’a été observée au niveau de l’enregistrement à long terme. Les condi
tions climatiques n ’ont pas d ’influence sur la compaction des sédiments durant la
période d ’échantillonnage.
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La JNT en position verticale a montré que le comportement des sédiments est
lié à son emplacement sur la zone intertidale de Starrs Point. A l ’échelle d ’une
marée, les sédiments au site 1 sont érodés en continu depuis le début du flot jusqu’à
la fin du jusant alors qu’au site 2 ils subissent une érosion au début du flot, un dépôt
autour de l ’étale de la marée haute et une érosion en fin du jusant (Fig. 1). En
moyenne, le taux des sédiments érodés au site 1, au cours d ’une marée haute, est
de 0,6 cm. Au site 2, l ’érosion au début du flot, l ’accumulation autour de l ’étale et
l ’érosion vers la fin du jusant ramènent l’épaisseur des sédiments au même niveau
qu’au début de la marée haute; ces variations s’effectuent sur une échelle de 0,2 cm.
Sur toute la période d ’échantillonnage, le site 1 subit une érosion de 1 cm, entre le
13 et le 28 juillet et une accumulation de 0,5 cm entre le 28 juillet et le 1er août.
Généralement, ces variations sont de l’ordre de 0,1 à 0,2 mm. Le site 2 présente une

FIG. 3. Evolution à long terme des enregistrements de la JNT horizontale au site 2.
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FIG. 4. A: Passage d'une marée haute à une marée basse. B: Passage d ’une marée basse
à une marée haute.
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légère accumulation de 0,25 cm entre le 13 et le 22 juillet (Fig. 2). Les corrélations
entre l’évolution de l ’épaisseur des sédiments et les paramètres hydrodynamiques et
atmosphériques, au cours d ’une marée, montrent que le site 1 est plus influencé par
les paramètres atmosphériques que par les paramètres hydrodynamiques. Les sédi
ments au site 2 sont plus sensibles aux paramètres hydrodynamiques. Christian [4]
a montré que, pour le site 1, le changement du comportement des sédiments coïncide
avec le déclin du nombre d ’amphipodes (Corophium) à la surface des sédiments vers
la fin du mois de juillet. Selon cet auteur, ces amphipodes ont un impact majeur sur
les caractéristiques physiques des sédiments. La légère accumulation des sédiments
au site 2 est en accord avec les travaux de Amos et al. et Christian. Ce dernier a
observé au site 2 une augmentation du pourcentage de silt, dans les sédiments, durant
la dernière semaine du mois de juillet; ce qui peut expliquer l ’accumulation
enregistrée des sédiments.
La JNT en position horizontale a montré que, sur les cinq jours d ’échantillon
nage, il n ’y a pas eu de compaction des sédiments sur les 7 premiers centimètres,
et que la variation de l ’atténuation du signal est liée uniquement aux passages de la
marée au-dessus du site (Fig. 3). Le passage d ’une marée haute à une marée basse,
ainsi que celui d ’une marée basse à une marée haute, se font d ’une façon brusque
(Fig. 4). En général, il faut 8 min pour passer d ’une marée haute à une marée basse
et 6 min d ’une marée basse à une marée haute, ce qui correspond, dans le premier
cas, à l ’échappement de l ’eau des interstices des grains et, dans le deuxième cas, à
l ’infiltration de l ’eau dans les sédiments.
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1.

INTRODUCTION

In recent decades the beach dynamics of the central part of Romania’s shore
have had an unbalanced character: the erosion process is stronger than the accretion
one, resulting in a continuous degradation of the coastal environment.
Beach dynamics in the resort o f Mamaia strongly depends on a supply of
sediment from the north, from both the Danube load and bedload coastal transport.
As Midia harbour is supposed to play a significant but controversial role, acting
either as a sediment trap or a redistribution source, an attempt to evaluate the
sediment transport in its vicinity using radioactive tracers was made in O ctoberNovember 1994.
The sediment transport rate is calculated by the formula:
Q = p x L X vm x E

(1)

where Q is the bed-load transport rate in kg/d, p is the sediment density in kg/m 3,
L is the transport width in m, vm is the mean transport velocity in m/d, and E is the
mean transport thickness in m. The parameters L, vm and E were determined
experimentally, using the calibration coefficients obtained in the laboratory and iso
counts curves obtained in the field experiment.
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2.

EXPERIMENTAL

2.1.

C alib ratio n m ethodology

The calibration methodology was focused on f0 and a coefficients determina
tion, using the relation:
f(z) = f0 x e -“ xz

(2)

where f(z) is defined as the detector response to a given activity, uniformly dis
tributed over the detector influence area. The radioactive tracer is buried at a depth
z in the investigated sediment [1-3].
The calibration parameters f0 and a were determined in the laboratory by
measuring the detector response to a 46Sc radioactive point source of 0.74 MBq
(20 Ci). A calibration tank of 250 X 100 x 100 cm was specially built. A sand layer
of about 40 cm was deposited on the tank bottom. The remaining volume was filled
with water. Several tubes cross the box at different depths in the sand filled region
(Fig. 1). Through these tubes the radioactive source is moved at a known, constant
velocity, v. The detector is positioned at the sand level in the same conditions as
during field detection.
Detector calibration measurements are performed as follows:
— Detector above the first tube, at its middle, at the water/sand interface:
The source is passed through all the tubes in order also to get the total number
of counts;
— The detector is moved 10 cm to the right and the source scans the tube again;
— The detector is moved another 10 cm, repeatedly, until the counting rate
becomes negligible;
— The source is placed in the second tube and the above procedure is repeated;
— The same procedure is repeated for the remaining live tubes.

Y, m
FIG. 1. Left: Calibration tank; right: the dependence N '

=

f(y); z(cm).

SESSION 1

93

After the source passage the total count is
To obtain the liquid total count
N0 the background is subtracted. The value N0 is multiplied by v, the product
N0 X v = N ' having the same value as the integral:
end of tube

n x dx

(3)

opening of tube

where n is the counting rate at a determined value of x. The results obtained are plot
ted on a N ' = f(y) graph as shown in Fig. 1.
The areas under the curve in Fig. 1 represent the integrals

(4)

where R¡ is the detector influence radius. Dividing the integrals by the calibration
source activity gives the detector sensitivity f [counts/s-^C i-m "2].
Plotting the dependence f(z) on a half-logarithmic graph, a straight line is
obtained. Consequently the dependence f(z) can be represented by Eq. (2). The
calibration parameters f0 and a are determined by the least squares method.
Selection of 46Sc as a tracer was based on the fact that besides other advan
tages [4], its simple decay scheme permits calculation of the calibration curve.
The SD1R detection equipment (Oakfield Instruments Ltd), having a Nal(Tl)
submersible radiation detector of 1.75 x 2 in (HR Wallingford Ltd, United
Kingdom) supplied within the IAEA TC Project ROM /8/013, was used.

2.2. Field experim ent
In 1994 a field experiment was carried out in the Southern Bight of Midia
harbour (Fig. 2), where the sandy bottom has a smooth bathymetry, with a gentle
southeast slope of about 2:1000-5:1000. The water depth in the tracer releasing area
is about 8.5 m and the sand is mainly terrigenous with a minor fraction of calcareous
(organogenic) material.
Hydrological conditions were specific to the autumn period: nearly uniform
three dimensional temperature and salinity distribution averaging 17.5 and
15.75 PSU (practical salinity units). The wind had a speed of 17.5 m/s in the day
preceding tracer injection, 4 m/s during the tracer releasing (13 Oct.) and increased
to 10 m/s on the next day. It died during the first detection (15 Oct.). The surface
current was flowing SE and the bottom one ESE, with the same velocity of 0.25 m/s.
In the period from 15 Oct. to 2 Nov. (second detection period) there were slight and

94

POSTER PRESENTATIONS

variable winds, excepting a northeast storm, wind speed 10—14 m /s, lasting three
days.
A quantity o f 240 g o f 46Sc (T Vl = 84 d) labelled glass tracer of the same
grain size as the sediments in situ was released on the sea-bed. Scandium-46 activity
was 59.2 GBq (1.6 Ci). The tracer was detected with the above mentioned equipment
located on a ship. The detector position was set using a théodolite system.
Two measurements were performed two days then twenty days after tracer
release. Background activity was measured in the surveyed area before the
experiment.
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RESULTS

3.1. Calibration measurements
Figure 3 presents the calibration curves obtained in the two cases: (a) spectro
metric and (b) integral measurement. The energy threshold was 50 keV.
The measurements were performed at H = 0 and 5 cm from the sand level.
Defining Ro = foa/fob for z = 0 gave a value of 5.73 X 10“3 for Rq.
From Fig. 3 it can be observed that the detector response in case (a) is 18 times
smaller than that in case (b). Consequently we can perform measurements with the
same equipment in cases of high activity, improving the equipment precision. It can
also be seen that the detector sensitivity decreases drastically as the water layer
increases, though it is very important to have the same conditions as in the field
experiment.

3.2. Field experiment
The results obtained, corrected for background and radioactive decay, are
presented as isocounts (Fig. 4). These curves were determined after transposing the
original data to a rectangular grid using a combination of Laplace and spline func
tions methods.
Numerical integration yielded the total number of counts. Also, by direct com
putation, the centre of gravity co-ordinates of the radioactive cloud were determined
in both cases. It moved about 90 m on a heading of 330°. For the time (t = 18 d)
between the two surveys and the distance between the two centroids (x = 90 m) a
value of vm = 5 m /d was obtained..
To determine the mean transport thickness E the ‘total balance method’ was
used [5]. According to this method, any apparent decrease in the amount of the tracer
recovered is due entirely to the burial of tracer particles within the mobile sediment
layer. The relation between mean transport thickness (maximum depth of the tracer
burial) and total number o f counts N is:

N = f0 x -

x (1

(5)

a.

where A is the injected activity, /3 ф — 1.15) a dimensionless coefficient defined
as a function o f tracer depth distribution and f0, a. — the characteristic parameters
o f detection equipment. The transcendental Eq. (5) was written thus:
-axE

(6 )
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CONCLUSIONS

The bedload transport towards the north could explain Midia H arbour’s action
as a sediment trap and consequently the erosion of the southern part of Mamaia
beach.
The results obtained agree well with the assumption that under normal condi
tions the longshore current is deflected by harbour piers and an anticyclonic gyre
occurs in the southern bight. This type of flow is enhanced by the northeasterly winds
which strengthen the southward longshore current. M ore investigations are needed
in order to assess the effect of opposing strong winds.
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CHLORINE-36 CONTENTS AND ORIGIN OF DISSOLVED CHLORIDE IN
THERMO-MINERAL WATERS FROM THE FRENCH PYRENEES
M. KRIMISSA*, J.-L. MICHELOT
Laboratoire d ’hydrologie et de géochimie isotopique,
Université de Paris-Sud, Orsay, France
L. CHERY, C. FOUILLAC
Direction de la recherche,
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Orléans, France
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Department o f Nuclear Physics,
The Australian National University,
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J.-F. ARANYOSSY
Département études expérimentation et calculs,
ANDRA,
Fontenay-aux-Roses, France

A study is being carried out on thermo-mineral waters from the axial zone of
the French Pyrenees. Its main aim is to estimate the residence time o f waters and
to characterize the water/rock interaction phenomena. Chemical and environmental
isotope analyses have been performed on 35 samples. We report here mainly the
results of the study of the 36C1/Clt0tal and B r '/С Г ratios.
The thermo-mineral waters o f the Pyrenean axial zone display very homo
geneous geochemical features: low (sodium sulphide type) mineralization (TDS <
500 m g - L '1), alkaline pH and very low magnesium content. The temperatures of
deep waters reach 100°C. The stable isotope contents of the collected waters
evidence their purely meteoric origin, without any heavy isotope enrichment that
would indicate evaporation or a geothermal effect due to 180 exchange between
water and host rocks [1].

Also Direction de la recherche, Bureau de recherches géologiques et minières,
Orléans, France.
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Cl- (ppm)

FIG. 1. 36Cl/Cl,ola¡ versus Cl .

The Вг“/С Г ratios are constant and higher than that of sea water for most of
the samples. This suggests that the dissolved chloride could correspond to a mixing
between meteoric chloride (ratios near that o f sea water) and autochtonous chloride
derived from interactions with the rock matrix.
The values of 36C1/Clt0tai ratios measured on selected samples are graphically
reported versus the chloride content (Fig. 1). The 36C1/Clt0tal ratios o f precipitations
estimated from the mean annual precipitations and the natural cosmic production of
36C1 [2] are also reported in this figure.
Almost all the samples present ratios higher than that estimated for the
pre-bomb precipitations, but are tritium free. These high ratios (37 X 10‘ 15 to
75 x 10“15) can be discussed on the basis of the mixing between meteoric and rock
derived chloride, suggested by the В г7 С Г ratios.
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For the two main types o f rocks identified in the studied area (granite and
gneiss), the neutron fluxes and the 36C1 equilibrium values were calculated from
chemical compositions. The 36C1 equilibrium values, which correspond to those of
constitutive chloride o f the rocks, are shown in Fig. 1.
In this figure, two mixing zones may thus be defined, corresponding to the
mixing of meteoric chloride either with the granite derived chloride or with the
gneiss derived chloride. Most of the measured contents are situated in these zones.
Only three points show lower chloride contents. This is probably linked to
local variations of neutron flux in the granite: one o f these points corresponds to a
borehole drilled in a particular facies (pegmatites) of granite, with uranium and
thorium contents notably lower than the mean content o f granite, leading to a low
36C1 equilibrium value (see Fig. 1).
On the other hand, two water samples, taken from two boreholes in the same
thermal station, have high ratios (156 x 10~15 and 173 X 10“15), which show the
contribution o f recent water containing bomb produced 36C1. Compared to the
curve of atmospheric 36C1 generated by nuclear tests [2], the determined 36C1/Clt0ta)
indicate that the recent component is about 20 years old. The presence of recent
shallow water ( = 30%) in these samples is confirmed by their high magnesium
contents.
In conclusion, the 36C1 contents measured in these thermal waters cannot be
interpreted in terms o f water ‘ages’, except for two points where a nuclear 36C1
contribution was detected. However, these 36C1 contents provide evidence for the
origin of dissolved chloride, almost totally derived from water/rock interactions.
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EV ID EN C E FO R C RO SS-FO R M A T IO N F L O W
T H R O U G H FA U LTS BY C H L O R IN E STA BLE ISO TO PES
J.M . MATRAY
Direction de la recherche,
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Orléans, France
H .G .M . EGGENKAMP
University o f Reading,
Reading, United Kingdom

Cross-formation flow through shale membranes is now well documented for
several sedimentary basins. However, the mode o f transport, via faults or porosity,
is still a subject o f discussion, as geochemical arguments are not precise enough to
distinguish between the mechanisms.
In the last two decades Kaufmann and co-workers demonstrated that Cl stable
isotopes were potentially capable o f discriminating between the different modes of
transport. A pure advective flow does not produce any changes in the 37C1/35C1
stable isotope ratio of the transported chlorine while ion filtration and diffusion may
do [1, 2].
In the Paris Basin, deep aquifers o f the Doger (mid-Jurassic) and the Keuper
(Upper Triassic) are separated in the basin centre by more than 500 m of
impermeable layers of Liassic age. Recent studies have provided evidence that
cross-formation flow occurred from the Keuper sandstones into the Dogger car
bonates [3, 4].
In order to investigate the flow mode, 18 formation water samples from oil
field, geothermal and groundwater wells were collected and analysed for their Cl sta
ble isotope composition. Measurements were carried out at the Department of
Geochemistry of Utrecht University and followed the method developed by
R.S. Kaufmann [5, 6]. The method consists in measuring the chlorine isotope com
position o f CH3C1 which is formed by reaction o f AgCl with CH3I. Results are
expressed as <537C1700 versus SMOC (standard mean ocean chloride). The accuracy
o f measurement is better than 0 .1 7 oo.
Results of <537C1 measurements on formation waters are compared to the chlo
ride content in Fig. 1. Values o f ¿ 37C1 for the Dogger samples range between —1.0
and —1 .6 7 00 and do not show any correlation with the chloride content, contrary
to the Keuper samples, which display a wider range of values between —0.3 and
—1.9°/oo and show a good correlation between the two extremes.
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FIG. 1. Relationships between the Cl stable isotope composition and the chloride contents in
the Dogger and Keuper formation waters from the Paris Basin. The Keuper samples display
a mixing trend between a 37Cl depleted brine and a SMOC-like brine. The &37Cl values of the
Dogger samples are on average equal to those from the Keuper samples and suggest an
advective transport between the two aquifers with dilution in the Dogger aquifer by mixing with
meteoric waters.

This good negative correlation is interpreted by a two end member mixture
between saline waters and deeper brines in the Keuper aquifer. The least saline solu
tions show 37C1 and Cl contents similar to SMOC, while their water stable isotope
composition suggests a meteoric origin. This is explained by the probable dissolution
of Cl evaporites by meteoric waters, as ô37Cl values are in the domain of marine
evaporites. This result would indicate that long scale migration occurred from the
east to the basin centre as the only Cl evaporite bodies in the Paris Basin are Triassic
and located about one hundred kilometres to the east. The lack o f isotope effect on
Cl stable isotopes suggests an advective transport. The meteoric signature o f the
most saline brines shows that they originated from the dissolution of eastern
evaporites. Their negative ô37Cl values indicate that the transported chloride was
depleted in 37C1 and suggests isotope effects o f diffusion, high temperature
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processes or temporal variations in the ocean reservoir [1, 2]. Geological arguments
indicate that the most saline brines probably formed after the very first outcrop eleva
tion, at the M esozoic/Cenozoic boundary, i.e. when temperature was high and the
difference in hydraulic heads between outcrops and the basin centre was low enough
to produce a diffusive transport. On the other hand, the maximum o f outcrop
elevation, linked to the Pyrenean orogeny at the end of the Oligocene, might be
responsible for the formation o f the least saline solutions in a cooling system. Recent
infiltrations o f fresh waters from upper layers could explain the dilution of the least
saline solutions in the southern part of the Keuper and explain why the fresh ground
water has a low ô37Cl value.
As for the Keuper, the isotopic composition o f the Dogger waters is explained
by mixing of various meteoric waters [4]. Dissolved chlorine in the Dogger aquifer
is therefore necessarily derived from the Triassic aquifers that represent the only
source o f chlorine in the basin. A transport without effect on Cl isotopes could only
explain why the ô37Cl values o f the Dogger aquifer are on average equal to those
from the Keuper aquifer. This result indicates that transport was rapid and flows
through faults may be inferred.
In conclusion, chlorine stable isotopes are potentially a very interesting tool in
environmental research as they give information on origins and sources o f chloride,
mechanisms o f transport and finally on the aquifers and basin evolution.
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EV A LU A TIN G H Y D RO G EN ISO T O PIC C O M PO SIT IO N S
U SIN G H Y D RO G EN C O L L E C T E D F R O M N IC K E L PYRO LYSIS
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‘ Department o f Earth Sciences,
University o f W aterloo,
W aterloo, Ontario
**The Freshwater Institute,
Winnipeg, Manitoba
Canada
Recent modifications to a nickel pyrolysis technique have enhanced the effi
ciency of ô l80 analyses on micro-water and organic samples [1]. The hydrogen that
diffuses through the nickel lattice during pyrolysis also provides the oppoortunity to
evaluate the hydrogen isotopic compositions of these types o f samples [2]. To test
the reliability o f the ô2H values obtained from the modified nickel pyrolysis tech
nique, hydrogen was collected from waters pyrolysed in nickel bombs, then analysed
for <52H.
Pyrolysis bombs containing graphite (10 mg) were placed in an inert environ
ment [1]. W ater samples (10 ¿iL) encompassing a range of isotopic compositions
were injected into the bombs, which were then sealed. The bombs were then inserted
into a quartz tube, which was subsequently evacuated. The encapsulated bombs were
heated (at 1050°C) for different periods of time, during which hydrogen diffusing
through the nickel lattice was retained in the quartz tube. Results o f the analyses are
shown in Fig. 1.
The <52H values o f the waters subjected to shorter reaction times are depleted
with respect to their actual values (negative departures). Depleted ô2H values early
in the reaction are probably a result o f isotopic fractionation arising from the
preferential breaking o f 'H bonds over 2H bonds. Quantitative recovery of the
pyrolysed hydrogen and deuterium is indicated by the development, in Fig. 1, of
<52H zero-departure plateaus for each o f the water samples, after approximately
50 min of reaction time. The ô 180 values o f C 0 2 purified from the bombs also
describe zero-departure plateaus after approximately 50 min o f reaction time. The
simultaneous development ô2H and <5180 plateaus for each water sample verifies
that hydrogen and deuterium are liberated in roughly the same time that it takes for
oxygen to react to form isotopically conservative C 0 2. Therefore, contemporaneous
oxygen and hydrogen isotopic analyses o f water samples are possible.
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FIG. I. The departure o f b2H and 6lsO measurements from actual values versus reaction
time. Triangles represent S2H values and inverted triangles represent 5lsO values. The actual
ô H and ô О values (zero departure) noted on the graph for each sample are with respect
to SMOW (standard mean ocean water).

Further, it is anticipated that simultaneous evolutions of oxygen and hydrogen
from cellulose and chitin will be possible through low temperature equilibration of
exchangeable hydrogens [3]. This should allow compensation for the contribution of
exchangeable hydrogens without the necessity o f nitration, a tedious process which
is destructive to samples.
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A N EW M E T H O D FO R T H E IN V E STIG A TIO N O F N O BLE GASES
D ISSO LV ED IN T H E P O R E W A TER O F SED IM EN TA RY R O CK S
First results fr o m coal and salt mines in Germany
K. OSENBRÜCK, С. SONNTAG
Institut fïir Umweltphysik,
Ruprecht-Karls-Universitât Heidelberg,
Heidelberg, Germany

A new sampling technique has been developed for the analysis of noble gases
dissolved in the pore waters of consolidated sedimentary rock samples. The analysis
o f the accumulated radiogenic 4He and 40Ar yields information on the porewater
age in low permeable formations, where groundwater is not accessible by pumping.
This dating technique is of particular interest for studies of nuclear waste disposal
in geological formations. Newly broken rock samples from mine galleries or from
sediment cores are rapidly packed into helium-tight stainless steel containers and
then directly evacuated. Within three to five weeks storage time, depending on the
size o f the rock sample, the noble gases are released by molecular diffusion from
the pore water into the evacuated container volume. From there they can easily be
transferred into the mass spectrometer. In addition, vacuum distillation of aliquots
of the rock samples yield representative pore water samples for analysis of the <5D
and <5180 content. Furtherm ore, the main chemical components can be obtained by
leaching the rock sample with distilled water as is already done in the Konrad iron
mine [1].
First results are presented for rock samples from three coal mines o f the
Lower-Rhine-W estphalian Coal Basin, Germany, and from a salt mine in southwest
Germany. The sandstone and clay stone samples from the coal mines stem from the
Carboniferous at 1000 to 1200 m below surface. Their pore water shows very high
He contents of 7.6 X 10-4 to 1.8 X 10~3 cm 3 STP/g water as well as high
40A r/36A r ratios o f about 320. 3H e/4He values o f 8 x 10-8 prove the predominance
o f crustal helium. Evaluation of the in situ He age [2] of the pore waters yields about
40 million years, on the basis o f measured U and Th data o f 1.6 and 0.2 ¡xg/g respec
tively. Compared with local groundwater, the pore waters (<5D = - 2 0 7 00 and
<5I80 = - 3 7 00) are isotopically enriched.
The rock salt and anhydrite samples from the salt mine, where at a depth of
200 m Triassic salt beds are exploited, show He contents ranging from 4.7 x 1 0 ^
to 8.5 X 10“4 cm 3 STP/g water. Related to the measured uranium content o f about
0.1 to 0.4 fig/g these He values yield in situ ages o f approximately 50 million years.
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He (cm3 STP/g water)

FIG. 1. Helium concentrations o f the pore water samples and concentration/depth profiles
calculated by a simple model o f radiogenic accumulation and diffusive loss to the atmosphere.
The curves represent the results for mean U and Th contents o f the samples for (a) the coal
mines and (b) the salt mine.

Our helium pore water data fit fairly well into a theoretical profile o f crustal
helium (Fig. 1) based on the above mentioned U and Th contents o f the rocks.
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A PP L IC A T IO N O F LEAD ISO T O PE S IN T H E STUDY O F BRINES FOUND
IN T H E V IC IN IT Y O F PR O PO SE D N U C LEA R W A STE SITES
J.S. STUCKLESS, Z .E . PETERMAN
U.S. Geological Survey,
Denver, Colorado,
United States o f America

Several countries have proposed the long term disposal o f high level radioac
tive waste in geological repositories which have groundwaters that are saline to true
brines ( < 3 5 000 mg/L). Stable isotope studies o f saline groundwaters often result
in a conclusion that the ultimate source of the water is at least partly meteoric [1, 2].
These studies, however, yield only a portion of the history of these waters. Remain
ing questions include the source o f the dissolved cations; were they derived in situ
or along a long and currently inactive flow path? Answers to such questions may
prove to be important when addressing the performance of a potential repository
under future climatic conditions. Much of the history o f water/rock interaction can
be deciphered through the use o f naturally occurring, heavy tracer isotopes such as
lead and strontium.
Strontium isotopes have long been used successfully as a tracer for the origin
o f igneous rocks [3] and have recently been used with a high degree o f success as
a naturally occurring tracer in groundwater studies [4]. The general principal is that
rocks and minerals acquire radiogenic 87Sr as a function o f time through the decay
o f 87Rb. Thus older rocks or minerals and those with large Rb/Sr values tend to
impart larger 87S r/86Sr values to groundwater during rock/water interaction than do
younger rocks or minerals, especially those with low Rb/Sr values. Also, because
strontium is geochemically analogous to calcium, it is relatively abundant in most
groundwaters.
Lead isotopes have likewise had a long history o f application in petrologic
studies, and their utility in the study of brines was demonstrated very early [6].
However, the low abundance o f lead in most waters, and analytical limitations,
have all but precluded the use o f these isotopes in most hydrochemical studies. Lead
isotopes have proved to provide valuable information in mineral exploration [7] and
in w ater/rock interactions [8]. Both these applications have relied on analysing the
relatively abundant lead in solid phases that have reacted with or were precipitated
from water, but the same history should be recorded by the fluid phase.
Recent advances in analytical mass spectrometry have reduced by orders of
magnitude the amount o f lead needed for a high precision analysis such that concen
trations o f lead typically found in brines can be handled without difficulty. The
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advantage o f lead as a tracer derives from its three radiogenic isotopes (206Pb, 207Pb
and 208Pb) which result from the decay o f two isotopes, with very different halflives, of a single element (238U and 235U) and one isotope of a chemically different
element (232Th). Thus waters that have reacted with similar rocks o f different ages
or chemically different rocks o f similar ages can be distinguished, as can be seen
in Fig. 1.
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FIG. 1. Lead isotopes related to rocks o f different ages.
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Investigations on the basis o f 1SN and 180 isotope signatures
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Forest decline and increasing atmospheric deposition influences the quality of
surface waters and groundwaters. Although nitrification is generally regarded as a
prerequisite for nitrate leaching and surface water acidification it emerged from
investigations that nitrate output seems to be related to nitrogen deposition from air
pollution.
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To understand the cycle of deposited nitrate in forest ecosystems, natural iso
tope investigations were made in different forest sites in northeast Bavaria. These
sites range from ‘apparently healthy’ to ‘acid induced declined’ plantations and
‘declined plantations’ that have been limed.
The nitrate from atmospheric deposition is tracered by oxygen and nitrogen
isotope signature, because the two possible sources o f nitrate
— nitrate formed by nitrification and
— nitrate from atmospheric depositions
differ measurably in their isotopic composition.
Our study quantifies the impact o f nitrate deposition on nitrate leaching by
measuring natural N and О isotope ratios in input (precipitation) and output systems
(spring water).
The fraction o f atmospheric nitrate in spring water, which is not metabolized,
ranges from some 15% to 45%.
The smallest amount o f atmospheric nitrate in spring water was measured in
the catchment area of healthy and limed plantations, whereas in spring waters from
catchment areas covered with declined plantations the amount of deposited nitrate is
around 40%.
Leaching results from nitrate deposition, the activity o f nitrification and the
consumption of nitrate by ecosystem. This indicates that high amounts of leached
nitrate results from high input and at the same time strongly reduced consumption,
which, again, is an indication o f the degree of forest decline.
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An aquifer contaminator with diesel fuel is being bioremediated by stimulating
the indigenous microorganisms. Groundwater is withdrawn downstream of the con
tamination and re-injected into the aquifer upstream.
Experiments with artificial tracers helped to determine the flow direction and
the flow velocity of the groundwater. W e asked ourselves whether residence times
could also be calculated from the concentrations o f the radioactive noble gas radon
(222Rn). Radon is a natural compound of the subsurface and part of the radioactive
decay series o f 238U. W hen the parent nuclide, 226Ra, decays, some of the radon
enters the fluid phase (groundwater or soil gas; ‘emanation’). At the earth’s surface,
radon outgasses to the atmosphere. Surface waters infiltrated to saturated aquifers
accumulate radon in the subsurface with increasing residence time, according to the
law o f radioactive ingrowth.
Radon concentrations reach a steady state after 4-5 half-lives (ti/2 = 3.8 d),
i.e. 15-20 d. The total error of this method is about ±20% [1].
Radon has a high affinity to organic phases. In the case o f the classical radio
activity measurement method with liquid scintillation counting, radon dissolved in
water is extracted with toluene. The partitioning equilibrium between water and
toluene is about 1:45. As can be expected and as was measured in a controlled field
experiment [2], radon accumulates in the subsurface contaminated with nonaqueous-phase liquids (NAPL). At natural flow conditions, we found radon
concentrations at the study site which were significantly lower in the domain con
taminated with diesel fuel (7-15 Bq/L) than outside (15-18 Bq/L). The low radon
concentrations correlated with detectable concentrations in hydrocarbons dissolved
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in water. W e therefore asked ourselves whether radon can be used for dating ground
waters in NAPL contaminated aquifers. If not, this method may nevertheless allow
detection of the spatial extent o f the hydrocarbon contamination.
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A bstract
MODELLING OF ^ S r WASH-OFF FROM THE RIVER PRIPYAT FLOOD PLAIN BY
FOUR YEAR FLOOD.
The hydrodynamic finite element model RMA-2V and the contaminant transport model
FETRA have been applied to predict wash-out of ^ S r deposited on the River Pripyat flood
plain northwest of the Chernobyl nuclear power plant following a spring flood such as occurs
once every four years, with a water discharge of 2000 m 3/s. Steady state velocity fields were
computed by RMA-2V for the Pripyat flood plain configuration both before and after the
diking of the left bank in 1992. The dimensions of the domain (before diking) were
15 by 3.5 km. The release rate of radiostrontium for the area source was calculated directly
using the map of contamination and results of experiments with flooded soil monoliths carried
out at the Ukrainian Hydrometeorological Institute, which revealed that for the first 20 days
from the beginning of flooding the upper stratum of soil releases about 0.2 % of the total inven
tory of ^ S r every day. The results of computations show that the areas of highest strontium
concentration in the water column are the stagnation zones near the outlet, where the concen
tration exceeds 800 pCi/L. Comparison of the situations before and after diking of the flood
plain left bank leads to the conclusion that the problem of ^S r wash-off has not been entirely
solved. However, a substantial but not crucial decrease of concentration averaged over the
cross-section at the outflow (from 290 to 160 pCi/L) was achieved. Shrinking of the highly
contaminated area adjacent to the right bank due to the increase of water velocity is less than
was expected. These results are consistent with the strontium measurements made during the
ice jam in 1991 (before diking) and spring flood in 1994 (after diking).
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IN T R O D U C T IO N

As a result of the accident at the Chernobyl nuclear power plant (NPP) in 1986
huge amounts o f radioactive fuel and fission products were thrown out o f the
damaged reactor and then deposited mainly within a 30 km zone to the northwest of
the plant. Unfortunately, about two thirds o f all deposited activity fell on the spacious
(15 by 3.5 km) River Pripyat flood plain just upstream o f the Yanov railroad bridge
(Fig. 1) [1]. About 8000 C i1 o f the relatively mobile radionuclide 90Sr were
exposed to possible wash-off by flooding events.
Zheleznyak et al. [2] have shown that the most dramatic increase o f strontium
concentration would be caused by the spring flood which occurs every four years
with a water discharge into the River Pripyat (Yanov bridge cross-section) of
2000-3000 m 3/s. At such times practically all the contaminated flood plain area is
covered with water; greater water discharge would only imply more dilution and
lower radionuclide concentrations in the water. For comparison, historical maxi
mums o f water discharge in the River Pripyat measured in May 1970 and May 1979
reached 5000 m 3/s, but from 1986 to 1994 the discharge did not exceed 1500 m 3/s.
Correspondingly, flood plain radioactive sources had a rather weak impact on ^ S r
concentration downstream along the Pripyat and Dnieper rivers. During spring or
m ajor rainfall floodings, the radionuclide concentration in the Pripyat used to
increase from 10-20 to 30-50 pCi/L and in the Kiev reservoir from 5-10 to
15-20 pC i/L [1].
In January 1991, because o f extremely low temperatures, an ice jam formed
in the River Pripyat channel between the Yanov bridge and Chernobyl. As a result
the water level upstream rose dramatically and the highly contaminated area was
submerged for the first time since the accident. Within a very short period the
concentration o f radiostrontium in river water near Chernobyl increased from 10 to
250 pCi/L [3]. Owing to dilution by cleaner Dnieper water and contamination dis
persion in the reservoir, the maximum concentration at the Kiev Reservoir dam did
not exceed 30 pCi/L. Though far from the present national maximum permissible
level of 100 pC i/L, such an increase stimulated rumours and a slight panic among
the population o f Kiev.
It was also a serious warning for the Ukrainian government and by the end of
1992, a protective dike along the left bank of the River Pripyat (Fig. 1) was con
structed. Thus about 50% of the radioactive inventory on the flood plain was sepa
rated from the river. In 1994 this dike sustained a flood, such as occurs every four
years, with a maximum water discharge o f 2300 m 3/s, whereby all the left-bank
flood plain area remained dry. According to observations o f the Ukrainian
Hydrometeorological Institute and the Dose Control Department o f the Zonal
Administration, the maximum radiostrontium concentration near the Yanov bridge
' 1 Ci = 3.7 x 1010 Bq.
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FIG. 1. Chernobyl NPP area.

during the 1994 spring flood was about 150-180 pCi/L, consistent with estimates
from experimental studies and computer simulations described in this paper.
The idea of the present work was to apply a 2-D finite element model of con
taminant transport by the horizontal water flow (FETRA) developed in the Pacific
Northwest Laboratory [4] with regard to the Pripyat four year flood situation.
Because o f the complexity o f the problem, involving high water velocities and
irregular geometry of the domain, it was planned to use a steady state mode o f the
model to produce a distribution o f the 90Sr concentration in water over the sub
merged flood plain both before and after diking with high mesh density. Based on
that distribution one could evaluate the efficacy o f the protective dike and find the
key points for further countermeasures in the area. To implement this plan the
authors needed detailed hydrological characteristics o f the flow as input data to the
FETRA model. The finite element hydrodynamic model RMA-2V developed by the
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US Corps o f Engineers [5] was chosen to obtain those characteristics (vector velocity
and surface elevation fields).
It should be mentioned that similar modelling had been undertaken by
Ukrainian modellers even before the diking [2] as a part of the scientific basis for
the diking project. The present paper presents alternative modelling results insofar
as they differ substantially from those reported in Ref. [2].

2.

M ODELLING OF THE FLOW

The two dimensional hydrodynamic model RMA-2V is based upon a numerical
solution o f Reynolds’ equations for the horizontal flow reduced by applying the
Boussinesq concept of a turbulent exchange coefficient [5];
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and continuity equation
^ + ^ - ( h u ) + hv) = 0
dt
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(3)

Неге u and v are components o f fluid velocity in the X and Y directions respec
tively, g is the gravitational constant, a the bottom elevation, h the local water depth,
p the fluid density; ex and ey are the turbulent exchange coefficients in the X and Y
directions respectively and С is Chezy’s coefficient. It should also be pointed out that
terms responsible for the wind stress, Coriolis forces and spatial variation of the
fluid density are dropped in Eqs (1-3) for obvious reasons. Chezy’s coefficient was
assumed to be determined by the formula:
С =

V 6
n

(4 )
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where n is the Manning coefficient, which should be directly assigned for each ele
ment in a mesh.
The finite element mesh for the whole domain contains 2800 triangular ele
ments with 5700 nodes, six nodes for each element. For the situation after diking,
the mesh was slightly rearranged and number o f elements and nodes was reduced
to 1600 and 3000 respectively. Because only limited information about the flood
plain landscape was available only two types of element were defined:
(a)

(b)

The channel elements — stretched in the flow direction with a characteristic
length of 150-300 m along and 30-50 m across the flow direction. For
the channel elements values were set as: ex = ty = 16000 N s/m 2, n =
0.025 m “ 1 / 3 s.
The flood plain elements — configured according to the topography of the
flood plain with a characteristic length of 100-400 m. For the flood plain ele
ments values were set as: tx = ey = 4000 N s/m 2, n = 0.1 m “ 1 / 3 s.

The values specified above were recommended by hydrological textbooks, see
for example Refs [5, 6 ].
The resultant velocity fields for the situations before and after diking are
presented in Figs 2 and 3. They show that on the rest o f the flood plain diking caused
a substantial increase of the water velocity only in a main and old river channels.

FIG. 2. Simulated water velocity field over the River Pripyat flood plain before diking.
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FIG. 3. Simulated water velocity field over the River Pripyat flood plain after diking.

3.

MODELLING OF 90Sr W ASH-OFF

Radiostrontium wash-off from the flood plain was modelled using the finite
element pollutant transport model FETRA in conservative transport mode and on the
same mesh as RMA-2V. The effects of interaction of dissolved phase o f strontium
with bottom sediments and suspended matter have been neglected. The model is
based upon a numerical solution o f the advection/dispersion equation with the
Boussinesq turbulent dispersion concept taken into account [4]:
dAw

dAw

dAw

----------- h U ----------- 1- V -------- =

dt

dx

dy

1
-

+ ± ( K u°J±

h

(5)
where A w is the specific volumetric activity o f the radionuclide in the water, Kx and
Ky are the turbulent dispersion coefficients in the X and Y directions respectively,
and Qw is the area source strength. Velocity components и and v and local water
depth h were obtained by running RMA-2V, and the turbulent dispersion coefficients
were given the value Kx = Ky = 1.2 m 2 /s.
For the source Qw distributed over the domain a simple experimental model
was adopted. According to the series o f experiments described in Ref. [3] the release
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FIG. 4. Strontium-90 deposit on the River Pripyat flood plain.

o f strontium from soil during the first 2 0 days o f flooding has a constant rate of about
0.2% o f the inventory per day. So it was assumed that
Qw = 0.002 R■Sr

(6 )

where RSr is the area density o f 90Sr deposit measured in Ci -km ' 2 and Qw is mea
sured in C i-k m “2 -d _1. Though very rough, this assumption proved to be adequate
for the periods o f flooding up to one month regardless of type of soil and
hydrodynamic conditions. Figure 4 presents a mapping of R Sr according to the data
o f the Typhoon and the Ukrainian Hydrometeorological Institute.
The model has been run as time dependent with initial concentration set over
the domain 50 C i/L (following Ref. [2]) and the same concentration kept at the
inflow during the time o f simulation. The time step was set at 0.5 min. For the flood
situation before diking it took about 45 hours o f real time to achieve a steady state
concentration in the outflow, whereas after diking this time decreased to 30 hours.
These numbers could be treated as times for the total water exchange in the
flood plain.
The steady state fields of ^ S r concentration in the water over the whole and
narrowed flood plain are presented in Figs 5 and 6 . The concentrations averaged
over the outflow cross-section (the Yanov bridge) were estimated as 290 and
160 pC i/L respectively.
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FIG. 5. Simulated 90Sr concentration in the water over the River Pripyat flood plain during
the four year flood (before diking).

4.

DISCUSSION

It is obvious that by using a simple area source model as described by Eq. (6 )
one could calculate an averaged concentration in a much easier way, i.e. to find a
total radionuclide inventory on the flood plain, simply multiply by 0 . 0 0 2 and divide
by the daily water discharge. However, the steady state case is always a good test
for the model before the simulation o f a dynamic situation. Besides, it provides good
ideas for countermeasures.
Figure 5 shows that rather clean main river flow distinctly separates left and
right bank contaminated zones and this effect is more pronounced herein than in the
simulations described in Ref. [2]. After diking of the left bank (Fig. 6 ) the right bank
contaminated zone shrank only slightly and the concentration decreased owing to the
increase o f the water velocity. An averaged concentration at the outflow crosssection decreased by less than a factor of two. So that simulation shows a significant
radioactivity input from the right bank spot source (see Fig. 4) whereas in Ref. [2]
its role was apparently underestimated. Those simulations implied that after left bank
diking is completed, the 90Sr concentration in the water will be about 70 pCi/L, i.e.
the rest of the flood plain would contribute only 20 pCi for each litre o f discharged
water (compared with 110 pCi given by FETRA). These estimates were an argument
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FIG. 6. Simulated 90Sr concentration in the water over the River Pripyat flood plain during
the four year flood (after diking).

for the construction of a huge left bank dike (see Fig. 1). On the basis of the results
presented herein one could conclude that a similar effect could be achieved by con
struction of a much smaller right bank dike, as shown in Fig. 1. It should be
mentioned that currently this project is under development.
From the authors’ viewpoint, reality has proved the strength o f the right bank
source. In 1994, after the left bank dike was finished, both a winter ice jam and a
four year spring flood occurred. The monitoring data o f the Ukrainian
Hydrometeorological Institute and the Dose Control Department of the Zonal
Administration respectively give the peak radiostrontium concentration near the
Yanov bridge (flood plain ouflow cross-section) as 175 and 210 pCi/L.
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Abstract
ISOTOPE STUDIES OF W A TER DYNAMICS: IMPLICATIONS OF TH E RISE OF TH E
CASPIAN SEA L E V E L .
After more than 40 years of continuous decline, since 1978 the Caspian Sea level has
been rising and at the end of 1994 it was nearly 2.5 m above the 1978 level. The nature and
the mechanism of perpetual sea level variations are unknown. But in this particular case it was
observed that the sea level rise is accompanied by an increase of river runoff from the catch
ment area and a decrease of evaporation from the sea surface. In order to understand the impli
cations of the sea level rise isotope studies of water dynamics were undertaken by periodical
sampling of sea, river and precipitation water. By comparison of oxygen isotopes and salinity
distribution it was found that the pattern of the river and sea water mixing is changing. The
residence time of water masses of the North Caspian Sea and the main water balance charac
teristics were determined using oxygen isotope salinity analysis. The problem of vertical
mixing processes of cold bottom and warm surface water in the middle and the southern
depressions was studied using tritium data from sampling cruises in 1983, 1991 and 1994.
Owing to an increase of the river runoff the cold bottom water rise was intensified. Conse
quently the surface layer temperature dropped and evaporation decreased. This feedback effect
of water dynamics on sea level variation was derived from the study. Quasi-periodic
hydrotroilite layers in the sea bottom core sediments were discovered. Preliminary isotope and
chemical analyses show that the hydrotroilite (FeS-nH20) is a promising indicator of sea
level variation in the past.

1.

INTRODUCTION

The Caspian Sea is the w orld’s largest closed basin whose water table is more
than 25 m below the ocean’s level. The Caspian was separated from the ocean
together with the M editerranean and Black Seas about 5 Ma ago during the Alpine
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orogenesis. The morphometric and hydrological parameters of the Caspian are
reported in Table I [1] and Fig. 1.
The Caspian is situated in the arid zone, with 0.19 m/a of precipitation and
0.96 m /a of evaporation. But the catchment area, represented mainly by the
Volga River basin, is located in the humid region. In this connection the sea catch
ment system as a whole and, in particular, its water input (runoff plus precipitation)
to evaporation ratio are extremely sensitive to long and short periodic climatic varia
tions within the system basin. This climatic sensitivity is evidenced first of all in the
continuous variation of the sea level, which is an objective measure o f the water
balance.
Palaeographic data show that during the last 10 ka the amplitude of the sea
level has varied between - 2 0 and - 3 5 m relative to the ocean level. Since 1837,
since observations were first made with instruments, the amplitude reached was 4 m.
The present-day rise of the sea level started in 1978 and it has now reached —26.5 m
related to the ocean’s level. The dynamics of the sea level and some other hydrological parameters are shown in Fig. 2.
TABLE I. BASIC CHARACTERISTICS OF THE CASPIAN SEA (1977)
Latitude

36°33'-47°07' N

Longitude

46°43'-54°03' E

Surface

378 400 km2

Volume

78 100 km3

Length (50°00' E)

1030 km

Width, max. (45°30' N)

435 km

Width, min. (40°30' N)

196 km

Depth of the northern part, max./mean

25/4.4 m

Depth of the middle part, max./mean

782/192 m

Depth of the southern part, max./mean

1035/342 m

Catchment area, total

3.5

X

106 km2

Catchment area of Volga River

1.38 x 106 km2

Precipitation, mean (1900-1982)

0.19 m/a

River runoff (1900-1982)

0.77 m/a

Evaporation, mean (1900-1982)

0.97 m/a

Sea level relative to oceans (Jan. 1995)

-2 6 .5 m

Temperature of surface water, mean annual

13°C

Temperature of bottom water, mean annual

5.5°C

Salinity, mean annual

13700

Humidity over the sea, mean annual

80%
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1. Geomorphology o f Caspian Sea bottom: (1) bathymetry; (2) river palaeobeds [1].
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FIG. 2. Variation o f water level (a), runoff (b), precipitation (с) and temperature (d) o f the Caspian Sea during the last 100 years.
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The nature and the mechanism of the sea level variation is a most important
scientific problem which is of great practical interest of riparian countries. There is
no acceptable theory or any empirical approach to predict the phenomena, which
give rise to economic and social problems. Isotope studies of water dynamics and
bottom sediments are a new tool of Caspian Sea investigation.

2.

W ATER EXCHANGE IN THE NORTH CASPIAN SEA

The general water circulation pattern of the sea is as follows. Because of
Volga River runoff (80% of total) and due to the deflecting role of the Coriolis force,
the major water stream moves along the western coast from the north and back along
the eastern coast from the south. Some portion of the flow diverts in each part of
the sea in a counterclockwise direction, forming three cyclonic streams. Upwelling
of cold bottom water is developed along the eastern coastal area.
Isotope studies of sea water dynamics have been undertaken periodically since
1978. Cruises for water sampling in the northern part of the Caspian were organized
in 1980, 1982-1984 and 1990-1991.
It was found that Middle Caspian Sea water is characterized by a mean value
o f 6 180 = 1.7°/oo and salinity o f S = 13 ° / 0 0 - The water of the Volga and Ural
rivers shows a mean value of <5180 = - 1 3 7 00, and the annual mean value of
precipitation near Astrakhan just at the mouth of the Volga river is ô 180 = —107oo
with zero salinity.
In a simple model o f the sea and river water mixing, all the experimental
points should lie along the straight line o f the salinity versus <5l80 diagram with co
ordinates defined by the expression ô 180 = 0.87S — 13. In reality, because of
evaporation, freezing and melting of ice, the sea water is enriched in 1 8 0 and salin
ity and all the experimental points appear above the mixing line (Fig. 3). These
processes lead to a relation between <5180 and S differing from that of a linear corre
lation [2 ].
Figure 3 shows experimental data from the 1982 sampling campaign in the
North Caspian Sea. Practically all the points corresponding to the sea water lie above
the fresh sea water mixing line. As a quantitative characteristic of the deviation from
the mixing point on the ô 1 8 0 - S diagram, the parameter h = <5ex — <5p is taken,
where <5p is the isotopic composition of fresh water, Sex is the value of ô 180 obtained
from the intercept of the ordinate axis with the straight line passing through the given
point and the point of the water mass in a shallow closed basin. This may be
expressed in the form
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FIG. 3. Diagram o f b,sO-S relationship for the water samples collected in the North
Caspian Sea in 1982.

where Qp is the quantity of fresh river water that enters the mixture, Qe is the
quantity o f water that evaporated before the sampling time and ôe is the average
isotopic composition of the evaporated water.
The equation for the water balance is
Q = Qp + Qmic - Qe

(2 )

where Qmic is the quantity of the mean Middle Caspian Sea saline water that enters
the mixture.
The salinity o f the mixture is described as

where Smic = 1 3700 is the mean salinity of the Middle Caspian Sea water.
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It follows from Eqs ( 1 ,2 and 3) that
Qe =
Q

h ( l - S/Smic)
Sp - ôe

(4)

Taking into account that for the North Caspian Sea <5p = —13700 , then

where 6 q is the isotopic composition of the evaporated liquid phase, 6V is the isotope
content of the vapour above the mixture, H is the relative humidity, a and e are
fractionation factors depending on water temperature and humidity.
F or the closed water system the values of <5q and <5e do not increase
indefinitely, but only until the water body reaches steady isotopic state, when evapo
ration is equal to inflow and ôe = <5p. The steady state stage is determined by
isotopic content equal to ô*.
Isotopic composition of Middle Caspian Sea water may characterize a steady
isotopic state of a closed water basin in the given climatic conditions, that is
ôq = Smic = - 1 . 7 7 0 0 , 61 = ôp and ôse - ôe = ôp - <5e. It follows from these
relations and Eq. (5) that

The value of a is close to unity and weakly dependent on the real temperature
variation (at 0°C a = 1.011, and at 20°C a = 1.009). In this connection Eq. (4)
may be rewritten in the form
Qe
Q

(7)

The values of Qe/Q , Qp/Q , Qe/Q p and Qp/Q miCratios are determined by using
combinations o f Eqs (2, 3 and 7). These ratios are elements o f the water balance of
the North Caspian Sea areas, and were calculated on the basis of measurements on
1982, 1984 and 1990 water samples. The calculated results are presented in Table П.
Three water areas are divided on the basis o f isotope data between the longitudes of
49°E and 50°E.
The relative loss o f water Qe/Q in the studied shallow basin depends on the
evaporation velocity and the residence time of the water. If one takes a constant value
for the evaporation velocity for the whole of the northern basin then the ratio of
Qe/Q for the eastern and western parts depends only on the residence time. It
follows from the calculations that the average value of Qe/Q for area n i (eastern
part of the sea) in 1982 was 2.45 higher and in 1990 3.5 times higher than that for
area I (western part o f the sea). This means that the pattern of water dynamics in
different areas of the North Caspian Sea has notably changed and the residence time
o f water in 1990 increased in comparison with 1982 and 1984, particularly in area III
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TABLE П. EXPERIMENTAL AND CALCULATED DATA OF THE
NORTH CASPIAN SEA W ATER BALANCE CHARACTERISTICS
(1982-1990 CRUISES)

Sampling
time

Area

n

S

618o

h

(e/o„)

("/..)

(°/.o)

Qe/Q

Qp/Q

Qe/Qp

Qp/Qmic

May-June
1982

I
П
III
1+П +Н

8
17
10
36

8.35
7.87
9.35
8.40

-5.2
-5 .3 5
- 3 .8
- 4 .8

1.2
2.06
4.1
2.45

0.037
0.066
0.164
0.084

0.40
0.46
0.44
0.43

0.09
0.14
0.37
0.196

0.62
0.76
0.61
0.665

SeptemberOctober
1982

I
II
Ш
1+П +Ш

14
17
12
43

9.91
8.68
9.90
9.42

- 3 .4
-4 .1
-3 .1
- 3 .6

4.2
4.4
5.8
4.7

0.147
0.152
0.247
0.17

0.38
0.48
0.49
0.44

0.39
0.32
0.50
0.39

0.50
0.72
0.64
0.61

Mean
1982

I
П
Ш
I+ n + III

22
34
22
78

9.13
8.28
9.62
8.91

- 4 .3
- 4 .7
-3 .4 5
-4 .2

2.7
3.2
5.0
3.6

0.085
0.107
0.2
0.125

0.385
0.47
0.46
0.55

0.22
0.23
0.43
0.20

0.55
0.73
0.02
0.64

August
1984

I
П
Ш
1+П +Ш

14
7
22
43

8.46
7.68
8.06
8.20

- 4 .8
- 5 .0
- 4 .4
- 4 .6

2.2
3.1
4.3
3.4

0.074
0.115
0.182
0.130

0.415
0.525
0.56
0.50

0.18
0.22
0.325
0.26

0.64
0.89
0.90
0.79

August
1990

I
П
Ш

10
10
14
34

7.76
8.00
6.25
7.20

- 4 .8
-4 .3 5
-4 .2 5
- 4 .4

2.5
3.7
5.6
4.2

0.097
0.16
0.34
0.21

0.505
0.545
0.86
0.66

0.19
0.29
0.395
0.32

0.85
0.89
1.80
0.2

I+ n + III

Here n is the measurement frequency, S is the salinity, h is the isotope effect of evaporation
of mixed water, Qe, Qp, Qmic and Q are the amounts of evaporated, river, mean and total
water respectively.

(see Table П), where water exchange with the middle depression was slowed down.
From calculations based on tritium data and the model of complete mixing, the
residence time o f water of area I (western part) in the period of 1980-1984 is 2 a
and in area Ш (eastern part) is 5 a. It follows also from Table П that the role of river
water in formation of the area HI water masses increased and the value of Qp/Q miC
in 1990 was equal to 1.8 in comparison with 1.0 in the 1980s.
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VERTICAL SEA WATER EXCHANGE

The Middle and South Caspian Sea depressions contain the major portion of
the sea water. The proportions of its volume in the northern, middle and southern
parts are in the ratio 1:70:130. It was found that during the period o f the sea level
rise, the mean air temperature rose but the sea surface temperature dropped slightly.
In order to understand the natural mechanism of water temperature variation and the
role o f vertical mixing effect in this process, tritium studies in the middle and south
depressions were undertaken. Cruises for water sampling were organized in 1983
and 1991 along five latitudinal sections and in 1994 along longitudinal sections
(Fig. 4).
Since 1953 tritium contents in rivers and precipitation over the sea have been
reconstructed using experimental and extrapolation data [3]. Maximum values of 530
and 350 tritium units (TU) for precipitation and river water were determined for
1983 from 1963-1964 fallout after decay. The concentration of tritium in surface sea
water in 1983 and 1991 dropped to 49 and 34 TU accordingly and its content in river
water and precipitation did not exceed 30 TU. Because the present tritium concentra
tion in precipitation is close to that in surface water, the effect of isotopic molecular
exchange can be neglected in interpretation of the measurements.
The tritium distribution found in the recharged water enables us to evaluate the
process of river and sea water mixing and the water exchange characteristics of the
sea as a whole.
Maximum peaks of tritium concentration in 1983 were at a depth of 200 m in
the middle depression (174 TU) and at 600 m in the southern depression (56 TU).
These data indicate the presence o f bomb tritium of the 1960s in deep waters and
give an idea of the time-scale in water exchange. Maximum concentrations in 1991
were found at a depth of 70-200 m in both depressions. The measurements of 1994
samples are practically uniform in tritium distribution in all the sections (Fig. 5). The
authors’ interpretation of the experimental data is as follows.
Because of the increase since 1978 of the river runoff, which is cold water
from the East European catchment area, the replenishment and displacement of
bottom water masses of the middle and southern depressions were intensified. At the
same time, the mixing process o f the cold bottom and warm surface waters was
accelerated. The observed bomb tritium rise in the deep depressions was traced to
this phenomenon. Using the tritium balance approach, it was found, for both the
middle and southern depressions and for the sea as a whole, that the mean velocity
o f the deep water rise in 1983-1991 was 13 m/a. This figure is in accordance with
calculations based on hydrological data and on the movement in time of the tritium
concentration peak along the section o f deep water. These two approaches gave 10
and 15 m /a respectively.
The data o f the 1994 sampling campaign confirms the above. After 1991 the
exchange process reached the stage of complete vertical mixing of water. It is
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FIG. 4. Points o f water and bottom sediment sampling during cruises in 1983, 1991 and
1994.
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(a)

(b)

(<0

FIG. 5. Profiles o f mean tritium value variation for basin area of (a) all the Caspian Sea,
(b) middle and (c) southern parts.

assumed that the cycle started in 1974. The mean tritium concentration of the
analysis overall was 33.7 + 10 TU in runoff water; in precipitation in 1991-1994
it amounted to 34-39 TU (mean value 36.5 TU) and in the surface sea water of
0-30 m depth its mean value was 34.3 TU. In this situation a notable tritium gradient
between deep and surface waters is not expected. This means that the intensity of
vertical water exchange is expected to decrease and the temperature of the surface
layer should start to rise. As a consequence of this process the sea level should
stabilize and later on decrease. The authors’ understanding of the mechanism of
permanent short period variation is based on the water exchange effect within the
basin in general and on the cold bottom and warm surface water mixing process in
particular.

4.

PRELIMINARY RESULTS OF BOTTOM SEDIMENT STUDY

During the 1994 cruise a number of bottom sediment cores from a depth of
500-800 m were collected (Fig. 4). The cruise was organized within the framework
of the French-Russian research programme. The core lengths were 1-10 m.
Analysis of the mineralogy, chemistry and isotopes of the core sediments is still
being performed, but some significant results may already be reported.
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FIG. 6. Fragment o f sediment core SR-9409-GS-19-VIII section with troilite layers (black)
and oxygen and carbon isotope variation profiles.
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The regular quasi-periodic alternation of hydrotroilite (FeS •nH 2 0 ) and silt
sediment layers was discovered in the deep parts of depressions of the Middle and
South Caspian Sea. The black coloured hydrotroilite layers of 1-5 mm thickness are
interchanged with grey consolidated silt sediments of 3-15 mm thickness (Fig. 6 ).
M arine sedimentologists and chemists describe their findings of the troilite in the
form of layers, concretions and grains in the Caspian, Black, Barents and other seas
by explaining its formation by the sulphate reducing action of bacteria in anaerobic
conditions [4, 5]. But there is no explanation of the observed regularities in periodic
accumulation of the troilite layers, which have wide horizontal extension. It is well
known that variations in the mineralogy and chemistry along a sediment section are
clear evidence of changes in the governing processes during or after sedimentation.
The main source of organic components in the Caspian Sea sediments is phytoplanktonic debris. The growth of the planktonic population is in close correlation with the
water circulation intensity and with sea level variation in particular.
The bacterial sulphate reducing process starts in bottom anaerobic conditions
after the reserve of dissolved oxygen drops below 0.11 mL/L and denitrification of
N O j and N 0 2 is exhausted. The reduction of sulphates is accompanied by
production of hydrogen sulphate, hydrotroilite and pyrite in reactions with organic
matter [5]:
(CH 2 O ) 1 0 6 (NH3) “ 16H2P 0 4 + 53SO |"
-

106C 02 + 53S2' + I 6 NH 3 + 106H20 + H 3 PO 4 ,

S2' + 2 H + -

H 2 S,

or with organic acids:
2

CH 3 CHOH •COOH + S O |- -

F e2+ + H2S - 2 0 H ” F e 2+ + 2H2S -

2

CH 3 COOH + H2S -

2

C0

2

+

2

0

H“

FeS -2H 2 0 ,

FeS 2 + 4H + .

The observed discontinuation in hydrotroilite accumulation means that the
sulphate reducing process was periodically stopped or damped. Analyses of troilite
distribution in the modern core sediments gives the following information. The size
o f troilite creatures in the form o f microseeds to submillimetre layers depends on the
amount of seasonal sedimentation or organic matter. A further process of sediment
consolidation by displacement o f pore water brings seasonal creatures together into
troilite layers of different thickness or dispersed seeds and concretions, depending
on the proportion of troilite and calcium carbonate, which is the main component of
the sediments. So the most probable causes of the observed periodicity in the troilite
layer formation could be variation in the amount of seasonal sedimentation of organic
matter and/or changes in dissolved oxygen inflow to the bottom sediments. In both
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cases the troilite accumulation process develops in close relation to the intensity of
water circulation and sea level variation.
The fragment of sediment core from the Middle Caspian Sea depression
(coring point SR-9409-GS-19-Vni) presented in Fig. 6 gives a picture o f the troilite
layer distribution and the variation of ô180 and <5,3C in the sediment carbonates.
Two periods of sea level rise accompanied by cooling o f water by up to 4°C within
the intervals of 0-15 cm and 32-50 cm and one period o f its decrease and warming
o f water by up to 3°C relative to the modern value are observed here. Also, short
periodic variation in oxygen and carbon isotope content with more detailed changes
in the troilite sedimentation in the basin can be seen.
Further analyses of the core sediments will give more experimental data for
extensive interpretation.

5.

CONCLUSION

The first steps of applying isotope techniques to the study o f environmental
changes in the Caspian Sea basin have been taken. It is planned to extend the work
in all directions including co-operation with the IAEA, which has just established its
Caspian Sea regional project for riparian countries.
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Abstract
STABLE CHLORINE ISOTOPES IN SEDIMENT PORE W ATERS OF L A K E ONTARIO
A N D L A K E ERIE.
The lower Great Lakes are a large and relatively pure source of water. Potential pollu
tion has always been considered to come from surface sources such as direct effluent or river
transport. Recent investigations have shown a direct link between groundwater input and
possible contaminant sources. Land based groundwater geochemical surveys in southern
Ontario and New York State have shown the existence of highly saline fluids in the shallow
environment. These fluids are believed to have their origin in the deep sedimentary rock
environment. In general, our initial study of lake sediments has dealt with interstitial water
quality to determine the source of the water. This paper uses stable chlorine isotopes to iden
tify the source of the water and the different transport mechanisms that move the solutes into
the sediments. Sixty-two cores up to 20 metres in length were collected using the Canadian
scientific ship Limnos from the Canadian Center for Inland Waters, Burlington, Ontario. Sites
were selected according to sediment availability. Linear features which appear to be the result
of neo-tectonic movement of the sediments in recent time have been determined in the lake
sediments. Progressive increases with depth of Na and Cl (considered conservative elements)
was found in all cores. The general increase with depth indicates ion movement from a higher
concentration under the sediments. Numerous elements show a similar increase with depth,
although some metals are undetectable and others have variable concentration profiles. Plots
of l80 versus D/H show that at least four different sources of water exist in the sediments.
The four possible sources are lake water, connate water, fresh groundwater and saline bedrock
water. In all cases shallow sections of the core had water with isotopic values close to that
of the lake (l80 = -6 .5 , 2D = —50). The trend with depth could be the result of mixing
with fresh groundwater or relict glacial meltwater and some horizons had values of the forma
tions below the lakes. Michigan and Appalachian basin formation water signatures for Cl iso
topes have a range of 0.3-2.3°/oo. Measurements of this parameter in the interstitial waters
of Lake Ontario sediments indicate that the formation brines are entering the lake bottom sedi
ments. The Cl isotope values in some of the cores are much higher than that found in any of
the saline fluids of the three basins. Mechanisms will be postulated as to how these values are
produced in the cores. Na, Cl and Cl isotope profiles show that the dominant mechanism is
diffusion. However in some areas where no isotope shift is found, it is reasonable to believe
that advection, albeit very slow, is occurring.
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INTRODUCTION

The lower Great Lakes are a large and relatively pure source of water. As the
lower Great Lakes are so important to southern Ontario and the surrounding State
populations, it is important to determine if and how much pollution is entering the
lakes. Potential pollution has always been considered to come from surface sources
such as direct effluent or river transport.
Recent investigations have shown a direct link between groundwater input and
possible contaminant sources. Land based groundwater geochemical surveys in
southern Ontario [1 ,2 ] and New York State [3] have shown the existence o f highly
saline fluids in the shallow environment. These fluids are believed to have their
origin in the deep sedimentary rock environment.
In general, our preliminary studies [4-7] of lake sediments have dealt with both
geochemical and physical hydrogeological techniques to determine the source o f the
water and the chemicals. These initial studies have shown that water and ions are
being transported up into sediments from bedrock.
Diffusion and advection are both mechanisms for this transport and they are
dominant in different parts o f the lakes. At least four different water types were
found in the sediments, but it is still not clear which source or from what location
the chloride originates. The four possible types are lake water, glacial meltwater,
fresh groundwater and formation water. The four sources cannot all be sampled
directly, but other researchers [8 - 1 0 ] have analysed water from a number o f the
formations and water bearing zones around the lakes.
The likelihood that the chloride comes from the formation water is most possi
ble but then the question arises: which formation? So the problem still exists as to
which source supplies the chloride and associated ions in which location and by what
mechanism(s) is it moving into the sediments?
This paper examines the use of stable chlorine isotopes to identify the source
and the transport mechanism that moves the solutes into the sediments.

2.

GEOLOGY

The southern Great Lakes lie in two sedimentary basins that contain saline
fluids with high concentrations o f naturally occurring inorganic and organic chemi
cals. On the north and west side of Lake Erie lies the Michigan basin. To the east
and south lies the Appalachian basin. To the south and west and underneath Lake
Ontario lies the Appalachian basin. The layered horizons have an east-w est strike
along the long axis of the lake and they dip gently to the south. On the north side
there are fewer formations, usually less than 200 m deep, with the underlying Precambrian becoming exposed within 1 0 0 km of the lake.
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References [11-14] have shown that numerous tectonic features exist in the
bedrock. These features have expressions in the lake bottom sediments. The Precambrian Shield lies under the Palaeozoic bedrock and the Quaternary deposits on
top of the Palaeozoic rocks are typically glacial, post-glacial and modem lake sedi
ment in origin. Table I shows that there are five different classifications in the typical
stratification sequence for lake sediment.

TABLE I. THE LITHOSTRATOGRAPHY OF LAKE ONTARIO
SEDIMENTS [13]
Name

Lithology

Deposition

Age (a)

Unit e

Dark grey, silty clay

Present lake environment,

Present to

Homogeneous

high energy

6 000

Occasional black laminae
Unit d

Unit с

Firm, dark grey, silty clay

Transition

Some laminae near base

from high energy

Homogeneous near top

to low energy

Horizontally banded dark

Quiet water,

12 500 to

grey-brown and dark grey-

early post-glacial

?? ???

6 000 to
10 500

brown couplets
Unit b

Stiff dark grey clay with

Floating ice debris?

light grey silt sand blebs
Unit a

Coarse to fine gravel

12 500 to
?? ???

Subglacial

??? ???

metamorphic, igneous and
sedimentary lithologies in a
sand-silt matrix

3.

GEOCHEMISTRY OF CHLORINE

In geochemical studies, chlorine has always been considered to be a conserva
tive element. It does not easily absorb onto clays or partake in many chemical reac
tions when in dilute solutions. It has been suggested that chloride reaches the
concentration it does in oceans, even though river chloride concentrations are rela
tively low compared to other ions, because it does not get used up in biological reac
tions. It, therefore, has a very long residence time. Kaufmann et al. [9], in their
discussion of chloride in the Michigan Basin, stated that of the several mechanisms
suggested to explain the chloride distributions, no single one could be suggested as
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being dominant because chloride concentration provides little direct evidence of
source or movement. Mechanisms that do affect chloride concentration are brines
and salt deposit formation, salt dissolution, ion filtration o f recharge or connate
water, and diffusion or advection. Because C l“ is conservative in aqueous solutions,
the trend of increasing chlorinity with depth found in all the cores could result from
several of these physical processes.

3.1. Mechanisms for isotope fractionation
Chlorine exists in nature with two common stable isotopes. The relative
abundance of 3 5 C1 is 74% and 3 7 C1 is 24% . The radioactive isotope 3 6 C1 exists in
measurable quantities because it has a relatively long half-life (300 000 a). As
chlorine and chloride ions are essentially unused in biological reactions and do not
react in many natural organic reactions, there is not a large natural range caused by
these reactions as with other species such as sulphur, nitrogen or carbon.
Inorganically, chlorine is also not very reactive and typically only physical
processes cause isotope fractionation. Although it has been suggested that even over
a wide range o f crustal temperatures and pressures ionic chloride is relatively stable
in aqueous solutions, Kaufmann [15] suggested that these reactions can fractionate
the isotopes. Physically induced mechanisms such as ion filtration, diffusion, very
slow advection, boiling hydrothermal, brine evaporation and salt deposit formation
seem to result in isotope fractionation.
Desaulniers et al. [8 ] found that 3 7 C1 of pore water in a glacial-lacustrine
shale dominated till ranged over 3 .0 7 oo. The change in ratio correlated with chloride
concentration and the pattern was the result of diffusion.

4.

POSSIBLE SOURCES

Four specific sources for the interstitial water in the sediments are possible [7].
Some have moved in after the sediments were emplaced. The possibility of chloride
travelling with the water can occur in only two of the four water sources. It is a dis
tinct possibility that the ions travelled independently of the water.

4.1. Lake Ontario/Erie bottom water
This is probably not a source o f chloride, but tributary and groundwater
loadings have contributed to an escalation of Cl concentrations in the Great Lakes.
Lerman and W eiler [16] showed that Lake Ontario С Г levels rose from less than
5 m g/L at the turn of the century to 28 m g/L in 1968. The content has remained rela
tively constant (26 m g/L in 1990) since then despite declining industrial inputs of
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Cl to the Great Lakes. The chloride isotope value for the lake water ( - 0 . 2 7 oo) is
very similar to the mean oceanic chloride value of 0 .0 7 oo.

4.2. Glacial meltwater
Glacial meltwaters were trapped by the sediments as they were emplaced. This
water should have chloride concentrations in the range of 5 to 15 m g/L. The lake
water signature will of course interfere with this signature. Glacial meltwater is not
generally considered a source o f chloride. It can be distinguished by the differences
in the 180 and D/H signatures [7].

4.3. Groundwater
Fresh groundwater from around the lake is a possible source of low chloride
intrusions. Most NaCl groundwater contamination is from either road salt or
upwelling of brine from bedrock formations [8 , 1 0 ].

4.4. Formation fluids
Formation fluids are very high in organics, and all major, minor and a signifi
cant list of trace elements. Table П is a list of some formations from around the lake
and selected element concentrations. Formation water is the most likely source of
chloride, sodium, high metals and in areas where calcium concentration is above a
carbonate linked element source, many other elements.

TABLE П. BRINE CHEMISTRY OF SELECTED FORMATIONS IN THE
APPALACHIAN BASIN
Formation

18o

D/H

- 9 .0
- 7 .4
- 7 .3
-1 1 .2
- 9 .5

- 5 9 .0
- 5 0 .7
- 4 9 .9
- 7 6 .9
-6 0 .3

- 6 .9
- 4 .5

-5 8 .5
-4 2 .4

Cl (mg/L)

Na (mg/L)

Ca (mg/L)

South shore
Power glen
Queenston
Queenston
Queenston
Lockport

22
8
40
13
40

830
322
800
147
260

12
4
19
3
18

704
505
590
610
900

3 700
1 650
3 827
1 380
5 095

35 100
40 800

58 300
3 600

North Shore
Bobcaygeon
Gull River

200 500
159 900
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FIG. 1. Location o f cores in Lake Ontario.

5.

METHODS

5.1. Field sampling
From 1988 to 1993, eighty-one cores up to 20 metres in length were collected
from Lake Ontario (Fig. 1) and Lake Erie using the equipment on board the Cana
dian scientific ship Limnos from the Canada Center for Inland Waters (CCIW),
Burlington, Ontario. Sites were selected according to sediment availability, and
proximity to structural features described in Ref. [12]. They determined that linear
features in the lake sediments were the result of recent neotectonic movement of the
sediments.
Cores were collected using a 500 kg Alpine piston corer. One to three 6.5 m
outer steel tubes with inner plastic liners were joined together, depending on the
thickness o f the sediment. Sediment thickness was estimated using an Atlas-Deso
Model 10 echo sounder. Recovered cores were immediately cut into 50 or 90 cm
sections. Any free lake water was drained and then the core was stored at 4°C until
processed.

5.2. Laboratory
Pore water was extracted from the core by a squeezing technique and then
analysed for major ions and stable isotope content. Some samples that had low
chloride content were mixed with deionized water and centrifuged to extract the
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chloride. A Dionex ion chromatographic unit was used to determine chloride concen
tration. Standard techniques for Chittick carbonate, grain size, and loss on ignition
(LOI) determinations aided the definition of sediment type.
Chlorides were precipitated from nitric acid acidified samples by the addition
o f silver nitrate. The purified AgCl was placed in a vessel with an abundance of
CH3I and heated for 50 hours at 110°C. The CH 3 C1 was separated from the CH3I
by gas chromatography and then analysed for stable chlorine isotope content on a
VG SIRA 9 mass spectrometer. All results are reported in the usual per mille format
with respect to standard mean ocean chloride (SMOC).

6

.

RESULTS AND DISCUSSION

6.1. Isotope method
Some known signature water chemistry is shown in Table П. Figure 2 is a
histogram of all isotope results from this study and from other studies on bedrock
formations around the lake. The isotope ratio of stable chlorine is measured in the
cores and then compared to formation signatures to see if a chloride source can be
identified. This will only show that chloride is being transported. A number of cores
were analysed for the full extent o f the core. Chloride concentration and stable chlo
ride isotope ratio patterns may establish the mode of transport of the ions. Specific
processes such as diffusion impart a curve pattern to the data. Chlorine-35 moves
even faster than 3 7 C1. The possible processes are:
(1)
(2)
(3)
(4)
(5)

Diffusion
Advection
Redox
Ion exchange
Ion filtration.

6.2. Chlorine isotopes
Chlorine from the deepest sample from a number of cores and from a few
points along the length of six cores was analysed for 3 7 C1 values. There is a range
o f values for the core bottoms whereas single cores show three profiles. Some
become more enriched with depth by up to 0 .5 7 00, some become less enriched and
some show a variable pattern with depth.
Figure 3 shows Lake Ontario chloride content versus sampling depth for
samples that were analysed for chlorine isotopes. No particular pattern is evident.
All cores increase in chloride with depth but there is no single concentration that
would indicate a specific source formation. Each core has its own end value. Lower
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FIG. 2. Histogram o f chloride isotope composition o f bedrockfluids from this study and other
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-0

“О —

-------------------------------------

¡ -¡ з а

n
LJ

-2 0 0

п о

a

□

-400 - t ?

a

3
I

-600

g

-800

_
□

n

a

a

a

□
-

?

- 1 0 0 0

□

□
-1 2 0 0

a
-1400
1 0 0 0

i
1 0 0 0

,

i
2 0 0 0

.

i
3000

4000

C l", ppm
FIG. 3. Chloride concentration versus depth fo r sediment cores fro m Lake Ontario.

149

IAEA-SM-366/17

concentration cores do seem to exhibit similar patterns but ones higher than
300 mg/L end up at a wide variety of values. This does suggest that the formations
under the sediment are all different and they contain different concentrations of
chloride. Bedrock maps and Table II support these observations.
Figure 4 , 37/35Cl versus depth, and Fig. 5, 37/35Cl versus [СГ], both have no
particular pattern. This observation again supports the concept that each core over
lies unique formations or at least different layers in a formation, suggesting a number
of chloride sources. Cores that contain less than 100 mg/L С Г do seem to be
influenced by the lake chloride value. Reference [16] states that lake chloride is
diffusing down into the sediments. King (personal communication) measured tritium
as deep as 2 m (at least 200 year old sediments and interstitial water). The lake
chloride isotope value at - 0 . 2 7 00 is distinct from sediment 3 7 C1 values. The aver
age sediment value is 1 .2 7 00 with a range from 0 to + 2 .6 5 7 00. The relationship
of isotopes with depth is discussed further below.
Figure 6 (a) is a plot of 37С Г versus depth for three nearshore cores, PC5,
PC 6 and PC 8 . These cores lie in an east to west line closest to the south shore. The
plot shows three result curves ranging from mid to high Cl" concentration.
However, the lowest concentrations of the three are found in the middle core PC 6 .
PC5, with the highest С Г concentrations for these three, and one of the highest of
all the cores, also has the most positive chlorine isotopic values measured in tliis
study. The isotope value of the whole core length is constant at + 2.55 within analyti
cal precision ( + / —0.15). PC 8 with its mid to high range chloride concentration has
an isotope signature (1 .5 7 00) which is very close to the median value for the lake
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Chloride, ppm

FIG. 5. Chloride concentration versus 37/35Cl values for sediment cores from Lake Ontario.

sediment chloride (1 .2 7 00). PC 6 was added to represent the mid range chloride con
tent samples, but with only one isotope measurement (1 .0 3 7 oo) the only remark to
be made is that it falls at the light end of the average sediment 3 7 C1. Because it is
such a short core with mid to low chloride concentration, the isotope content could
be influenced by the lake value ( —0 .2 7 oo, 30 mg/L).
Figure 6 (b) is the 3 7 C1 versus depth plot for cores PC 10 and W1AA. These
two cores also lie almost in an east-w est line. PC 10 is about twice as far from the
shore as PC 8 and W1AA is about halfway between and slightly to the west of those
two. PC 10 is mid to high range in C l“ concentration and as is PC5, it is at the most
positive end o f the 3 7 C1 range (+ 2 .1 ). W1AA has the highest chloride concentra
tions measured for interstitial water. To confirm that this was a real anomaly, a
second core, PC54, was taken two years later within 30 m of W1AA, using satellite
fix navigation techniques. Throughout its length, PC10 has about 10% less chloride
than W 1AA; however, it still has the second highest value of all the cores. Chloride
isotope results for both these cores follow a reverse pattern to those of the other
cores. The isotopes get m ore positive at the shallowest point. To date, there is no
explanation for a process that would set up this pattern.
Figure 6 (c) is the plot of Cl concentration and isotope ratio versus depth for
cores W 8 and 0 -1 8 representing deep-water, mid-lake sampling points. Core W 8 is
on the W ilson line a short distance north of the middle of the lake. Core 0-1 8 is in
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the eastern basin also about halfway across the lake and very close to the deepest
part of Lake Ontario. These cores are taken from thicker sediments and are longer
than most of the previously mentioned cores — 0 -1 8 , about 1 2 m long, represents
the low end for Cl" concentration in Lake Ontario. It has 23 mg/L Cl" at 0.5 m,
increasing to about 120 m g/L at 11.5 m. W 8 is about 8 m long and it has 87 mg/L
chloride at 0.3 m, increasing to about 475 m g/L at the bottom. The isotope trend for
0 -1 8 starts at depth with a value close to the lake sediment mean ( 1 .2 ) and it steadily
becomes more positive to 0.5°/oo at about 0.5 m. This shift from about + 1 .4 to
+ 0 .5 could represent a diffusion curve but because of the low concentration it could
also be affected by chloride diffusing down from the lake.
Core W 8 has a most unusual shift in the Cl isotope values. The chloride isotope
value at 650 cm is the same as that for 0 -1 8 at that depth, then halfway up the core
at 325 cm the result is 1.4 7 7 00- At 1.35 m depth it again has the same value as W 8
at 1.25 m. These shifts in the chlorine isotope content are definitely greater than the
error, but it is still a mystery as to exactly and how what process is causing it.
Figure 7(a) is a plan view o f the cores in the W ilson, NY area. Beside the core
number is the chloride concentration and isotope value o f the deepest part of each
core. This distribution plot in the lake bottom sediments again shows the randomness
of [СГ] and 3 7 C1 values. There must be some control of how the isotopic pattern
comes to be the way it is. Numerous transport and mixing scenarios are possible to
explain the variations in chloride isotopes but the variation in chloride concentration
seems to suggest that the source function is different for just about every core.
Research on faults, fractures and layers o f interweaving of sandstone, shale and
carbonate of the bedrock around the lakes shows that an incredible variety of cracks,
vents and chloride pockets must exist.
The isotope signature is no real help, as low concentrations, high concentra
tions and identical concentrations all seem to have a range of values. The signatures
do not have a lateral pattern and they do not seem to have a north-south pattern.
Figure 7(b) shows the botryoidal nature of the aeromagnetic contours of the bedrock.

7.

CONCLUSIONS

Previous studies conclude that almost all other chemical parameters are con
trolled by carbonate/sediment diagenesis chemistry. Diffusion plays a great part in
the chemical patterns. This patterning is suggested from the fact that carbonate with
depth plots has sharp peaks with depth whereas most chemistry ion patterns,
although high where carbonate is high, usually show smoother patterns.
Because of its conservatism in inorganic, organic and biological reactions,
chloride is chosen as the ion to be examined to help determine the source o f the ions
moving into the sediments. Chloride/sodium is moving into and through the sedi
ments. It appears that the sedimentation rate is slightly faster than the transport rate.
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FIG. 7 (a): Plan view o f core sites off Wilson, NY. To the left of the core label is the Cl
concentration in mg/L and to the right is the 37Cl value, (b): Botryoidal pattern o f aeromagnetic contours with 37Cl value printed over the core locations.
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However, diffusion appears to be the main transport mechanism for all ions in Lake
Ontario sediments and in a few places in Lake Erie sediments. In some areas advec
tion must be the mechanism, as indicated by high chloride, sodium, calcium and
metals. The advection is probably less than the sedimentation rate of about 0.1 cm/a.
The chloride isotope value for the bottom sample of core 253 near Sandusky
Basin in Lake Erie is very similar to the Devonian Kettle point formation [10] which
lies directly below the sediments in that area.

R E FE R E N C ES
[1]

FRAPE, S.K., FRITZ, P., M cN UTT, R.H., Water-rock interaction and chemistry of
groundwaters from the Canadian Shield, Geochim. Cosmochim. Acta

48

(1984)

1617-1627.
[2]

D O LLA R , P.S., Geochemistry of Formation Waters in Southwestern Ontario, Canada,
and Southern Michigan, USA: Implications for Origin and Evolution, MSc Thesis,
University of Waterloo, Ontario (1988).

[3]

SIEGEL, D.I., “ Hydrogeochemistry of the Niagara Falls area” , Modem Trends in
Hydrology, Int. Assn Hydrogeologists Conf. Hamilton, Ontario (1992).

[4]

BOWINS, R.J., DRIMMIE, R.J., FRAPE, S.K., M cN UTT, R.H., “ Sr isotope ratios
and geochemistry of porewater and coexisting sediments from Lake Ontario: implica
tions for source and intra-sediment transport” , in preparation.

[5]

KANTERS, W .A., Clay Mineralogy of Lake Ontario Sediments and their Effects on

[6]

M U R RA Y-M O R D EN , M.J., et al., “ Groundwater transport and accumulation of trace

Aqueous Ion Mobility, BSc Thesis, University of Waterloo, Ontario (1993).
metals into Lake Ontario sediments” , Heavy Metals in the Environment (Proc. Conf.
Toronto, 1993).
[7] DRIMMIE, R.J., Geochemical and isotopic patterns in interstitial waters of Lakes
Ontario and Erie, PhD Thesis, University of Waterloo, Ontario, in preparation.
[8] DESAU LNŒ RS, D .E., KA U FM A N N , R.S., CH ER RY, J.C., B EN TLE Y , H.W.,
35C1-37C1 variations
Cosmochim. Acta

50

in

a diffusion-controlled

groundwater

system,

Geochim.

(1986) 1757-1767.

[9] K A U F M A N N , R.S., FRAPE, S.K., M cN UTT, R.H., EASTOE, C., Chlorine stable
isotope distribution of Michigan Basin formation waters, Appl. Geochem. 8 (1993)
403-407.
[10]

CLOUTIER, V., Stable Isotopes of Chlorine as Indicators of the Source and Migrational Paths of Solutes within Glacial Deposits and Bedrock Formations, Lambton
County, Southwestern Ontario, MSc Thesis, University of Waterloo, Ontario (1994).

[11] SANFORD, B.V., THOMPSON, F.J., M cFA LL, G.H., Plate tectonics — A possible
controlling mechanism in the development of hydrocarbon traps in Southwestern
Ontario, Bull. Canadian Petroleum Geology 33 (1985) 52-71.
[12] TH O M AS, R .L., et al., Recent deformation in the bottom sediments of western and
southeastern Lake Ontario and its association with major structures and seismicity,
Géographie Physique et Quaternaire

47

3 (1993) 325-335.

IAEA-SM-366/17
[13]

155

HUTCHINSON, D.R., POM EROY, P.W., W OLD, R.J., H A LLS, H .C., A geophysi
cal investigation concerning the continuation of the Clarendon-Linden fault across Lake
Ontario, Geology 7 (1979) 206-210.

[14]

M OHAJER, A .A ., Geophysical applications in eastern Lake Ontario sediments,
Géographie Physique et Quaternaire 47 3 (1993) 412-432.

[15]

K A U F M A N N , R.S., Equilibrium exchange models for chlorine isotope fractionation
in high temperature environments, Water-Rock Interaction, Balkema, Rotterdam
(1989) 365-368.

[16]

LE R M A N , A., WEILER, R.R., Diffusion and accumulation of chloride and sodium
in Lake Ontario sediment, Earth Planet. Sci. Lett. 10 (1970) 150-156.

[17]

SIEGEL, D.I., et al., “ Heavy metal transport to the Great Lakes by natural ground
water discharge: An initial evaluation” , Great Lakes Issues (Proc. Canadian-American
Water Resources Assoc. Conf. Toronto, Ontario, 1990).

IAEA-SM-336/34

DETERMINATION OF HYDRODYNAMIC PARAMETERS
IN THE PAIVA CASTRO RESERVOIR
USING ARTIFICIAL TRITIUM
P.E . AOKI
Instituto de Pesquisas Energéticas e Nucleares (IPEN),
Sâo Paulo, Brazil
С. BOMBONATO, Jr.
Companhia de Saneamento Básico do Estado de Sâo Paulo (SABESP),
Sâo Paulo, Brazil
P. MALOSZEWSKI
Institut für Hydrologie,
GSF-Forschungszentrum für Umwelt und Gesundheit Neuherberg,
Oberschleissheim, Germany

A bstract
DETERM INATION OF H Y D RO D YN A M IC PARAM ETERS IN TH E PAIVA CASTRO
RESERVOIR USING ARTIFICIAL TRITIUM.
The Paiva Castro reservoir is used to supply about 67 % of the total water consumed
in the Sâo Paulo metropolitan region. The reservoir contains about 32 x 106 m3 and has a
normal flow rate of about 30 m3/s. A tracer experiment using 10 Ci (37 X 1010 Bq) of artifi
cial tritium was performed in the reservoir. The results obtained were used to calibrate a
mathematical model of tracer transport. The purpose of the experiment was to determine the
mean transit time of water, mean water velocity, hydrodynamic dispersion, volume of active
water in the reservoir, and possible losses of tracer into the stagnant zone. The mathematical
model of tracer transport through the reservoir was calibrated using tritium concentration
curves measured in different parts of the reservoir. It was anticipated that this calibrated model
could be used to predict the movement of non-reactive pollutants through the reservoir in the
case of an accident. The line injection, in four equally distributed points perpendicular to the
flow direction, produced a homogeneous distribution of tracer mass at the entrance to the
reservoir. The measurements of tritium concentrations in different cross-sections of the reser
voir showed that-about 45% of the tracer mass (up to the flow distance of about 4200 m) was
transported through the right part of the reservoir. After 7100 m the tracer was equally dis
tributed perpendicularly to the streamlines. The mean water velocity through the reservoir was
0.016 m/s and the dispersivity was 456 m. The volume of mobile water in the aquifer between
the injection point and the outflow to the pumping station was found to be 13 x 106 m3.
Over the last 1000 m of flow path, about 15% of tracer mass was lost in a large, nearly stag
nant zone in the southwest part of the reservoir.
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INTRODUCTION

This paper presents a tracer experiment carried out in the Paiva Castro
reservoir. The reservoir supplies drinking water for about 12 million inhabitants of
the city of Sâ Paulo, Brazil. This experiment was a part of the joint project between
the Instituto de Pesquisas Energéticas e Nucleares (IPEN), Companhia de
Saneamento Básico do Estado de Sâo Paulo (SABESP) and the Nuclear Energy
National Commission (CNEN). Financial support was provided by the IAEA under
project number BRA/8/022.
The Paiva Castro reservoir is one of the final steps in the hydraulic complex
entitled the Cantareira System, which provides 67 % of the water consumed in the
Sâo Paulo metropolitan region. The main function of Paiva Castro reservoir is to
collect and store water from other reservoirs for the Guarau water treatment station.
The reservoir is located in the north region of Sâo Paulo city. The storage dam was
constructed in the Juqueri river. The reservoir runs from the east to the southwest,
having a length of about 9.5 km. The depth varies from 2 m near the entrance to
12 m near the outflow to the pumping station. The reservoir contains approximately
32 X 10 6 m 3 of water and has an average flow rate o f about 30 m 3 /s. A map o f the
reservoir is shown in Fig. 1.

i
i
i

FIG. 1. Map of Paiva Castro reservoir showing its location within Brazil.
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The purpose of the current experiment was to use tritium as a tracer to obtain
information about:
(1)

(2)

The hydrodynamics of Paiva Castro reservoir, including determination of the
mean transit time of water through the reservoir and the detection of the main
flow path within the reservoir. Consequently, from the known volumetric flow
rate, the volume of water in the reservoir could be determined.
The contaminant transport of non-reactive pollutants, including the determina
tion of flow velocity and dispersivity at the flow path between the entrance to
the reservoir and the outflow to the pumping station.

The injection sites and all sampling points are shown in Fig. 1. The injection
o f 10 C i 1 tritium was performed on 10 August 1993. The volumetric flow rate of
water through the reservoir was 28 m 3 /s. The tracer was divided into four 10 mL
glass bottles and injected simultaneously in four places at the reservoir cross-section
(Injection in Fig. 1). It was assumed that this injection produced a line injection with
the homogeneous distribution of a tracer perpendicular to the flow direction. Initially
it was intended to inject tracer directly to the Juqueri river at the entrance to the
reservoir. However, due to the fact that at that very spot there is a small water
pumping station for the city of M airipora the injection was performed 350 m down
stream. The water samples were collected in five cross-sections:
(1)
(2)

2.

In Sections X I (1000 m downstream), X2 (4200 m downstream) and X3
(7100 m downstream) to detect the tracer distribution across the reservoir;
Continuously in sections: Section 8 (3200 m downstream), Section 9 (6600 m
downstream), and Section 7 (7600 m downstream). In the last two sections,
the water samples were collected from four places perpendicular to the flow
direction and at three depths. Samples were mixed together to obtain an
integrated representative sample for the whole cross-section.

RESULTS AND MODELLING

2.1. T ra c e r d istrib u tio n in th e reservoir
It was assumed that the mass of tracer transported along different flow paths
was directly proportional to the water velocities on these paths and that the
differences in the flow velocities were not too great. The measurements of tracer
concentrations in Sections X I, X2 and X3 are summarized in Tables I-Ü I. The
length of Section X I, situated about 1000 m from the injection point, was 250 m.

1 1 Ci = 3.7 x 1010 Bq.
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TABLE I. TRITIUM CONCENTRATIONS MEASURED 25 HOURS AFTER
INJECTION IN THE CROSS-SECTION X I
Y (m)
C (TU)

25

50

75

100

125

150

175

200

225

855

818

681

333

550

436

372

526

582

X = 1000 m, bottom depth 3 m at a depth of 2 m. Y = distance from the right border.

TABLE П. TRITIUM CONCENTRATIONS MEASURED 75 HOURS AFTER
INJECTION IN TH E CROSS-SECTION X2
Y = 40 m

Y = 125 m

Y = 200 m

H = 2m

249 TU

H = 2m

154 TU

H = 2m

124 TU

H = 4 m

225 TU

H = 4m

158 TU

H = 4m

174 TU

H = 8m

172 TU

H = 7m

138 TU

H = 6m

136 TU

X = 4200 m, bottom at a depth between 7.5 and 9 m at three depths (H). Y = distance from
the right border.

TABLE Ш. TRITIUM CONCENTRATIONS MEASURED 125 HOURS AFTER
INJECTION IN THE CROSS-SECTION X3
Y = 65 m

Y = 200 m

Y = 335 m

H = 2m

235 TU

H = 2m

264 TU

H = 2 m

256 TU

H = 4m

239 TU

H = 4m

276 TU

H = 4 m

276 TU

H = 8m

271 TU

H = 8m

244 TU

H = 8m

266 TU

X = 7100 m, bottom at a depth of 8.5-10 m at three depths (H). Y = distance from the right
border.
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The water samples were taken at 25 m intervals and at the same depth of 2 m. The
tritium concentrations observed are shown in Table I. Considering three main parts
of this cross-section it was observed that, up to a flow distance of 1 0 0 0 m, the
greatest velocity was near the right hand border. Consequently about 46% of tracer
was transported in that part o f the reservoir. Approximately 25% of the tracer mass
was transported in the centre part and 29% at the left side of the reservoir. The length
of Section X2, situated about 4200 m from the injection line, was the same as that
of Section X I (250 m). The water samples were taken from three locations (40 m
from the left and right sides and in the middle) and from three depths (Table II). Data
suggested that at this distance, the water flow velocity was the greatest at the right
side (42 % of tracer mass) and water velocities in the centre and left parts of the reser
voir were nearly the same (29 and 28% , respectively). In Section X3, which had a
length of 400 m and was located at a distance of 7100 m from the injection line, the
tracer concentrations found at three places (65 m from the left and right sides and
in the middle) were very similar. This observation suggested that the water transport
at this distance was equally distributed perpendicular to the flow direction. Simply
put, the mean flow velocities at 7100 m were the same along the whole cross-section.

2.2. Tracer concentration curves as a function of time
The tracer concentrations were measured as a function of time at three
distances from the injection line. Tritium concentrations reached maximum values
of 1620 TU in Section 8 (X = 3200 m), 461 TU in Section 9 (X = 6600 m) and
305 TU in Section 7 (X = 7600 m) after 15, 74 and 108 h, respectively. The natural
background tritium content in Paiva Castro reservoir was 20 TU. All three tracer
concentration curves found in different sections o f reservoir are presented in
Figs 2-4 . The tracer mass recovery found in Sections 8 and 9 was nearly 100%,
whereas only about 85% of tracer mass was recovered in Section 7. This suggested
that the loss o f tracer mass at the flow distance of 1 0 0 0 m was attributable to trans
versal dispersion and diffusion into the southwest part of the aquifer.

2.3. Mathematical modelling
Well known dispersion models [1] can be used to describe tracer transport in
aquatic systems. If the tracer is homogeneously distributed along the whole crosssection perpendicular to the flow direction then the transverse dispersion (horizontal
and vertical) does not influence tracer transport. Thus, transport can be considered
as one dimensional. Assuming that the tracer losses due to diffusion into stagnant
zones or evaporation can be approximated as a first order kinetic irreversible reac
tion, the transport equation has the following form [2 ]:
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where C is the concentration of tracer, x is the flow distance, DL is the dispersion
coefficient, t is the time variable and w is the reaction rate constant. The solution
to the above equation for the instantaneous injection of the mass o f tracer M , is given
by [2, 3]:
M

C t = ------- f = = t exP
Q to л/4тгP o C t / to ) 3

(
1

(

[1 -

( t /t o ) ] 2

J

-------------------------u t
4 P d ( t/to )
j

(2 )

with
to = V/Q = x/v

(3)

being the mean transit time of water through the reservoir and V the volume of
mobile water in the reservoir between injection and the place of detection, Q the
volumetric flow rate through the reservoir. PD is the ‘dispersion param eter’ equal
to:
PD = Dl /(?x) = a L/x

(4)

where a L is the dispersivity.
The above model has three parameters (to, P d , w). These parameters must be
obtained by model calibration, specifically by fitting Eq. (2) to the experimental
data.

Time (hours)

FIG. 2. Best fits o f the model to tracer concentration and recovery curves obtained in
Section 8 (x = 3200 m).
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Relative

mass recovery

FIG. 3. Best fits o f the model to tracer concentration and recovery curves obtained in
Section 9 (x = 6600 m).

FIG. 4. Best fits o f the model to tracer concentration and recovery curves obtained in
Section 7 (x = 7600 m).
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From the known flow distance x = L, the mean water velocity in the reservoir
(at the flow distance L) can be determined from to and PD using Eqs (3) and (4):
v =

L /to

(5)

and dispersivity a L
«L

=

Pd L

(6 )

Additionally, from Eq. (3) the volume of water in the reservoir can be estimated
from the known flow rate Q:
V

=

Q to

(7)

From the known surface area of the part of the reservoir between the injection and
detection lines, A, the average depth of the reservoir, Hb, can be determined:
Hb = V/A

(8 )

If the depth of the reservoir can be determined from independent measurements, the
calculated param eter (8 ) can be used to validate the model.
According to Refs [2, 4], in the tracer experiments performed in the close
systems it is useful to determine the relative tracer mass recovery R, defined as
follows:
(9)
The form o f the function (5) can also be helpful for determining the model of
exchange reactions [ 2 ] . Additionally, R (t = oo) provides the necessary information
about the tracer losses along the flow path between injection and detection lines.

2.4. Results of modelling
Model parameters were obtained by applying a fitting procedure based on the
least squares method. The results of modelling at three detection points (Sections 7,
8
and 9) are summarized in Table IV. To verify the quality o f fitting, these para
meters were used to calculate the tracer recovery curves, Eq. (9). These curves
agreed very well with the experimental recoveries. The best fit curves (tracer con
centration and recovery) are shown in Figs 2 - 4 . Up to flow distance of x = 6600 m
(Section 9) tracer losses were not observed and the model calculations were per
formed with co = 0. The mean water velocities, dispersivities, volumes of water and
the average depths of the reservoir were calculated from the fitting parameters. The
results are summarized in Table V.
The water flow velocity decreased with the flow distance. This was as expected
because the cross-sectional area increased in the direction o f outflow. The disper
sivity increased with the flow distance. The mean transport parameters for the flow
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TABLE IV. M ODEL PARAMETERS OBTAINED BY CALIBRATING THE
M ODEL TO TH E TRITIUM CONCENTRATION CURVES MEASURED AS A
FUNCTION OF TIM E
L(m)

to(h)

P d (-)

0) (h"')

Section 8

3200

36.5

0.075

0

Section 9

6600

94.5

0.055

0

Section 7

7600

130.0

0.059

0.0013

Detection point

TABLE V. TRANSPORT AND HYDRAULIC PARAMETERS OBTAINED
FROM TH E FITTING PARAMETERS BY KNOWN MEAN VOLUMETRIC
FLOW RATE THROUGH THE RESERVOIR (Q = 28 m 3 /s) AND SURFACE
AREAS OF THE RESERVOIR A (BETW EEN INJECTION AND DETECTION
POINTS)
Detection point

L (m)

A (m2)

Section 8

3200

1.14 X 106

Section 9

6600

Section 7

7600

v

(m/s)

<*l (m)

V (m3)

H (m)

0.024

240

3.68 x 106

3.3

1.56 x 106

0.019

363

9.53 x 106

6.1

1.71 x 106

0.016

456

1.31 x 107

7.6

distance o f 7600 m were: water velocity v = 0.016 ш/s; dispersivity a L = 456 m;
and the first order irreversible kinetic reaction rate constant ш = 0.0013 h '1. These
parameters can be used to predict the transport of non-reactive pollutants through the
Paiva Castro reservoir. By applying the convolution integral to any initial concentra
tion Cinp(t), the concentration o f contaminant in the outflow to the pumping station
Cout(t), can be calculated as follows:
Cou,(t) = j * C inp (t -

t)

g(r) d r

(1 0 )

where
g(r) = Eq. (2) Q/M

(11)

The volume of water found between injection and detection lines was approxi
mately V = 13 X 10 6 m 3. The channel between Section 7 and the pumping station
contained about 2.5 x 10 6 m 3 of water whereas about 0.3 X 106 m 3 of water was
stored in the initial part of aquifer between the Juqueri river inflow and injection line.
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Taking these values into account, the volume of active water in the Paiva Castro
reservoir was estimated to be about V = 16 x 10 6 m 3 of water. This suggested that
about 14 to 16 x 10 6 m 3 of water was stored in the southwest part of the reservoir
(west of Section X3 in Fig. 1). This volume corresponds to about 50% of the total
water stored. As a result, 50% of water in the reservoir was considered to be inactive
(quasi stagnant) under the hydraulic conditions existing during the experiment.
As expected, the average depth of reservoir determined using a mathematical
model increased from 3.3 m at the flow distance o f 3200 m to 7.6 m at the flow
distance o f 7600 m (Table V).

3.

CONCLUSIONS

Mathematical modelling of the experimental data yielded the transport and
hydraulic parameters needed to assess the effects of non-reactive contaminant trans
port through the reservoir. The transport parameters and the model used can be
applied to predict the movement o f non-reactive contaminants through the Paiva
Castro reservoir, thus providing the water authority with a much needed tool to pre
pare remedial measures and manage the water supply. The volume of water found
to be active under the experimental conditions was about 50% of the total water
stored in the reservoir. The loss o f tracer mass by diffusion, transverse dispersion
and a small volumetric flow rate (0.5 m 3 /s) into the quasi stagnant zone situated in
the southwest was relatively small (15%). The average depths of the reservoir, calcu
lated for the different parts of reservoir, agreed with direct measurements. These
determinations validated the mathematical model in the system under the conditions
investigated.
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A bstract
USE OF TH E 6180 AND 0,5N OF NITRATE TO DETERM INE SOURCES OF NITRATE
IN E A R L Y SPRING RUNOFF IN FORESTED CA TCH M EN TS.
Many upland catchments have increased nitrate and hydrogen ion concentrations in
stream water during the early snowmelt period. The dominant source of this nitrate is not well
known, but likely contributors include atmospheric deposition of nitrate and ammonium in the
snowpack, and soil derived nitrate. Pilot studies initiated in three catchments during the 1994
snowmelt season show that analysis of both the ô180 and <
5l5N of nitrate provides excellent
separation of nitrate sources. Almost all the stream samples have nitrate 6180 and 6I5N
values within the range of the pre-melt soil and stream waters, suggesting that atmospheric
nitrate eluted from the 1994 snowpack is a minor source of nitrate in early streamflow. There
fore, the nitrate eluted from the 1994 snowpack appears to go into storage, and most of the
nitrate in streamflow during the period of potential acidification was derived from pre-melt
sources. The Sl80 of pre-melt nitrate in soil and stream waters is intermediate between the
compositions of atmospheric and soil derived nitrate, indicating a mixture of sources. The
enriched composition of the pre-melt nitrate suggests that either atmospheric nitrate is actually
a dominant source of nitrate to the catchment on a yearly basis, or that there is recharge of
shallow storage by percolating snowmelt during midwinter thaws. In either case, the nitrate
pulse in stream water during early melt appears to be largely derived from precipitation from
previous months or years that is flushed from storage.
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INTRODUCTION

During early spring melt, episodic acidification occurs in the stream waters of
many small upland catchments. This is partly due to large pulses o f nitrate and
hydrogen ions being flushed into the streams at the onset o f melt. The immediate
source of this nitrate is controversial. Two likely sources are: (1) atmospherically
derived nitrate in the snowpack that is eluted during early melt and transported
directly to the stream, or (2 ) microbially produced nitrate in the soil zone that is
flushed into the stream by percolating meltwater. Other potential sources o f this
nitrate include nitrification o f snowpack ammonium [ 1 ], and atmospherically derived
nitrate from earlier seasons or years that has been biologically recycled and stored
in the soil zone.
Nitrate produced by biologically mediated nitrification o f ammonium derives
two thirds of its oxygen from ambient water and one third from atmospheric
0 2 [2, 3], which has a <5I80 of + 2 3 °/00. Consequently, nitrate formed in waters
with <5180 values in the range of - 2 5 to - 5 7 0 0 should have ¿ ¡ 1 8 0 values in the
range o f - 9 to + 4 7 00. The ô 15N of atmospheric nitrate has a moderate range of
compositions centred around 0 7 oo. It was initially expected that the 5 180 of nitrate
in atmospheric deposition would be similar to the ô 1 8 0 o f atmospheric 0 2.
However, a recent study found that the nitrate in precipitation in several German
forests had ô 180 values of + 5 5 to +75 7 0 0 [4].
To test the applicability of the combined use o f ô 180 and ô 15N o f nitrate for
tracing nitrate sources to streamflow over the melt period, pilot studies were initiated
in three catchments during the 1994 snowmelt season. These pilot studies included
the collection o f several hundred water samples at each site for chemical and water
Ôl80 analysis, and detailed hydrologie monitoring at several locations. A subset of
these samples was analysed for <5l80 and <515N of nitrate. Only the nitrate isotope
data are discussed in detail in this paper. It was hoped that the results from these pilot
studies would provide needed guidelines for future full scale investigations o f nitrate
sources.

2.

SITE DESCRIPTIONS

The pilot studies were conducted at three watersheds in the USA: Biscuit
Brook and Dry Creek tributaries o f the W est Branch of the Neversink River, Catskill
Mountains, New York; Andrews Creek and Icy Brook, Loch Vale watershed, Rocky
Mountain National Park, Colorado; and four tributaries of Sleepers River, Danville,
Vermont.
The Catskill Mountains consist of nearly flat lying sandstone, shale, and con
glomerate covered by glacial till and thin soils. The two sub-basins studied are
largely forested.
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The Loch Vale watershed is 660 ha in area and ranges in elevation from 3050
to 4026 m. Less than 1 % of the nearly entirely alpine catchment is forested and only
5-15% is covered by well developed soils formed on granitic bedrock.
The Sleepers River watershed is a 111 km 2 basin with several sub-basins of
various sizes and land uses developed on carbonate schist. Elevations range from
195-790 m. Soil is developed on silty till which covers the bedrock to thicknesses
o f 1 to 3 m.

3.

METHODS

Atmospheric deposition was sampled by collecting snow profiles and cores at
several locations prior to melt and by collecting snowmelt lysimeter samples
throughout the melt period. A few rain samples were also collected. Nitrate in soil
was sampled by collecting shallow soil water samples. There was insufficient nitrate
for analysis in Loch Vale soils, perhaps because it had already been leached away.
Stream samples were collected before, during, and after the melt period.
We recently developed methods to concentrate nitrate in the field and to
prepare it for ô l5N and ô 180 analyses [5-7]. The new methods: (1) concentrate
nitrate from dilute waters that previously could not be easily analysed; (2 ) simplify
transport, storage, and archiving o f samples; and (3) eliminate the need for
hazardous chemicals for preserving samples or for preparing them for ô , 8 0
analysis.
Approximate nitrate concentrations were measured in the field to determine
how much water to collect for isotopic analysis. The waters were then filtered and
dripped through commercially available, prefilled, disposable anion exchange
columns. The small columns were capped, chilled, and shipped to the laboratory for
preparation or archiving. At the laboratory, the nitrate was stripped from the
columns with small successive aliquots o f HCl, the eluent neutralized with Ag 2 0 ,
and the resultant AgCl solid removed by filtration. The neutralized solution was then
split into two aliquots for ô I5N and ô 180 preparations. The aliquot for ô l5N was
freeze dried and then converted to pure N 2 gas by sealed tube combustion with Cu,
CuO, and CaO [8 ].
Analytical precision for test solutions prepared from laboratory reagents was
better than 0 .0 6 7 oo for nitrate concentrations ranging from 0.2 to 25 mg/L and
volumes ranging from 0.1 to 4 L [6 ]. High concentrations of anions interfere with
nitrate adsorption, causing a depletion in 15N in the sample. Cl concentrations
below about 200 mg/L and sulphate concentrations up to 2000 mg/L cause no signifi
cant fractionation [6 ].
Oxygen-bearing anions other than nitrate were removed from the ¿>180 aliquot
by precipitation with BaCl2 [9]. The sample was then filtered and passed through a
cation exchange column. To eliminate the use o f hazardous chemicals such as mer-
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curic cyanide, we developed a new method for <5180 preparation [7] whereby the
samples were neutralized with Ag 2 0 , filtered, and any residual dissolved organic
carbon (DOC) removed by agitation with activated carbon and subsequent filtration.
The sample was then freeze dried in a quartz tube and combusted to C 0 2 using an
excess of graphite. Yields of C 0 2 were consistently better than 95% and analytical
precision was about 0.5°/oo in tests with reagent A g N 0 3 [7]. Our internal reference
material (Fisher silver nitrate) yielded ô 180 = + 1 9 .6 7 00 and <5l5N = + 1 5 .9 5 7 00.
Various logistical problems adversely affected the precision of our analyses.
Consequently, our best estimates o f the true reproducibility of nitrate <5180 values
for this pilot study are ± 2 7 00 for samples > 5 0 /¿mol and ± 5 7 0 0 for samples
< 10 /¿mol; the reproducibility for <515N is probably better than ± 0 .5 7 oo • Data for
samples < 5 /xmol are not plotted on the figures because of the poor precision o f the
analyses; these samples were almost all snow and melt samples with nitrate <5180
values in the range o f + 2 0 to + 3 0 7 O0. To eliminate these problems, we have made
the following improvements to the method: ( 1 ) pretreatment o f water samples by
agitation of the sample with powdered activated carbon followed by filtration to
eliminate clogging of the resins with DOC; and (2) use of larger columns with a
coarser resin bead size to improve the drip rate and facilitate collection of large
samples.

4.

CHARACTERIZATION OF POTENTIAL NITRATE SOURCES

4.1. A tm ospheric deposition
Snow at the three sites has nitrate and ammonium concentrations in the ranges
o f 10-20 /im ol/L and 1-10 /¿mol/L, respectively; the solutes are eluted from the
snowpack early in the melt period.
Too few precipitation and snowmelt samples were analysed for nitrate isotopic
compositions to allow many generalizations, but a few patterns can be noted. All
three sites have nitrate ô 1 8 0 values heavier than the + 2 3 7 00 o f atmospheric 0 2.
These heavy values make the atmospheric nitrate very distinctive. There appears to
be considerable spatial and temporal variability in the <5I80 and ô ,5N values, with
<5I80 values o f + 2 0 to + 6 0 7 oo and 0 15N values of - 1 to + 9 7 00- Almost all the
samples that had ô 1 8 0 values < + 3 0 °/oo were very small1 samples; hence, these
compositions are somewhat questionable.
Little is known about why the <5180 o f atmospheric nitrate is much heavier
than atmospheric 0 2. The only other data on the ô 180 of nitrate in precipitation are
from German forests [2, 4], which show much less variability in composition.
Possible explanations for the compositions include fractionations associated with
nitrate formation in thunderstorms, incomplete combustion of fossil fuels in power
plants and vehicle exhaust, and photochemical reactions in the atmosphere. Some of
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these processes have been shown to fractionate nitrogen [10]. The impact o f
processes on watershed nitrate budgets may be traceable if the ô I80 and <5l5N
positions are distinctive. Since the ¿¡180 of the snow reflects changes in air
sources, there is likely to be a correlation between water <5I80 and nitrate
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values.
The molar ratio of ammonium to nitrate in snow in these catchments ranges
from 1:2 to 1:10. Little ammonium is found in surface water during snowmelt,
suggesting that it is either nitrified during the melt period, adsorbed onto the soil,
or biologically utilized. The fate o f the ammonium is important because any nitrifica
tion within the snowpack would cause the atmospheric source to be less distinguish
able. If ammonium is nitrified in the snowpack, or if there is temporal variability
in the <5180 o f snow, sequential snow lysimeter samples, instead o f snow cores,
must be used for the composition o f the atmospheric end member. Tracer tests with
15N labelled ammonium added to the snowpack may help resolve the question of
whether snow ammonium is a significant source of nitrate to streamflow [ 1 1 ].
4.2. Soil derived n itra te
Microbially produced nitrate in the soil is the other main potential source of
nitrate in stream water. M ineralization o f organic N in leaf litter and in the organic
layer of the soil to ammonium, followed by nitrification while the soils are covered
with an insulating layer of snow, may be an important source o f nitrate to surface
waters during snowmelt [ 1 ]; this nitrate is then flushed into the stream during
snowmelt.
At the Catskills (Fig. 1(a)), lysimeters installed in the О and В soil horizons
were monitored during the melt period. Nitrate concentrations ranged from 10 to
40 /¿mol/L, with the maximum concentrations near the time o f maximum discharge.
The water ô 180 values showed that the soil water contained temporally variable
mixtures of snowmelt and pre-melt water, with more snowmelt in the О horizon soils
than in deeper soils. Throughout the melt period, nitrate in the О horizon samples
had heavier <5180 values and slightly lighter ô 15N values than in the В horizon
samples, and the water in the О horizon had a lighter ¿>180 value than water in the
В horizon (Fig. 2(a)). The slightly heavier nitrate ô 180 values in the О horizon are
consistent with marginal influence o f atmospheric nitrate and snowmelt water in the
shallow soils diminishing to almost none in the В horizon.
The ¿>180 o f nitrate in pre-melt soil and stream waters is 10 to 207 00 heavier
than expected for nitrate produced by microbial nitrification. A possible explanation
for the enriched ô 180 values in temperate catchments such as Sleepers River and the
Catskills is that the soil and shallow groundwater storages may have been recharged
by percolating snowmelt during midwinter thaws in 1994, and that the heavy nitrate
<5180 values reflect the mixing o f atmospheric nitrate with this soil nitrate. The
inverse correlations o f nitrate and water ô 1 8 0 values in the shallow soil horizons
provide some support for this theory.
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FIG. 1. b,sO and SlsN values o f nitrate samples from the Catskill Mountains, New York (a);
the Loch Vale watershed, Colorado (bj; and the Sleepers River watershed, Vermont (с).

An alternative explanation for the enriched ô 180 values, and the most likely
explanation for the Loch Vale data, is that the pre-melt nitrate in the catchment is
a combination o f nitrate derived from precipitation recharged from previous years
and nitrate formed locally, and hence has intermediate ô 1 8 0 compositions ranging
from about + 5 to + 2 0 °/Oo. In other words, the rate of atmospheric deposition of
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nitrate is large relative to the rates of microbial nitrification and biological consump
tion. Hence, atmospheric nitrate has a sufficiently long residence time in the soil that
it retains its atmospheric ‘signal’ on a year-round basis. It is unclear where this
nitrate reservoir might be located at Loch Vale; the few soil samples collected had
insignificant nitrate concentrations.
Support for this theory is provided by results o f recent work in several German
forests that also concluded that atmospheric deposition is a major source of nitrate
to springs [4]. It was found that the lowest fraction of atmospheric nitrate was in
limed or relatively healthy forests, where nitrate consumption by plants and soil
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microorganisms was sufficient to recycle a large portion of the deposited nitrate, and
that sites with declining forests showed higher proportions o f nitrate derived from
the atmosphere and little recycling o f nitrate by the ecosystem. All our forests are
healthy, and there are insufficient data to make any conclusions about the relation
ships between S 1 8 0 of nitrate in storage and the relative rates o f nitrate deposition,
transport over and through the soil, and biological consumption.

5.

SOURCES OF NITRATE IN STREAM WATER

Nitrate concentrations in the streams in the three catchments ranged from low
values o f about 10 /xmol/L to greater than 50 /xmol/L during the nitrate ‘pulses’.
Ammonium concentrations were negligible. Hydrograph separations using <5180
show that during the time of maximum nitrate concentrations the stream water
contains significant amounts of pre-melt waters.
If the source o f the nitrate in streamflow changed during snowmelt, the ô 180
o f nitrate should show some correlation with nitrate concentration or time. In con
trast, all samples except one from Loch Vale (Fig. 1(b)) show no such correlations
and plot within a narrow 15700 range of ô l80 values (Fig. 2(b)), with only a 4 7 0 0
range in ô 15N values. This range is outside the S180 range of almost all the snow
and melt samples. Only snow samples with C 0 2 yields < 10 /xmol and, conse
quently, somewhat questionable <5I80 values, overlap with the stream samples. The
constancy of the <5180 values o f stream water during the melt period (Figs 2(a)
and 2 (b)) suggests that the nitrate derived from storage is well mixed and that there
was little leakage of 1994 snowmelt nitrate.
Stream W -9, which drains a pristine forested catchment at Sleepers River,
shows only a 107oo range in ô 180 and a 1 7 00 range in <5I5N (Fig. 1(c)); there is no
obvious correlation with water ô ]80 or chemistry. The three samples from other
streams have distinctively heavier ô 15N values and slightly lighter <5180 values than
W-9. These three streams derive a larger percentage of their flow from shallow flowpaths than at the W-9 catchment [12], and their drainages contain significant amounts
of pasture land and agricultural land. The lighter ô l80 values and heavier ô 15N
values o f the mixed use catchments may reflect significant contributions of nitrate
from animal waste.
At Loch Vale, all but one o f the samples from Andrews Creek have nitrate
<5180 values within a narrow range of + 1 0 to + 2 0 7 oo- These samples show no
correlation of nitrate ô 180 and water <5l8 0 . Stream samples with water 5 180 values
indicating a range o f 0 to 1 0 0 % pre-event water in the stream have indistinguishable
nitrate ô 180 values. The most obvious explanation for the almost constant 2>180
composition of nitrate (Fig. 2(b)) and the lack o f correlation o f nitrate <5180 and
water 0 180 is that little of the nitrate in Andrews Creek is derived from melting of
the 1994 snowpack.
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One stream sample from Andrews Creek (Fig. 1(b)) has a nitrate ô 180 value
almost 1 5700 heavier and a <5l5N value 2 7 00 lighter than any o f the other stream
samples. This sample was collected on 20 April prior to any significant melting of
the pack when a sunny day caused surficial melting of snow and surface runoff of
this melt to the weir (Fig. 2(b)). The water <5180 value and chemical composition of
this sample suggest that melting snow is the source of the water, and the nitrate
ô 180 is consistent with a snow source for much or all the nitrate. This sample dem
onstrates that when the nitrate and water are known to be derived from the snowpack,
the isotopic data agree; hence, this sample provides convincing support o f the
validity of the dual isotope approach for distinguishing nitrate sources.
At the Catskills, stream samples from Biscuit Brook and Dry Creek (Fig. 1(a))
show the same range of 6 180 and ô 15N values as the soil waters collected over the
same time interval. The ô 180 of water in the two streams is virtually identical, too.
There is a rough correlation of the temporal changes in the <5180 o f water, <5I80 of
nitrate, and the ô I5N o f nitrate at Biscuit Brook, consistent with small additions of
melt nitrate to stream water at the start of the high flow period.

6

.

CONCLUSIONS

We conclude that analysis o f both the <5I80 and ô 15N of nitrate provides excel
lent separation o f nitrate sources. Almost all the stream samples have nitrate ô 180
and <5l5N values within the range o f the pre-melt waters, indicating that atmospheric
nitrate from the 1994 snowpack is a minor source o f nitrate in early runoff. It appears
that the nitrate eluted from the snowpack went into storage, and most of the nitrate
in streamflow during the period o f potential acidification was derived from the soil.
The main sources of uncertainty in calculating the relative contributions from the two
nitrate sources are the ranges in the end member compositions and uncertainty about
whether snow ammonium is retained in the soil or is nitrified to nitrate and flushed
into surface waters.
The ô 180 of nitrate in pre-melt waters is heavier than expected. The more
positive values may indicate: ( 1 ) recharge of shallow storage by percolating snow
melt from midwinter thaws, or (2 ) that atmospheric nitrate is actually a dominant
source of nitrate to the catchment on a yearly basis.
These pilot studies have demonstrated that careful sampling of potential
sources will be required for accurate estimates o f their relative contributions to
streamflow. In particular, the observed variability in the ô 180 o f atmospherically
derived nitrate makes it vital that snow lysimeters be positioned at several elevations,
and that adequate samples be collected to assess temporal and spatial variability in
the ô 180 and <515N o f newly eluted nitrate from the snowpack. Soil water and shal
low groundwater must be sampled several times in early winter, prior to any thaws;
it is unclear how much variability might be found in these waters. The effect of
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nitrification o f snow and soil ammonium on N budgets is unknown, and will require
careful sampling combined with field experiments with 15N labelled ammonium to
decipher.
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A b s tra c t
STU D Y A N D OPTIMIZATION OF DREDGING WORKS UTILIZING RADIOACTIV
ITY: TH E CA SE OF ZEEB RU G G E HARBOUR.
Nowadays, nuclear techniques are tested processes used by the great modem harbours.
Gamma probes for turbidity monitoring, JTD3 and JTT4, are used every day to determine the
navigability depth limit, using the gamma densimetry assisted hydrography method (DAH).
Measurement of the navigable depth of muddy waterways and docks has become a major
problem since the great harbours have had to face the twofold economic and ecological
requirement of reducing the volume of the dredged material, which is then dumped into the
sea in the interest of navigational safety. Using radioactive tracers for in situ real scale Lagrangian measurements permits study of the behaviour of the sediments rehandled by the dredging
works, over a short or medium time period, study of the recirculation problem, calibration
of models and defining the strategy for the dredging operations. In recent years, the use of
these methods, radioactive sealed sources included in special instruments (measurement
devices) and artificial radioactive tracers labelling sediment particles, has resulted in important
economic and ecological improvements due to the suppression of unnecessary dredging, the
optimization of indispensable dredging and by limiting the amount of material dumped.

1.

THE USE OF TURBIDITY GAUGES TO MEASURE THE NAVIGABLE
DEPTH LIMIT IN MUDDY CHANNELS

1.1 .

T h e c o n c ep t o f th e n a v ig ab le d e p th lim it

The mud deposited in navigation channels and in harbour basins results in a
major decrease of the depths. The depths are usually measured with a double fre
quency echosounder (33 and 210 kHz). Such a method is well adapted in the case
o f a sandy bed, but only shows the top (210 kHz echo) of the deposit of mud-w ater
mixture, and, a few metres under, a bottom considered as ‘hard’ (Fig. 1). The physi
cal status o f the sedimentary layers situated between these two boundaries is
unknown and it is customary to use suction dredgers. So the volumes of the materials
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FIG. 1. Definition o f the navigability depth limit in a muddy channel
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FIG. 2. Currents erosion condition o f a mud deposit with a vertical profile of concentra
tion [1].
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dredged each year are in the United States o f America 200 M m 3; in France 40 M m 3
and in Belgium 30 M m 3, at an average price of US $2 per m 3.
Laboratory studies [1, 2] on the rheological characteristics of various types of
muds (mineral composition, proportion of sand, etc.) have shown that below a cer
tain threshold (Fig. 2), the soil-w ater mixtures are easily resuspended via natural
action (stream, swell). In this case it is not necessary to dredge these deposits.
Tests [3] on physical models have been made to study the behaviour of a tanker
model under different conditions (speed, keel clearance) in clear water and then in
muddy layers with a known vertical density profile. It has been shown that sailing
is possible, at a low speed, when the mixture rigidity is below a limit of 5 to
7 N /m 2. This limit can be correlated with a density o f 1.2 for the mud deposits of
the Loire estuary. This density limit is not very different in other areas.
The navigable depth limit is defined as the depth above a density level for a
defined material. To localize such a limit, it is necessary to measure the vertical den
sity profile in the sedimentary deposits. Such a daily measurement is systematically
carried out by the hydrographic services o f the port authorities with either gamma
ray backscattering or transmission gauges.

1.2. Backscattering and transmission gauges
The principle and the technology of the measurement devices are well known
[5-7]. The interest of the device is mainly in the association of the gauge with the
‘intelligent couple’ winch computer which makes the gauge travel up and down into
the sedimentary layers between the densities of 1 . 0 2 and 1.3.

FIG. 3. Isodensity curves plotted on a profile [2].
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Pressure sensors are used with the radiometric gauges in order to determine
precisely ( + 1 0 cm) and at every moment the depth where density is being measured.
The backscattering gauge (JTD3) includes a 137Cs source o f 18.5 GBq
(0.5 mCi). It is designed to make static measurements, at a fixed point.
The transmission gauge (JTT4) includes a sealed 137Cs source o f 185 MBq
(5 mCi). The equipment is drawn by a motorboat travelling at low speed (2 to
4 knots); it covers a sine curve in the mud deposits which allows spotting quickly
the depth of maximum density beyond which navigation would be hampered
(Fig. 3).
1.3. Econom ic an d ecological interests o f the m ethod
Faced with the increase of ships’ draughts, the port authorities first responded
by increasing the depths of their navigation channels and docks. Given the competi
tion and the absolute necessity to minimize the maintenance costs, traditional hydro
graphy is complemented by density measurement. The gamma densimetry assisted
hydrography (DAH) method has permitted, for some years, important savings
(Fig. 4) by limiting quantities of dredged materials and by the optimization of
dredging.
Limitation o f the released quantities also does a kindness to the environment
because o f the contamination of the fine particles by mineral and organic pollutants.
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FIG. 4. Financial balance (in millions o f francs) o f cumulative maintenance and investment
operations for channels and dredged berths [4].
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USE OF RADIOACTIVE TRACERS

2.1. Dumping of dredging products
2.1.1.

M ethod

The method has been described [8 , 9] and used very often, so is not described
here. Nevertheless it is convenient to note that the implementation of tracer tech
niques in such an area requires that close attention is given to the initial conditions.
M ore particularly, the tracers have to be mixed with a large mass of dumped
materials in co-operation with the dredging engineers (Fig. 5).
2.1.2.

Main results

The dredging works and the dumping of the dredging products by suction
dredgers carried out in the Seine estuary or off the coast of Belgium on sites subject
to strong tidal currents (from about 0.5 to 1 m/s) lead to almost identical conditions:
— Dispersion of the particles on large surfaces (Fig. 6 ) with long (2500 m to
4000 m) elliptical and narrow (250 m to 500 m) shapes. These suspended par
ticles increase two or threefold the natural turbidity of marine waters during
half the tidal period. The pollutant loading on the fine particles can generate
problems for aquaculture and tourist beaches.
— Dumping provokes a density current which quickly drives the dredged
materials into the deepest layers, where the finest of them are transported by
the tidal currents over several kilometres, whereas the coarsest remain on the
bottom, which represents more than 75% of the dumped mass. The finest sedi
ments of that fraction (less than 40 д т ) are resuspended within two days of
the operation. The materials split by the dredging and dumping operations have
lost their cohesion and are easily transported by tidal currents. Then they
become available again to return to their origin: that is recycling.

2.2. Recycling of dumped dredged material
2.2.1.

Project background

Previous research programmes showed that the overall efficiency of dredging
works is, to a great extent, determined by the primary dumping efficiency at the site
(i.e. the fraction which, in the long term , is left on the sea-bed of the dumping area)
and by the recycling of fine silt particles back to the dredging areas, harbours and/or
navigation channels. Furtherm ore, they highlighted the significant cost impact of this
recycling as well as possible solutions to secure a tangible improvement. They also
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FIG. 5. Injection o f tracer in dumping test [10].

showed that it is possible to measure the recycling of dump losses in situ using radio
active tracers. A first field trial (at the SI dumping site) gave an insight into the
recycling mechanism.
This study showed that, as a result of the disposal process, a marked segrega
tion o f fine and coarse sediment particles is occurring.
This finding is borne out by three different approaches which were reported
earlier:
— A morphological analysis linked to net changes in estimated volumes;
— A field survey to determine the composition of the sea-bed (hereinafter
referred to as the sea-bed investigation) by means of bottom samples, readings
taken with a natural radioactivity gauge and vibrocorings;
— Dredge spoil tracer studies.
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The morphological analysis showed that by no means all the dumping sites are
characterized by measurable shoals. Besides, the dumping sites where shoals were
found consist from a volumetric point o f view of a mere fraction o f the dredged
material dumped there (less than 40% after converting to tonnes of dry solid).
The sea-bed investigation showed that the most sizeable shoal detected, namely
the one at the SI navigation buoy, is actually a sandbody. The sediment which is
struck there, when vibrocoring, is a fine, rather well washed out sand. The fine silt
fraction is transported elsewhere by hydro-m eteorological mechanisms.
It was shown earlier that the transport o f silt in this area, as fluid mud, is deter
mined mainly by the pattern of residual transport. Qualitative as well as quantitative
estimates of sediment circulations in this area of the North Sea suggested that a
mechanism known as a ‘maximum area o f turbidity’ occurs here.
Such a maximum area of turbidity is a confluence o f residual sediment trans
ports, which means that the sediment system does not interchange much, relatively
speaking, with the rest of the North Sea.
This finding is completely supported by the latest national and international
scientific research on net sediment balances in the North Sea. The maximum area
of turbidity could thus have a considerable effect on the recycling process. It appears
to be localized between Zeebrugge and Ostende and lies about 8 km off the coast.
Its position is influenced by the tidal coefficient, wave action and the flow rate
upstream in the Scheldt.

Iso-activity
contours
count rate

1000-2000 —
2000-5000 —

Area with high
tracer activity
Route of
dredger
VL XVIII
during dumping
(v = 3 knots)

(1) Within 2 h after dumping

(2) 5 h after dumping

(3) 24 h after dumping

FIG. 6. Results o f dumping tracer test on dumping ground [10].
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In addition, it is argued that the position of the maximum area of turbidity
might be influenced by the disturbance of the residual transport pattern, this as a
result o f the port extension works at Zeebrugge. The maximum area of turbidity as
such is also a reasonable explanation for the existence of mudflats in this part o f the
North Sea.
The above considerations and calculations needed, however, to be verified in
the field. If recycling really is occurring, it should be technically feasible to detect
dumping losses by means o f radioactive tracers.
Before technical interventions in the dredging and disposal process can be
worked out and applied, several trials are needed to determine the recycling pattern
for existing and alternative dumping sites. The dumping site research which is now
in progress embraces these additional recycling trials, the draft design and the
recommendations for an improved disposal process. It also ties in with other research
efforts relating to the determination of the overall movement of sediments on the
Belgian Continental Shelf, namely the study ‘Sediment Trend Analysis’ (1992-1994)
and the development of a computational sediment transport model (MUMM,
Management Unit of the Mathematical Model of the North Sea and Scheldt Estuary).
2.2.2.

Method

The method has already been described extensively [10]. To be able to distin
guish dump losses over long periods (several months) from the natural background,
a thorough selection of tracer methods is needed. Among others, the following
criteria are used:
— The tracer may not alter the natural behaviour of the mud particles;
— No tracer desorption may occur during the test;
— The tracer must be easily detected quantitatively;
— It may not produce adverse environmental impacts;
— It must have a sufficient half-life.
The tracers are detected by taking large samples (10 kg) of superficial sedi
ments or small cores. The tracer concentration is determined using background
gamma spectrometry. Since 1984, four large scale tracer experiments have been
carried out. During each tracer experiment, more than 200 samples were taken and
analysed, distributed over 6 6 sampling stations and covering an area of approxi
mately 1300 m 2.
2.2.3.

Complete research activities

The tracer programme proposed for the dumping site research consists of six
injections of recycling tracers. These injections are spread over a three year period
(1992 to 1994).
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In the first survey the recycling tracers were injected at the ZB-Oost dumping
site (H f tracer, distance offshore: + 2 .8 km, 4 on Figs 8 and 9) and at the S2 dumping
site (Tb tracer, distance offshore: + 1 2 .5 km, 2 on Figs 8 and 9). Injection of the
tracers was done in late April 1992.
For the second field survey the recycling tracers were injected on the north
flank of the Akkaert sandbank (H f tracer, distance offshore: +21 km) and near the
ebb channel between sites Si and S2 (Tb tracer, distance offshore: + 15 km). Injec
tion o f the tracers was done in January 1993.
In the third field survey the recycling tracers were injected near the Negenvaam (Hf tracer, distance offshore: + 1 7 km) and on the north flank of the Thornton
sandbank (Tb tracer, distance offshore: + 3 0 km). Injection of the tracers was done
in late September 1993.
After injection at the dumping sites, the area from the mouth of the western
Scheldt Estuary (Terneuzen) to Nieuwpoort was sampled at regular intervals (detec
tion surveys). After an exhaustive pre-treatment, the samples were analysed spectrometrically for their tracer contents. The sampling pattern can, if necessary, be
adjusted by a quick analysis of the samples.
This was done after a heavy storm in February 1993. As only a small amount
of mud was found, samples were taken further offshore and in the eastern and
western Scheldt. The measurements of the thus labelled and dumped sediment are
meant to detect the migration of the fine fraction under the influence of currents
(décantation, dispersion, etc.), tides and waves. These measurements allow an esti
mate to be made of the degree o f recycling of the dumped spoil.
2 .2 .4.

Main results

Field experiments furnish data about the diffusion of the labelled mud and also
about the time variance of the measured tracer contents. The field trials showed that
the labelled dumping losses occur as a loose, poorly consolidated deposit of silt
(about 0.5 m thick) which migrates about the sea-bed. This deposit of silt is concen
trated in a narrow strip along the Belgian coast (max. 10 km wide) and extends from
Nieuwpoort to Terneuzen (Fig. 9).
Consequently, the recycling tracer experiments prove that the labelled mud
recycles, to a large extent, towards the coastal strip and that this mud is apparently
trapped there in a hydraulic flux (at least for the duration of the field experiments:
about 4 months).
The tracers are found in the harbours of Zeebrugge, Blankenberge, Oostende,
Nieuwpoort, Breskens and Tem euzen. They also turn up in Scheur West, Scheur
Oost and in Pas van het Zand, three of the main navigation channels towards the
harbour of Zeebrugge.
The recycling tracer studies corroborate a great deal of research both at home
and abroad that this area is characterized by a rather limited exchange of sediment
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FIG. 7. Time evolution o f tracer concentration near the harbour o f Zeebrugge.
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FIG. 8. Time evolution o f relative activity at the harbour o f Zeebrugge.
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with the rest o f the North Sea. The field experiment also showed that mud migrates
upstream in the western Scheldt. This migration should also be seen as an exchange
of sediment.
The recycling process happens very fast, that is to say, depending on the
location, within two days o f the injection (or the dumping). The tracer concentration
evolves, in time, to a stable value (Fig. 7). Both tracers recycle, to a varying degree,
according to the location of the dumping site. A key parameter, in this respect, is
the distance to the coast: the further away the coast is, the lower the concentrations
that are found. Natural barriers may also slow down the recycling process.
After the initial peak values, if the effects of storms are disregarded, the tracer
concentration in the harbours of Zeebrugge and Oostende remained fairly constant
over the considered measurement period.
The activity results reveal that, in spite of the maintenance dredging works,
there is only a slight decrease in the activity detected (Fig. 8 ). Storms, however, may
cause a very rapid dilution of the tracers.
In the harbour o f Oostende, the activity level (i.e. the amount of radiation
emitted) was, especially at the beginning of the second tracer experiment, lower than
during the first tracer experiment. The fact that the injection points were further off
shore in the second tracer study might explain this, as the mud was spread over a
larger area. These findings are a solid indication that the system is as good as closed,
that one and the same load of sediment is penned in for quite a time and that it is
transported and recirculated, both by natural (residual flows) and man-made
(dredging works) processes. In other words, the mud is reprocessed continuously.
The film of the recycling demonstrates that the two tracers can be found
equally quickly, all over the study area. Although the tracer was sometimes dumped
far out to sea (e.g. the Akkaert sandbank) it becomes widely scattered after just two
days. The extremely high concentration detected at the Scheur-Zand navigation
channel after two days proves that the dispersion of the tracer plume took place, most
probably, owing to a migration towards the coast via the channels. The significance
of wave action must also be taken into account here.
A zone with onshore transport, in the western part of the Belgian Continental
Shelf up to + 5 km offshore, in the eastern part + 2 0 km offshore, was defined using
sediment trend analysis. With this technique, which is based upon granulometric dis
tributions, onshore transport was verified during the third tracer study. One of the
two tracers was injected just outside this zone (north flank o f the Thornton sand
bank). This tracer was only found in a few places and at very low concentrations.
This view of tracer dispersion is certainly not a reflection of the final destina
tion of the recycling dumping losses. This is proved by sea-bed soil maps and
differential maps o f the study area. It is, however, more than likely that the muddy
sediments are concentrated off our coast by natural processes and that there is only
a small exchange of sediment with the North Sea.
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P ra c tic a l use o f the research resu lts

A zone with onshore transport is situated off our coast which is a cul-de-sac
for fine sediment. Dredged material that is dumped inside this area will go on recy
cling along the Belgian coast. This research, together with the sediment trend analy
sis, allows us to deduce how far offshore the dumping of dredged material has to
take place to eliminate the future risk of recycling, namely 25 km offshore of
Zeebrugge.
The research further showed that the recycling of fine grained dumping los
ses — however small they might be — has a fairly marked effect on the effectiveness
o f maintenance dredging works. The results of the dumping site research further con
firm that it is best to limit recycling by opting for a site with a proper layout or an
adequate means of containment for the dredged material rather than by looking for
a suitable dumping site.

3.

CONCLUSIONS

The great capacity of modern dredgers and the dimensions of the marine works
are resulting in the mobilization of major quantities of materials whose effects on the
environment cannot be neglected. The main part of the dumped materials is very
mobile and so can be transported quickly over large distances.
Today the radioactive tracers method permits a fine analysis of the increasingly
important economic and ecological problems.
The mathematical models are very attractive but they are still not well adapted
because of lack of knowledge about the physical, chemical, hydrological and
sedimentological processes related to dredging. Nuclear techniques well used and
supplementing conventional methods are permitting important savings and limitation
o f the bad effects of dredging on the environment.
These major improvements obtained in the marine domain can be easily, prac
tically and theoretically transposed to environmental problems relating to dams,
which have not yet been thoroughly studied, in spite of their important economic and
ecological consequences.
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LEAKAGE AND WATER BALANCE STUDY OF
Mt GALUNGGUNG CRATER LAKE
IN WEST JAVA — INDONESIA
Z. ABIDIN, W ANDOW , INDROYONO, ALIP, DJIONO
Centre for the Application o f Isotopes and Radiation (CAIR),
National Atomic Energy Agency (BATAN),
Jakarta, Indonesia

The horse-shoe shaped crater lake of Mt Galunggung is situated about 100 km
southeast of Bandung, a city in the W est Java province. The crater lake was origi
nally formed from an eruption; further eruptions occurred between 1982 and 1983.
The crater lake is about 600 m in diameter and its water volume is about five mil
lion m 3. The surface of the lake water is approximately 1116 m above sea level.
Some springs appear on the slope of this crater at an altitude of about 900 m,
i.e. Cibanjaran (CBJ) on the left bank, with a discharge of about 2 L/s, and Cikunir
(CKN-1 and CKN-2) on the right bank, with a discharge of about 50 L/s. The
springs are supposed to come from the crater lake, which will become a serious
problem because any crater wall collapse could bring about a great disaster.
A leakage and water balance study of Mt Galunggung crater lake has been
made by CAIR-BATAN in collaboration with the Ministry o f Public Works of
Indonesia. The study was carried out using an artificial isotope o f tritium and natural
isotopes of l 8 0 and deuterium to evaluate the leakage and water balance study.
Injection of the artificial tritium isotope was conducted by diluting 37 GBq with
200 L water. Using a small boat, the tritium was injected/spread to the estimated site
o f leakage in the crater wall, 3 to 5 m down and 300 m long. The tritium isotope
solution was introduced using a plastic pipe connected to the outlet of a container
with a discharge rate o f 2 L/m. The tritium intensity at the Cikunir spring was
measured every day for the first three months and every ten days for the next three
months.
Analysis of l80 and deuterium content of lake water, springs and inflow
water was carried out over three months in the dry season (A ug.-O ct.) and over
three months in the rainy season (N ov.-Jan.). This analysis aimed to discover the
correlation between the lake water and springs, and was also needed for the
water balance study. For the water balance study, several parameters have been
determined, e.g. the evaporation factor of the lake, using pan evaporation class A;
189
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the isotope content o f the atmosphere; the isotope content of rainfall; and the lake
water level.
The tritium content measured using a liquid scintillation counter at the springs
o f CKN-1 and CKN-2 for a period of two months after injection did not show any
significant anomaly; the result was 2 -10 TU (the same value as background).
Seventy-seven days after injection, the tritium content of CKN-2 was 60 TU, which
indicated an anomaly. The breakthrough from lake water to spring CKN-2 was in
the middle of December 1991 with tritium content 329 TU. The breakthrough at the
spring of CKN-1 was in the middle of January 1992 with tritium content 437 TU.
On the basis o f the tritium observations at the springs CKN-1 and CKN-2, the time
for breakthrough from lake water to the springs o f Cikumr could be determined,
i.e. 100-120 days (Fig. 1).

Time

FIG. 1. Tritium value o f Cikunir spring during five months o f observation.
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The analysis result o f 180 and deuterium at the springs o f CBJ, CKN, inflow
and lake water in the dry season shows an interesting fluctuation. Oxygen-18 compo
sition shows the correlation between water of the crater lake with the Cikunir
springs. The average value of 180 o f the crater lake and the Cikunir (CKN) springs
is similar, i.e. - 5 . 4 7 00. The 180 composition of Cibanjaran (CBJ) spring is more
depleted than that of Cikunir, i.e. - 6 . 5 7 00. The value clearly shows that Cibanjaran
spring is not from crater lake water but is from the infiltration o f rain water. The
180 composition of the water inflow is clearly m ore depleted, i.e. —7 .0 7 oo,
because o f rainfall at the higher altitude. In the rainy season (N ov.-Jan.), the
180 composition of crater lake water, Cikunir spring and Cibanjaran spring is rela
tively depleted and has a similar value. It is influenced by rainfall at the crater lake
(Fig. 2 ).

Time
FIG. 2.

Variation o f l80 concentration o f springs, crater lake and inflow water.
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An isotope balance study was carried out in the dry season over 53 days. To
study the water balance of the lake, some parameters were measured. The results
are as follows:
Volume o f lake at elevation 1 1 1 1 .1 9 m (V l)
Volume o f lake after 53 days (V2)
Inflow water (I)
Rate o f lake evaporation (E)
O xygen-18 composition o f lake at
elevation 1111.19 m (61)
O xygen-18 composition of lake water
after 53 days (62)
Oxyen-18 composition o f inflow (¿>i)
O xygen-18 composition of lake vapour
Time of observation

= 3 397 000
= 2 723 000
=

=
=

1

1
6

m
m
5 4 0
m/d
638 m/d

- 5 .8 ° / 0 0

= - 5 . 4 ° / 0 /0 0
=
—6 .9 ° / 0
=
—24.7°/0
/0 0
=
53 days

On the basis o f the isotope balance calculation results, it was found that water
loss from the crater lake through leakage (groundwater outflow) is 31.7 L/s. There
is a 25.6 L/s difference from the discharge at Cikunir spring, i.e. 57.3 L/s. This
difference is probably caused by the contribution o f rainfall infiltration. From the
result obtained it can be concluded that there is a correlation between the Cikunir
spring and water o f the lake.
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MISE EN ŒUVRE DE TRACEURS ISOTOPIQUES ET FLUORESCENTS
POUR CONTROLER L’ETANCHEITE D’UNE ENCEINTE DE STOCKAGE
DE DECHETS INDUSTRIELS ET QUALIFIER SON RESEAU DE
SURVEILLANCE DE LA QUALITE DES EAUX SOUS-JACENTES
G. BEAUDOING, P. M OUYON, T. CHARENTUS, R. MARGRITA
Section d ’applications des traceurs,
CEA, Centre d ’études nucléaires de Grenoble,
Grenoble, France

La prise en compte des réglementations nationale et communautaire conduit à
stocker les déchets sur des sites aménagés avec des systèmes de confinement naturels
et/ou artificiels auxquels sont associés des dispositifs de contrôle de la qualité des
eaux souterraines: réseaux de forages ou de piézomètres.
L ’agrément d ’une enceinte de confinement ne peut être réalisé in situ que par
la mise en œuvre de traceurs spécifiques adaptés à l ’espèce chimique qu’il convient
de marquer.
Le cas évoqué est celui d ’un dépôt de déchets industriels qui, lorsqu’ils sont
soumis à d ’intenses lixiviations naturelles par les pluies locales acidifiées, génèrent
des solutions aqueuses qui contiennent de fortes teneurs en métaux toxiques pouvant
contaminer la nappe phréatique sous-jacente. Pour éviter cette pollution, des
aménagements ont été réalisés par le producteur industriel. Ces aménagements sont
principalement constitués par des bacs étanchéifiés de grandes dimensions qui
reçoivent les déchets ou les poussières. Une fois remplies, ces enceintes de stockage
sont recouvertes par une géomembrane. Compte tenu de la présence d ’une nappe
phréatique sous-jacente, un équipement complémentaire est réalisé par l ’implanta
tion d ’un réseau piézométrique de contrôle de la qualité des eaux souterraines et de
surveillance du dispositif de confinement des déchets.
Le document présenté expose une méthode de contrôle de l ’efficacité interne
du dispositif d ’étanchéification par mise en œuvre d ’eau tritiée et de qualification de
la fiabilité du réseau piézométrique de contrôle associé par mise en œuvre de traceurs
fluorescents.
L ’étude a montré que la géomembrane bitumineuse d ’étanchéification posée
dans ce bassin est efficace et par ailleurs que le réseau piézométrique de contrôle qui
lui est associé est fiable. Les traçages ont mis en évidence que son implantation est
bien dans le panache fictif global du bassin et q u ’elle permettrait, après analyses
spécifiques des prélèvements périodiques d ’eau, de déceler toute contamination
imputable à une détérioration accidentelle du confinement.
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Les résultats des traçages effectués ont permis d ’apprécier les paramètres
suivants:
— de vérifier la bonne étanchéité du bassin de stockage des effluents et des
déchets à l’aide du double traçage intérieur et extérieur,
— de tester l’efficacité du réseau piézométrique d ’observation de la qualité des
eaux souterraines,
— les directions d ’écoulement et les paramètres hydrodispersifs et spatiotemporels de l ’écoulement souterrain.
La méthodologie des traceurs est une technique adaptable à toutes les situations
du terrain naturel et des milieux industriels. Elle permet d ’apporter des informations
fiables aux problèmes de transfert de masse et de qualification des systèmes de
confinement de déchets liquides, solides ou gazeux tant dans le champ proche que
dans le champ lointain.
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THE CHEMISTRY AND ISOTOPIC COMPOSITION OF
THE SALINE SPRINGS IN THE KINNERET BASIN
G. BERGELSON, R. NATIV
The Seagram Center for Soil and W ater Sciences,
Hebrew University of Jerusalem,
Rehovot
A. BEIN
Geological Survey o f Israel, Jerusalem
Israel

Various theories have been proposed to account for the discharge o f saline
springs in and near Lake Kinneret (the Sea of Galilee) ( —210 m .b.s.l.) including:
(1) recent or subrecent M editerranean sea water; (2) evaporated sea water which
formed in the Kinneret Basin during the Pliocene; (3) deep formation waters located
in Cretaceous, Jurassic and probably deeper layers; and (4) halite dissolution.
Suggestions for the driving forces o f the brine include: (a) tectonic compression of
faults and fissures along the Rift Valley accompanied by squeezing of the trapped
saline water, (b) hydraulic head from remote elevated outcrop areas and (c) active
groundwater circulation in the shallow aquifers, which pushes and mixes with the
top of the brine body.
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FIG. 1. ô- laO (a) and I80 - C l (b) in the groundwater o f the Kinneret Basin (data from this
study and from Ref. [2]).
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Isotopic compositions of oxygen, hydrogen, carbon and chloride, as well as the
chemical compositions o f fresh and saline groundwater in the Kinneret Basin were
determined and used to test possible sources and driving mechanisms o f groundwater
salinization.
According to the first theory (recent sea water) the saline end member should
have the ion and stable isotope ratio values typically found in sea water. The subsur
face flow of current Mediterranean sea water to the Rift area would allow a large
range o f l4C values, depending on the permeability values used for the formations
crossed by the water.
In the case o f the second theory (evaporated sea water), evaporation beyond
the point o f halite precipitation should have resulted in sodium depletion and bromide
enrichment. The dating o f Pliocene sea ( > 2 million years BP) requires the absence
o f tritium and 14C = 0 pmC (parts modern carbon) in the saline end member.
If the salinity source is deep aquifers (third theory), moderately to strongly
evaporated sea water could be trapped in these formations and values of ion ratios,
180 and deuterium may resemble those in current sea water. However, the
prolonged residence time and upward flow would result in the absence o f tritium,
14C « 0 pmC and37Cl enrichment [1].
In the fourth theory (the halite derived saline end member), the Na/Cl value
should approach unity, the Br/CI value should be extremely low, and the 37C1/35C1
ratio should equal that measured in local halites. Values o f ¿>l80 , <5D, T and 14C
should correspond to those measured in the fresh groundwater that dissolved the
halite.
The low values o f Na/Cl and high values o f Br/CI documented in the saline
groundwater close to Lake Kinneret correspond to sea water which has evaporated
to between 1/15 and 1/30 o f the former amount. Halite dissolution by fresh water
would not result in these values, â ,80 and ÔD values do not deviate much from the
fresh groundwater line (Fig. 1(a)). Most of the groundwater samples display slight
evaporation. From the <5180-C 1 plot (Fig. 1(b)) we concluded that ¿>180 values in
the saline groundwater resemble those in the fresh groundwater and are strongly
depleted with respect to sea water. The similarity in 0 180 and ÔD data between the
fresh and saline groundwater samples can be attributed to dilution of the evaporated
sea water by fresh groundwater. The concentration of Cl in the saline groundwater
is less than 18 g/L and suggests at least a tenfold dilution. In this mixture, ô l80 and
ÔD data as well as the documented tritium represent the fresh end member. Hence,
the ion ratios and <5180 and ÔD data support the second and third theories that indi
cate evaporated sea water to be the source of the saline end member.
Carbon-14 in the saline groundwater o f the Kinneret Basin decreases as its
salinity increases, and approaches 0 pmC in the most saline samples. This observa
tion implies a long residence time o f the brine and thus may support both second and
third theories. However, this observation does not conform with the theory o f halite
dissolution by modern water (containing high pmC).
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The 37C1/35C1 ratios in the saline groundwater ( —0 .4 7 oo and —0 .5 7 oo stan
dard mean ocean chloride [SMOC]) are depleted relative to those measured in fresh
groundwater (0 7 oo to —0 .3 7 oo [SMOC]) and potential salinity sources (Mediterra
nean Sea [0 .1 7 oo], Dead Sea [0 .3 7 oo] and halite sampled from the Rift Valley
[0 .2 7 oo]). The depletion in the 37C1/35C1 ratio could be caused by brine diffusion
combined with advection [1]. Since the transport o f saline water took place through
both diffusion and advection, this observation does not necessarily support the third
theory. However, the 37C1 depletion o f the saline end member with respect to
halite, sea water (Mediterranean Sea) or modified evaporated sea water (Dead Sea)
does not refute any of the other theories.
The ranges o f isotopic and chemical data collected at the Kinneret Basin best
suit the theory that the source o f groundwater salinity in the Kinneret Basin is
Pliocene evaporated sea water. The water was later diluted by fresh groundwater
actively circulating in the basin.
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LAKE W INNIPEG W ATER ISOTOPIC COMPOSITIONS
INFERRED FROM 0 180 AND ô2H MEASUREMENTS OF
SEDIMENT PORE W ATER AND ORGANIC MATTER
W .M . BUHAY
The Freshwater Institute,
W innipeg, Manitoba
R .N . BETCHER
Manitoba W ater Resources,
Winnipeg, Manitoba
Canada

The oxygen and hydrogen isotopic composition of lake water is dependent on
the varying isotopic composition of meteoric water supplying it, the hydrology of the
lake basin and the effects o f evaporation. Therefore, a record o f the oxygen and
hydrogen isotopic composition of lake water could be used to document past changes
in the isotopic composition o f the mean annual precipitation (related to changes in
atmospheric circulation and mean annual temperature), basin hydrology and
moisture regimes. Oxygen and hydrogen isotopic values of sediment pore water
extracted from two 7.0 m cores taken from the north basin o f Lake Winnipeg
(23 698.4 km 2) provide evidence o f distinct climate intervals during the Holocene
in central North America. Since these lake sediments are underlain by Precambrian
bedrock it is unlikely that their pore water oxygen isotopic compositions have been
modified by the infiltration o f formation waters. Major ion chemistry o f the pore
water also suggests that it is indeed preserved lake water.
In sediments, organic remnants of lacustrine organisms may also preserve a
record o f the oxygen and hydrogen isotopic composition o f the lake water and,
consequently, give clues to past regional climate and lake hydrology. Systematic
biochemical fractionations between lake water and the cellulose and lipid fractions
o f preserved (aquatic) organic material ( 18ecell water = 28.1 + 2 . 1 and 2«llpld water =
— 119 ± 2 2 7 00, respectively [1]) make ô 18Ocellulose and ô2Hüpid measurements use
ful for inferring past lake water ¿>18Owater and <52Hwater values in the following
equations:
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where 18eceii water and 2e llpid water are the biochemical fractionations. Isotopic enrich
ments o f l80 and 2H resulting from evaporation from the lake surface are
represented by l8eevap and 2eevap in Eqs (1) and (2). These evaporation factors can
be accounted for by assuming an equilibrium exchange of water vapour with minimal
kinetic effects at the air/w ater interface [2].
The covariance between measured and inferred 6 18Owater and <52Hwater compo
sitions in this study suggest that sediment organics can be used to estimate changes
in the oxygen and hydrogen isotopic compositions o f lake water and lead to estimates
of mean annual precipitation, mean annual air temperatures, basin hydrology and
moisture regimes. This is particularly useful in situations where the sediment pore
water isotopic compositions have been altered by the infiltration of groundwater.
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J.L . QUUANO
Gerencia de Proyectos Geotérmicos,
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Se presentan los resultados de cuatro años de colección de muestras de
precipitación en la Cuenca de México. Inicialmente, en 1989, se instalaron cinco
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ô180

FIG. I. Composición isotópica (ô180 y ôD) de muestras de precipitación colectadas en la
Cuenca de México.

estaciones distribuidas en el área; en el prim er semestre de 1990 se aumentó el
número a 10, y en el segundo a 19 estaciones, cubriendo con ello una mayor
extensión.
Se colocaron contenedores de 25 a 50 L de capacidad, en función del promedio
de precipitación anual reportado en la zona, y dentro de éstos se puso una capa de
aproximadamente 2 cm de aceite, química e isotópicamente inerte. Los contenedores
fueron aislados e instalados en partes planas de techos, pintándose la base con pintura
blanca para reducir los efectos de la radiación solar. Se colocaron al inicio de la
época de lluvias, verificándolos constantemente y reemplazándolos cuando era
necesario.
Se tomaron alicuotas para análisis de oxígeno 18, deuterio y tritio. Se obtuvie
ron los valores ponderados y los volúmenes totales por temporada. Adicionalmente,
se incluyeron los valores de oxígeno 18 y deuterio correspondientes a siete estudios
previos [1], de 1974 a 1992, para establecer la línea meteórica local (Fig. 1), la cual
no difiere en mucho de la establecida anteriormente [2]:
ÔD = 7.97 6 180 + 11.03 (r2 = 0.97, n = 88)
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Con respecto al tritio, se tomaron los datos de los siete estudios mencionados,
así como los datos de la Estación Veracruz del OIEA, que es una de las dos esta
ciones en México con mayor tiempo de monitoreo [3], con el objeto de comparar
comportamientos. La zona de estudio está prácticamente en la misma latitud, aunque
Veracruz es una estación costera y el Valle de México está hacia el centro del
continente.
Con las tendencias anuales del comportamiento de tritio en precipitación se
alimentará un modelo a base de celdas de mezcla que permita estimar el tiempo de
residencia del agua en el subsuelo y comparar estos resultados con la concentración
de tritio medida en algunos manantiales del Valle de México.
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DETECTION OF LEAKS FROM ARTIFICIAL RESERVOIRS
USING ACTIVABLE TRACERS
E. GASPAR, M. PASCU, D. DORCIOMAN, R.D. GASPAR
Institute o f Physics and Nuclear Engineering,
Bucharest, Romania

1.

GENERALITIES
The water loss from a reservoir is generally expressed as the water balance
^ Qinput — ^ Qoutput — Leakage — Avoiume

In practice, however, the leakage does not always appear in identified springs.
The applied methodology relies on using activatable tracers. The injection type
may be selected as a point source or a cord-like one; also, one may label part of the
water reservoir content or the whole water body.

2.

TRACERS

Because water from reservoirs is used for domestic purposes, the only admissi
ble tracers are those which have a permissible dilution factor (PDF) as high as
possible, the PD F being the ratio PDF = M PC/M DC, where MPC is the maximum
permissible concentration and M DC is the minimum detectable concentration.
W e used as the activatable tracers In-ED TA 1 with MDC = 10“12 g/mL Г
with MDC = 10~w g/mL and Br" with MDC = 10"9 g/mL. For example, the PDF
for the latter is 5 x 105.

3.

METHODOLOGY

In the case o f concentrated loss we used a point injection o f the tracer. The
sampling schedule was ensured to cover a time period o f (0.85-3.0) t, t being the
mean transit time. W hen dealing with diffuse leakage one simultaneously uses two
or three different tracers injected in a cord-like manner; the injection was parallel

1 EDTA = ethylene diamine tetraacetic acid.
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with the reservoir bank, joints or the shielding wall, or even across the presumed
leaking area. In the case of a quick transit time one also uses labelling with dense
NaCl solution, in which case the measured parameter is the conductivity. When long
transit times apply, accompanied with numerous emergencies of different origin, one
uses partial or total labelling o f the water body.
4.

CASE STUDY

Studies were carried out in Romania in different artificial lakes, such as Lake
Solea, Lake Dragomirna and Lake Tarlung. The case of Lake Dragomirna is
presented below, because it covers most o f the above aspects.

Legend
о

1....13 springs

®

Injection

FIG. 1. Lake Dragomima and environs.
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FIG. 2. Lake Dragormima: tracer concentration andflow rate vs time elapsedfrom moment
of injection.
Lake Dragomirna, a water body o f 108 m 3, presented concentrated as well as
diffuse leakages. It was labelled in two consecutive stages, both o f them using InEDTA as a tracer.
The aim o f the first stage o f labelling was the precise identification o f the con
centrated leakage. Eighty grams o f In-EDTA were instantaneously injected close to
the empirically established position of the presumed leakage, near the western bank
o f the lake. Immediately after the tracer injection, the water level in the lake was
quickly made to drop below the level of the presumed leakage, by evacuating the
water through a spillway. Tracer emergence was monitored at eight measurement
points, each being a spring potentially connected with the leakages. Samples col
lected in the field were afterwards processed, activated in the reactor and gamma
measurements were made.
Figure 1 depicts the location of the injection point and the eight sampling
points on Lake Dragomirna. The sampling period stretched over a span o f 180 days;
the initial sampling rate o f two samples per day for the first 15 days was progres
sively reduced to one sample per seven days for the last month. During the sampling
period the flow rates o f the eight springs were measured daily.
In Fig. 2 the tracer concentration C(t) and the flow rate Q(t), both for sampling
point No 1, are shown versus the time elapsed from the moment o f the injection. The
figure also shows the mass recovery curve G(t). The tracer mass recovered over
24 hours was calculated by:

Gd = 8.64 x 107 x Qd x Cd
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where Qd is the flow rate in L/s; Cd is the tracer concentration in g/mL and qd is
measured in grams.
The mean transit time, calculated from the C(t) curve for sampling point No. 1
was 11.97 d, while the maximum tracer concentration reached its maximum only
after 144 hours. The experimental data interpretation showed also that most o f the
water originating from the injection zone was drained mainly through spring No. 1.
Similar behaviour regarding tracer concentration, flow rate and shape of the
curves was observed also for spring Nos 2, 3 and 4. Mean transit times and mean
transit velocities calculated in the extrafiltration area are given in Table I.

TABLE I. MEAN TRANSIT TIMES AND VELOCITIES
Measuring
point No.

Distance
(m)

Mean transit time
(days)

Mean transit velocity
(m/d)

1

2335

11.97

195

2

2585

12.10

214

3

2600

17.40

238

4

2640

28.80

220

In spring Nos 5, 6 and 7 the tracer was not present. Twenty days after the injec
tion, 1.6 X 1 0 '11 g/mL tracer concentration was measured at point No. 8, which
was assigned as the western margin of the tracer dispersion pattern. Special mention
must be made of spring No. 6, which seems to be within the dispersion pattern
according to Fig. 1; actually its higher level as compared to the concentrated leakage
point accounts for the tracer missing.
After making the reservoir impermeable, a second stage o f labelling was car
ried out. This time a cord-like injection was made, following the contour o f the lake,
in order to assess the effectiveness o f the leakproofing and to detect diffuse leaks.
Five more measuring points were used (Nos 9 to 13 in Fig. 1). All these new points
were boreholes in the body o f the dam.
The measurements showed that the tracer emerged only at measuring point
No. 5; the maximum concentration was only 2 x 10“u g/mL.
Some non-systematic measurements performed in other extra springs, east of
points Nos 5 and 13, also showed very weak tracer concentration (close to the detec
tion limit), so that the dispersion pattern for this injection was considered as the
arrowed zone marked II in Fig. 1. The arrowed zone marked I in Fig. 1 represents
the dispersion pattern of the tracer at the first labelling stage.
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CONCLUSIONS

The use o f activatable In-EDTA enables us to determine concentrated and
diffuse losses from water reservoirs, by choosing point or cord-like injections, as
appropriate. The excellent tracer stability enables the performance of measurements
over a span time as great as six months after injection, also ensuring very good mass
recovering properties; both features strongly recommended this tracer for reservoirs
as large as 1010 m 3.
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M IXING AND DISPERSION STUDIES IN THE DANUBE
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The dilution and dispersion o f pollutants discharged from the city sewage sys
tem o f Braila into the Danube have been established. By the application o f radio
active tracers in these waters, the following parameters were determined:
— the longitudinal dispersion and the mixing areas
— the spatial variation of the dilution ratio
— the way in which discharged waters are mixed with the main flow waters.
W ithin the considered area o f the Danube, during the study, the average flow
value was 3750 m 3/s and the average velocity was 0.52 m/s. The discharged sew
age was on average 0.58 m 3/s, having overall slurries o f 180-400 mg/L and a fixed
residue o f 280-940 mg/L.
The point method of tracer injection was adopted, 10 C i1 of NH4 82Br being
instantaneously introduced into the outlet pipe o f the sewage system, very close to
1 1 Ci = 3.7 x 1010 Bq.
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TABLE I. EXPERIMENTAL FINDINGS
Measuring section/
distance in km from
the injection point

t
(min)

V

h2

(m/s)

(min2)

D
(m 2/s)

1/ 2.0

74.72

0.45

11.33

0.91

П/3.3

136.62

0.40

70.65

2.5

1П/5.15

198.73

0.43

82.85

2.32

IV/10.4

412.69

0.42

187.93

2.41

the discharging point. To minimize the retention on silts the tracer was diluted with
2 kg o f NH4Br. For the coarse monitoring of the tracer cloud evolution, the radio
active tracer was premixed with a fluorescent dye, Rhodamine B, dissolved in acetic
acid.
Four measurement sections were selected alongside the riverway, located 2.0,
3.3, 5.15 and 10.4 km downstream o f the injection point. In every section three
boats lying at anchor were used, the measuring points being located at 0.5 m depth.
Some additional surveying points were located at different depths. In addition, a light
boat steering a zig-zag course surveyed the cloud evolution, its position being
reported by a topometric gauging system.
Statistical processing of the experimental data collected enabled us to calculate
the param eters summarized in Table I, where t = )t-c(t)dt/)c(t)dt is the experimen
tal average transit time; V = L /t is the velocity o f the tracer cloud (using the above
transit time); ô2 = (jt2-c(t)dt/jc(t)dt) t 2 is the variance, as the second moment
about the mean, and finally D = o - s V L (ô^/t2) is the dispersion coefficient. Every
figure in the table was calculated for a measuring section on the river.
Using the measured maximum concentrations o f the tracer, reached in a
measurement section, the dilution factor ô = (Q/AS)
Rdt was also calculated in
every measuring section. Figure 1 plots the variations o f this factor versus the dis
tance from the injection point.
The location of the measuring points within every measuring section and the
gathered data, as well as the calibration o f the detectors in various geometries prior
to the field campaign, allow the calculation o f the percentage o f the mixing degree
within the measured cross-section area o f the river

M = l - i i (N - N ,)¿ + (N - Nc) + (N - Nr) 4 I/2] 100
i
3 N
N
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FIG. 1. Dilution factor alongside the Danube riverway downstream from Braila.

where
Nc, Nr are the total number o f counts at the left, centre and right margin
o f the measured cross-section area and Ñ is the average value o f these three
measurements.
The maximum value, 37 %, o f this mixing degree, reached at the fourth section
(10.4 km downstream), shows that although the tracer cloud stretches across only
about one third o f the river’s width, the condition o f complete mixing is far from
being reached even in this reduced section.
The above conclusion is underlined also by the observation that in the area
studied, even 70 km away, complete mixing o f the pollutants discharged in the river
is not reached, due, among other reasons, to two rivers joining the Danube with a
total flow o f 1000 m 3/s.
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Lake ice is a dominant feature of high latitude and alpine lakes, with a continu
ous ice cover over much o f the coldest season. Despite the limnological importance
o f the ice cover for such processes as atmospheric gas exchange, water mass
stability, winter light regime and winter anoxia, little is known o f the process o f its
formation and o f the relative role of direct lake water freezing and incorporation of
snow accumulation on its hydrologie balance. Krabbenhoft [1] measured the isotopic
profile in the waters o f Sparkling Lake, Wisconsin, under an ice cover and found
a depletion of more than 0 .2 °/00 in 0 180 , presumably the result of the fractionation
o f the isotopes between the water and the ice formed in equilibrium with it
( a l e = 1.0035 [2]).
It was expected that owing to its incremental growth the ice cover would be
a cumulative record of the changing composition of the lake waters, thus enabling
an assessment o f the throughflow o f groundwater through the frozen lake and o f its
water balance during winter.
We recovered an ice core from Fallison Lake in northern Wisconsin in
February 1989; at that time the ice was over 50 cm thick. Samples o f the 10 cm
overlying uncompacted snow as well as o f the lake water beneath the ice were also
collected for major ion and isotope analyses. The ice core had a marked banded
structure; guided by the banding, the core was subdivided into slabs o f about 5 cm
and analysed for major ions and isotopic composition (ôl80 , ôD).
The isotopic results shown in Fig. 1 show a marked demarcation line at a depth
o f 25 cm. Below this line the isotopic values are intermediate between the lake water
composition and the predicted composition of ice, which is in isotopic equilibrium
with the lake waters. Above the demarcation line, mixtures of the winter precipita
tion (snow) and lake water are represented.
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ô 180
FIG. 1. Fallison Lake, Wisconsin.

Evidently the upper and lower parts of the ice are formed by quite different
mechanisms. The lower part of the ice appears to be ice grown in equilibrium by
freezing lake water, which is mixed with unfractionated lake water trapped in the
ice during the freezing process. The upper 50% o f the ice core, however, is evidently
formed by lake water which overflows on top o f the subsiding ice layer, mixed with
the accumulated snow on the surface o f the ice, and is then refrozen. This process
results from loading of snow on top of the frozen lake surface, thus creating a
hydraulic gradient which forces lake water to move up cracks in the ice and overflow
the top of the ice layer. The freezing o f both the overflowing lake water and the
admixed snow does not result in further isotopic fractionation.
Lake ice formation is thus a rather complex process which will depend on the
particular climatic pattern, especially the heating and cooling cycle as well as the
amount o f snow accumulation.
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IN THE TAKLAMAKAN DESERT (SOUTHERN XINJIANG, CHINA)
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Paris, France
Kuang-Yi LIANG
Laboratoire de géographie,
Academia Sinica,
Urumqi, China

The aridification of the Taklamakan desert (Western China) [1] raises both
scientific and human problems as needs for water resources increase due to the rising
population. Despite the large amount o f ice on the Kunlun and Tian Shan ranges,
which supplies the rivers and ensures the renewal of the shallow groundwaters in the
centre of the desert [2, 3], the super-continentality of the desert and its embankment
between the surrounding mountains explain the deficit in the water balance in this
region. During a north-south field trip across the Taklamakan (March 1993), water
samples were collected along the Keriya river and by hand auger coring into the
surficial sandy aquifer, lying about 60 cm deep.
All water samples show high pH values and increasing alkalinity values from
south to north along the flow path of the river. They are sodium chloride dominated
and have high sulphate contents. This chemical signature probably comes from the
leaching of salty soils due to intensive irrigation and culture near the mountain
piedmont. Oxygen-18 contents range from —9.4 to + 0 .2 °/оо versus SMOW, while
deuterium values vary from —71.1 to - 3 4 . 0 o/oo versus SMOW. In a ô 180 versus
ô2H diagram, the analytical points are all situated under the global meteoric water
line (GMW L), indicating evaporated waters. The most evaporated ones are those
located in the centre of the desert. These stable isotope contents suggest a simple
evolution of the waters and allow the definition of two evaporation lines. The
difference of the origin points on the GM W L of these lines may be attributed to the
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difference in the recharge altitude in the Kunlun and Tian Shan mountains. The low
13C values of total dissolved inorganic carbon (TDIC), from - 2 0 .9 7 00 for the
Keriya river to - 4 0 . 8 7 oo versus Pedee belemnite (PDB) for shallow groundwaters,
can be explained by a geochemical process, namely the oxidation of reduced carbon
species which produces a TDIC depleted in 13C. As the largest 13C depletion
corresponds to the highest ô2H value, oxidation processes are of greatest impor
tance in the most evaporated water.
The recharge o f surficial groundwaters mainly comes from the Keriya river,
which brings highly mineralized waters into the desert, the salt contents increasing
with evaporation. Low ô 13C values in the centre of the desert are not due to river
inflows only, but imply upward inputs of organic compounds and/or methane from
organic-rich deposits. Analyses o f isotopic compositions of the dissolved organic
carbon (DOC) and 14C activities of waters are in progress.
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LAKES AND MINE TAILINGS PONDS
IN THE PERMAFROST REGION OF CANADA
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Environment Canada,
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Hydrological research under way at gold and base metal mines in the North
west Territories, Canada, has focused on development, validation and application of
isotope mass balance methods for estimation o f lake evaporation. A better under
standing of seasonal and annual variability in evaporation rates is required at the sites
for prediction of post-operational storage changes in mine tailings ponds, reservoirs
used to store and treat mill effluents which commonly contain concentrated heavy
metals and/or cyanide compounds. Investigations have addressed basic concerns
regarding the use o f isotopic techniques raised in previous studies [1], namely:
accuracy o f the method relative to conventional micrometeorological approaches and
establishment of a water sampling protocol for operational water balance monitoring.
To date, over 1000 water samples have been collected and analysed for <5180
and <52H at sites ranging from 62°N to 73°N in continental northern Canada. In
general, isotopic variations in input and surface waters are consistent over a wide
range o f environments ranging from high boreal to arctic desert. On a plot of <5180
versus <52H (Fig. 1), input waters, including rain, snow, and active layer ground
waters lie close to the global meteoric water line (GMWL), and are distinct from
surface waters, including lakes and tailings ponds which lie along a local evaporation
line (LEL). Samples have also been collected and analysed from direct cryogenic
vapour sampling and from evaporation pan experiments used to characterize
atmospheric moisture composition.
Quantitative results will be presented from isotope mass balance investigations
at the Lupin mine site (65°45' N, 111°15' W ), situated on the west shore of
Contwoyto Lake, Northwest Territories, Canada, approximately 375 km NNE of
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FIG. 1. Plot o f b l80 versus b2H fo r waters sampled in northern Canada. Input waters,
including rain, snow and active layer water fa ll close to the GMWL. Surface waters, including
lakes and tailings ponds, fa ll along a LEL with slope close to 5.5.

Yellowknife, and 150 km north o f the treeline. The site is typical of vast areas of
the continental arctic o f Canada characterized by low topographic relief, poorly
integrated drainage, continuous permafrost, and abundant shallow lakes o f less than
1 km 2 in area. The site is centred within an area of several thousand square
kilometres where no lake evaporation studies have been conducted and where no sys
tematic collection of climatic data required to estimate evaporation is under way. As
a component of detailed hydrological investigations at the site, evaporation losses
from a small lake were estimated independently using ô l80 and ô2H over four to
eight day intervals during two thaw season periods. On a plot o f <5I80 versus time
(Fig. 2) temporal variations in the major water balance components are shown.
Evaporation estimates derived from non-steady-state isotopic models will be com
pared with results from mass balance, energy balance, aerodynamic profile and
class A pan observations over concurrent intervals [2] in order to assess the temporal
resolution and relative accuracy o f the isotopic approach. In addition, results from
physical and isotopic monitoring o f six additional natural lakes and two tailings
ponds at the site will provide an indication o f spatial variations in lake evaporation
related to volume, depth, throughflow and ice-free period.
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FIG. 2. Plot o f 5 О versus time (Julian days) fo r selected thaw season mass balance com
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L ’étude menée au Mali dans les années 91-92 a pour but de déterminer
l’origine des eaux qui traversent la cuvette lacustre du fleuve Niger et de suivre
l’écoulement des eaux à travers un système hydrique dominé par l’évapotranspiration.
Le fleuve Niger prend naissance dans les montagnes de la Dorsale guinéenne
et du Fouta Djalon. Après la traversée d ’une partie du Mali, l’eau s’étale dans une
immense plaine alluviale appelée cuvette lacustre ou delta interne. La pente hydrau
lique du fleuve passe alors de 9 cm/km entre Banankoro et Ke-Macina à 3,6 cm/km
de Ke-Macina à Dire. Les fortes évapotranspirations dues au climat semi-paride de
cette zone sahélienne ont été mesurées par des méthodes classiques à plus de
2 300 mm par an.
Les années d ’études 1991 et 1992 se situent dans un contexte climatique
déficitaire. La moyenne interannuelle des précipitations à Mopti est passée de
535 mm à 415 mm depuis cinquante ans. L ’étude isotopique des précipitations a été
faite à la station de l’ORSTOM à Bamako. Les résultats peuvent être comparés avec
des études antérieures faites par l ’Agence internationale de l ’énergie atomique
(AIEA) et s’intégrent dans le réseau ORSTOM de suivi des précipitations sur la zone
sahélienne mis en place en 1988 (HAPEX-Sahel) et d ’autres programmes de
coopération française. La composition isotopique moyenne annuelle des pluies
régionales de 1992 est de - 4 , 8 °/00 et - 3 0 ,4 °/00 respectivement pour l’oxygène 18
et le deutérium. Les précipitations les plus intenses du cœur de la saison des pluies
ont des ô lsO autour de - 1 0 7 00 <5180 . La hauteur limite des précipitations ayant un
caractère évaporé est de plus de 10 mm [1]. La valeur moyenne annuelle des pluies
à caractère évaporé est alors de —3,2 7 00 ô 180 .

-50 J-

FIG. 1. Relation oxygène 18-deutérium (DMM: droite météorique mondiale).
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Des mesures piézométriques ont montré l ’importance des échanges entre les
aquifères et la rivière dans la région de San-Tominian [2]. Des études isotopiques
ont donc été entreprises dans cette région [3] afin d ’évaluer les flux de la nappe vers
la rivière. En amont, la présence de barrages gêne les échanges et perturbe le signal
d ’entrée isotopique. Les aquifères fissurés de l ’infracambrien et du Continental
Terminal jouent un rôle primordial. Les eaux de l’aquifère de l’infracambrien sont
en moyenne de —6,6 7 00 <5180 alors que les eaux du Continental Terminal sont
plus enrichies en isotopes lourds ( —5,0 7 00 <5180 ) .
L ’écoulement du bassin diffère entre la partie amont du bassin de Banankoro
à Ke-Macina et la zone aval du delta située au-delà de Ke-Macina. A l’amont, les
problèmes de relation nappes-rivières, les réponses aux précipitations, l’influence
des lacs de retenue peuvent être mis en évidence [4]. Ceci se traduit graphiquement
par le positionnement des points de mesure sur la droite des eaux régionales. Ainsi,
les écarts de composition entre la saison des pluies et la saison sèche sont minimisés
par la présence des nappes qui tamponnent et contrôlent, en basses eaux, la composi
tion isotopique de la rivière. Ceci est comparable à un effet réservoir. L ’effet tampon
des nappes ne suffit toutefois plus durant le minimum des basses eaux.
Dans le delta interne, la situation est différente du fait des faibles gradients
hydrauliques. Des facteurs climatiques et hydriques plus favorables à l’évapotranspiration potentielle (ETP) masquent l’effet isotopique tampon des aquifères. On ne
constate, dans la variation du signal isotopique, que des pertes. L ’écart entre les
teneurs en isotopes lourds de la saison sèche et de la saison humide est beaucoup plus
important (de —3,77 7 00 à 2,70 °/00 <5,80 ). Les points se placent sur une droite
d ’évaporation classique de pente + 5 ,3 .
Il
paraît évident que, dans le bassin amont du fleuve Niger et du Bani, les
gradients hydrauliques permettent la recharge des nappes par les précipitations
régionales. On observe également la vidange des eaux de l’aquifère par effet de
chasse. Dans le delta, pour des gradients hydrauliques beaucoup plus faibles, la
composante unique des variations isotopiques est bien l’évapotranspiration. Les
crues arrivent simplement à réduire l’influence de l ’ETP.
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A set of water bodies (groundwater o f the Pleistocene aquifer, water table of
the Holocene aquitard, Palaeo-water, irrigation and drainage water) was sampled in
the Menia/Samalot Pilot Area (MSPA) on the western bank and desert fringe of the
Nile valley, Upper Egypt. The samples were studied using I80 , 2H, 3H, I3C, 14C,
34S environmental isotopes, geochemical mass balance and aqueous solution/solidphase chemical equilibria. Our data were compiled with recently obtained 180 , 2H
and 3H data for other parts o f the river valley. This compilation is used to obtain
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information on the spatial and temporal changes in the groundwater isotopic compo
sition in the central part of the River Nile valley in Egypt. The MSPA is a part of
the river valley/desert interface which is, at present, being reconsidered for the
establishment of an improved surface water/groundwater management strategy.
Vertical drainage is planned and an intensive pumping well field will shortly be
installed to reduce the side effects o f 30 years o f river water lifting and redundant
irrigation (without proper agricultural drainage) in the newly cultivated uphill coarse
textured soils in the desertic fringe of the river valley.
Data on water molecule environmental stable isotopes have indicated some
important features o f the relationship between the river water, drainage water, shal
low phreatic water table and groundwater in the MSPA. The isotopic signature of
the river water has recently seen significant enrichment due to large scale water
storage in a huge surface reservoir some 300 km south o f El-Menia during the last
25 years. Groundwater which has already shifted to enriched 180 and 2H values is
interpreted as having a relatively short residence time, whereas the parts o f the
aquifer which have a relatively depleted groundwater isotopic signature show longer
residence times. Quantitative interpretation o f the residence time on the river bank
using stable isotope observations has not yet been attempted for the actively
recharged Nile-fed aquifers (such as the MSPA) despite the fact that the net gradual
isotopic enrichment in the river water (through evaporation in the Lake Nasser reser
voir) could be thought o f as a stable isotope tracer for residence time estimation. The
non-availability of time-series stable isotope data for the river water during the last
two decades, uncertainty with respect to the average isotopic composition of the river
water before the establishment o f the High Dam reservoir, and the non-existence of
time-series observations o f the stable isotopic contents in groundwater in the MSPA
are serious obstacles. Some of the information lacking could, however, be recon
structed by studying cellulose in tree rings and/or by compiling the sporadic isotope
data previously published for similar areas in the river basin. For these reasons, only
tritium data is at present used for this purpose in the MSPA.
Deuterium excess (d parameter) has shown the evolution o f the studied water
bodies including some surface brackish water and brines in the area which have the
lowest d parameter values. Recent recharge from the river is characterized by
enriched 180 and 2H contents, relatively high 3H content, bomb 14C content, low
d param eter and relatively high total dissolved solids (TDS). Sub-recent to older
recharge has, on the contrary, the following signature: depleted 180 and 2H con
tents, very low or zero 3H content, low 14C content, high d parameter and rela
tively low TDS. The desert Palaeo-water pole has moderate d parameter (d = 4,
i.e. recharged under more humid conditions), highly depleted in 180 and 2H, zero
tritium, very low to low 14C content and moderate TDS. Nilotic recharge water
develops into alkaline-rich brines under strong evaporation in the surface discharge
sites whereas the desert Palaeo-pole develops into acid brines in the surface outlet
sites. However, the low d param eter of the river water at present (after the High
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Dam reservoir formation) results from evaporation in the Dam Lake. The d para
m eter findings require further refinement (Fig. 1).
The compiled data available for 180 - 2H, together with our new set of data,
have illustrated more clearly the major trends o f the isotopic signature in ground
water o f this sector o f the river valley. A number o f data points lie on a mixing line
showing that the pumped groundwater represents mixtures of river water of different
isotopic contents. Another data points group lies on a line with a slope slightly lower
than 7, indicating slight evaporation. However, the 180 -T D S diagram has demon
strated that dissolution is the prevailing solute acquisition mechanism which takes
place in the groundwater flow pathway by soil leaching and mineral hydrolysis
weathering.
Recent versus sub-recent recharge was delineated on the isotope content salin
ity diagram. The isotopic composition o f the sampled wells is used to refine the gross
hydrodynamic findings on the distinguished effective porosity and transmissivity
zones in the aquifer. A major change in the river discharge regime during the hydrological year took place after the establishment o f the over-century reservoir and
influenced the groundwater flow regime. Instead o f annual alternation between the
state of water flow from the river to the aquifer during the river high stage (an annual
flood event) and the inverse direction during the river low stage, the river is at
present acting for most o f the year as a drain for the aquifer (the piezometric level
in the aquifer is higher than the river level the year round). This new river/aquifer
relationship, along with the recent isotopic enrichment in the river water, would
result in a zonation o f the isotopic composition in the aquifer. The parts of the aquifer
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subjected to active recharge from the river water (lands on the river bank and/or
adjacent to major irrigation canals and fields receiving excessive irrigation water)
will have an isotopic composition more or less close to the new isotopic composition
o f the river water. On the other hand, the parts o f the aquifer with less recharge will
keep their older isotopic signature, which belongs to the isotopic signature o f the
river before the establishment o f the High Dam Nasser Lake reservoir. However,
the proposed vertical drainage scheme is capable o f creating further distortion in the
spatial distribution o f the recently enriched isotopic content plume o f the river water
recently recharged in the aquifer since the pumped groundwater will be discharged
into the irrigation canals and a fraction of it will probably negotiate its pathway back
to the aquifer.
C arbon-13 data is discussed along with 14C data for the questions o f recent
versus sub-recent and older Nile recharge and biogenic soil C 0 2 gas. Recharge tak
ing place through the river bed is identified versus recharge taking place through
irrigated fields on the basis of I3C data. Sulphur-34 observations presented an
important advantage in the precision of the geochemical mass-balance modelling of
any two initial and final wells on the groundwater flow pathway by offering addi
tional constraints and phases in the tested model. Thermodynamic results indicated
the major trends in the aqueous/solid phase equilibria o f the studied samples. The
obtained information helped in the support and/or rejection o f the proposed water
management policy for the studied pilot area with higher certainty due to the avail
ability o f independent environmental isotope data. Longer isotope geochemical study
is, however, recommended to reduce ambiguities further and to follow the system
evolution, hydrodynamic and hydrochemical response after the application o f the
proposed vertical drainage scheme.
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1.

INTRODUCTION

Currently, nuclear power plants (NPPs) are one of the main sources o f radio
nuclide outflow into the atmosphere. Evaluation o f their influence on the environ
ment is based on experimental results of measurements of radionuclide
concentrations in the environment in the period of construction, exploitation and
preservation o f the power plant.
Ignalina NPP is one of the few large power plants having a natural cooling
basin, Lake Drüksiai, with an area of 44 km 2. Owing to emission from the NPP,
radionuclides get into the lake through the atmosphere and via the debalanced water.
Because of the huge amounts of heat constantly coming into the lake together with
the cooling water, and also due to other factors having an ecological effect, the lake
ecosystem has become very vunerable and is worth detailed investigation [1, 2].
M easurements of the radionuclide concentrations in the Lake Drüksiai
ecosystem were started well before startup of the Ignalina NPP. Only the long lived
technogenic radionuclides l37Cs and 90Sr were registered at that time as entering the
lake, together with global fallout. After startup of the Ignalina NPP, corrosive radio
nuclides produced in the power plant were registered in Lake Drüksiai [1, 3]. Large
amounts of radionuclides got into the lake water after the Chernobyl accident [4].

2.

MEASURING METHODS

Radionuclide concentrations in the air, and precipitation on the ground surface
are measured at the geophysical station 3.5 km SE o f Ignalina NPP. At the station
2000 m 3/h of air are pumped through aerosol filters. The area o f the filters is
0.7 m 2. The usual pumping time is two days. After pumping is finished the filters
are pressed into tablets. Gamma radiation of the samples is measured by a Ge(Li)
spectrometer protected from the environment. At the geophysical station precipita
tion is gathered from a sloping surface o f 6 m 2 (snow samples are analysed in

224

POSTER PRESENTATIONS

10000

1000

О

100

0
0

m
A

о

10
fa
I

1
1

I
rt
I

0.1
1989

1990

1991

I
1992

1994

I 17Be

Q 137Cs

^ “ Co max. Щ мСо max.

♦

о

О 95Zr max.

7Be max.

g 134Cs max. ^ иМп max
137Cs max. ж 59Fe max. □ CrCr max.

1993

FIG. 2. Concentration o f radionuclides in air.

a 95Nb max.

SESSION 2

225

winter). Precipitation samples are concentrated by sedimentation (with the help of
Fe(OH)3) from 80 L o f monthly precipitation. W ater soluble and insoluble fractions
are registered separately. Experimental data on the mean yearly radionuclide concen
trations in the air in the area of the Ignalina NPP and the path of the radionuclide
concentrations in precipitation and on the ground surface in the period from 1989
to 1993 are given.
From 1988 to 1993 the amount of technogenic radionuclides in the bottom sedi
ments and macrophytes was investigated. These composite parts o f the ecosystem
have the greatest influence on radionuclide migration and most vividly depict pollu
tion of a water basin by radioactive materials.
Samples were collected in different spots in Lake Drüksiai — stations 1-6
(Fig. 1). Samples for measurements o f tritium were collected in the tributaries, out
flows I-V m and in different spots in the lake.
Samples of standard geometry were prepared for measuring gamma radiation.
Registration was done with the help o f a low background high sensitivity spectrome
ter with a semiconductor detector. Beta radiation was measured with a low back
ground liquid scintillator spectrometer, Quantulus 1220.

3.

RESULTS OF MEASUREMENTS

Results o f the measurements are presented in Fig. 2. The mean yearly radionu
clide concentrations in the air are calculated by means of averaging 150-170 values
o f individual measurements. Maximum radionuclide concentration values registered
during that period are depicted in the figure.
As a rule air concentrations are maximum in spring and minimum in winter.
The maximum radionuclide concentrations in the air were registered after the Cher
nobyl accident. Complete data on these concentrations were presented in a publica
tion o f the Institute [3]. Beginning with 1984, that is, after the start of the first
reactor, in the samples episodically 54Mn, 59Fe, “ Co radiation and sometimes
58Co, 51Cr, 95Zr and 95Nb radiation has been observed. In most cases the radiation
is observed during repair of the reactors.
In Fig. 3 the amount o f radionuclides per year in the fallout for the period of
making measurements is presented. Mean yearly concentrations o f 137Cs and l34Cs
transported to Ignalina region after the Chernobyl accident are decreasing every
year. Radionuclides emitted from Ignalina NPP, 54Mn, ^ C o , were registered in
1989, 1991 and 1992. No major accumulation o f these radionuclides on the Earth
surface was observed. Greater amounts of the corrosive radionuclides emitted by the
NPP were registered in the fallout during startup and stopping o f the reactors.
Iron-59 radiation in a sample o f the fallout was registered only in spring 1992.
These results allow an evaluation o f radionuclide flow onto the ground and
water surface. Calculations were made applying the known model o f transporting
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FIG. 4. Relative amount o f radionuclides emitted by the NPP and fallout on different sectors
o f the Lake Drüksiai area. 1: (5-10) X 10 9, 2; (1-5) X 10~s, 3: (5-10) X 10~8,
4: (1-5) x 10 7, 5: (5-10) X 7СГ7, 6: (1-5) x 7O'6, 7: (5-10) x lO 6, 8: (1-5) x 10 s,
9: (5-10) x 10 s proportion o f mean yearly radionuclide emission.
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FIG. 7. Tritium concentration in Lake Drüksiai (•), and in the control, Lake Dysnos (o).

and washout o f admixtures [5] and on the basis o f the meteorological data of 1992
(Fig. 4).
Direct comparison of the fallout data and relative values enable calculation of
the flow o f the radionuclides emitted by the Ignalina NPP onto the lake surface. Cal
culations show that 4 X 106 Bq 60Co and 3.2 X 106 Bq 54Mn fall onto the lake
surface per year. A more precise evaluation of the radionuclide flow onto the lake
surface can be made by applying emission data in calculations in real time for
directly measured meteorological parameters.
In Figs 5 and 6 average radionuclide concentrations in Lake Drüksiai in bot
tom sediments and macrophytes are presented. The largest amounts of 54Mn and
^ C o were registered in the zone o f the throw-out o f heated water (stations 4, 4a)
and in the industrial and rainwater canal (stations 7, 7a). Rather small amounts of
54Mn and “ Co in macrophytes and bottom sediments were found in station 6a
where, after cleaning, domestic waste water flows.
Unlike radionuclides o f corrosive origin, 137Cs is distributed more equally in
the bottom sediments. Its amount in the bottom sediments depends more on their
structure and composition. The largest concentrations o f I37Cs and I34Cs in macro
phytes were found in the industrial sewage system canal (stations 7, 7a). Concentra
tion values o f Cs isotopes in the bottom sediments and their proportion show that they
appeared in Lake Drüksiai after the Chernobyl accident, though Ignalina NPP has
contributed, too.
In 1990 radionuclide concentration in the bottom sediments decreased, though
in macrophytes it remained unchanged or, in some cases, even increased. In
1990-1992 the 137Cs concentration in bottom sediments of different thicknesses
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scarcely changed, while in 1991 54Mn and 60Co noticeably decreased, and in 1992
again increased and reached or even exceeded the level o f 1990 (Figs 5, 6).
Radionuclides of corrosive origin at that time were registered in all stations.
This change of concentrations is well explained by the tritium concentration
measurement data (Fig. 7). It is evident that large quantities o f tritium and other
radionuclides got into the lake in 1989 and 1994.
The average lifetime of tritium in Lake Drüksiai was assessed on the basis of
experimental data and comparison of theoretical curves showing a decrease o f its
concentration [6]. Theoretical curves were counted with the assumption that life
duration was 1, 2 and 3 years.

4.

CONCLUSIONS

The measurements presented of the radionuclide concentrations in
Lake Drüksiai show that a perceptible amount o f radionuclides was transported here
after the Chernobyl accident and, at present, a process o f lake purification is taking
place. This purification process is slowed down by radionuclides that constantly get
into the lake from Ignalina NPP through the atmosphere and via the debalanced
waters. Corrosive radionuclides produced in Ignalina NPP periodically get into Lake
Drüksiai and this distinguishes this lake from other water basins.
Measurement of tritium concentrations makes interpretation o f these results as
well as of balance formation possible. Nuclear power plants have become an ecologi
cally important source of tritium getting into the environment.
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M IS E AU PO IN T D ’UNE JA U G E N U C L EA IR E D IR E C T IO N N E L L E
PO U R L ’ETU D E DU TRA N SPO R T SED IM EN T A IR E PA R C H A R R IA G E
B.F. LONG, D. DUFOUR
INRS-Océanologie,
Institut National de la Recherche Scientifique,
Rimouski, Québec, Canada

Deux approches de mesure du transport sédimentaire par charriage ont été
développées durant les dernières décennies. La plus populaire consiste en l ’utilisa
tion des traceurs (mesures Lagrangiennes) luminescents ou radioactifs. L ’autre
méthode (mesures Euleriennes) intègre en un point le mouvement des figures
sédimentaires et assimile ce mouvement au transport sédimentaire. La mesure se fait
alors à partir d ’une jauge fixe généralement couplée avec un courantomètre. Depuis
quinze ans, l’INRS-Océanologie a developpé une jauge nucléaire à transmission [1]
qui fut utilisée pour l’étude des variations des barres sableuses [2-4] ou des mouve
ments des rides [5]. Ces jauges, très performantes (précision de 1 mm), sont basées

L
10 cm
Sonde 2 i_i Sonde I

FIG. 1. Géométrie des systèmes de mesure (z = H + d est fixe): a) une source et un détec
teur, b) et c) une source et quatre détecteurs.
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FIG. 2. Système de calibration: a) vue latérale, b) vue de dessus.
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sur l’absorption du rayon gamma (source de I73Cs) par le sédiment; le principe de
mesure, en fonction de la geométrie adoptée (Fig. l.a ), repose sur l ’équation:
Ie = Io e -1“d + m]
où Ie et I0 représentent le flux mesuré et le flux d ’origine, d l’épaisseur de sédiment,
H l’épaisseur de la couche d ’eau surmontant le sédiment; a et /3 sont respectivement
les coefficients d ’absorption du sédiment et de l ’eau.
Néanmoins, la présence d ’un seul point de mesures permet de déterminer la
fréquence de passage et non la longueur d ’onde et la direction des figures sédimen
taires. Aussi nous avons développé une nouvelle jauge à quatre détecteurs (Fig. l.b
et 2) reliée à un système d ’acquisition de données. La précision reste de l ’ordre
millimétrique. Simultanément aux mesures de variation du fond, une mesure de la
concentration des sédiments en suspension est effectuée à l ’aide d ’un OBS (Optical
Backscattering Sensor) à deux niveaux (20 et 50 cm) afin de quantifier la partie du
transport qui s’effectue en suspension. L ’ensemble forme un appareil autonome
pouvant fonctionner en continu à raison d ’une mesure toutes les 30 secondes, sur une
période de deux mois et par une profondeur pouvant être supérieure à 100 m.
Les tests de laboratoires ont été menés sur un bloc de béton simulant trois rides
de 2,5 cm de hauteur et de 10 cm de longueur d ’onde, qui était orienté NE-SO par
rapport aux sondes et qui se déplaçait à 0,6 cm/min (Fig. 3).
Une limitation du système existe si le site d ’étude est peu profond; en effet,
lorsque le niveau d ’eau augmente au-dessus du système source-sédiment-détecteur,
une augmentation perceptible de l’activité est perçue; elle est due à l ’effet Compton
produit par les molécules d ’eau. Cet effet peut entraîner une augmentation de 25%
de l’intensité mesurée. Pour contrer ce phénomène, il faut un minimum de 16 cm
d ’eau au-dessus de détecteur (Fig. 4).
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H Y D R O G E O L O G IC A L AND EN V IR O N M EN TA L ISO T O PE ASPECTS
O F L A K E TO B A , N O R T H SU M A TRA , INDONESIA
S. M ANURUNG, SYAFALNI, Z. ABIDIN, INDROYONO, DJIONO
Centre for the Application o f Isotopes and Radiation (CAIE),
National Atomic Energy Agency (BATAN), Jakarta,
Indonesia

Hydrogeological and environmental isotopes will be used to study the charac
teristics of Lake Toba. Fluctuation and decrease o f the water level o f Lake Toba dur
ing the last two decades have become major issues and have generated differing
opinions among scientists. The size of Lake Toba is approximately 1784 km2
(including Samosir Island, which lies within it). Samosir Island itself has an area of
840 km 2 (Fig. 1).
Lake Toba water is the source for the Asahan Hydroelectric Power Authority,
which produces 513 MW o f the projected capacity o f 820 MW. In order to produce
such an amount, a debit o f 110 m 3/s is required, and the water level is technically
designed for an elevation ranging between 802.4 and 905 m. There has been a
natural fluctuation o f the water surface of Lake Toba between 1920 and 1973, the
elevation ranging between 804.6 and 906 m. The change o f the water level from the
natural to the intended condition is within the framework o f the hydroelectric power
construction programme. The water level has been decreasing from the level origi
nally planned, resulting in instability o f the electrical output scheduled for an
aluminium smelting plant supposed to produce 225 000 t/а. A reasonably strong sus
picion is that the reason for the decrease must relate to the lake’s use by the Asahan
Hydroelectric Power Authority. M oreover, deforestation o f the catchment area of
3450 km 2 and meteorological data showing climatic changes are other factors
governing the water level fluctuation. The question also arises as to whether another
factor, such as leakage in the side o f the lake, exists.
This research aims to investigate these problems by using hydrogeological and
isotopic data. The research is also a part o f the institute’s research programme to
develope a methodology for lake study. Fluctuation of the Lake Toba water level is
principally governed by three factors, namely: precipitation inflowing to the lake
either as surface runoff from the catchment or as precipitation directly to the
lake surface; discharge from the Asahan river (the only outlet from the lake) and
evaporation.
Loebis calculated the effective inflow to Lake Toba over the period 1957 to
1988. The yearly average o f the inflowing water is used to obtain a moving average
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FIG. 1. Location o f Lake Toba, Sumatra.
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FIG. 2. Estimated effective inflow to Lake Toba.

,80 (%o)
FIG. 3. Stable isotopes o f Lake Toba, precipitation and groundwater (lake surface water).
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Oxygen versus deuterium analysis o l Lake Toba, 1992
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FIG. 6. ô 180 and SD versus depth.

(Fig. 2). On the basis o f the yearly average a sinusoidal curve for a five year average
was constructed. This sinusoidal curve indicates a period of 17 years with amplitude
ranging from 24 to 27 m 3/s. This curve also clearly indicates an axis inclining
downwards for the period 1957-1988. Available data on effective inflow from 1989
to 1992 still need clarification in order to fit them with previous data.
For isotopic data analysis, water samples o f Lake Toba were collected in 1992,
1993 and 1994. Some samples were from the spring surrounding the lake and some
were precipitation collected from two basins respectively installed at Sitamiang and
Ambarita. Oxygen-18 versus D o f all those samples is plotted with reference to
global meteoric water. Lake water samples were taken from depths of 0.5, 25, 50,
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75 and 100 m. Plotted data of all surface water samples taken in 1992, 1993 and
1994 clearly indicate a group apart from precipitation and groundwater (Fig. 3).
Regrouping o f these samples o f 1992 resulted in groups for May and November. It
is worthwhile mentioning that samples plotted in Fig. 4 include all samples of 1992
from different depths. Their variation and distribution in respect to evaporation
reveals that the group o f November 1992 has evaporated more intensively than the
group o f May 1992 (wet season). This conclusion is in accordance with the season
governing the water level of Lake Toba (Fig. 5). In May and November 1992, the
water level was 904.66 and 904.22 m .a.s.l., respectively. Variation o f isotopic com
position in terms o f depth also corresponded to the evaporation effect, i.e. a slightly
consistent shifting to isotopically heavier water in November 1992 (Fig. 5), which
was the dry season. In order to get a better idea o f the isotopic stratigraphy, it is
intended to take samples at a denser interval.
Fifteen precipitation samples were collected on a regular monthly basis.
Almost all the samples are distributed along the global meteoric line. Two samples
seem to be unrepresentative, i.e. samples of July 1994. The samples are supposed
to be subject to intensive evaporation within the basin. The lightest isotopic composi
tion was found in October 1992, February and March 1994. Such values are
supposedly influenced by the transitional period between the dry and wet seasons.
Eastward air movement lifts up the air mass and condensation at a higher elevation
precedes precipitation (altitude effect).
Spring and groundwater samples were collected from the vicinity o f the lake.
A remarkable isotopic value was shown by a groundwater sample from Ambarita.
The sample was extracted from a deep well (75 m) with a debit of 15 L/s. The w ellshoreline distance, which is only 50 m, suggests that the lake is the source o f incom
ing water to the well. However, the isotopic composition of the well, which is
- 1 0 . 2 7 oo and —63.87oo for ô 180 and <5D, respectively, is very different from the
lake isotope. Some scientists consider that this value indicates a recharge area of
about 1100 to 1300 m above sea level but this opinion is disputed. Some think that
two big springs, namely, Manigom and Krasaan (Fig. 6), are linked to the lake.
Their supposition is related to the theory that Lake Toba originated as a result of
volcano-tectonic eruption followed by the formation o f fault zones and other forms
o f rock deformation. The isotopic composition o f Manigom is —8 .1 5 7 00 and
- 4 8 7 00 for 180 and deuterium, respectively, while Krasaan has - 8 .2 3 7 00 and
- 4 9 7 00.
The above results show the various factors governing the fluctuation o f the
water level o f Lake Toba. Leakages have not been proved to be the cause o f water
level drop although there seems to be a tendency for the water level to decrease. The
Asahan Hydroelectric Power Authority plays an important role in determining the
water level fluctuation as well as the catchment area. M ore complete data are needed
for a better understanding o f Lake Toba characteristics and the results o f human
interference.
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RADIOTRACER USE FOR
BEDLOAD MOVEMENT PARAMETERS
AND TRANSPORT ESTIMATION
IN THE NEAR-SHORE BALTIC SEA ZONE
A. OW CZARCZYK*, Z. PRUSZAK**, R. W IERZCHNICKI*
Institute o f Nuclear Chemistry and Technology, Warsaw
Institute o f Hydroengineering, Polish Academy o f Sciences, Gdansk
Poland

The problem o f bedload transport estimation and its balance in dependence of
long term (year) average meteorological conditions is very important from the point
o f view o f beach and shore protection.
The radiotracer method can provide the necessary parameters for the calcula
tion o f the transport in the near-shore zone. The field experiments were carried out
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FIG. 1. Bathymetry, injection positions and location o f devices in the experimental profile
(Lubiatowo, spring 1994).

TABLE I. AVERAGED BEDLOAD TRANSPORT PARAMETERS FOR EACH
CLASS OF W AVE CONDITIONS
Conditions

t (d/a)

L (m)

v (m/d)

z (m)
0.0033

Q (m3/a)

Calm waves

3

200

12

23.8

Weak storms

37

600

9

0.02

3996

Heavy storms

44

1000

15

0.05

33000

The total volume of transported material, predominantly moving west to east, has been esti
mated as about 4 x 104 m3 per year.

from 1984 to 1994 in Lubiatowo (60 km west of Gdansk) where the Coastal
Research Station o f the Institute o f Hydroengineering, Polish Academy o f Sciences,
is located. Bathymetry data as well as places of tracer injection are shown in Fig. 1.
The artificial glassy sand contianed 192Ir as a radiotracer and was carefully
prepared to obtain a grain shape and diameter similar to the natural sand from the
site o f the experiment.
The tracers were injected at the bottom o f the chosen sites and their plumes
resulting from sediment transport and dispersion were measured simultaneously
under all meteorological and hydrological conditions. The transport phenomena
(over a one year period) were arbitrarily divided into three classes with respect to
the meteorological conditions. The parameters o f bedload transport were estimated
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in each class separately. The first class concerns calm wave conditions when the
long-shore currents generate grain movement below the mass transport velocity
threshold. The second class gathers the ‘weak storm s’ which generate long-shore
currents involved with mass transport and movement o f the bottom bed in the whole
breaker zone. The third class contains ‘heavy storm s’ during which the whole bottom
in the near-shore area is mobilized and intensive transport takes place. The
parameters have been averaged for calculations o f the whole width of transport and
the time period o f their occurrence during the year. The total volume Q of long-shore
transported material has been calculated according to the equation.
Q = v-L-z-t

(m 3/a)

(1)

where v is the velocity of mass transport (m/d); L is the transport belt width (m);
z is the thickness of moving sediment layer (m); and t is the time o f transport (d/a).
Taking into account the wind diagram for the whole year, the time when winds
from the west dominate (resulting in W —E unbalanced bedload transport) is equal
to t, Table I.
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T E M PE R A T U R E D EPEN D EN T OX Y G EN AND
CARBON IS O T O P E FR A C T IO N A T IO N BETW EEN
CARBO N A TE AND C E L L U L O SE IN LA K E SED IM ENTS
M. PADDEN, T.W .D . EDWARDS
Department of Earth Sciences,
University of W aterloo,
W aterloo, Ontario
R. VANCE
Geological Survey of Canada,
Calgary, Alberta
Canada

Investigation of stable isotope stratigraphy in the sediments of Chappice Lake,
a saline, closed-basin lake in southern Alberta, Canada, has revealed the existence
of systematic relations between 0 180 and ô I3C o f coexisting inorganic (carbonate)
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and organic (cellulose) sediment constituents. Variations in the apparent carbonatecellulose isotopic fractionation for both oxygen and carbon can be explained by the
contrasting isotopic effects during their formation: <5,80 and ô 13C of cellulose are
related to the <5180 and ô 13C o f lake water and dissolved carbon species through
non-temperature-dependent kinetic effects, whereas well-known temperature depen
dent equilibrium exchange effects occur for oxygen and carbon during carbonate
precipitation. Significant potential appears to exist for development of such
inorganic-organic pairs as isotopic palaeothermometers.
Isotopic analyses were carried out on 26 samples from an 866 cm core span
ning the interval 7300 BP to present (see Fig. 1). Previous study of sediment
mineralogy, pollen, and plant macrofossils from this core established the strong
hydrological sensitivity o f Chappice Lake to fluctuating late Holocene climate [1].
The sediment consists o f calcareous silt and clay having variable organic content
(10-60% dry weight). The prim ary autochthonous carbonate mineral is aragonite,
occurring with lesser amounts o f magnesite and hydromagnesite. Carbon isotope
ratio analysis o f bulk organic matter and cellulose was performed using conventional
closed tube combustion [2], carbon and oxygen isotope analysis of carbonate was
undertaken using acid dissolution [3], and oxygen isotope analysis o f cellulose was
accomplished using the nickel tube pyrolysis method [4]. Cellulose was extracted
from the fine fraction ( < 1 5 0 /¿m) using a modified procedure for purifying wood
cellulose [5]. Isotope results are expressed as ô values relative to Peedee belemnite
(PDB) and Vienna standard mean ocean water (V-SMOW) such that ôsampie =
[(Rsampie/Rstandard) ~ 1] 1000, where R is the 13C /12C or 180 / 160 ratio in sample
and standard.

14C dates

Carbonate
Organic Cellulose
e 180
ô 13C ô 13c ô 18o
6 13c
(PDB)

(PDB)

(PDB)

Time

(SMOW) (PDB) (years В P)

FIG. 1. Isotopic stratigraphy o f core C l from Chappice Lake.
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a 180 carbonate-cellulose
FIG. 2. Apparent fractionation between coexisting carbonate and cellulose.

The isotopic profiles are characterized by the existence o f strong positive
correlation between <5180 and <513C profiles for both carbonate and cellulose, espe
cially above about 650 cm depth in the core (the sediment record below this horizon
may have been affected by the periodic desiccation of the lake [1]). Covariance of
oxygen and carbon isotope variations from hydrologically closed lakes is well-known
for sediment carbonate [6] and has been observed for sediment cellulose [7],
although such relations have not been reported previously for coexisting carbonate
and cellulose. An unexpected feature o f the present data set, however, is the exis
tence o f a weak, but statistically significant, negative correlation (r = —0.31)
between the carbonate and cellulose isotopic profiles (visually evident in Fig. 1), and
a stronger positive correlation (r = 0.81) between the apparent carbonate-cellulose
isotopic fractionations for oxygen and carbon (Fig. 2).
These relations are readily explained if changing cellulose ô 180 and 6 13C are
simply acting as proxies for changing lakewater <5180 and dissolved organic carbon
(DIC) ¿¡13C, whereas carbonate ¿>180 and <513C also preserve additional temperature
dependent differences from lakewater ¿>180 and DIC ô l3C. Similarly, the negative
correlation between the cellulose and carbonate profiles is consistent with the warm
semi-desert climatic setting of the lake, which would tend to foster high lakewater
ô 180 and DIC <513C in concert with high temperatures (and thus low fractionation).
In spite o f the apparent simplicity o f this explanation, considerable scatter
exists in the data from Chappice Lake, some o f which is undoubtedly related to
changes in the carbonate mineral assemblage (which may also be temperature
sensitive) and possibly to seasonal differences in the timing of organic matter and
carbonate production [8]. Such factors will be considered in ongoing studies.
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R.O. COSTA E SILVA, R .G . MONTEIRO FILHO, R.P. SILVA
SEPLAN/PI and COM DEPI,
Teresina-Piaui, Brazil
Within the hydrogeological study o f the Rio Gurgueia Valley (Piaui, Brazil),
supported by the Italian Ministry o f Foreign Affairs and addressed to reconstruction

8D%o versus SMOW
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FIG. 1. ÔD versus 6 I80.
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245

246

POSTER PRESENTATIONS

o f the hydrogeological framework and implementation o f the mathematical model for
groundwater resources, a hydrochemical and isotopic investigation was carried out
to define connections among aquifers present in the area.
Local geology is characterized by five Palaeozoic sedimentary formations
belonging to the sedimentary basin of Rio Pam aiba, which lies on a Precambrian
crystalline basement (stratigraphie sequence: Serra Grande, Pimenteiras, Cabecas,
Longà, Pot-Piaui). All five sedimentary formations outcrop in the east and dip
towards the centre o f the basin in the west [ 1 ].
Among these five formations, the Crystalline Basement can be considered an
aquiclude, while Pimentairas and Longà are weakly permeable except for a few local
variations due to intense fracturing. The other three, Serra Grande, Cabecas and
Poti-Piaui, are definitely more permeable, although they differ substantially and
within each formation by reason o f tectonic activity. The Serra Grande formation
outcrops in a narrow strip; the Cabecas, almost totally covered by weathered
deposits, outcrops extensively on the eastern side of Rio Gurgueia, while the
Poti-Piaui outcrops continuously only on the western side.
The lithological nature o f the two upper aquifers Poti-Piaui and Cabecas
(orthoquartzites) does not allow the flowing waters to increase in salinity (electrical
conductivity < 5 0 n S/cm), although a residence time o f 6000 a (Cabecas) was esti
mated by means of radiocarbon. The extremely low salinity of these waters led to
numerous analytical difficulties. Thus, data processing was focused essentially on
temperature, pH, electrical conductivity and stable isotopes, which provided good
characterization. The waters o f the deepest aquifer, Serra Grande, present higher
temperatures and salinity, and lower content o f modern carbon (about 5%); the
maximum age estimated was 2 1 0 0 0 a.
Two distinct recharges were identified (Fig. 1) by isotopic values
( - 5 . 7 ô180 7 00, - 3 5 0D°/oo) and ( - 3 . 5 0180 °/00, - 1 6 ôD700) [2 ], that can be
attributed to different periods [2, 3].
The different evolution o f waters (Fig. 2) indicates the type o f flow that
characterizes each aquifer and their connections.
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ETUDE EXPERIMENTALE DU TRANSFERT DE RADIOELEMENTS
DANS LE SYSTEME RIVIERE-NAPPE
Rétention de six radionucléides sur la craie et les sédiments de Seine
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Après détermination de la porosité et analyse granulométrique, une masse M
de matériau est introduite dans un réacteur selon la norme AFNOR NF P18 553.
Cette masse est telle que:
200 D < M < 600 D
où D est la dimension des éléments les plus grossiers. Les quantités retenues pour
les essais sont de 150 g de craie déshydratée et de 500 g de sédiments de Seine déshy
dratés par réacteur.
Les matériaux sont alors réhydratés à saturation. Après un délai de 24 heures,
la solution de sol est diluée par un ajout d ’eau de l ’aquifère pour la craie et de Seine
pour les sédiments. Le volume d ’eau est ajusté de manière à obtenir des rapports
volume d ’eau sur masse de solide égaux à 2,5; 5; 7,5 et 10 fois la saturation. Cette
eau ajoutée est contaminée par une solution des six radionucléides à étudier. La solu
tion contaminante est préparée à partir de solutions étalons d ’iode 131, de césium
137, de strontium 85, de cobalt 60, d ’argent 110m et d ’antimoine 125 en mélangeant
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Temps (jours)
FIG. 1. Evolution de l ’activité en iode 131 au niveau du piézomètre à 6 m de la berge
après introduction du terme source en Seine. Activité initiale en iode 131 dans l ’aquifère:
10 Bq/m3.

un microvolume de chacune d ’elles. L ’activité volumique exacte de cette solution a
été déterminée à partir de mesures en spectrométrie y germanium effectuées sur trois
aliquotes de 250 /il chacune.
Le dispositif expérimental permet de respecter les conditions d ’anoxie (absence
d ’oxygène) dans lesquelles la craie et les sédiments de Seine se trouvaient au moment
du prélèvement. Ce dispositif est adapté aux exigences de radioprotection concernant
les expérimentations en milieu radioactif. Chaque réacteur est constitué d ’un flacon
plastique fermé hermétiquement par un bouchon percé de trois orifices. Le premier
orifice est relié à une bouteille d ’azote permettant la formation du milieu anoxique
et assurant le mélange de la solution par bullage. Le deuxième est relié à une hotte
équipée de filtres spéciaux et assure l’évacuation de l’air, de l’azote et éventuelle
ment de l’iode. Le troisième perm et le prélèvement, au cours du temps, d ’aliquotes
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du mélange aux fins de mesures. Chaque réacteur est placé à l’abri de la lumière,
dans un bain thermostaté à 15 °C.
L ’évolution de l’activité initialement introduite sous forme dissoute dans la
phase liquide d ’un système diphasique constitué du matériau étudié (phase solide) et
de l ’eau (phase liquide) peut s’exprim er au moyen d ’un rapport de distribution:
As
Rd = -----Ae
où As est l’activité massique de la phase solide au temps t (Bq/kg) et Ae est l’activité
volumique restant dans l’eau au temps t (Bq/m 3).

Temps (jours)
FIG. 2. Evolution de l ’activité en iode 131 au niveau du piézomètre à 70 m de la berge
après introduction du terme source en Seine. Activité initiale en iode 131 dans l ’aquifère:
10 Bq/m3.
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Si M est la masse de solide en kg, V le volume de liquide en contact en m 3
et F la fraction de l’activité initiale apportée restant dans l ’eau au bout du temps t
(F étant sans dimension), Rd peut s’exprimer ainsi:

Les valeurs de F et de Rd dépendent de la valeur des rapports V /M , c ’est-à-dire
des conditions expérimentales et des caractéristiques des phases solides (concentra
tion, nature, granulométrie) et liquides (pH, température, charge ionique, matières
organiques, etc.).
La mesure des concentrations en actifs dissous est effectuée aux temps
suivants: 10 min, 30 min, 5 h, 1 j, 3 j, 7 j et 14 j.
Les valeurs des Rd observées augmentent au cours du temps dans la craie ainsi
que dans les sédiments de Seine quel que soit le rapport V /M pour tous les radionucléides étudiés à l’exception de l ’iode et de l ’argent. Ces deux éléments ont des
comportements spécifiques aussi bien dans la craie que dans les sédiments de Seine.
L ’intensité d ’adsorption peut être classée ainsi: 131I < 85Sr < 125Sb < “ Со <
137Cs < 110mAg quel que soit l’horizon étudié. Ces résultats expérimentaux ont
permis l ’établissement d ’un modèle mathématique qui a pour objet de dégager
l ’ordre de grandeur des répercussions à attendre en cas d ’accident au niveau de ce
site sensible pour l ’iode et le césium. Les résultats de la simulation pour l’iode 131
au niveau des piézomètres 2 ( 6 m de la berge) et 3 (70 m de la berge) sont présentés
dans les figures 1 et 2. Le pic principal de contamination (Fig. 1) arrive une centaine
de jours après le pic d ’émission en Seine, reflétant que l’iode n ’est quasiment pas
retardé dans les terrains. Cependant, le temps de transfert est suffisamment long par
rapport à la période de décroissance radioactive de l’iode. Le pic d ’iode arrive une
vingtaine de jours plus tard à 70 m, mais présente une activité quasiment indétec
table. Le césium, pour sa part, n ’apparaît pas dans les piézomètres au bout de trois
ans et reste confiné dans le premier mètre de sédiments superficiels de la Seine.
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Lake Viverone, located 50 km northeast of Turin, in the Po Plain, has a glacial
origin. It covers a surface of 5.7 km 2, has a drainage basin o f 25 km, shows a small
surface water inflow activated only during meteoric events, and shows no surface
outflows. A comprehensive chemical and isotopic study was performed to evaluate
the water and sediment budget o f the lake. Chemical analyses o f the water and the
sediments were performed by FIAT Impresit Servizi di Indagine Ambientale
(FISIA). Stable isotopes in water and in dissolved carbonates, and X ray diffraction
(XRD) patterns were obtained at the University o f Turin. Carbon-13 and 18N in
sediments were analysed by the Australian National University in Canberra. Finally,
the 14C content o f the organic matter in the sediment was determined at the
Australian Nuclear Science and Technology Organisation (ANSTO) using the
accelerator mass spectrometry technique.
Two sampling points o f the water column were chosen for a monthly survey
over one year. Temperature, pH, Eh and oxygen content were measured in situ using
a probe. W ater samples were collected at different depths. W ater from surrounding
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wells and from the surface inflow channel was taken to determine the possible sub
surface contributions to the water balance.
Viverone appears to be a monomictic lake: homogenization occurs during
winter, stratification is common during summer. The seasonal shift o f the 13C pro
file o f dissolved carbonates describes these phenomena. In the warmest months, pH
reaches its highest value (8.5-9) in the upper layers o f the water column and calcite
saturation is attained. In the same period the maximum development o f bacteria and
algae is observed. Dead organic matter decomposes in the lakebed, where a reducing
environment is established. The evaluation o f the water budget of the lake is per
formed using stable isotopes ( 180 and 2 H). Their concentration is almost constant
along the water column, showing that evaporation, affecting the whole water mass,
plays a major role for the water loss.
Sediment cores were sampled at different locations. X ray diffraction patterns
show a low percentage of non-autogenic minerals, and a low calcite content. The
small contribution to the sedimentation rate made by solid transport reflects the
absence of any major surface inflow. The absence o f the calcite precipitated from
the water indicates that, in the anoxic environment found in the lakebed, calcite, like
many other substances, may redissolve. Stable isotopes o f precipitated calcite and
o f the organic m atter were analysed to evaluate both contributions to the
sedimentation rate. The total sedimentation rate within the lake, as determined by
14C analysis, was 1.3 mm/a.
As interstitial water is in equilibrium with the water column, the nutrients
release from the sediment was examined. Nitrogen-15 analyses w ere also performed
to evaluate the contribution o f fertilizers to the nutrients mass balance. Heavy metals
(Pb, C r, Ni, M n, etc.), either concentrate in the upper layers or diffuse along the
sediment column. Their distribution depends on the response for a given element to
the existing Eh and pH conditions.
In summary, the combined use of chemical and isotopic analysis for water and
sediments of Lake Viverone is useful to gain understanding of its seasonal behaviour
and allows the evaluation o f its water and nutrients budget.
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DETERMINATION DU MOUVEMENT DES DUNES SABLEUSES
PAR L’EMPLOI D’UNE JAUGE NUCLEAIRE A TRANSMISSION
DE RAYON GAMMA
J. SEKA, B.F. LONG
INRS-Océanologie,
Institut national de la recherche scientifique,
Rimouski, Québec, Canada

Le mouvement des dunes sableuses a été déterminé par l’utilisation d ’une jauge
nucléaire à transmission de rayon gamma. Cette jauge fonctionne selon le principe
d ’atténuation du rayon gamma dont l’équation se présente sous la forme:
Ie = Ioexp -

[(/¿/p)sp sz + (> /p )wPw (d - z)]

où Ie est l ’intensité du flux passant à travers z cm de sédiments, Iq l ’intensité du flux
originale, (/x/p)s et (/¿/p)w les coefficients d ’atténuation du sédiment et de l’eau, p s
et pw les densités du sédiment et de l ’eau, d la distance entre la source et le détec
teur et (d — z) la hauteur d ’eau.
La jauge est composée de trois éléments: la source radioactive (capsule de
l37Cs de 1 mm de diamètre et 1,5 mm de long ayant une activité de 92,5 MBq), le
détecteur (sonde de type INRS ayant un cristal de N al de 3,8 cm x 3,8 cm) et le
système d ’acquisition des données [1-3]. Une calibration empirique (effectuée au
laboratoire et sur le terrain) permet de transform er les valeurs d ’activité radioactive
en épaisseurs apparentes de sédiments au-dessus de la source avec une précision de
2,3 mm [3].
Dans l’estuaire de la rivière M oisie (Québec, Canada), une campagne de
terrain a été conduite sur le delta interne (SI) et dans le chenal principal (S2); la jauge
nucléaire couplée à un courantomètre a permis de mesurer la formation et la fré
quence de passage de figures sédimentaires et d ’observer le phénomène de lit plat
supérieur en fonction des vitesses du courant. Durant la campagne de mesure
(20 m a i-10 juin 1990), les vents ont soufflé principalement du nord-nord-est avec
une vitesse moyenne de 12,6 km/h. La marée mesurée était de type semi-diurne avec
une amplitude de 1,8 m en vive-eau et de 0,7 m en morte-eau.
La rivière était en décrue et le débit est passé de 1450 à 600 m 3/s [2]. Les
sédiments sur le site d ’étude sont constitués essentiellement de sables moyens dont
la taille moyenne varie de 0,25 à 0,50 mm.
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FIG. 1. Variations de l ’épaisseur de sédiments et du courant à la station S2 le
22 mai 1990.

A la station S I, le courant est de direction variable et sa vitesse varie de 10
à 8 8 cm/s. Des figures sédimentaires de hauteur (H) de 0,3 à 15 cm commencent
à m igrer dès que la vitesse du courant (U) atteint 16 à 31 cm/s. A la station S2, le
courant est quasi unidirectionnel et sa vitesse varie de 12,5 à 70 cm /s, et des figures
de H allant de 3 à 19 cm commencent à m igrer dès que U atteint 20 à 44 cm/s
( F ig - ! )• '

La jauge détecte le passage des figures sédimentaires (rides et dunes) dès le
début du mouvement sédimentaire et la fréquence de passage de ces figures (Ffs en
rides/h) est calculée en fonction du temps de transit sous la sonde. Aux stations SI
et S2, F fs varie en fonction de la vitesse du courant (U en cm/s) et de la taille des
figures. A la station S I, F fs = 1,24 + 0,10 U pour les rides de hauteurs (H)
inférieures à 3 cm (Fig. 2). Pour les rides dont les hauteurs sont comprises entre 3
et 6 cm, F fs = 1,33 + 7,63 x 10 ~ 2 U et, pour les dunes hydrauliques dont les
hauteurs sont comprises entre 6 et 10 cm, Ffs = 1,20 + 2,36 X 10 ' 2 U. A la station
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S2, F fs = 1,70 + 6,77 X 10 " 2 U pour les rides de hauteurs inférieures à 6 cm; pour
les petites dunes hydrauliques de hauteurs comprises entre 6 et 10 cm, Ffs = 0,87
+ 0.06 U, tandis que, pour les dunes hydrauliques de hauteurs comprises entre 10
et 17 cm, Ffs = - 1 ,8 8 + 8,21 X 10 “ 2 U.
Lorsque la vitesse du courant augmente, l’amplitude des rides augmente
jusqu’à ce que les rides soient détruites pour une valeur critique (UgLP): on est alors
en présence du phénomène de lit plat supérieur, au cours duquel le transport par
charriage passe d ’un mode discret à un mode continu. A la station S I, UgU> varie
de 38 à 54 cm/s et sa valeur moyenne est de 47 cm /s. A la station S2, UgLP varie
de 32 à 58 cm/s et sa valeur moyenne est de 46 cm /s (Tableau I). Les valeurs de
UgLP obtenues dans l’estuaire de la rivière Moisie sont nettement inférieures à celles
de Boguchwal et Southard (1990) [4] reprises par Ashley (1990) [5]. Pour ces
auteurs, le lit plat supérieur survient lorsque la vitesse de courant atteint 95 à
115 cm/s pour des sédiments dont le diamètre moyen varie de 0,25 à 0,50 mm. Cette

U (cm/s)

• Rides (H < 3 cm)
O Rides (3 cm < H < 6 cm)
a

Petites dunes (H < 10 cm)

U (cm/s)

o Rides (H < 6 cm)
d Petites dunes (H < 10 cm)
Л Dunes moyennes (10 cm < H < 17 cm)

FIG. 2. Allure générale de Fp en fonction de U aux stations SI et S2.

256

POSTER PRESENTATIONS

TABLEAU I. COURANTS (UgLP) GENERANT
LE PHENOM ENE DE LIT PLAT A SI ET S2
SI

SI

S2

S2

UgLP

UmaxLP

UgLP

UmaxLP

20/05/90

54

61

21/05/90

58

65

22/05/90

53

67

23/05/90

38

65

25/05/90

38

62

26/05/90

57

63

27/05/90

50

63

28/05/90

57

67

29/05/90

49

65

49

63

58

68

40

63

Stations:

30/05/90

47

75

31/05/90
01/06/90

52

02/06/90

38

51

32

62

03/06/90

46

54

38

48

04/06/90

41

45

05/06/90

54

38

61

06/06/90

49

97

40

64

07/06/90

53

63

38

62

différence peut s’expliquer par le fait que l ’expérience de Boguchwal et Southard
(1990) est effectuée dans un canal où l’écoulement est unidirectionnel, tandis que
l ’estuaire de la Moisie est un milieu ouvert dans lequel l’écoulement a une direction
variable du fait de la marée et des échanges entre les deux rives.
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A S IM P L E N U C L E A R G A U G E F O R S U S PE N D E D S E D IM E N T
C O N C E N T R A T IO N S O F N A T U R A L S T R E A M S

G.S. TAZIOLI
Department o f Science o f Earth M aterials,
University o f Ancona,
Ancona, Italy

Many engineering problems, e.g. construction of artificial reservoirs, channels
and harbours, require a knowledge o f sediment transport. If one considers the water
courses of torrential regimes the sediments are transported only during flood events,
which are generally characterized by appreciable variations of sediment transport.
In most cases it is necessary to make continuous recordings of the turbidity. In fact,
in many situations the measurement o f suspended sediment transport is sufficient to
permit evaluation o f the total sediment transport o f a given watercourse.
Continuous records of suspended sediment concentration can be made with the
use of turbidity meters, based on light or infrared transmission or scatter, which are
commercially available. These instruments have high sensibility for low sediment
concentrations but require frequent maintenance because o f their sensitivity to the
particle size o f suspended sediments, to fouling by algae and to the accumulation of
clay on the sensors [ 1 ].
In the presence o f high turbidities and severe hydrodynamic conditions,
gamma scattering or gamma transmission gauges may give better results than those
obtained with infrared sensors. In these situations the better solution is that o f fixed
installations [2, 3].
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FIG. 1. Block diagram o f the gauging station. CPU: Control power unit; PS: Pneumatic
switch fo r controlling the electronics; R: Ratemeter; DL: Datalogger; GSD: Gammascintillation detector; WG: Waterstage gauge; TG: Air and water temperature gauge;
PG: Precipitation gauge; B: Lead batteries; SP: Photovoltaic solar panel.

Н(ш) С (g/L)

12 Apr. 1993

14 Apr. 1993

17 Apr. 1993

19 Apr. 1993

22 Apr. 1993

24 Apr. 1993

FIG. 2. Example o f a flood event recorded by the gauging station on the River Musone.
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TABLE I. EXAM PLE OF A RECORD OF A FLOOD EVENT IN APRIL 1991

No.

Time

Count rate
/ counts/ \
Chn ^15 min J

Air
temperature
Ch,
(°C)

Water
temperature
Ch2 (°C)

Waterstage

0.606

0.000

Ch5 (V)

1372

00:00:06

13.200

11.100

1373

00:15:06

13.150

11.100

0.607

0.000

1374

00:30:06

13.150

11.050

0.608

0.000

1375

00:45:06

13.150

11.050

0.610

0.000

1376

01:00:06

13.100

11.000

0.610

0.000

1377

01:15:06

13.050

10.950

0.608

0.000

1378

01:30:06

13.050

10.950

0.612

0.000

01:45:06

13.000

10.900

0.617

0.000

1380

02:00:06

12.950

10.900

0.624

0.000

1381

02:1|:06

12.950

10.850

0.631

0.000

1382

02:30:06

12.900

10.850

0.638

0.000

1383

02:45:06

12.850

10.850

0.648

912800.000

1384

03:00:06

12.850

10.900

0.661

4999100.000

1385

03:15:06

12.950

11.200

0.672

4989100.000

1379

1386

03:30:06

12.950

11.300

0.678

4985200.000

1387

03:45:06

12.950

11.350

0.680

4980700.000

1388

04:00:06

12.900

11.300

0.676

4969200.000

1389

04:15:06

12.700

11.200

0.661

4965700.000

1390

04:30:06

12.500

11.100

0.681

4966700.000

1391

04:45:06

12.500

11.100

0.686

4966100.000

1392

05:00:06

12.500

11.100

0.692

4962000.000

1393

05:15:06

12.400

11.100

0.699

4950100.000

1394

05:30:06

12.350

11.100

0.710

4923500.000

1395

05:45:06

12.300

11.050

0.717

4915100.000

START

Ch = channel.

Nuclear gauges in permanent installations for measuring sediment transport
have been used in Italy since 1975. They are useful especially in the presence of rapid
variations o f sediment concentration and o f very severe hydrodynamic conditions.
M oreover, owing to the restrictive regulations that control the use of nuclear sources
it is easier to use nuclear gauges in permanent installations than portable gauges that
are carried to the streams for intermittent surveys.
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The many studies produced in the past two decades [1-3] have demonstrated
the possibilities o f using nuclear gauges in all cases where there are high sediment
concentrations and very severe flow conditions. A permanent installation may record
suspended sediment concentration also during flood events o f short duration without
disturbing the fluid.
In a permanent installation by a natural stream in Italy the nuclear gauge is
fixed by steel pipes to concrete foundations and it can measure the concentration of
a solid o f influence between 0.2 to 0.5 m from the river bottom. The transmission
type geometry of the gauge has a distance between the source and the detector of
35 cm. A 2 4 1 Am source and an Nal(Tl) detector are fixed in a metallic structure
which is able to resist very severe hydraulic conditions. The gauge allows measure
ments between 1 and 200 g -L _l with an accuracy of ± 1 g - L ' 1 within the range of
1-50 g - L '1. The sensitivity is Д30 counts/s for Д1 g -L " 1. The minimum water
depth for accurate measurements is 0.5 m.
The electronics for recording nuclear data is very simple (Fig. 1). It comprises
a ratemeter and a datalogger which allows counts over 15-30 minute periods during
the entire duration o f the flood events. Each turbiometric datum represents the
average sediment concentration o f the water flowing through the volume o f influence
o f the gauge, i.e. several hundred cubic metres o f turbid water.
The same datalogger controls other hydrological parameters o f the gauging
station, such as waterstage, air and water temperature, and rainfall. The stored data
are transferred each month via a magnetic disc with a portable computer. The same
data are then used for numerical and graphic elaboration as indicated in Fig. 2 and
Table I. The functioning o f the gauging station is automatic and the electronics is
fed by batteries recharged by a photovoltaic solar panel. The memory of the data
logger allows measurements over a period of three months.
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U N REA SO N ABLEN ESS O F C U R R E N T T W O C O M PO N E N T
IS O T O P IC H Y D R O G R A P H S E P A R A T IO N F O R N A T U R A L BA SIN S*

W ei-Zu GU
Nanjing Institute of Hydrology and W ater Resources,
Nanjing, China
Presented by M.A. Geyh
The two component mixing model derived from the simple mixing equation for
a conservative tracer together with a mass constraint [ 1 , 2 ] has been widely used up
to now for hydrograph separation in various natural basins over the world since the
first separation was performed in the 1970s [3]. However, our field experiments
from several experimental and representative basins distributed over different cli
matic regions of China lead to the conclusion that this technique is unacceptable for
natural basins and may give misleading results due to the unreasonableness o f most
of the assumptions involved and of the unrealistic operation procedures as follows.
(1) R u n o ff components to be separated. Eleven patterns o f runoff generation
from three main components, surface runoff (SR), subsurface runoff (SSR),
including interflow (IF) from the unsaturated zone and groundwater flow (GF) from
the saturated zone, have been identified isotopically. The event/new (N) and
pre-event/old (O) components o f flow separated by the current method do not cor
respond to SR and SSR but to a complex combination o f many patterns (Table I).
(2) Temporal isotopic variation o f individual rainfall. Significant intrastorm
variations are found not only for frontal rainfall events even with very low intensities
(I) but also for convective events with very short rainfall duration. The usual pattern
seems to be a concave curve and is to some extent (I) related.
(3) Spatial isotopic variation o f individual rainfall. In addition to the altitude
effect, the area intrastorm isotopic variability at about the same elevation within a
natural basin (AV) is defined and demonstrated. The standard deviation Cv of AV
is to a considerable extent related to the Cv o f the area variability o f (I).
(4) Isotopic concentration o f event water in the balance equation o f current
method (CN). At time t in the equation CQ = CNQN + C 0 Qo, CN(t) should never
be the average concentration o f rainfall derived from a few stations, as in the current

*This work is supported by the the IAEA under Research Contract No. 5001/RB.
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TABLE I. COMPOSITION OF BASIN RUNOFF COMPONENTS
Runoff
components

SR

IF

GF

Baseflow

Channel
rainfall

No. of
generation
patterns

4

4

3

1

1

N, N,
N + О, О

0 + N, 0 + N,
N, 0 / 0 + N

0 / 0 + N, O,
0 /0 + N

0

N

Composition

method, but the function of C¡ within the (I) process and the partial area o f basin F¡
which contributes to the formation of Q(t) according to the concentration time of
basin пт0 and the net rainfall duration m t0, i.e.

CN(t) = ( î = 1 (Ii)(C¡)(Ft _ j + ,) ) j

j (Ii)(Ft _ i + i)^

(m < n)

or
CN(t) =

(It - i + 1 ) (Ct _ , + , (F¡)^ ^

Ç , ( I t - i + i)(F i))

(m > n)

In general, CN(t) corresponds to a certain combination of its intrastorm and spatial
variations.
(5)
Isotopic concentration o f baseflow. It is found from representative basins
that the isotopic concentration of baseflow (BF) as defined in this work varies little
temporally and spatially. However, in the current method, the isotopic concentration
o f flow between periods o f storm runoff events is often used as that o f BF, and a
relationship o f this concentration versus its discharge is also used for this purpose.
However, in natural basins this relationship is not a linear one but shows a complex
correlation.
(6 ) Isotopic concentration o f subsurface runoff components. It is shown that
for IF, GF and BF, patterns o f isotopic variation are different and it is too simplify
ing to lump soil water and groundwater contributions together by a single value.
(7) Isotopic composition o f surface runoff. This is not always the same as that
o f event rainfall, as the current concept implies. A difference o f up to about 50%
was found.
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FIG. 1. Distribution o f various components on the &,80 versus Ca2+ diagram. (Data ana
lysed by N. Peters and C. Kendall.)

( 8 ) End members o f runoff components. For events from experimental basins
where all the main runoff components, SR, IF and GF, are monitored directly, a plot
o f <5i80 versus C a2+ (Fig. 1), including data for all these components and on free
groundwater from piezometers distributed within the basins, shows that different
components occupy their own fields on this diagram and, if they are significantly dis
tinguishable from each other, this means that they have their own mixing range of
waters. Three end members, i.e. two types o f vadose water and a variant rainwater,
are identified by experiments and from empirical plots o f events in Fig. 1. The
physical mechanisms o f these end members are explained by experiments. So the
unreasonableness o f the two component mixing model is evident (see Fig. 1). Either
the isotopic composition o f event rainfall matches that of the soil water o f the unsatu
rated zone or the isotopic composition o f the soil water matches that o f the ground
water, i.e. there is evidence for both cases in our experimental basins.
The current two component mixing model might be valid under special condi
tions, i.e. an isotopic uniform rainfall, a known isotopic distribution o f subsurface
flow and when the role o f soil water is negligible. These cases have occurred in our
experimental basins and a small representative basin, but for natural basins with a
larger drainage area they seem impossible.
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N O R T H W E S T T E R R IT O R IE S , C A N A D A , R E V E A L E D B Y O X Y G E N
IS O T O P E A N A L Y S IS O F L A C U S T R IN E S E D IM E N T C E L L U L O S E

B.B. W OLFE, T .W .D . EDW ARDS, R. ARA VENA
Department o f Earth Sciences and Quaternary Sciences Institute,
University o f W aterloo,
W aterloo, Ontario,
Canada

Inferred records o f lake water oxygen isotope composition, acquired through
analysis o f sediment cellulose, have generated novel insights into Holocene palaeo
hydrology near the forest/tundra — tundra ecotone in central Canada. Supplemented
by results from ongoing modern hydrological studies, both rapid and long term
hydrological change have been interpreted from three lacustrine sediment records
(Fig- I)-

Contemporary investigations conducted in northern Canada indicate that
changes in lake water isotopic composition in basins with low inflow/evaporation
ratio are mainly related to changes in water balance [1]. Rapid oscillations between
enriched and depleted <5180 , particularly evident in the highly resolved record at
Toronto Lake (Fig. 1), are therefore most likely due to shifts between closed basin
hyrology, strongly evaporative conditions and periods of open basin hydrology.
Intervals o f increasingly depleted <5180 at Queen’s Lake (Fig. 1) and Toronto Lake
have been correlated with tundra to forest/tundra transitions, implying that increased
moisture was necessary for northward treeline migration at these sites [2, 3].
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FIG. 1. ôlsO records (in 7 00 SMOW) from Queen’s Lake [2], Toronto Lake and Whatever
Lake determined from analysis o f fine grained cellulose component. The inferred lake water
scale (upper X axis) assumes cellulose is entirely aquatic and a cellulose water fractionation
o f 1.0282 [4].

In addition to the degree o f evaporative enrichment, ô ,80 o f lake water is also
dependent on the composition o f the input waters. During intervals o f rapid lake
water renewal, minimal evaporative enrichment results in lake water, whose isotopic
composition closely resembles input <5180 (<5180 ,) . Several periods o f short resi
dence time conditions at Toronto Lake, marked by the trend o f end point ô 180
depleted spikes from more enriched in the early Holocene to more depleted in the
late Holocene, may provide a detailed record o f changing 6 l8Oj composition for
this lake.
Two hypotheses may explain the apparent = 6 7 00 shift in input waters to
Toronto Lake over the past 8000 years: in the early to mid-Holocene: (1) isotopic
enrichment may have occurred in upstream lake water before it flowed into Toronto
Lake, or (2) precipitation over the catchment was isotopically heavier. Toronto Lake
is downstream o f a complex, integrated drainage basin and, conceivably, substantial
isotopic evolution o f water in upstream lakes may have occurred prior to it entering
Toronto Lake during the early portion o f the record. This rationale fails, however,
to explain the similar long term trend exhibited by the largely complacent oxygen
isotope record at Queen’s Lake, a headwater basin. A ô 180 profile from W hatever
Lake, a large, deep and predominantly open basin located several hundred
kilometres to the east of Toronto and Queen’s Lake, also displays an analogous long
term pattern (Fig. 1).
A shift in the <5180 composition o f mean annual precipitation (ô 1 8 Op) from
heavier values during the early to mid-Holocene to lighter values in the late Holocene
may provide an alternative explanation for this apparently regional secular effect.
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FIG. 2. (a) Raw b,sOceU data from Toronto Lake representing lake water oxygen isotopic
composition (b,sO¡). Also shown is the estimated input 5lsO (5IS0¡) to the lake. X axis as in
Fig. 1. (b) Absolute lake water isotopic enrichment at Toronto Lake calculated by the differ
ence between 6IS0 L and &¡80¡ in (a).

This trend may be due to past changes in the snowfall rain ratio, atmospheric vapour
sources, or some other factor. To estimate the long term record of 0 1 8 0 ] at Toronto
Lake, a nine point running mean curve was calculated from the raw data at this site
and fixed at the most depleted value ( —2400 BP; Fig. 2(a)). The resultant á 1 8 0 [
profile merges with lake water <5180 (S 1 8 Oi) at several horizons consistent with
interpreted periods of short residence time conditons. Interestingly, the near surface
sediment value ( —2 8 .8 7 00) on the
curve compares well with the regional,
modern 0 1 8 Op ( - 2 2 °/00) [5].
The isotopic variation in Toronto Lake sediment cellulose, independent of
apparent changes in <51 8 O b is plotted in Fig. 2(b) and estimates absolute lake water
isotopic enrichment. This palaeomoisture record shows that relatively similar condi
tions compared to the present prevailed during the early Holocene (8000 to 5500 BP)
and for the past 2000 years at times when tundra dominated terrestrial vegetation [3].
These intervals were separated by a period o f rapidly fluctuating moisture levels
(50500 to 2000 BP) that correlates with repeated northward treeline migration and
retreat [3].
This research is a contribution of the PACT project (Palaeoecological Analysis
o f Circumpolar Treeline) funded by the Natural Sciences and Engineering Research
Council o f Canada.
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J.B. Institute o f Desert Research,
Sede Boker
Israel

Plants are m ajor transducers o f water and energy between the land surface and
the atmosphere, and quantitative knowledge o f the évapotranspiration flux on a
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regional scale is important for improving our understanding of the global hydrological cycle. W hile accurate estimation o f the transpiration flux from vegetation is
difficult, it was recently suggested that this can be improved by the use of stable iso
topes [1]. The effects o f the ô 180 value o f plant transpiration water are superim
posed on the 180 signature of the general atmospheric circulation. The 180 value of
the moisture above vegetation must therefore contain information on the size o f the
transpiration flux. In order quantitatively to resolve the isotopic mass balance o f a
mixed air sample above vegetation we must know the ô 1 8 0 values of the moisture
o f the incoming air mass, and o f the transpiration flux itself. The former can be
accurately determined, while the latter is estimated primarily on the assumption that
the evaporation from the leaves is at isotopic steady state [2]. Under these conditions
the ô ! 8 0 value o f the transpired water should be identical to that o f soil water,
which, in turn, can be directly measured [3]. In this investigation we evaluate the
transpiration flux from crop fields based on isotopic measurements of soil and plant
water, and o f atmospheric moisture.
W e show that available methodology allows the ô 180 gradients above vegeta
tion at high temporal and spatial resolution (e.g. 30 min sampling o f only a few
¡J.L H 2 0 ; and within only about 4 m mixed boundary layer above crop fields). We
furthermore show that estimates of transpiration fluxes based on these measurements
are comparable to those obtained by conventional meteorological (Bowen ratio) and
direct concentration measurement methods. We argue, however, that reliable esti
mates must be combined with measurements o f stem water, rather than soil water,
and that the critical assumption o f isotopic steady state of leaf water cannot be
generally applied. Field sampling for this study was based on a 12 m pole positioned
at the centre o f different crop fields at times o f peak vegetation activity. The
sampling system allowed sampling o f ambient air at any desired height within the
boundary layer (defined as the height equivalent to 1 % of the fetch length, normally
4 -6 m) and at the top o f it. Air was sucked by a mechanical diaphragm pump through
plastic tubes, tested for very low water adsorption, into a cryogenic trap, filled with
glass beads to increase surface area, at —80°C and at a flow rate o f 250 m L - m in 1.
Trapping was carried out for 30 m in (as a minimum time necessary to average short
term fluctuations), after which the traps were sealed and transferred to the laboratory
(diffusivity in the boundary layer was also estimated from wind profiles measured
with cup anemometers). W ater was cryogenically distilled from the traps under
vacuum and sealed in 50 /xL Pyrex capillaries for storage. Subsamples of 2 /xL
withdrawn from the capillaries were pyrolyzed in an automatic elemental analyser
(Carlo Erba 1108) to CO and converted to C 0 2 on a column o f I 2 0 5 [4]. The C 0 2
was then used for the 180 analysis (Finnigan M AT 250 mass spectrometer; external
precision for this study was 0 .1 5 7 oo).
Results are shown in Tables I and II. Gradients in both water vapour concen
trations and Ô180 values were clearly detected. As expected, both moisture content
and ô 1 8 0 values increased toward the canopy surface (mean ô 1 8 0 values o f air
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TABLE I. ISOTOPIC AND CONCENTRATION MEASUREMENTS OF
ATMOSPHERIC MOISTURE IN THE MIXED BOUNDARY LAYER ABOVE
DIFFERENT CROP FIELDS IN ISRAEL DURING 1994
Humidity and temperature were measured by thermocouple psychrometers; vapour
concentrations were determined with an infrared gas analyser; isotopic methodology
as described in text
Crop

Height
(m)

Rel. humidity

C h2o
(mmol-mol-1)

á l8H20

(%)

Wheat

5.40

55.0

13.26

- 12.6

0.90

68.0

15.71

- 11.2

7.00

61.4

8.61

- 12.0

4.05

63.6

9.47

- 11.0

5.70

73.5

28.75

-9 .1

2.00

79.1

31.27

- 8.6

Maize

Cotton

CU

TABLE П. EVAPOTRANSPIRATION FLUX FROM DIFFERENT CROP
FIELDS IN ISRAEL DURING 1994, CALCULATED BY DIFFERENT
METHODS
(Bowen ratio was based on pyranometer, net radiometer and humidity measurements
as in Table I)
Evapotranspiration flux (mmol-m" 2- s '1)
Bowen ratio

Concentration gradient

l80

Wheat

8.8

7.7

7.0

Maize

8.7

7.5

8.3

Cotton

11.6

11.5

11.5

moisture and groundwater in Israel are about - l l ° / 0 0 and - 5 ° / 0 0 respectively).
Calculating the water fluxes based on the isotopic approach gave comparable results
to those obtained by conventional methods (i.e. the Bowen ratio, based on meteoro
logical and energy balance approach, and direct concentration measurements by
infrared spectrometry). It is important to emphasize, however, that the isotope
approach requires only very simple field equipment (small pump, trap and tubing),
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and flux calculations rely on minimum assumptions These assumptions have been
tested under controlled conditions and will be further discussed elsewhere.
The results provide a necessary basis for the application o f <5180 measure
ments for evaluating évapotranspiration fluxes from vegetation at the local and larger
scales. The application o f a new methodology for determining 5 ,80 on /xL size
water vapour samples, greatly increasing the temporal resolution o f the isotope
approach, is also reported.
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И СП О ЛЬЗО ВА Н И Е ТЕХ Н И ЧЕСКО ГО Т РИ Т И Я Д Л Я
О П Р Е Д Е Л Е Н И Я ЗА Щ И Т Н О Й Э Ф Ф Е К Т И В Н О С Т И
Б О Л О Т Н О -Р Е Ч Н О Й Э К О С И С Т Е М Ы
А .Л . К О Н О Н О В И Ч , И .И . К О Л Т И К , Е .М . Р А Ф И К О В , Т .И . Р Е Ч
Всероссийский научно-исследовательский и н сти ту т по
эксплуатации А Э С (В Н И И А ЭС),
М осква,
Российская Ф едерация

1.

ВВЕДЕНИЕ

С бросны е воды соврем енны х ядерно-энергетических установок м о 
гу т б ы т ь исп ользован ы как средство изучения природны х водны х объек
то в . Н еобход им о о т м е т и т ь , ч то концентрации радионуклидов в сбросах
А Э С значительно ниж е допусти м ы х, и, следовательно, они не представ-
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л я ю т опасности д ля населения и и гр а ю т р о л ь трассеров. О собы й интерес
в эт о м плане п р ед ставл яет в о д а, содерж ащ ая т р и т и й . В настоящ ем сооб
щ ении представлены р е зу л ь т ат ы исследования естественного б о л о т а ,
располож ен ного в средней полосе России. П р и п ом ощ и тр и ти евой м еткитрассер а, исследованы гидрологические характеристики б о л о т а . В каче
стве тр ассер а б ы л в зя т техногенны й т р и т и й , генерируем ы й в реакторе.
Ц елесообразно о т м е т и т ь , ч то т р и т и й , образую щ ийся в р езу л ьтате
р а б о т ы А Э С , сбрасы вается во внеш ню ю среду на всех А Э С м ира.
2.

О П И С А Н И Е Б О Л О Т Н О -Р Е Ч Н О Й С И С Т Е М Ы

О б ъ екто м исследования явилось б о л о т о (см . схему рис. 1), располо
ж енное в средней полосе России. Д л и н а б о л о т а около 3 км , ш ирина
0 ,1-0,3 км . П л о щ ад ь б о л о т а — 47 га. М акси м альн ая глубина б о л о т а —
3,5 м . Б о л о т о в ы т ян у то с зап ад а на восток. В восточной части б о л о т а
б ерет начало ручей со средн егодовы м расходом о т 2 x 1 0 6 м 3/г о д до
5 x 10 6 м 3/г о д (в зависи м ости о т водообеспеченности года и расхода
очистн ы х сооруж ений). В западную часть вы ведены сбросны е тр у б ы хозф екальной канализации А Э С и поселка. Е стественное питание б о л о т а и
ручья происходит за счет подзем ны х вод. П л о щ ад ь в од осб ора около
2 0
к м 2.

Р И С . 1. Схема болот а.
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П РО В Е Д Е Н И Е ЭКСП ЕРИ М ЕН ТА

Ц ель р а б о т ы — вы ясн и ть р еж и м перераспределения п отоков воды
при прохож дении через б о л о т о канализационны х сбросов. П р ям о е н аб л ю 
дение течения в о д ы через б о л о т о н евозм ож но, поскольку струи зам аски
рован ы б о ло тн о й р асти тел ьн о стью . И сп о л ьзо вать м етки из красителей
(родам и н или ф лю орен) т ак ж е не удается из-за сорбции красителей в
б о л о те. П о это й причине в качестве м етки б ы ли использованы воды А Э С ,
содерж авш ие тр и ти й . Воду, подлеж ащ ую сбросу, накапливали в кон
тр о л ь н о й ем кости, изм еряли удельную акти вн ость и, за т е м , сбрасы вали
(традиц ионн ы й р еж и м сброса А Э С ). К ратковрем ен н ы й сброс позволил
вы п о л н и ть изм ерения нестационарной функции распределения тр и ти я ,
ч то служ и т источником важ н ой инф орм ации. П рохож дение м етк и т р и т и я
к о н тр о л и р о вал и путем периодического о т б о р а проб в трех точках: в точке
сброса хозф екальной канализации, в середине б о л о т а и у и стока ручья.
П оследн яя явл яется м есто м вы х о д а п о то к а воды из б о л о т а. М акси м аль
ная концентрация т р и т и я в воде при сбросе со ставл ял а около одного п ро
ц ен та о т предельно-допустим ой концентрации.

4.

К О Н К Р Е Т Н А Я П О С Т А Н О В К А ЗА Д А Ч И

С практической точки зрения б ольш ой интерес п ред ставлял следую 
щ ий вопрос. Ф о р м и р у ю т ли сбросны е воды из хозф екальной канализации
локальную (прострельную ) струю в б о л о те или п лощ адь б о л о т а охвачена
п о то к о м р авном ерно. К ак б ы ло отм ечено вы ш е, непосредственны м
н аблю дением э т о т вопрос р еш и ть н евозм ож но, поскольку воды в б о л о те
п р о т е к а ю т сквозь сплош ной ковер р асти тел ьн ого покрова. А нализ
р езу л ь тато в прои зводи ли с по м о щ ью частичного м атем ати ч еского м оде
лировани я. П р и м одели рован ии уч и ты вали , что поперечны е разм еры
б о л о т а м н о го м еньш е его п родольного разм ера.
П р и наличии п р о стрельной струи м одель строили следую щ им о б р а
зо м . С ч и тал и , ч то в б о л о те и м ею тся две условны е об ласти : о б л а сть, зан я
т а я п р о стрельной струей, и о б л а с ть, пред ставл яю щ ая собой застойную
зону. М еж ду зон ам и прои сходит обм ен прим есям и. О бм енны й п о то к п ро
порционален р азн о сти концентраций на условной границе м еж ду зонам и .
В пределах п р о стрельной струи пренебрегали диф ф узионны м и процес
сам и в струе по сравнению с адвекти вн ы м переносом и об м ен ны м и п о т о 
кам и м еж ду струей и засто й н о й зоной. С читали , ч то в пределах застойной
зон ы перераспределение прим еси происходит по закону Ф ика.
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Если пренебречь п родольной диффузией в застойной зоне, получа
ется следую щ ая запись м одели б о л о т а с прострельной струей:

J . - v a + KC-q),
dt

dx

дР —
_ Щ
г>
—

д2р

ду 2

at

др
ду

= К (q - р),
у = О

др
ду

где q
р
х
у

^

о,
у = 1 (х)

—
—
—
—
1
—
D0 —
V —
К —

концентрация прим еси в простерльной струе;
концентрация прим еси в засто й н о й зоне;
п р о д о л ьн ая ко о р д и н ата в прострельной струе;
поперечная ко о р д и н ата в бо ло те;
расстояни е о т берега б о л о т а до края струи;
коэфф ициент м играци и в застойной области;
ско р о сть течения во д ы в струе;
коэфф ициент п р оп орцион альн ости , связы ваю щ ий обм енны й
п о то к м еж ду зон ам и и р азн о сть концентраций.

П ри о тсу тстви и п р о стрельной струи м о дел ь опи сы вается об ы чн ы м
уравнением ти п а диф ф узионного уравнения:

— = D .

dt

д q

V дх

д q

2

ду2

V

dq
дх

(2)

dq

dy у = i

= О,

где D — коэфф ициент м играции — ан ал о г коэф ф ициента диффузии. Он
у ч и ты в ает ту рбулентную диф ф узию , случайны е “ б луж дан и я”
прим еси в водоносны х пол о стях и м еж ду ним и, а так ж е неравно
м ер н о сть струй в бо ло те.
П р и в о д и ть то чн ы е реш ения уравнений (1) и (2) нет см ы сла ввиду
приближ енного х ар актер а феноменологических характеристик исходной

27 4

POSTER PRESENTATIONS

м одели (в ч астности д о ля об ъ ем а, зан я тая водой, ш ирина прострельной
струи, составляю щ ие пути “ случайного б луж дан и я” , о тветствен н ы е за
коэфф ициент м играции и т .п .). В данной р а б о т е в ы б о р м еж ду м оделям и
вы полнен по наиболее общ ем у свойству реш ений, а им енно: реш ение урав
нения ( 1 ) ассим етрично, причем эксцесс т ем б ольш е, чем сущ ественнее
вклад засто й н о го о бъем а. Реш ение уравнения (2) сим м етрично о тн оси 
тельн о линии x - Vt = 0.
5.

РЕЗУ Л ЬТА ТЫ И ЗМ ЕРЕН И Й

Р е зу л ь т а ты изм ерений представлены на рис. 2. Х орош о видно посте
пенное смещ ение тр и ти ево й м етки вниз по течению в б о лоте. А ссим етричны й х ар актер в т о р о й и тр етьей кривы х (точки наблю дения в начале и в
конце б о л о та) свид етельствую т о наличии застойной зон ы и прострел ь
ной струи. В еличина застойной зо н ы , со ставл яет о т 0,3 до 0,9 объем а
б о л о т а . Г л ав н ы й источник ош ибки — неопределенность соотнош ения
ф еноменологических п ар ам етр о в D 0 и К в уравнении (1). Время п ро
хож дения м акси м у м а распределения по всей длине б о л о т а составл яет
о коло трех дней. С опоставление этой величины с расходом вод ы в б о л о те
и о б ъ ем о м его д еятельного слоя п о к азы вает, ч то в подвиж ном состоянии
н аход ятся 0,05-0,1 о б ъем а б о л о т а . С оотнош ение м еж ду и н теграл ам и о т
удельной акти вн о сти т р и т и я и расходам и воды на входе и вы ходе б о л о т а

Время, сут.

РИС. 2. Изменение удельной активности трития в воде болота.
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п о к азы в ает, ч то основная ч асть естественного питания б о л о т а п од зем 
н ы м и во д ам и происходит в начальном , зап ад н о м участке б о л о т а (первая
т р е т ь п лощ ади б о л о та). Н а остал ьн у ю часть приходится не более 12%
общ его количества подпитки б о л о т а за счет подзем ны х вод.
Т аким о б р азо м б ы ло устан овлен о, что в б о л о те им еется “ прос тр ел ьн а я ” струя и засто й н ая зона. Врем я движ ения вод ы через б о л о т о по
“ п р остр ел ьн о й ” струе со ставл яет около трех дней. Время полного
об м ен а во д ы из застойной зоны около 15 дней.
6

.

ЗА К Л Ю Ч Е Н И Е

Н аиб ольш и й интерес с практической точки зрения пред ставл яет
сравнение р езу л ь т ат о в настоящ его исследования и к он трол я содерж ания
и зотоп о в C s137, Sr 9 0 и С о 6 0 в б о л о те [1]. С опоставление п о к азы вает, что
ради оактивное загрязнение надеж но уд ерж ивается в б о ло те. Защ итны е
свойства б о л о т по о тнош ен ию к хим ическим , особенно органическим
загрязн яю щ и м вещ ествам , х орош о известны . Р е зу л ь т аты исследований
б о л о т а сви д етельствую т, ч то оно является ф и л ьтр о м д ля ради оактивного
загрязнения. Вы сокую защ итную эф ф ективность б о л о т а не удается объяс
н и ть т о л ь к о пассивной сорбцией. П ови д и м ом у, она есть следствие ком 
плекса всех процессов в б о ло те. Я вл яется ли отм еченное свойство
свойством т о л ь к о одного б о л о т а или все б о л о т а тако го ти п а м о гу т б ы ть
защ и то й о т ради о акти вн о го загрязнения, намечено вы ясн и ть в ходе д ал ь 
нейших исследований.
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Abstract
S U L P H U R B IO C H E M IS T R Y IN A G R IC U L T U R A L L Y M A N A G E D SO ILS U S IN G 34S.
T o gain a b e tte r understanding o f sulphur transform ation w ithin soil, stable sulphur and
oxygen isotopes w ere used. F o u r soils w ith different histories o f fertilizing w ere studied under
field conditions to observe the influence o f fertilizing on the isotopic com position o f d ifferent
sulphur form s in soils. In laboratory experim ents the b ehaviour o f these soils observed under
sulphur deficiency and sulphate fertilization conditions w as investigated. T he natural sulphur
isotopic com position o f inorganic sulphate in the fo u r soils show s a difference w ith respect
to organic sulphur in soil and precipitation sulphate w hich is attributed to fractionation during
transform ation processes. M ineralization w as recognized as a biochem ical p rocess w hich
affects the 180 content o f sulphate. T h e irrig atio n experim ent show ed that sulphate is m iner
alized at different rates, depending upon the content o f soil organic m atter (SO M ). W hereas
in soils w ith high SO M m ineralization is the predom inant m echanism , in soils w ith low SO M
sulphate can be im m obilized.

1.

INTRODUCTION

Sulphur is an essential element for plants and soil organisms. Sulphur in soils
originates from the lithosphere; a second source is the atmosphere, including dry and
wet deposition. In agriculturally managed soils organic or mineral fertilizers consti
tute an additional source of sulphur. In this system some of the sulphur assimilated
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by plants can be recycled to soils by crop residues. Sulphur in soils is lost by leaching
and the emission of gaseous sulphur components [1]. Soil sulphate occurs as sulphate
dissolved in soil solution, as precipitated salts and reversibly adsorbed on oxides,
hydroxides or clay minerals. Under aerobic conditions the main portion of sulphur
in the uppermost horizon is organically bonded. This organic S form represents a
mixture of humified complex organic compounds, which are derived from plant
residues, manure and remains of organisms [2]. Part of this soil organic matter
(SOM) is mineralized very fast to inorganic compounds, such as C 0 2, SO2" and
NO 3 and the remnants can be protected by humification against decomposition over
hundreds o f years. In agriculturally managed soils SOM usually contains more than
90% of total S as organic S compounds. About 2-3% of the total S is stored in the
microbial biomass [1, 2]. Two major groups of organic S can be differentiated:
(1)
(2 )

Sulphur which is directly bonded to C, e.g. S-containing amino acids
(Methionin: R -C -S -C H ), and
organic sulphates, often termed ester sulphates, e.g. cholin sulphate
(R -C -O -S O 3 ), which accounts for 30 to 70% o f organic S in soils [3].

The isotopic composition o f sulphur compounds in soils mainly depends on the
isotopic composition of source materials. Isotope fractionation during turnover of S
effects changes in the 3 4 S /32S ratio o f sulphur compounds. Microbial mineralization
of soil organic sulphur to inorganic sulphate seems to be associated with a kinetic
isotope fractionation [4-6]. These authors have shown that 32S is preferentially
mobilized during mineralization of ester sulphates and carbon bonded sulphur to
inorganic sulphate, which causes an enrichment of 34S in the residual organic S
fractions. The expected fractionation factor is estimated to be much larger than
—3 ° / 0 0 [6 ]. Fractionation during sulphate adsorption/desorption processes causes no
significant changes in isotopic composition [7].
Under normal face conditions oxygen atoms do not readily exchange between
H 20 and S O I' over long time-scales [8 ]; however the mineralization (oxidation of
C -S groups or hydrolysis of ester sulphates) can cause a change in the 1 8 0 / 160 ratio
o f the newly formed sulphate [6 ].
A decrease of anthropogenic S 0 2 deposition in central Europe and an increase
in the use of high analysis fertilizers, low or lacking in sulphur, will result neces
sarily in the application of sulphur fertilizers. To ensure sensible employment and
to prevent high leaching to groundwater, detailed investigations of the sulphur cycle
in arable soils are necessary. These should investigate not only net balances of input
and output, though S cycle reversible processes within soil control the storage and
leaching o f sulphate. The use of stable isotope investigations should help us gain a
better understanding of different processes in this S cycle.
Field investigations were made to evaluate the influence of mineral and organic
fertilizer on the amount and the isotopic composition of different S fractions in soils.
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The question was whether a long term uniform application of different fertilizers
could affect high variations in sulphur content and, if so, whether this would be
reflected in the ratios of 3 4 S /32S and 1 8 0 / 160 in soil sulphur. In laboratory experi
ments the behaviour of four different soil types on sulphate deficiencies and sulphate
fertilization was observed. Our aim was to find out which rates of leaching and/or
fixation are reached over a set period.

2.

MATERIAL AND METHODS

2.1. Soil material
The experimental site Bad Lauchstàdt is located in Saxony-Anhalt (Germany)
about 40 km west of Leipzig. It belongs to a loess area which extends from the Harz
mountains to the River Elbe. The loess, with a thickness o f about 150 cm, overlies
older glacial sediments from the last ice age. The soil is a typical chernozem with
an AC profile, and formed on the late glacial loess. Chernozem developed in central
Europe during the Preboreal and Boreal under continental conditions. This develop
ment was interrupted at the beginning of a humid climate during the Atlantic. Owing
to its location leeside of the Harz mountains, Bad Lauchstàdt is, with around
500 m m -a - 1 rainfall, one of the driest regions in Germany. This dryness has pro
tected the chernozems of Bad Lauchstàdt against degradation since the Atlantic.
Since 1902 a long term fertilizing experiment has been running in Bad Lauch
stàdt. From the numerous experimental sites, four sites were selected for these
investigations. Soil samples were taken from the ploughing horizon of three agricul
turally managed experimental sites and from one green fallow (GF). A mineral ferti
lized (sulphate free) site (MF) and an unfertilized control site (C) are part of the
Bad Lauchstàdt long term experiment. The third agriculturally managed site (FYM)
and the GF site were used as deposits for farmyard manure from 1962 to 1983 and
from 1984 to 1989, respectively.

2.2. Preparation and isotope measurement of soil sulphur
and aqueous sulphate
Total soil sulphur was prepared for 34S isotope measurements by the Eschka
method [9]. Dried, homogenized soil was combusted with the Eschka mixture
(2 MgO, Na 2 C 0 3) at 800°C for 2 h. During this procedure all sulphur is oxidized
and converted to M gS 04. The SOf~ was washed out with hot de-ionized water,
precipitated with 0.5 mM BaCl2 solution as B aS 0 4 and acidified with 32% HCl
below pH4 to remove co-precipitated B aC 0 3. The B aS0 4 was washed several times
with de-ionized water, filtered and dried for following treatments. Sulphate in perco
lation and sulphate from soil extracts with H20 and KH 2 P 0 4 was precipitated in the

TABLE I. SUMMARY OF HISTORY OF FERTILIZING AND SOME SOIL CHARACTERISTICS
Calculated
Sites,

Organic

Total

Inorganic

organic

periods

carbon

sulphur

sulphur

sulphur

of

content

content

content

content

(%)

(%)

(ppm)

(%)

fertilizing

GFa, FYM b
1985-1989

M FC
since 1902
Cd
since 1902

C/S C/N

Calculated
д34с
0 org

«34Si„org

A

« 18o s inorg

(•/J

(°/oo)

(% J

(°/oo)

( ”/.„)

7.3 ± 0.1

3.9 ± 0.36 0.144 ± 0.03

64 ± 24

0.137 ± 0.02

29

11

0.3 ± 0.2

0.3 ± 0.2

0.9 ± 0.3

0.6 ± 0.4 4.7 ± 0.9

7.0 ± 0.3

3.8 ± 0.31 0.114 ± 0.004

49 ± 2

0.109 ± 0.01

35

11

1.8 ± 0.3

1.9 ± 0.3

0.8 ± 0.1

- 1 .1 ± 0.4 5.5 ± 1.9

5.1 ± 0.01

1.9 ± 0.33 0.036 ± 0.002

43 ± 3

0.031 ± 0.002

60

13

4.4 ± 0.7

4.8 ± 0.8

1.4 ± 0.1

- 3 .4 ± 0.8 8.1 ± 0.6

6.0 ± 0.1

1.6 ± 0.03 0.028 ± 0.001

43 ± 1

0.024 ± 0.001

67

13

4.4 ± 0.1

5.0 ± 0.2

1.5 ± 0.4

- 3 .5 ± 0.6 7.6 ± 1.0

a Green fallow.
b Farmyard manure.
c Mineral fertilizer.
d Non-fertilized control.
The 34S/32S ratios of soil organic sulphur (534Sorg) and inorganic sulphate (634Sinorg) are shown versus the CDT standard, as well as the difference Д of
á 34Sinorg — 634Sorg; the 180 / 160 ratio of inorganic sulphate (618OSinorg) is shown versus the standard V-SMOW.
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same manner for 34S and 180 measurement. Microbial activity during extraction
was largely suppressed by the addition of CHC13. For the 34S measurement
10-20 mg pure B aS0 4 was mixed with V 2 O 5 and S i0 2 and converted to S 0 2 by
thermal decomposition at 670-960° С and reduction with copper turnings [10]. The
ô34S value o f organic sulphur was calculated by using the concentration and isotopic
composition of total sulphur and inorganic sulphur. For 180 measurements the
B aS0 4 was mixed with pure graphite and converted in molybdenum foil at more
than 1000° С to CO and C 0 2. The CO generated was converted to C 0 2 in a dis
charge chamber [10]. The 3 4 S /32S and l 8 0 / 160 ratios are expressed as ô values
versus Canyon Diablo troilites (CDT) and Vienna standard mean ocean water
(V-SMOW). The accuracy of measurements is better than + 0 .2 7 oo and ± 0 .3 7 oo,
respectively.
2.3. L ab o rato ry experim ents
From each of the four experimental sites, three undisturbed soil columns
(15 cm diameter, 25 cm length) were taken and irrigated in a first experiment with
5 mM CaCl 2 solution at an irrigation rate of 2 m m -d ' 1 for 300 days. Sulphate
concentrations and ô34S values of sulphate in percolates were measured on samples
collected over one week intervals. During a second experiment, the unsaturated soil
monoliths were continuously irrigated with 5 mM isotopic enriched C aS 0 4 solution
(<534S = 2 6 .0 7 oo CDT, ô 180 = 14.5 7 00 standard mean ocean water (SMOW) at an
irrigation rate of 4 m m -d ' 1 for 225 days. Pulses of chloride as a non-reactive tracer
were used to obtain the individual hydraulic characteristics of all columns. The
parameters S 0 4“ and С Г concentrations and the 34S and 180 content in sulphate
were measured in samples collected over six days. At the end of the experiment the
content o f organic and inorganic sulphur in the soils and the isotopic composition of
the respective fractions were determined.

3.

RESULTS AND DISCUSSION

3.1. Field studies
Table I summarizes the fertilizing history and soil characteristics o f samples
from the ploughing horizon. Samples for the soil column experiments were collected
at the same time. The long term application of farmyard manure caused an accumula
tion of organic matter at sites GF and FYM , which is clearly shown by the high con
tent of organic carbon and organic sulphur. These residues of manure appear to be
responsible for the low 34S content o f soil organic sulphur at sites GF and FYM, in
contrast to sites MF and С (Table I). This assumption is supported by the low mea
sured ô34S value of farmyard manure (ô34S = 1.0 ± 0 .5 7 oo CDT). At site M F,
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which is treated with mineral fertilizer only, and at the unfertilized control site С
the contents o f organic carbon and organic sulphur are lower. As the difference
between these latter sites is small, obviously the mineral fertilizer has no major
influence on soil organic sulphur content. Organic sulphur represents at sites GF and
FYM 95% and 96% of total S, and decreases to 8 8 % and 81% at sites MF and C.
The content o f inorganic sulphate (Table I) is quite similar at the four
experimental sites and shows no influence of the different fertilization. The extrac
tion of the sulphate with 5 mM KH 2 P 0 4 yielded no adsorbed sulphate, thus all
extractable sulphate is soluble by soil water. The <534S values of inorganic sulphate
at sites M F and С are lower by about 3 .5 ° /0o with respect to those o f organic sulphur
(Table Г). A similar depletion of <534S values of inorganic against organic sulphur
was also reported by other authors [5, 6 ] and is attributed to the preferential mobili
zation of 32S during the mineralization. As a consequence the remaining organic
S fractions are enriched in 34S. At site FYM the depletion of the ô34S values of
inorganic sulphate with respect to the <534S values of organic sulphur is lower by
l .l ° /o o . At site GF the relation is reversed. This is caused by the low 34S values of
organic sulphur at these sites, whereas the <534S value of inorganic sulphate is simi
lar at all four sites. The low 34S values of organic sulphur at sites GF and FYM
may be influenced by organic fertilizing residues and/or high amounts of litter fall,
both with low 34S contents.
As already mentioned, an important source for sulphate in soils is sulphate in
precipitation. During the past two years the concentration and isotopic composition
of sulphate in wet deposition was measured. The wet deposition only amounts to
8 .8
± 0.5 kg S - h a ^ - a " 1 due to the low rainfall. Sulphate in rainfall showed <534S
values between 1.1 and 4 .7 7 00, with an average of 3.5 + 1 .4 7 00- The ¿>180 values
of sulphate ranged between 6.5 and 13.7 7 00, with an average of 1 1 . 1 ± 2 .5 7 00.
The dry deposition was not measured; its ô values should correspond to the ô values
of the wet deposition.
W ith respect to the mean ô34S value of sulphate in rainfall, the S34S values of
inorganic sulphates in soils are depleted by about 2 .5 7 00. This depletion indicates
that inorganic sulphate in soils participates in transformation processes between the
inorganic and organic soil S.
This is shown even better by the ô 180 values of inorganic sulphate of soils
(Table I), which are also depleted with respect to sulphate in rainfall by about
4 .4 7 00. The soil internal turnover can best be followed at the unfertilized site
because here atmospheric S deposition is the only external S source. The shift of the
<5180 values should elucidate whether the sulphate is derived from the oxidation of
C -S groups or hydrolysis of ester sulphates.
During the formation o f sulphate by oxidation of C -S, both H20 oxygen and
atmospheric 0 2 (ô 1 8 0 value = + 2 3 7 00) are incorporated in the newly formed
sulphate [6 ].
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During mineralization (hydrolysis) of ester sulphates (C -O -SO 3 ), activated
by the enzyme arylsulphatase, the - S 0 3 molecule is removed from the organic
binding form. The one additional oxygen in the newly formed sulphate is derived
from H 2 0 . The hydrolysis of ester sulphates by the enzyme alkylsulphatase causes
no change in oxygen isotope composition, though the -O -S O 3 molecule as a whole
is removed [6 ].
If C -S is oxidized, the ô 180 values of the newly formed sulphate (ô 1 8 0 Sq4)
can be expressed as a first approximation, according to Eq. (1) [11]:
0 1 8 0 So 4 = 0.66 x 5 1 8 Oh20 + 0.33 x (0 1 8 0 0г - 8.7)

(1)

With the <5180 value of atmospheric oxygen (0 1 8 0 q 2) and with the ô 180 value
of the precipitation water at Bad Lauchstádt being
9.5 Ioo ( ô 180 h 20 ) , ô 1 8 0
values of about —1 .5 7 0 0 in sulphate are expected. Such low values were not found.
Earlier investigations have further shown that the mineralization of C -S was not a
relevant process under short term laboratory conditions [6 ]. It is supposed that this
holds also under field conditions.
If the SO 4 - is produced by hydrolysis involving arylsulphatase enzymes [2, 6 ]
only one oxygen atom from H20 (isotopic light) is incorporated into the hydrolysed
sulphate.
R -C -O -S O 3 + H20 ----------- ► R -C -O -H + SO¡- + H +
s u lp h a ta s e

(2)

If the ô 180 values of ester sulphates are identical with those of the
atmospheric sulphate (ô l80 = 11 .1 7 00), the ô 180 values of the newly formed
sulphate can be estimated to be 6 .0 7 oo. Since this is closer to the measured values
it indicates that arylsulphatase activity might be an important mechanism for the
formation of sulphate.
Microorganisms gain energy by the mineralization of organic substances [2].
During carbon mineralization SO^- and NO 3 are produced as by-products. There
fore, sulphate mineralization is expected in each o f the four investigated soil types.
The stable C/N ratio in the four sites shows that the turnover of nitrogen is strongly
correlated with the carbon turnover, whereas the different С to S ratios (Table I) at
the four sites indicate that S can participate in mineralization/immobilization pro
cesses without a direct connection to carbon metabolism. The ester sulphates which
are often considered to be a storage product of microorganisms if available sulphur
is in excess [2] might be responsible for the varying C/S ratios.
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3.2. Laboratory studies
3 .2 .1 .

U nfertilized colum ns

In the soil monoliths irrigated with CaCl 2 solution, sulphate was elevated in
the field-moist soils by evaporation, so the highest sulphate concentrations were
measured with the first percolate. With time the SO 4 " concentration decreased
continually because organic substance easily available to microorganisms became
m ore and more exhausted, resulting in a decrease of both microbial activity
and mineralization rates. After about 100 days, leaching of sulphate reached
constant rates. The net mineralization rates o f the four soils are quite different.
The rates of sulphate leached with the percolates of columns GF and FYM are
characterized by high variations and high sulphate fluxes of 3.8 ± 1 and
3.0 ± 0.7 mg S O l'- d -1. Columns MF and С show lower SOf” fluxes of 1.2 ± 0.4
and 0.4 + 0.1 SO 4 - m g -d " 1 and minor variations.
Additionally, 34S values of sulphate in percolate were measured. Columns GF
and FYM show lower 34S contents than columns M F and C. The ô34S values for
sulphate from columns G F, FYM and M F were nearly constant during the 300 days
of experiment. The three stages recognized in the development of SOI" concentra
tions are not reflected in the <534S values. The constant values indicate that sulphate
TABLE П. SOIL CHARACTERISTICS
Sites,
periods
of
fertilizing

Dry bulk
density
(g -спГ3)

G F \ FYMb
1.09 ± 0.02
1985-1989

Water filled Water
Porosity
porosity
content
(vol.%)
(vol.%)
(%)

Water
flux
(cm -d_1)

Time taken
for exchange of
1 water volume
(d)

58 ± 1

42 + 3

37 ± 2 0.92 + 0.04

27

FYM
1962-1985

1.15 ± 0.02

55 ± 1

40 ± 5

34 + 4 0.89 + 0.02

27

M FC
since 1902

1.35 ± 0.08

48 + 3

32 ± 4

24 + 1 1.13 + 0.05

21

Cd
since 1902

1.47 ± 0.07

44 + 3

32 ± 4

22

± 2 1.20 + 0.05

22

a
b
c
d

Green fallow.
Farmyard manure.
Mineral fertilizer.
Non-fertilized control.
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is mineralized from one organic sulphur source during this period. Only in the unfer
tilized control (C) did the 34S values of sulphate decrease. The measured depletion
with time of sulphate observed in the unfertilized control cannot be explained by
fractionation during mineralization because the remaining sulphur should become
enriched in 34S according to estimated fractionation [4-6]; the same applies to the
mineralized sulphate. The shift is possibly explained by a change of the source for
the mineralization product sulphate, i.e. from ester sulphates to C -S. The latter is
indeed the most depleted organic S fraction [6 ].
3 .2 .2 .

F ertilized colum ns

W ater content, oxygen supply and the availability of dissolved substances are
important factors which control microbial activity and consequently the transforma
tion o f sulphur in the soils. The application o f farmyard manure caused a decrease
of dry bulk density o f the soils and an increase of porosity. Therefore, the oxygen
supply of microorganisms in the organic loaded soils is better than in the mineral
fertilized or unfertilized soils (Table П), and the residence time of the percolation
water is longer.
3.2.2.1. Concentration and isotopic composition of sulphate in percolate
The SO 4 ' fluxes in the percolates of all columns (Fig. 1) show a strong
increase until the soil water has been twice exchanged. It then approaches the values
of the irrigation solution in an irregular manner. This trend is faster in the unferti
lized soils M F and С than in the fertilized soils GF and FYM. Compared to the
monovalent anion С Г , sulphate is retarded by adsorption and/or by microbial
immobilization and humification. The ô34S and <5180 values of sulphate in percolate
of columns GF and FYM remain slightly lower than those of the sulphate in the irri
gation solution throughout the experiment and indicate that the sulphate in the per
colate is a mixture o f irrigation and soil derived sulphate. In columns MF and С the
<534S and ô 180 values o f sulphate correspond to the ô value of the irrigation sulphate
after 2 to 3 water volumes (WV) have been exchanged.
The proportion of the irrigation sulphate in the percolation water (x) can be
calculated by isotopic balance. With the sulphate concentration in the percolate (ctot)
the concentration o f irrigation sulphate (C j) and the concentration of sulphate from
the mineralization of soil organic sulphur (cs) can also be calculated according to
Eqs (3) and (4):
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The isotopic composition of irrigation sulphate (ô[) is known. The concentra
tions (ctot) and the isotopic composition (<5tot) of sulphate in percolate were mea
sured. This mixing model can only be applied if the isotopic composition of
mineralized sulphate (<5S) is assumed to be constant. The results of the experiment
with the unfertilized columns (Section 3.2.1) show that this is the case.
We see a significant difference in behaviour between the soils fertilized with
farmyard manure, GF and FYM , on the one hand, and mineral fertilized (MF) or
unfertilized soil (C) on the other hand (Fig. 2). In columns GF and FYM , about
10 + 4% of the sulphate in the percolate was derived from mineralization. There
is a notable decrease of soil-borne sulphur after four WV. This occurred after the
fertilization of the soils with NH 4 C1, which might have affected the extent of
mineralization. However, it cannot be excluded that sulphate with another isotopic
signature was desorbed and the calculated decrease of the soil-borne sulphate is an
artefact. In columns M F and С only about 2 ± 1.5% of the leached sulphate derived
from mineralization.
In all four soils the concentration o f irrigation sulphate in the percolate was a
few per cent lower than that in the irrigation solution during the period shown.
Obviously, part o f the applied sulphate remained in the soils. In GF and FYM the
mineralization due to the microbial activity is so high that the amount of sulphate
released is higher than that of applied sulphate. The fertilization has minor influence;
almost all the fertilized sulphate and additionally soil-borne sulphate was leached. In
the soils with the low SOM content the microbial activity is lower and therefore the
mineralization o f sulphate. Obviously, owing to the lower supply of microorganisms
with sulphur, in M F and С the applied sulphate is immobilized in the soils.

3.2.2.2. Iventory o f soil sulphur
After the second experiment, S pools and isotopic compositions of soil organic
sulphur and inorganic sulphate were determined and compared with the data set
obtained before the irrigation experiment.
The concentrations and the 34S and 180 contents of inorganic sulphate had
shifted towards the values o f the irrigation solution, but did not reach them. One
possible explanation is that during the preparation not only soil water sulphate was
extracted but also sulphate from dead microorganisms and some easily mineralizable
organic sulphate. However, the amount of the excess sulphate is so low that the
calculated <534S values o f organic sulphur are not affected. The organic sulphur
content in soil columns M F and С increased, but this increase was so small that no
isotopic changes could be detected. According to the isotope balance and the uncer
tainty of determination of concentration and variations of ô34S values of organic
sulphur, as well as owing to the natural variability of the soils, these changes are
within the error limit. In column GF the organic sulphur content decreased by
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18 ± 5% due to mineralization during the experiment. In column FYM no signifi
cant changes in organic sulphur content were detected and therefore no isotopic
changes of the organic sulphur could be expected.

4.

CONCLUSIONS

The field studies show that by intensive fertilizing with farmyard manure
organic sulphur will accumulate in soils GF and FYM , in contrast to soils which
were mineral fertilized or non-fertilized. The natural sulphur isotope variations indi
cate a depletion of inorganic sulphate in soil with respect to organic sulphur which
is attributed to a preferential mineralization of 32S and resulting in an enrichment of
34S in the residua] soil organic sulphur. One exception is soil GF, where this
relation is reversed and high contents of accumulated organic matter with low 34S
values mask the enrichment caused by mineralization. In relation to precipitation
sulphate the inorganic S fractions are depleted in 34S in all four soils. The oxygen
isotopic compositions of inorganic sulphates in soils are depleted with respect to
precipitation sulphate, which is probably caused by the hydrolysis of ester sulphates
to SO 4 ' by arylsulphatase.
The laboratory experiments with undisturbed soil columns showed that in soils
only irrigated with CaCl2 high contents of SOM cause high fluxes of sulphate in the
percolate in contrast with soils with low SOM contents. At first the sulphate loads
in percolates of all columns decreased with time; later they reached constant levels
and at sites GF, FYM and MF without any change of the isotopic composition of
sulphate. This indicates that sulphate was mineralized from one source, probably
ester sulphates. Only at site С did the ô34S values of sulphate in percolate decrease
with time, indicating a change in sulphur source.
During the irrigation experiment with isotopic enriched sulphate the ¿>34S and
ô , 8 0 values of sulphate in percolate tend relatively fast to the ô values of the irriga
tion sulphate. W hereas in the mineral fertilized and unfertilized soils the 6 values of
the irrigation sulphate are reached, in soils GF and FYM soil derived sulphur was
mineralized continuously. In these soils sulphur supply is so high that sulphate was
not immobilized in the soils and additionally the microbial activity was so high that
the continuous mineralization led to a net loss of sulphate. In contrast, in soils MF
and C, due to the lower microbial activity, the mineralization of soil-borne sulphur
decreased very fast; part o f the applied sulphate was stored in SOM. The inventory
confirmed that in soils MF and С organic sulphur accumulated whereas in the
other soils organic sulphur was lost due to mineralization. The accumulation of
organic S in the soils had no effect on the ô34S values of organic sulphur.
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A b stract
USE OF 35S TO STUDY RATES OF SULPHUR MIGRATION IN THE FLAT TOPS
WILDERNESS AREA, COLORADO.
During the summers of 1992 and 1993, concentrations of tritium (1992 only) and
naturally occurring 35S were measured at the Ned Wilson Lake watershed, in the Flat Tops
Wilderness area, Colorado. Samples were collected from Ned Wilson Lake, Upper Ned
Wilson Lake and a small spring which is most likely representative of shallow groundwater.
Tritium concentrations varied between 10.2-11.3 tritium units (TU), which is similar to con
centrations in present-day precipitation. The tritium results indicate that the time-scales for
hydrological processes in this watershed are of the order of a few years at most. Sulphur-35,
which is produced by cosmic ray spallation of argon in the atmosphere, had concentrations
of several millibecquerels per litre in the two lakes, and was close to the detection limit in
the three measurements of the spring. These results indicate that the sulphur in the lakes has
a residence time of the order of 100-200 days, while the shallow groundwater has a residence
time of approximately one year.

1.

INTRODUCTION

Environmental tracers have provided valuable information on time-scales of
hydrological processes [1]. They have also been used to determine the direction of
groundwater movement and chemical reactions occurring along the flowpaths. Most
commonly used tracers (tritium, 1 4 C, chlorofluorocarbons, etc.) are employed to
study time-scales of the order of years to thousands of years [2]. There are very few
naturally occurring tracers that can be used to study processes with time-scales of
one year or less, and due to technical difficulties, these tracers are seldom applied.
One possible tracer is 3 5 S, a short lived isotope of sulphur (t 1 / 2 = 87 d), which is
produced by cosmic ray spallation of argon in the atmosphere. After its production,
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it oxidizes to sulphur dioxide and ultimately is deposited on the Earth’s surface as
sulphate, where it enters the biogeochemical cycle. Owing to the low concentrations
of 35S in wetfall, uptake of sulphate by the biota, and possible water/rock inter
actions, this isotope has rarely been applied to hydrological systems [3]. However,
preliminary studies indicate that 35S may be a good tracer in glacial and alpine
watersheds where biological influences and water/rock interactions are small or
absent [4]. In this paper, we use 35S to elucidate rates of sulphur migration in a
small watershed in an alpine setting.
2.

DESCRIPTION OF STUDY SITE

2.1. Hydrogeology of study site
The Flat Tops W ilderness area in northwestern Colorado is formed by
weathering of a late Tertiary basalt layer approximately 1000 m thick. This results
in a basalt cap which forms a mesa at about 3350 m, with stream valleys and a few
peaks. The basalt is heavily fractured, and the fractures form pathways for flow from
the mesas to the valleys, generally resulting in small seeps. There is very little sur
face flow in the area, but the mesa has a large number of depressions which result
in small lakes. Soil cover on the mesa is very limited, and soil depths are shallow.
These areas are vulnerable to degradation from increases in the acidity o f precipita
tion, and the U .S. Geological Survey has been monitoring the response of these
watersheds to any increase in acid deposition [5].
The Ned Wilson Lake watershed, approximately 50 ha, is located within the
Flat Tops Wilderness area at an altitude of about 3390 m. The watershed consists
o f two lakes, Upper Ned W ilson Lake (UNWL) and Ned Wilson Lake (NWL) with
a surface area of approximately 2600 m 2 and 10 000 m 2 respectively (Fig. 1). The
hydrological residence time calculated from precipitation and surface runoff is about
2 a in NWL and less than 1 a in UNW L [6 ]. This does not take into account any
groundwater flow into or out of the lakes. A small spring which flows throughout
the summer is present in an alpine meadow near NWL. The water in the spring is
thought to be derived from local groundwater, which is thought to have a short resi
dence time in the subsurface. M elt of snow in late spring and early summer is the
most significant hydrological event in the watershed. This provides a large pulse of
water in a short period for flushing lakes and replenishing groundwater. Additional
precipitation occurs during the summer. Total yearly precipitation in the watershed
is 1 . 1 - 1 . 8 m.

2.2. Chemistry of study site
Most o f the lakes in the Flat Tops W ilderness area are sensitive to acidification
due to the low alkalinity. Alkalinity at NW L and UNW L is generally less than
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100 microequivalents per litre (¿teq/L). Anion and cation concentrations in the
lakes are low, with sulphate concentrations being approximately 10 pieq/L, which is
similar to precipitation.
Chemical concentrations in the spring probably reflect those in the shallow
groundwater in the watershed. Alkalinities are much higher than in precipitation or
lake waters, with concentrations near 1000 pieq/L. Concentrations of most cations
and silica are also higher, but concentrations of sulphate and chloride are similar to
those in lake waters, indicating very little addition of these anions to the groundwater
by water/rock interactions. Stable isotope ratios o f sulphate in lake water and spring
water are similar to that in precipitation, suggesting that biological influences and
exchange with and dissolution of bedrock material are not important processes in this
watershed. It appears that sulphate behaves as a chemically conservative tracer in the
Ned W ilson Lake watershed.

3.

SAMPLE COLLECTION AND ANALYSIS

During the summer o f 1992, two sets of samples were collected for determina
tion of 35S concentrations at the Ned Wilson Lake watershed. One set was collected
on 22 July, and a second set was collected on 9 September. For both sets, samples
were collected from UNW L, NW L, and the spring. Another set o f samples was col
lected on 21 July 1993, and a 35S sample was collected from NWL on 22 September
1993.
Due to the low concentrations of 3 5 S, 20 L of water were processed for each
sample. The water was collected in a 20 L collapsible water jug, was acidified to
a pH of approximately 3.5, and allowed to flow by gravity through an ion exchange
resin (Amberlite 400) to extract sulphate. The resin was then returned to the labora
tory for extraction and counting.
Tritium samples were also collected at all sites during July 1992. Two hundred
and fifty millilitre high-density polyethylene bottles were filled and returned to the
laboratory for analyses. The samples were then electrolytically enriched and counted
by liquid scintillation counting.

4.

RESULTS

The results for the two sets o f samples are given in Table I. Tritium data are
given in tritium units (1 tritium atom per 10 1 8 hydrogen atoms), TU, and 35S data
are given in millibecquerels per litre (mBq/L).
Tritium concentrations of the waters are similar for all samples collected in the
watershed. Tritium concentrations in precipitation have been declining slowly over
the last few years, and generally have been less than 15 TU. If the time-scales are
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TABLE I. RESULTS OF MEASUREMENTS OF TRITIUM AND SULPHUR-35
MADE AT NED WILSON LAKE W ATERSHED

Sample

Date

3H
(TU)

35S
(mBq/L)

UNWL

92-7-22

10.8 ± 0.5

4.9 ± 0.3

UNWL

92-9-7

UNWL

93-7-9

NWL

92-7-22

NWL

92-9-7

3.8 ± 0.3

NWL

93-7-9

5.8 ± 0.4

NWL

93-9-22

Spring

92-7-21

Spring

92-9-7

0.5 ± 0.3

Spring

93-7-21

2.3 ± 1.3

5.9 ± 0.3
8.6

11.3 ± 0.5

± 0.4

3.3 ± 0.3

2.5 + 1.0
10.2 + 0.5

0.3 ± 0.3

One sigma uncertainties are given for all measurements. Sampling locations are Upper Ned
Wilson Lake (UNWL), Ned Wilson Lake (NWL) and a spring which is representative of local
groundwater.

sufficiently long, tritium can be an effective tracer to determine residence times in
watersheds [7]. However, since all samples collected, including the shallow ground
water sample from the spring, had tritium concentrations similar to that of recent
precipitation, tritium cannot be used to determine differences in time-scales of the
reservoirs in this watershed.
Sulphur-35, with its shorter half-life, does show significant differences in
concentration in the three sampling sites. UNW L, the smaller of the two lakes, has
35S concentrations between 4 .9 -8 . 6 mBq/L for the three measurements. NWL has
lower concentrations, with a maximum of 5.8 mBq/L in July 1993. The spring,
which probably represents shallow groundwater, has 35S concentrations near the
2a detection limit for all samples. Assuming that water/rock interactions and bio
logical uptake are absent, the water in UNW L is the youngest, and the shallow
groundwater is the oldest. Three bulk snowpack samples were collected from loca
tions in the Rocky Mountains of Colorado and Wyoming in April 1993. The three
samples had 35S values of 7.4, 8 . 6 and 18.8 mBq/L. As the 35S concentration in
bulk snowpack will be a function of meteorological conditions at the time of the
snowfall as well as timing of the snowfall during the winter, the wide variations are
not surprising. Due to the logistic difficulties of accurately sampling the winter
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snowfall in the NW L watershed, no local measurements of 35S in snow or snowmelt
are available. For the purposes of analysing the data and estimating ages, an average
value o f 10 mBq/L is used as the input concentration.

5.

DISCUSSION

For shallow groundwater in which no chemical reactions occur, ‘ages’ can be
obtained by measuring the 35S content, and comparing the concentration observed
to the initial concentration. Using the radioactive decay equation,
С = C 0 e"Xt
and assuming that the initial concentration (C0) of 35S in the water when it leaves
contact with the atmosphere is 10 mBq/L, ages of 185-440 days are derived for the
groundwater that composes the flow at the spring (Table П). The 35S results suggest
that the shallow groundwater seeping out at the spring is composed o f waters that
have been removed from the atmosphere approximately one year.
All the 35S data from the spring is less than 2a above the background, so these
ages might be minimum ages. Thus, very little of the water that emerges at the spring
appears to have come from the most recent snowmelt.
The concentrations of 35S were much higher in all lake samples, with a maxi
mum value of 8 . 6 mBq/L for UNW L in July 1993, and a low value of 2.5 mBq/L
for NW L in September 1993. If flushing by snowmelt is the major contribution to
35S in the lakes, it would be expected that 35S concentrations in lake water would

TABLE П. AGES IN DAYS OBTAINED FOR
SHALLOW GROUNDW ATER AS REPRESENTED
BY SAMPLES COLLECTED FROM THE SPRING
IN FIG. 1
Date

Age

92-7-21

440

92-9-7

380

93-7-21

185

Age estimates are based on the radioactive decay equation and
an initial 35S concentration of 10 mBq/L.
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be highest in the July samples and decrease as the summer progressed. The concen
trations of 35S in the lakes would be dependent on the extent of flushing during the
spring, with years of higher snowfall producing greater flushing and higher concen
trations. There would be some addition of 35S during the summer, due to rainfall.
The 1993 data from the watershed do support this model. Highest concentra
tions are found in July for NW L, and the decrease in concentration between July and
September is within statistical expectations of the decrease from simple decay. The
snowpack in 1993 was much greater than that in 1992, and the melt extended to later
in the year. The greater flushing would result in higher 35S concentrations in lake
waters collected in July 1993 compared to those collected in July 1992. Both lakes
had higher 35S concentrations in July 1993, with the concentration in the smaller
lake being close to the concentration expected in snowmelt, possibly indicating that
the snowmelt resulted in an almost complete replacement of water for UNWL.
The sets o f lake samples collected in 1992 show the opposite trend in 3 5 S
from those collected in 1993. Sulphur-35 concentrations are slightly higher in the
September samples as compared to the July samples. This would suggest that instead
o f major flushing during snowmelt followed by very little addition of 3 5 S, the
system may resemble a steady state, where 35S is continually being added as it is
removed by decay and other processes. For a steady state system, a one dimensional

TABLE Ш. RESIDENCE TIM E IN DAYS FOR
UPPER NED W ILSON LAKE AND NED WILSON
LAKE, OBTAINED FROM A STEADY STATE
M ODEL W HERE THE INITIAL SULPHUR-35
CONCENTRATION IS 10 mBq/L
Date

Residence time
Upper Ned Wilson Lake

92-7-22
92-9-7
93-7-9

131
87
20

Ned Wilson Lake
92-7-22
92-9-7
93-7-9
93-9-22

255
205
89
377
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box model can be utilized [8 ]. If decay is the only important removal process, and
atmospheric deposition is the only form of addition,
dC/dt = 0 = k (C 0 - С) - XC
where X is the 35S decay constant, C 0 is the 35S concentration of incoming snowmelt
or rain (10 mBq/L), С is the 35S concentration measured in lake water, and к is the
inverse of the residence time o f sulphate in the lake. This model has been applied
to the data and the residence times calculated for sulphate are given in Table III.
Due to the uncertainties of the input function for 3 5 S, the residence times
derived for lake sulphate in Table П1 could be shifted. There are also significant vari
ations in the residence times for these small lakes, due to the variation in snowmelt,
as has been described above. However, the data from Table III are instructive on
the year to year fluctuations as well as the variations between various lakes. Apparent
residence times for sulphate are much shorter in 1993 than in 1992 due to the larger
snowpack that was present in the winter and spring of 1993. Sulphate residence times
calculated for UNW L are consistently shorter than those calculated for NW L at the
three times that samples were collected for both lakes. In 1992, residence times
calculated for NW L were about double those calculated for UNWL. The data from
1992 would indicate that residence times of sulphate in NWL are over 200 d, while
those in UNW L are on the order of 100 d. This is lower than the residence times
for the water estimated from hydrological and chemical data [4, 5]. Part of this
difference may indicate a real difference between the residence time of water and
sulphate in the lakes, despite the apparent conservative behaviour o f sulphate in this
environment. Part of the difference may also be attributed to the fact that spring and
summer are a tim e of intense hydrological activity in this watershed, as opposed to
winter, when little or no exchange of sulphate and water occurs. Thus, residence
times measured for the lakes would be shorter, reflecting the more rapid exchange
of water and chemicals.

6

.

CONCLUSIONS

Our results demonstrate that 35S has the capability to be used in small
watersheds where time-scales of hydrological processes are of the order of one year
or less, and sulphate behaves as a conservative tracer. Though uncertainties in the
source function exist, 35S measurements can furnish information on: (1) year to
year variations in recharge and replacement of lake waters and other surface reser
voirs; (2 ) relative rates of recharge or replacement between various reservoirs within
the system. W hen more information on the source function and improvements in the
model are available, a better estimate of residence times can be made for the lakes
in the Ned Wilson Lake watershed.
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Abstract
INVESTIGATION OF WATER TRANSPORT THROUGH UNSATURATED SOILS
USING ENVIRONMENTAL DEUTERIUM.
The paper discusses the results of analysing the time dependent variations of environ
mental deuterium contents in precipitation and in water flowing out of seven lysimeters used
during an eight year observation period (1984-1991). The area under investigation was
characterized by a mean yearly precipitation of 1004 mm/a. Isotopic enrichment of deuterium
due to evaporation or possible vapour exchange in the unsaturated zone was not observed.
Two different approaches were applied to describe deuterium transport through the unsatu
rated soils. The first approach, called the variable flow dispersion model (VFDM), consists
of two parts. In the first part, considered separately, the solution of Richards’ equation was
used to calculate the distribution of water flux in the column as a function of time and space.
This known distribution of water flux in the column was then used in the second part, which
includes a two phase dispersion. The second approach is the so-called black box dispersion
model (DM). Black box models are defined by the transfer function or the so-called transit
time distribution function. Using these two models, transport parameters were estimated.
Analysis of experimental and calculated results suggests that the entire volume of water in soil
takes part in motion. It has been shown that under moderate climatic conditions the natural
variations of deuterium content in precipitation allow parameters of simple transport models
to be obtained which supposedly can be used for the prediction of pollutant movement through
the unsaturated zone.

1.

INTRODUCTION

Several studies have demonstrated the usefulness of stable isotopes for analys
ing transport phenomena in the unsaturated zone [1-4]. In most cases the experi
ments were performed in arid zones. Experiments presented in this paper were
carried out under moderate climatic conditions. This paper discusses the results of
303
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FIG. 1. Schematic view o f the set o f lysimeters used in this study (all dimensions in mm).
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analysing the time dependent variations of environmental deuterium contents in
precipitation and in water flowing out o f seven lysimeters. The area under investiga
tion was characterized by a mean yearly precipitation o f 1004 m m/a, whereas the
average discharge from the lysimeters varied between 800 and 998 mm/a.

2.

EXPERIMENTS

In 1979 the GSF-Institut für Hydrologie in Neuherberg started a research
programme for the study of water and tracer transport phenomena within the unsatu
rated zone. For this purpose a set o f eight experimental lysimeters was constructed
according to the scheme illustrated in Fig. 1. The lysimeters were built from polyvinylchloride (PVC) columns having a diameter o f 39 cm and a length of 2 m. The
entire length of each column was surrounded with Styrofoam and put into an iron

TABLE I. PARAMETERS OF EXPERIM ENTAL SOIL MATERIALS

Lysimeter
No.

Character of soil
and grain size

Saturated hydraulic
conductivity
(cm/d)

Mean water content
(cm 3/cm3)
Saturated

After free drainage

S156

Quartz sand
0.1-0.4 mm

2.60 x 10"

0.374

0.112

S158

Quartz sand
0.1-0.4 mm

2.60 x 103

0.391

0.121

S159

Quartz sand
0.06-0.2 mm

4.30 x 102

0.364

0.156

S160

Quartz sand
0.5-1.5 mm

4.32 X 104

0.361

0.042

S161

Quartz gravel
2-3 mm

2.59 X 105

0.380

0.033

S I62

Fluvioglacial gravel
0.06-10 mm

1.36 X 103

0.300

0.066

S163

Tertiary sand
0.06-0.6 mm

2.04 X 101

0.300

0.090
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FIG. 2. Soil material characteristics resulting from the calibration o f the water flow model.

WEEKS

(1984-1991)

FIG. 3. Weekly precipitation amount (top) and deuterium contents o f weekly precipitation
(bottom) fo r the rain gauge at GSF-Institut fu r Hydrologie in Neuherberg, January 1984December 1991.
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(1984-1991)

FIG. 4. Deuterium contents (January 1984-December 1991) in water flowing out from
lysimeters filled with Quaternary quartz sand S160 (top) and gravel S161 (bottom) from
different sites in Bavaria, measured (circle) and calculated using the VFDM (heavy lines) and
the DM (dashed lines).

box to eliminate the influence of temperature variation. Additionally, during the
winter the end of each column (last 50 cm) was artificially maintained at +5°C to
simulate real soil temperature at a 2 m depth and to prevent the water from freezing.
In the central part of the experimental set one extra column of the same dimensions
was installed to collect the precipitation.
The lysimeters were filled with relatively homogeneous soil materials (sedi
ments) taken from various sites in Bavaria: Quaternary quartz sands and quartz
gravel from Oberpfalz, fluvioglacial gravel from Murnau and Tertiary sand from
Zinklmiltach (see Table I). Estimated hydraulic parameters of soils are presented in
Fig. 2 .
The precipitated water that permeated through the soil material was collected
in a special bottle situated at the column outflow (see Fig. 1). Each week the amount
of precipitation, the volume of water outflowing from the column (discharge per
week) and the concentration of deuterium in both the precipitated and the outflowing
water were determined. The measurement technique and the principles of isotope
hydrology methodology are described by Moser and Rauert [5] and in Ref. [6 ].
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Figure 3 presents the variation of the precipitation amount and the deuterium content
in precipitation during the total observation period of 417 weeks (8 years). The deu
terium contents in water flowing out of the lysimeters S160 and S161 as a function
of time are shown in Fig. 4.
The average mean deuterium content in water flowing out from the columns
was —71.7°/00, and it had nearly the same value as the weighted mean deuterium
content in precipitation (-7 1 .3 7 00). This suggests that possible deuterium enrich
ment due to evaporation or exchange with vapour in the soil is negligible. In turn,
this permitted the use of the direct measurements of the deuterium contents in
precipitation and outflowing water as an input and output function.

3.

MODELLING OF TRANSPORT PHENOMENA IN
UNSATURATED SOILS

Two different approaches were applied to describe deuterium transport
through the unsaturated soils. The first approach, called the variable flow dispersion
model (VFDM), consists of two parts. In the first part (Section 3.1), considered
separately, the solution of the Richards equation was used to calculate the distribu
tion of water flux in the column as a function of time and space. This estimated distri
bution of water flux in the column was then used in the second part (see Section 3.2),
which includes the dispersion model. The second approach (Section 3.3) is the
so-called black box dispersion model (DM). Only the relation between input and out
put tracer concentrations is taken into account.
3.1. Water flow
One dimensional water flow in the unsaturated/saturated soils is described by
Richards’ equation, which has the following form (e.g. [7]):

- S(h) = Cm(h)

dh
dz

( 1)

where k(h) is the hydraulic conductivity as a function of soil water pressure head;
h(z,t) is the soil water pressure head; z is the vertical co-ordinate, with origin at the
soil surface, positive upwards; t is the time variable; Cm(h)=d0/dh is the differen
tial moisture capacity; 0 is the volumetric water content; and S(h) the sink term.
For the initial conditions (at t = 0) the known pressure head ho(z) is often
used, which is specified as a function of depth z:
h (z ,0 ) = ho(z)

(2 )
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In practice it is more convenient to use the following equivalent form of Eq. (2):
0(z,O) = e0(z)

(3 )

with (0o(z) being the initial water content distribution in the column as measured in
the experiment under consideration.
The boundary conditions were defined at the top and bottom ends of the
lysimeter. At the top of the lysimeter (entrance to the system) a known water flux
equal was taken. At the bottom of the lysimeter the known constant value of the pres
sure head, h = 0 cm (equivalent to atmospheric pressure), was taken. This type of
boundary condition at the bottom describes free outflow from the lysimeter.
Equation (1) is solved by finite difference techniques. For practical calcula
tions the computer program SWATRE (see Refs [8 , 9]) was used.
The resulting distributions h(z,t) and the characteristics k(0) allow final deter
mination of the water flux q(z,t) from the following equation:

(4 )

3.2. Two phase tracer transport model
The ideal tracer is transported through porous media by water. Many investi
gators, e.g. Coats and Scmith [10], De Smedt and Wierenga [11], showed that only
part of the water, the so-called mobile water, takes part in motion. In such a case
the unsaturated zone can be considered as a double porosity medium with mobile and
immobile water components. This means that tracer transport in the mobile phase
can be described by the hydrodynamic dispersion equation with a source term. The
source/sink term describes the tracer transfer between mobile and stagnant water (in
most cases) using the approximation introduced by Coats and Smith [10].
Given the theoretical possibility of considering two water phases, the mass
balance equation used for a double porosity model [12] would be as follows:

(5 )

and
(6 )
where: C, Cim are the tracer concentrations in mobile and immobile water, respec
tively; D is the dispersion coefficient; (0m, 0im are the mobile and immobile water
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content, respectively; and ш the transfer coefficient of tracer exchange between
mobile and immobile water phases. The dispersion coefficient D is equal to:
D = aL-q/em + Dd

(7)

where a L is the longitudinal dispersivity and Dd the diffusion coefficient of tracer
in soil equal to Dd = Dm/r; (Dm is the molecular diffusion coefficient of tracer in
water; r is tortuosity).
When all water takes part in motion, the immobile phase can be neglected.
Thus, Eqs (5) and (6 ) reduce to:
т
dz

= ± ( т к ) - * £ >
dz \
dz J
dz

(8)

Owing to the fact that 0 and q depend on depth z and time t, Eqs (5) with (6 )
or (8) are non-linear and can only be solved numerically [13]. The model calculations
are performed for water content distributions and water flux obtained earlier by the
separate modelling of water flow (see Section 3.1). The model’s unknown
parameters (fitting parameters) are longitudinal dispersivity, the transfer coefficient
of tracer exchange between mobile and immobile water and the ratio of mobile water
to the water content, which are taken as having constant values.
It was assumed that at time t = 0 the initial tracer concentrations in both mobile
and stagnant water phases were the same and equal to the constant Cp, which is the
average of the mean weighted deuterium contents in water flowing out from the
columns (Cp —71.7°/00).
The boundary condition at the soil surface (at the top of the lysimeters) was
given as the known concentration function:
C(0,t) = C0(t)

(9)

where C0(t) is the deuterium content measured directly as a weighted weekly mean
in precipitation (see Fig. 3). At the bottom of the lysimeters complete mixing was
assumed:
dC
— = 0 , for z = —L
dz

( 10)

where L is the length of the column.
3.3. Black box dispersion model
The application of black box models for the interpretation of environmental
tracer data in groundwater systems under saturated water conditions is very common
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(e.g. [14, 15]). In this approach only the relation between tracer input Cin(t) and
tracer output Cout(t) concentrations taken as a function of time are analysed. The
relationship between both functions is given for non-radioactive and non-reactive
tracers by the following convolution integral:

■ j:

C o u t(t) =

\

Cin(T)g(t - T)dr

( 11)

where g(j) is the transit time distribution function (weighting function or system
response function).
In the case of steady state flow conditions the two parameter dispersion model
is defined by the following weighting function ([16] and, in a normalized form [14]):

- F

exp
IW

d)*

-

( 12)

4 ( P d )*
t*

where t* and (PD)* are model parameters.
In the case of a double porosity system the weighting function should be taken
as a normalized solution of Eqs (5) and (6 ) found for the instantaneous injection and
for constant water flux [17]. This approach requires the parameters of four models
to be found. To overcome this difficulty the approach proposed for the unsaturated
zone by De Smedt et al. [12] and for the double porosity medium of fissured rock
with microporous matrix by Maloszewski and Zuber [14] was followed. These
authors have found that for considerable mean transit time of water the two parame
ter dispersion model (12) can be efficiently applied. DM parameters can be found
by applying the method of moments [18]. The first parameter of Eq. (12) is equal to:
/p \* _ p i @ ®m) q
(P»> - P d +
V ) l

(1 3 )

This parameter simultaneously describes real dispersion during tracer flow with the
mobile component and dispersion of the tracer concentration curve resulting from
tracer transfer between both mobile and immobile water components.
The second parameter of Eq. (12) is equal to the mean transit time of tracer
t,, which is defined as:
t* = t, = =- to

where to is the mean transit tim e o f water.

(14)
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For the unsaturated zone, the fitting parameter t* is equal to the mean transit
time of tracer tj and yields the mean water content in a column of length L:
в = qt,/L

(15)

which is the sum of mobile and immobile components.
In other words, when the dispersion model (12) is used for the interpretation
of tracer data in the unsaturated zone it is impossible to distinguish whether the fitting
parameter t* is equal to the mean transit time of water or to the mean transit time
of tracer. This parameter ultimately yields the content of the entire volume of water
in the column, therefore making it impossible to distinguish whether immobile water
exists in the system or not.
3.4. Results of modelling
The modelling of tracer transport began with applying the two phase model,
defined by Eqs (5) and (6 ), and using water fluxes and water contents, for each
separate column, from the solution of Richards’ equation (1). The fitting parameters
were the longitudinal dispersivity (aL), the transfer coefficient of tracer exchange
between mobile and immobile water phases (со) and the ratio of mean mobile to
TABLE П. COMPARISON OF TRANSPORT PARAMETERS AND MOISTURE
CONTENT OBTAINED OVER THE ENTIRE OBSERVATION PERIOD
(1985-1991) BY APPLYING BLACK BOX (DM) AND VARIABLE FLOW
(VFDM) MODELS
VFDM

DM
Lysimeter

Fitted

Calculated

Fitted

Calculated

t*

(« l )*

в

“l

в

No.

(weeks)

(cm)

(cm 3/cm 3)

(cm)

(cm 3/cm 3)

S156

19.0

4

0.163

3

0.181

S158

22.5

4

0.173

3

0.181

S159

31.5

2

0.269

2

0.243

S160

9.0

4

0.084

5

0.063

S161

8 .0

4

0.077

5

0.059

S162

10.5

4

0.089

5

0.082

S163

26.5

4

0.223

3

0.170
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immobile water contents (/3), which were assumed to have constant values
representative for each soil material. Calibration of the model was performed with
deuterium contents measured during the observation period. First computer runs
have shown that it is possible to fit the tracer concentration curves to the measured
values if it is assumed that immobile water does not exist. Owing to the fact that it
is always better to apply a model with a reduced number of parameters, further
modelling was performed using Eq. (8 ), with the longitudinal dispersivity being the
only parameter for fitting. Calculations with the black box dispersion model were
performed using the convolution integral (11) with the weighting function (12). The
model consists of two fitting parameters t* and ( P d)*- Table П presents the fitting
parameters and the resulting mean water contents obtained by model calibration to
the output concentrations measured during the entire observation period of seven
years. Differences in the dispersivity values obtained using both approaches are
negligible.
4.

CONCLUSIONS

It has been shown that under moderate climatic conditions the natural varia
tions of deuterium content in precipitation allow one to obtain parameters of simple
transport models, which supposedly can be used for the prediction of pollutant move
ment through the unsaturated zone. Two transport models provide mean transit time,
mean water content and dispersivity. The application of the one parameter transport
model shows that the measurements of environmental tracer in the unsaturated zone
can also be successfully used for the verification of soil characteristics h(0) and k(0)
under field conditions.
The transport models presented can be a suitable tool for the modelling of pol
lutant transport; the DM model for a long term prognosis considered on the timescale of one to several years, and the VFDM model for short term prognosis.
Modelling of water and tracer transport has shown that it is not necessary to
consider immobile water for the experiments under consideration. This suggests that
the entire volume of water takes part in motion.
The average deuterium content in precipitation and water outflowing from the
columns was nearly the same. This suggests that in the soil materials used in these
experiments, and under natural atmospheric conditions in Munich, selective evapo
ration in the unsaturated zone did not occur. Such selective evaporation (with iso
topic enrichment) is observed primarily in the arid zone [ 1] and in the case of
vegetated soil (see Ref. [4]).
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R. AMUNDSON, Y. WANG
Division of Ecosystem Sciences,
University of California,
Berkeley, California,
United States of America
Abstract
RELATIONSHIP BETWEEN THE OXYGEN ISOTOPIC COMPOSITION OF SOIL C 0 2
AND WATER.
The stable oxygen isotope composition o f soil C 0 2 at any soil depth is controlled by
a combination of processes: ( 1 ) the isotopic composition o f biologically produced C 0 2,
(2) diffusional transport o f C 0 2, and (3) equilibration between transported C 0 2 and soil
water. Based on estimates o f rates o f C 0 2/H20 isotopic equilibration, and C 0 2 residence
times for a variety o f soils, it seems that at depths o f more than 50 to 100 cm the ô 180 values
o f C 0 2 will be in isotopic equilibrium with the water at that depth. Available data on the
oxygen isotope composition o f C 0 2 suggests that C 0 2, at certain soil depths, should be a
good indicator o f the isotopic composition of the soil water. Additionally, at steady state, the
6 lsO value o f C 0 2 respired from soil appears to be in isotopic equilibrium with soil water,
a finding that has implications for the role o f the terrestrial biosphere on the ô 180 value of
atmospheric C 0 2.

1.

INTRODUCTION

The stable and radiocarbon isotopic composition of soil C 0 2 (C0 2 at various
soil depths) and respired C 0 2 (C0 2 evolved from the soil surface) has become an
area of vigorous theoretical [1-3] and, to a lesser extent, empirical research. Because
of its central role in a vàriety of soil processes, this research has led to rapid advances
in the use of palaeosols in palaeovegetation studies [4], palaeoatmospheric C 0 2
studies [5], dating applications [3], and С turnover studies [6 ].
In comparison the oxygen isotope composition ( 180 / 160) of soil and respired
C 0 2 has been largely ignored. The reasons for this are unclear. In the first paper
dealing with this subject, Allison et al. [7] reported that in a North African sand
dune, the ô 180 values of soil C 0 2 appeared to approach isotopic equilibrium with
soil water at many soil depths. Later, Hesterberg and Siegenthaler [8] examined the
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theoretical basis for interpreting the <5180 values of soil C 02. In that paper, it was
recognized that the isotopic composition of C 0 2 at any soil depth is a function of the
isotopic composition of biologically produced C 0 2 and diffusional transport
processes (the same processes central to the distribution of С isotopes). In addition,
Hesterberg and Siegenthaler [8 ] recognized that re-equilibration of biologically
produced C 02, as it is transported through the soil via diffusion, may be an impor
tant additional process controlling the composition of C 0 2 at any depth.
These pioneering papers on the oxygen isotope composition of soil C 0 2 have
set the stage for additional empirical and theoretical research to further elucidate the
controls on these isotopic ratios. The rewards of a better understanding of the oxygen
isotopes in soil C 0 2 seem enormous. First, if the <5180 value of soil C 0 2 is in
equilibrium with soil water at a given depth, the extraction and measurement of
C 0 2 from various depths in sediments may prove to be a rapid means of monitoring
the movement of isotopically distinct waters through the vadose zone [7]. Secondly,
the ô180 value of C 0 2 respired from soils of terrestrial ecosystems is an important,
and essentially unknown, entity that is believed to have a major impact on the oxygen
isotope composition of atmospheric C 0 2 [9, 10]. A better isotopic understanding of
this segment of the global С cycle will provide an additional means of constraining
the magnitude of C 0 2 transfers between the atmosphere and the terrestrial
biosphere.
In this paper, we present the first results of our evolving research on the oxy
gen isotope composition of soil and respired C 02. From a theoretical perspective,
we examine the residence times of soil C 0 2 under several possible environmental
conditions and evaluate the significance to C 0 2/H20 equilibration. From an empiri
cal perspective, we report results from our ongoing research on the relationship
between measured ô I80 values of soil C 0 2 and coexisting water, the relationship
between the <5180 value of respired C 0 2 and soil water, and the relationship
between the ô l80 value of soil C 0 2 and pedogenic carbonate. We conclude this
report with suggestions for fruitful future research and discuss the significance of our
preliminary results to hydrology and C 0 2 budgeting research.

2.

METHODS

2.1. Field site selection
Isotopic data from two elevational transects are reported in this paper. The first
transect spans a gradient from desert scrub to coniferous forest in the Spring
Mountains of the eastern Mojave desert of southern Nevada, USA. Details of the
soils and vegetation are given in detail elsewhere [11 , 12] but, in brief, the soils
examined are all formed on Holocene, limestone alluvium and differ only in the
climatic regime in which they have formed.
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TABLE I. CLIMATIC INFORMATION ON STUDY SITES
Location

Kyle Canyon, Nevada

Sierra Nevada, California

Berkeley, California

Elevation

M ATa

(m)

(°C)

MAPb
(mm)

840

17.9

160

1400

14.1

326

1750

1 1 .6

436

2150

9.0

549

470

17.8

310

1240

11.7

940

2890

3.3

1270

330

13.9

589

a MAT = mean annual temperature.
b MAP = mean annual precipitation.

The second transect spans the entire elevation gradient of the western slope of
the Sierra Nevada range in central California. Soils examined are residual soils,
formed from the weathering of Mesozoic granitic rocks. Aspect, slope, and drainage
of all sites are similar, and the major difference between locations is climate. Addi
tional measurements were made in a soil found in an undisturbed wooded site near
the University of California at Berkeley campus. A summary of precipitation, tem
perature, and vegetational characteristics of sites along the two elevation transects
and the Berkeley campus is given in Table I.
2.2. Sample collection
Soil C 0 2 was collected from 6 mm o.d. stainless steel tubing driven to
various depths in the soil. In the California transect, arrow shaped tips, of a slightly
larger diameter than the tubing, were welded to the tubing to aid in installation in
the soil. Small holes were drilled into the tubing directly behind the base of the tips
to allow soil atmosphere to enter the tube. In the Nevada transect, segments of
straight tubing were driven directly into the soil.
Soil atmosphere for isotopic analysis was collected into 500 mL evacuated
glass bottles. Between the bottles and the gas wells an apparatus was placed that
( 1) allowed the removal of entrapped atmosphere prior to sample collection (a side
port connected to a hand pump), (2 ) allowed the removal of water vapour from the
soil atmosphere samples (a commercially available Drierite trap), and (3) controlled,
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FIG. 1. Design o f apparatus used fo r the collection o f soil atmosphere C 02 fo r isotopic
analyses.

or slowed, the rate of atmospheric collection (a 0.5 mm i.d. glass capillary tube)
(Fig. 1). Prior to collection, the entire assembly was evacuated. Then the assembly
was opened to the gas well and (in most samplings) three pore volumes of
atmosphere were passed through the assembly (the gas contained within the wells
was insignificant relative to the total amount collected). Finally, the stopcock to the
glass bottles was carefully cracked and soil atmosphere was allowed to collect slowly
for 10 minutes.
Soil atmosphere samples collected in the Nevada transect were collected in a
similar manner with the difference that no Drierite trap was used. However, no con
densation of moisture was ever noted on the glass bottles containing the samples,
minimizing the possibility of isotopic exchange between the C 0 2 and water vapour
contained in the sample.
The isotopic composition of respired soil C 0 2 was determined as follows. The
end of a 208 L commercial oil drum was used as a soil respiration chamber. Inlet
and outlet ports were installed near the top of the container, and a Tygon tube, with
a stopcock, was attached prior to use. The chamber was inserted into the soil to a
depth of 15 cm to ensure no leakage to the atmosphere. The isotopic composition
of the respired C 0 2 was determined by mass balance methods. The concentration,
and isotopic composition, of C 0 2 in the chamber at t = 0 was determined in each
case. After approximately 24 h, the concentration and isotopic composition of C 0 2
in the chamber was redetermined, and the isotopic composition of respired C 0 2 was
calculated.
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For the Nevada transect, pedogenic carbonate was collected for isotopic ana
lyses (no carbonate was present in soils of the California transect). Pedogenic
carbonate was found as laminar coatings on the bottoms of gravels in the soils. The
lamination bearing gravels were removed, the outer portions of the coatings were
removed with a stiff wire brush (to remove fragments of limestone silt and sand),
and the remaining laminations, which consisted a nearly pure pedogenic carbonate
(see Ref. [11] for details), were removed with a grinding tool for isotopic analysis.
Along the California transect, soil samples were collected at predetermined
depths using a bucket auger (to correspond to depths of C 0 2 wells) for the measure
ment of the isotopic composition of the soil water. Samples were removed from the
auger, quickly homogenized in a bucket, and subsamples were packed into 20 mL
scintillation vials equipped with Poly Seal caps. Following the securing of the caps,
the vials were also wrapped in Para-film. Stems of trees and shrubs adjacent to the
sites were collected with a shear and segments were packed into the scintillation
vials, and stored, in a manner similar to that for the soil samples.
Precipitation samples were collected along the California transect using non
evaporation rain gauges (silicon oil) as described by Friedman et al. [13]. Samples
were removed from the gauges using a syringe, and aliquots of the total water
collected were placed in 20 mL bottles with Poly Seal caps.

2.3. Laboratory methods
Carbon dioxide in the various gas samples was cryogenically removed from
the remaining gases by allowing the air to pass slowly (flow rate controlled at a rate
<30 cm 3 -min_1 by a 0.5 mm i.d. capillary tube) through two consecutive multi
stage traps immersed in liquid N2. Following the collection of the C 0 2 and H20 in
the sample, the C 0 2 was separated by replacing the liquid N2 with a dry
ice/isopropanol slush. The yield of the C 0 2 was determined manometrically. The
ability of the method to remove the C 0 2 without fractionation was verified by pass
ing artificial mixtures of gases (with C 0 2 of known isotopic composition), through
the traps and measuring the isotopic composition of the collected C 02. The variabil
ity in the isotopic composition of this collected C 0 2 was within one standard devia
tion of C 0 2 collected directly from the tank source. The reproducibility of the
measurements was ± 0 .2 7 oo for the <513C values and + 0.17oo for the <5I80 values.
Water was quantitatively removed from soil and plant tissue by vacuum distil
lation at a temperature of 100°C. On the basis of time series studies involving both
plants and soils of various types (and the addition of known waters to soil samples
of various types) it was determined that the distillation period needed was 4 h for
soils and 6 h for plants. Water for hydrogen isotope analysis was prepared using the
sealed tube method described in Ref. [14]. Water for oxygen isotope analysis was
equilibrated with C 0 2 using the method described in Ref. [15].
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The collected pedogenic carbonate was baked under vacuum to pyrolyze
organic matter, reacted with phosphoric acid, and the C 0 2 released was purified
cryogenically.
The isotopic composition of the purified gases (C0 2 and H2) was determined
via mass spectrometry and the isotopic ratios of the elements of interest are reported
in the standard delta (Ô) notation relative to the appropriate international standard.
The standard for С (and О in soil carbonate and C 02) is the Peedee belmenite
(PDB) carbonate [16] while for О and H in water samples the standard was the
standard mean ocean water (SMOW) water standard [17].

3.

RESULTS

3.1. Factors and processes controlling the isotopic composition of soil C 02
Hesterberg and Siegenthaler [8] developed a production/diffusion model to
describe the processes controlling the <5I80 value of soil C 02. Some features of
their model are (1) constant 6180 value of biologically produced C 0 2 versus depth
and (2) an equilibration term to account for isotopic requilibration of C 0 2 as it
diffuses through the soil. With slight modifications from Ref. [8], the basic equation
for this model (describing the 180 species of C 02) is:
d(Rs*-Cs)/3t = D ;0 2Cs-RsW

+ Ф-r ; - (knet) CS(RS* - Req)

(1)

where Cs is the concentration of C0 2 in soil air (mol/cm3), D* is the diffusion
coefficient of a designated C 0 2 isotopic species in soil (cm2/s), and ф is the produc
tion of C 0 2 in soil by organic matter decomposition or root respiration
(mol/cm3/s).
The above model differs from one proposed by Hesterberg and Siegenthaler
[8] in two respects. First, R* is defined as R* = R¡/(1 + R¡), where R¡ is the ratio
of 180 / 160 in the soil atmosphere C 0 2(Rs*), in biologically produced C 0 2(Rp), or
in C 0 2 in equilibrium with soil water (R^). Hesterberg and Siegenthaler defined
R* = R¡. A second difference between Eq. (1) and that given in Ref. [8] is in the
equilibration term. We write this for isotopic exchange between C 0 2 and H20 [18]:
C 160 160(g) + H2180(1) = C 180 160(g) + H2160(1)

(2)

where (q) is gas and (1) is liquid. Isotopic exchange is accomplished through the
dissolution of C 0 2 in water, the hydration and dehydration of the dissolved C 02,
and diffusion of C 0 2 from the solution to gaseous phase. For simplicity, we model
the combined individual rate constants for these steps as knet. Hesterberg and
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C alifo rn ia

ô180 value of soil water (%0)
FIG. 2. Isotopic composition o f soil water versus depth at three elevations along the Sierra
Nevada, California elevation transect. Sampling dates appear in parentheses in figure legend.

Siegenthaler [8] provided a steady state solution for their equation, but no model out
puts were produced for comparison with observed soil isotopic data.
Here we evaluate two important aspects that need to be evaluated for soils
under a variety of conditions before reliable modelling solutions are reached: ( 1) the
<5180 value of C 0 2 produced versus depth and (2) the importance, and rate, of iso
topic equilibration between C 0 2 and soil water.
It is likely (although experimental proof does not yet exist) that the b 180 value
of biologically produced C 0 2 is in isotopic equilibrium with the water contained
within respiring microbes and plant roots, all of which are ultimately determined by
the composition of the soil water. There are a variety of isotopic trends of soil water
versus depth that have been reported [19], suggesting that models to describe the iso
topic composition of biologically produced C 0 2 must be flexible and able to accom
modate a variety of depth trends. For example, variations in the ô180 value of soil
water along our California transect show that at the end of a prolonged dry season
the ¿>I80 value of soil water decreases with increasing depth, and that the nature of
the change with depth is a function of climate (Fig. 2). From data such as these, it
appears that further model development will need to include a variety of C 0 2
production versus depth trends.
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carbon dioxide residence time (h)

carbon dioxide residence time (h)
FIG. 3. Calculated soil C 02 residence times intended to describe two possible scenarios:
(A) sand dune with organic С dispersed throughout and (B) a grassland or forest soil with
organic С concentrated near the soil surface. In scenario (A), it is assumed that total soil
respiration (given in parentheses) is evenly dispersed throughout the soil profile using the
model o f Cerling [1]. Residence times were calculated by dividing soil into layers whose thick
ness is represented by distance between data points (5 cm near soil surface and 20 cm below
100 cm). The steady state mass o f C 0 2 in each interval was divided by the C 02 flux through
the top o f the interval. In (B), an exponential decrease in C 02 production with depth was
assumed, with the characteristic depth z = 15 cm, using a model similar to that o f Cerling
et al. [2]. The residence time was calculated by dividing the steady state mass o f CO2 in 2 cm
intervals by the calculated flux across that interval. In both modelling exercises, tempera
ture = 15°C, porosity = 0.5, and atmospheric pressure = 0.9.
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Whatever the original isotopic composition of biologically produced C 02, the
value may be altered as the C 0 2 diffuses through the soil profile to the overlying
atmopshere. The importance of this reaction is dependent on the rate of isotopic
exchange between C 0 2 and water. In laboratory conditions, the rate for chemical
equilibrium has been shown to be dependent upon both pH and temperature [20],
with the half-life needed for chemical equilibrium at a pH of 7 being about 26 s and
240 s at 0° and 20°C, respectively. For isotopic equilibrium, the rates are slower.
In laboratory C 0 2 to water equilibrations, involving shaking of samples, equilibra
tion can be achieved at room temperatures after a few hours, depending on the rate
of shaking. When there is no shaking, isotopic equilibrium is much slower and takes
about 72 h [15, 21, 22]. While laboratory equilibrations provide insights into the
rates of this process, they do not necessarily describe the rate at which it will occur
in soils. There have been few studies of this process. Hsieh et al. [23] conducted
laboratory experiments in which soil samples of varying clay and water contents,
were equilibrated with C 0 2 to determine the time needed to reach isotopic
equilibrium. Their work indicates that isotopic equilibration, under these conditions,
occurs between 24 to 48 h, depending on soil conditions. These rates more closely
mimic in situ soil conditions.
How long is soil C 0 2 in contact with soil water at a given soil depth? An anal
ysis of C 0 2 residence times at various soil depths under a variety of soil conditions
may provide estimates of the importance of the equilibration process identified by
Hesterberg and Siegenthaler [8]. To evaluate this, we used outputs of variations of
a steady state soil C 0 2 model developed by Cerling [1] and Quade et al. [24]. In
these calculations, it was assumed that the average residence time of soil C 0 2 at any
soil depth interval was equal to the mass of C 0 2 present divided by the amount of
C 0 2 diffusing through the upper boundary of that interval. Estimates of residence
times were made for extremes in rates of C 0 2 production and in the manner in
which C 0 2 was produced versus depth: (1) C 0 2 production concentrated near the
soil surface (such as in a productive grassland soil) or (2) C 0 2 production evenly
distributed over a long depth interval (such as a sand dune with organic С evenly
dispersed throughout). The results (Figs 3(a), (b)) indicate that in the upper 50 to
100 cm of most soils the residence time of C 0 2 is of the order of a few minutes to
hours while below that depth, residence times are of the order of tens of hours. These
residence time calculations are, to a great extent, dependent on the thickness of the
soil layer being considered. If one considers the mean residence time for C 0 2 in an
entire soil profile, the calculated residence times are much longer: of the order of
500 to 1000 h for the soil considered in Fig. 3(a).
The model of Hesterberg and Siegenthaler [8], as represented in Eq. (1),
includes the key elements which must be considered in explaining the ô 180 values
of soil C 02. The solution and application of the model to specific case studies will
involve the addition of terms to describe adequately the depth variation in the ô 180
value of biological C 02. However, from a practical perspective, the recently devel
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oped empirical data [23] combined with an analysis of various soil conditions, sug
gests that C 02, regardless of what its initial <5180 value was, may be in equilibrium
with soil water at depths below 50 to 100 cm in many soils. Below we examine the
few data which exist to test this hypothesis.
3.2. Oxygen isotope composition of soil C 02 and water
Allison et al. [7] measured the 0180 values of soil C0 2 and soil H20 at a
variety of depths in a sand dune in northern Africa. Problems with condensation of
liquid water in the bottles containing the soil atmosphere, prior to isotopic analyses
of the C 02, made it difficult for those authors to interpret some of the samples.
However, in samples where the 0I80 value of the condensed water could be deter
mined, there appeared to be a good correlation between predicted and measured
C 0 2 isotopic values.
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FIG. 4. Relationship between the measured 8IS0 values o f soil C 02 (at, or below, 50 cm in
depth) and C 02 calculated to be in isotopic equilibrium with measured soil water along an
elevation transect in the Sierra Nevada, California. Equilibrium calculations made using
measured soil temperatures and relationships from R ef [25].
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In our ongoing study of the elevation transect in California, we have plotted
the measured ô180 values of soil C 0 2 at, or below, 50 cm in depth against the
predicted values based on measured soil temperatures and ô 180 values of soil water
(Fig. 4). As these preliminary data show, there is a very good agreement, in most
cases, between the predicted and measured values. This suggests that isotopic
exchange may be a dominating factor in determining the ô ,80 values of soil C 0 2
below certain soil depths.
There are undoubtedly other processes that are evident in controlling the ô180
values of soil C 02, particularly at shallow depths. From theoretical and empirical
studies of the <5I3C values of soil C 0 2 [2], it has been shown that there is an
approximately linear relationship between the <5,3C value of C 0 2 and 1/PC0 2
because the absolute variation in 13C /12C is very small compared to the absolute
variation in C 0 2 concentration [1, 2]. For oxygen, this relationship might be
expected to hold under only certain conditions: (1) for soil depths where C 0 2 resi
dence times are short and (2) where the ô180 value of biological C 0 2 is invariant
with depth. For our preliminary data from the California transect, we evaluate this
relationship for both С and О isotopes.
Figure 5(a) shows the relationship between 1/PC0 2 and the <5I3C values for
the three study sites. The relationship between the two known end members, cor
rected for diffusion, is extremely good. For the <5I80 values of the corresponding
C 0 2 measurements, there is a relationship between isotopic composition and C 0 2
concentration (Fig. 5(b)), but details reveal different relationships than for the С
isotopes. As C 0 2 increases, the ô180 values of the C 0 2 decrease until they reach a
value approximately in equilibrium with water in plant tissue (and soil water below
50 cm). In contrast to stable С isotopes, this high PC0 2 end member does not show
a diffusion induced fractionation. In general, the high PC0 2 values are found below
50 cm and, as shown previously, at these depths any diffusion induced effects are
removed by equilibration of the C 0 2 with the water at that depth.
The <5180 values of pedogenic carbonate reflect the long term ô180 value of
soil water [1]. In Fig. 6 , the average ôl80 value of precipitation [13] is plotted with
water calculated to be in equilibrium with pedogenic carbonate found in soils along
the Nevada transect. Also plotted is the water calculated to be in isotopic equilibrium
with soil C 0 2 collected in April (at end of rainy season) and September (near end
of dry season) 1986. As the figure shows, the water in equilibrium with the carbonate
is in good agreement with the precipitation values. At the two highest elevations,
there is good agreement between the water in equilibrium with C 0 2 in April, at the
end of the rainy season, and the precipitation. At other elevations, and at the end
of the hot, dry summer, there is not close agreement between these two components.
Two factors may be responsible for this. First, the rainfall, in 1986 (which was not
measured at the sites) may have been different from the long term average. Second,
particularly at the low elevations, there may have been significant contribution of
atmospheric C 0 2 to total soil C 02, driving the apparent soil water composition to
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FIG. 5. The relationship between the reciprocal o f soil C 02 partial pressure (PC02) and (a)
&,3C and (b,c) ôI80 values. In (a), an approximate linear relationship exists between the iso
topic composition o f the C 02 and concentration, with the high C 02 values approaching the
b,3C value o f CO2 produced by decomposition o f C3 organic matter, corrected 4.4°/oa fo r
diffusion. In (b,c), bIS0 values o f C 0 2 decline with increasing C 02 concentrations until they
reach values approximately the same as C 0 2 in isotopic equilibrium with measured plant
water (at average soil temperatures). The relationship suggested by (b) and (c) is that fo r
oxygen isotopes, diffusional enrichment o f IS0 at high C 02 concentrations (and greater soil
depths) is erased by isotopic exchange with soil water. I f diffusion were imposing an isotopic
signature on the C 0 2, the &lsO values o f the high P C 02 end members should be approxi
mately 8.8 °/oo greater than the biological end member.

more positive values. Further studies, involving the measurement of soil water,
C 0 2 concentrations and isotopic composition, and temperature, are needed in arid
environments to elucidate the processes controlling the ¿>180 values of soil C 02.
3.3. Oxygen isotope composition of respired C 02
Differences in the diffusivities of the various isotopic species of C 0 2 will
cause respired C 0 2 to be depleted in 180 under transient conditions. However, it
has been demonstrated in numerous С isotope studies that the isotopic composition
of C 0 2 can be adequately explained by the assumption of steady state. Hesterberg
and Siegenthaler [8] report that under most conditions, new steady state conditions
of soil C 0 2 will be achieved in less than one day following some perturbation.
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FIG. 6. Comparison o f oxygen isotope composition o f soil carbonate and C 0 2 at Kyle
Canyon, Nevada. Illustrated are estimated 6I80 values o f precipitation fo r the sites from
Friedman et al. [13], water in oxygen isotope equilibrium with measured soil carbonates using
mean annual temperatures and relationships from Ref. [25], water in oxygen isotope
equilibrium with measured soil C 02 below 50 cm using mean temperatures appropriate fo r
month and relationships from Ref. [25]. The comparison shows that a good relationship exists
between water in equilibrium with soil carbonate and the long term meteoric water composi
tion. It also shows that soil C 02, measured at the end o f the annual precipitation cycle,
corresponds to long term precipitation at the two highest elevations. Possible reasons fo r lack
o f overlap between precipitation, and the water reflected by soil C 0 2, are discussed in
the text.

An important consequence of steady state conditions is that the isotopic compo
sition of respired C 0 2 must be the same of that being produced by biological
activity [1, 2]. This has been demonstrated empirically for stable С isotopes [2].
While the same relationships should apply to the <5180 values of respired C 02, there
have been no measurements to verify this assumption.
Recently, we have measured the <513C and ¿>180 values of respired C 0 2 for a
site near the Berkeley campus (Table П). As the data show, there is, as expected,
a nearly perfect relationship between the ô l3C value of the respired C 02( —26.1°/0o)
and the soil organic matter for this purely C3 ecosystem. In addition, there is a very
good relationship between the ô 180 value of respired C 0 2 and C 0 2 calculated to be
in equilibrium with the average precipitation in Berkeley. This observation differs
markedly from previous assumptions that the ôI80 values of respired C 0 2 will be

TABLE П. COMPARISON OF THE ISOTOPIC COMPOSITION OF RESPIRED SOIL C 0 2 TO THAT OF BIOLOGICAL
SOURCES AT BERKELEY, CALIFORNIA
ô l3C (•/„.)
Site

ô 180 ( 7 00)
Source c o

Sampling date

Respired C 0 2

Source C 0 2

Respired C 0 2

Berkeley

1994-12-21

- 2 6 .1

-2 7 ± 3a

40.2

36.9 ± 0 .7 b

Sierra Nevada pasture

1995-01-25

- 2 8 .9

-2 7 ± 3

32.4

35.3 ± 1.3C

1995-02-17

- 2 8 .2

-2 7 ± 3

33.5

35.2 ± 1.3d

1995-01-25

- 2 5 .5

-2 7 ± 3

34.3

34.0 ± 0.5

1995-02-17

- 2 4 .5

-2 7 ± 3

34.5

35.6 ± 1.5

IAEA-SM-336/2

Sierra Nevada orchard

2

a Mean ô l3C value o f C3 organic matter.
b Isotopic composition o f C 0 2 in equilibrium with average ground waterin Berkely (ô l80 = — 6 to—7°/00) at a temperature o f 10.3°C (Decem
ber temperature). Average isotopic composition o f precipitation isvariable, but maybe approximately
—5 7 00.
c Based on mean value o f measured soil water and temperature.
d Soil water for this data estimated from 1995-01-25.
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up to 8 .8 °/oo depleted in ô180 relative to biologically produced C 0 2 in soils. This
marked difference between observation and previously assumed values has tremen
dous implications to analyses of the processes controlling the ô I80 values of
atmospheric C 02, and to the contribution of soil respired C 0 2 to the atmosphere. In
previous analyses [10], it has been assumed that the <5180 value of soil respired C 0 2
is 8 . 8°/00 depleted relative to that in equilibrium with soil water. The analysis of
atmospheric C 0 2 budgets, using correct estimates of the <5l80 values of respired
C 02, will produce very different estimates of the importance of atmospheric C 0 2
exchange with the terrestrial biosphere [10].

4.

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The 5i80 values of soil C 0 2 are controlled by a greater array of processes
than either the stable carbon or radiocarbon species of this gas. One of the unique
features of О in C 0 2 is that it is susceptible to isotopic exchange as it diffuses
through the soil profile to the overlying atmosphere. Here we show, through
interpretation of model outputs, that the residence time of soil C 0 2 increases with
depth and, based on available kinetic data, there should be equilibrium between
C 0 2 and adjacent soil water at depths below 50 to 100 cm in many soils. This is
verified by existing measurements of both soil water and C 02. On the basis of theo
retical and limited empirical data, the ô180 value of respired C 0 2 should be isotopi
cally identical to biologically produced C 0 2 (i.e. it should be in isotopic equilibrium
with soil water).
These preliminary conclusions have potential applications. First, the ô180
value of soil C 0 2 may provide a rapid and cheaper means of determining the cor
responding values of soil H20 . As first suggested by Allison et al. [7], this may
have important applications in hydrological studies. Secondly, previous assumptions
about the ¿>180 values of respired C 0 2 need to be re-evaluated. This in turn will
have important implications on the role of the terrestrial environment in global C 0 2
budgets.
However, it should be emphasized that many of our initial conclusions are
based on work in progress. Clearly, larger data sets, from a variety of soil environ
ments, will elucidate the behaviour in a far clearer manner than our preliminary data.
In addition, there is a need for a direct measurement of the ô 180 value of microbially, and root, respired C 0 2 to determine if biological fractionations are evident.
Finally, further modelling, and a comparison of outputs with empirical data, will
help finalize our understanding of this poorly understood component of the soil
environment.
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Abstract
A MULTI-TRACER STUDY IN THE UNSATURATED ZONE OF A HETEROGENEOUS
FORMATION.
A multi-tracer experiment has been carried out in the unsaturated zone o f a highly
heterogeneous glaciofluvial sand deposit. Tritiated water, chloride and propylene glycol were
injected at the surface o f a lysimeter wall and the transport due to natural water fluxes was
followed down to 2.5 m. A comparison o f the mobility o f chloride relative to tritium revealed
a retardation factor o f approximately 1.15. Longitudinal and transverse dispersivities were
estimated by the method o f spatial moments and based on the spatial distribution o f solute
concentrations at discrete instances o f time. The observed flow pattern shows characteristics
o f random effects due to the pronounced soil physical heterogeneity o f the formation, and dispersivity values calculated vary within an order o f magnitude. Transverse dispersivity is esti
mated to a few centimetres, whereas longitudinal dispersivity is found up to one order of
magnitude larger. The transverse dispersivity tends to depend on the distance travelled.

1.

INTRODUCTION

Solute transport in porous media is largely determined by the hydraulic proper
ties of the formation and their spatial variability. Besides transport with the average
advective velocity field of the water, solute particles undergo longitudinal and trans
verse dispersion originating from non-uniform velocity distribution and tortuous
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flow paths between soil grains. There is a great need for field experiments designed
to identify the detailed mechanisms and physical parameters behind solute transport
in natural formations. The dispersivity of a medium greatly affects the flow pattern
and transition time for a solute passing through it, and is thus an essential parameter
in subsurface models of flow and transport. The unsaturated zone, with its chemical
and microbiological processes, can protect groundwater resources from pollution.
The retention time of water in the unsaturated zone is therefore of great importance.
For some organic compounds the dilution due to dispersion is vital to obtain micro
biological degradation.
The new main Norwegian airport is being built on Norway’s largest uncon
fined aquifer. Large amounts of de-icing chemicals, propylene glycol (PG) and
potassium acetate are used on airplanes and runways. This may constitute a threat
to the groundwater, therefore the transport and degradation of de-icing chemicals
through the unsaturated zone was studied under field conditions during the snow
melting period of 1994. PG and sodium chloride were added to the soil surface of
a lysimeter wall and soil water samples taken at different depths [1]. If the possibility
of PG being repelled from soil particles is ruled out, the experiment indicated that
chloride is not an ideal tracer in this soil even for short distance transport studies.
The snow melting experiment motivated a second tracer study to examine to
what degree chloride behaves like and ideal tracer, with a second purpose being to
quantify the dispersivity of the formation, for subsequent use in subsurface models
of flow and transport. Tritiated water, НТО, together with sodium chloride and PG,
was injected in the topsoil of the lysimeter wall. НТО is a frequently used tracer with
well known advantages because it basically behaves like pure water [2-4]. Its easy
detection, even at very low concentrations, combined with its very low radiotoxicity,
make its use less hazardous. For the present study, covering a few metres of the
unsaturated zone, a very small amount of this radioactive substance was sufficient.

TABLE I. HYDRAULIC CONDUCTIVITY AND DESCRIPTION OF LAYERS
IN THE LYSIMETER WALL (after [5])
Depth

Description

K, m/h (Gustavson)

Standard deviation

—50 cm

Coarse sand, gravel

2.75

1.07

—60 cm

Coarse sand, gravel

2.49

1.73

cm

Medium/coarse sand, gravel, stones

—

—

—150 cm

Medium coarse sand

3.01

1.53

cm

Medium coarse sand

3.06

1 .1 2

—240 cm

Medium coarse sand

2.69

1.55

— 100

— 200
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The study, initiated in summer 1994, is still under way. However, the high
permeability of the top layers, 2.49 to 3.06 m/h, has ensured that the tracer has
moved a sufficient distance to allow comparison of the two tracers and make prelimi
nary estimates of the dispersivity.

2.

PHYSICAL SETTINGS

The tracer experiment was performed at Moreppen, Gardermoen, situated on
the Hauerseter glacial contact delta approximately 40 km north of Oslo, Norway.
The natural profile studied contains five layers down to 2.5 m. Hydraulic conductivi
ties and a description of each layer are given in Table I, modified after Ref. [5].

53cm

/

7

'

4

FIG. 1. The pattern o f suction cups in the lysimeter trench. Area where chemicals are
injected is indicated.
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METHOD

The lysimeter wall used for this experiment contains 30 suction cups (Prenart
super-quarts) (Fig. 1) and the groundwater table is approximately 4 m below the
surface. The lysimeter trench is described in more detail in Ref. [6 ].
The tracer experiment was started on 1994-08-31. A solution of 900 mL of
de-ionized water containing concentrations of 1 MBq HTO/L, 12 g NaCl/L and
10 g PG/L was injected into 90 holes, predrilled down to a depth of approximately
20 cm. The area where the holes were made was 135 cm long and 53 cm wide. In
each of the holes 10 mL of the solution was added. After the solution had been
injected, 2 mm of de-ionized water was sprinkled over a slightly larger area than the
injection area. This procedure was chosen to avoid any evaporation of the added
solution. From this point onwards the site was exposed to natural water fluxes only
(natural gradient experiment). Precipitation was monitored over the period Septem
ber to November 1994 (Fig. 2). Figure 3 shows soil moisture profiles estimated from
tensiometer observations on the date of injection, in September and at the end of the
reported experiment on 1994-11-22.
The suction cups were under a constant suction of —0.15 bar. Soil water
samples were taken once every one to two weeks. Cumulative samples, representing
the period since the last sampling, were taken at all sampling points, and the weight
and conductivity were registered. Momentary samples, collected over three to four
hours, at a suction of -0.25 bar, were also taken each time. All samples were
analysed for tritium. Momentary samples were analysed for chloride; PG was only
analysed for two dates.

Precipitation (mm)

jftl. J 1)...... ..
SEPTEM BER

(1 .Л

.
. ..
OCTOBER

Л i

nf\_

-П r.

NOVEMBER

FIG. 2. D aily precipitation at the field site from September to November 1994.
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FIG. 3. Soil moisture profiles 1994-08-31, 1994-09-21 and 1994-11-22 at the field site.

4.

PARAMETER CALCULATIONS

4.1. Spatial moments
In a heterogeneous domain an unknown deterministic distribution of para
meters limits the interest in precise plume behaviour as a function of position and
time. It may be of greater interest to describe certain average quantities such as the
mass, centre of mass and the spatial variance. Spatial moments is a calculation
method that takes advantage of this fact and can be used to describe the development
of a plume, retardation factors, degradation and adsorption. The method is widely
used in field studies and in modelling [7-10]. The advantage of this method
compared to calculations from breakthrough curves is that it takes account of the
whole plume, rather than only parts of the plume area.
The total mass in the profile, С and M(t), is described by the 0-moment:
( 1)
where с (x ,t) is a p ro b a b ility function describing the total concentration as a function
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of position and time. The relative О-moment (M) describes the recovery of the solu
tion (C) relative to the input (C0):
M = £

(2 )

m>

By comparing relative О-moments of a solute with an inactive tracer we can calculate
degradation and adsorption. The centre of mass can be found by the 1-moment:
x,(t) = —
xic(x,t)dxi
m(t) J . .

(3)

where i denotes longitudinal (L) or transverse (T) directions.The retardationfactor,
R, is the vertical centre of mass of the inactive tracer, xL HX0, divided by the
vertical centre of mass for the reactive solute, xL sol:
R =

(4)
sol

The 2-moment is an expression for the spread around the centre of mass
l f “
var(x)i = ——
m(t) !_«,

- 9

(x¡ - x,) с (x,t) dx¡(5)

4.2. Dispersivity
The conceptual model most widely used to represent solute transport in
hydrogeological systems is the advection-dispersion equation (ADE), a version
of the classical partial differential diffusion equation, with the two dimensional,
stationary form
dc
d2c
d2c
dc
T 7 - ° L T T + D t т у ~ ''l —
at
oxl
axj
dxL

(6 )

where v is pore water velocity, and DL and DT are the dispersion coefficients in the
longitudinal and transverse directions of the main flow, respectively. The dispersion
coefficients are expected to vary with the mean flow velocity. A simple functional
relationship is often assumed, of the form
=

DM +

Xj t'i

(7 )

where DMis the molecular diffusion, which usually is negligibly small compared to
the magnitude of the second term, and the parameter X¡ [L], i = L, T is called
the dispersivity of the medium, and has traditionally been considered as a charac
teristic single valued property of the entire medium [11]. During recent decades,
however, several studies have shown that dispersivity is dependent on the scale of
observation [12-18].
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Observations of dispersivity in unsaturated soil cores and vadose zone field
experiments are limited and clearly reveal the complex nature of flow and transport
in natural media [7, 14, 16, 19-25]. Reference [26] reviews the results of applying
the ADE to different soil core and field experiments. Transversal dispersivity is
reported to be of the order of a few centimetres. Longitudinal dispersivity values
reported cover a very wide range, including a maximum value of 2.27 m [21] and
a minimum value of 0.017 m [22] for field plot studies. This lack of consistency
between the studies is probably partly due to the estimation method. The common
procedure of parameter estimation is to fit an ADE based model to the experimental
data. Due to interrelation between parameters and the possibility of using such
models more as a lumped conceptual framework rather than a mechanistic descrip
tion of the process of dispersion, one cannot make a strict mechanistic interpretation
of the various parameters [26]. To optimize predictive precision, it is therefore
reasonable to couple the application of a subsurface flow and transport model to a
programme of field measurements to estimate appropriate parameter values at the
particular site of interest.
This tracer experiment provides data that make it possible to establish
mechanistically based estimates of parameters of flow and dispersion independent of
any flow and transport model. Two estimation methods have been used. The first
method is based on the spatial distribution of solute concentrations at discrete
instances of time. Reference [27] describes the method, which utilizes the relation
1 da 2
= 2 dxL

(8)

where a 2 is the spatial variance of the solute distribution and xL is the mean travel
distance, assuming Fickian behaviour of the mechanical dispersion and negligible
molecular diffusion. The values of the standard deviation a were obtained from
curves of the cumulative relative solute concentration as a function of horizontal or
vertical distance. By assuming a gaussian solute distribution, a can be defined as half
the distance between the 15.9 and 84.1 percentile. Figure 4 shows cumulative curves
of transverse and longitudinal solute distribution.
Dispersivity can also be calculated from spatial moments [6 ]
1

л

ш

- m

\

- a?o(x)
„

(9)

where ff2 t(x) is the variance about the centre of mass at time t and <j20(x) is the
initial variance. The initial longitudinal variance is taken to be 0. The horizontal
spread of the tracers at the surface is 53 cm, which gives an initial transverse
variance of 234 cm2, assuming a uniform distribution of the injected tracer. V is the
magnitude of the velocity vector calculated from the slope of the centre of mass
displacement versus time relationship [6 ].
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Relative tracer concentration

Horizontal distance (m)
O.-jLm 0-g^n 1.^m 1.9m

Relative tracer concentration

Depth (m)
O.^gm О.З^гп 0.4^m 1.0g m 1 . ^ m

FIG. 4. (a) Cumulative curves o f relative concentrations o f tritiated water along the horizon
tal axis o f different depths. Sampling date is 1994-11-22. The shaded area shows the horizontal
extent o f the tracer injection, (b) Cumulative curves o f relative concentrations o f tritiated water
along the vertical axis at different mean propagation depths.
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RESULTS AND DISCUSSION

5.1. Comparison of tritium and chloride mobility
Concentration increases at consecutive depths, as is clearly seen from the
breakthrough curves, based on mean concentrations (Fig. 5). At the beginning of the
experiment there was still some chloride and PG left in the soil. The concentrations
in all the points however had been going down for some time and it was expected
that the second pulse could be distinguished from the first pulse. Much larger
amounts of chloride were used in the previous experiment and this made it difficult
to interpret the results. As can be seen from Fig. 5, the two pulses could be distin
guished for the three top layers down to 1.4 m and a comparison of the various
components could be made.
All calculations of spatial moments were done on data from the three top
layers, apart from tritium which is calculated for all layers in ‘tritium 2 ’ and from
three top layers in ‘tritium 1’. The beginnings of the breakthrough curves for the
second chloride pulses were extrapolated such that they started at background values.
The spatial moments are presented in Fig. 6 . The relative О-moments show that the
relative chloride recovery is less than for tritium, indicating that there might be some
adsorption. PG has a low octanol-water coefficient, Kow = —1.41, i.e. little
adsorption to organic matter. The low recovery is therefore expected to solely be a
result of degradation. The behaviour of PG differs a great deal from that of chloride
and НТО. A possible explanation is that there is a variable field of degradation.
Reference [1] showed that the topsoil has the best potential for degradation.
НТО seems to move faster through the profile than chloride. A reasonable
retention factor of chloride seems to be around 1.15, taking into account the
uncertainties connected with the undistinguishable second pulse of chloride below
1.4 m. Chloride is a frequently used tracer because it is unlikely to adsorb in most
soils [7, 28]. An explanation for the slower movement of chloride relative to tritium
is still thought to be adsorption. Soils are generally known to have a low anion
exchange capacity (AEC) [29], however with a theoretical AEC of 1 meq 100 g soil
[30] it would be possible for the soil to adsorb the amount of chloride which has been
added. The lack of any other anions in the tracer solution will possibly increase the
amount of adsorbed chloride. The soil of the lysimeter wall has a rather low pH
(often less than 5) which increases the possibility of chloride adsorption [30].
Coating of minerals with a low negative density on the sand particles with an over
saturation of cations and the composition of organic matter may also affect the AEC.
Further studies of the soil chemistry are necessary to confirm these hypotheses.
5.2. Dispersivity
Figure 7 shows estimated transverse dispersivity versus distance travelled.
Only the data sampled by the end of our presently available period could be used
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to estimate dispersivity below 1.6 m depth. A clear increase with depth is evident
from the figure. The tendency of negative dispersivity values at 0.65 m depth stems
from a slight narrowing of the plume that occurs in the upper part of the profile
which can be seen on the contour plots, Fig. 8 . Transverse dispersivity can be stated
as 10~2 m below 1 m depth and 10' 1 m between 1 m and 2 m depth. Longitudinal
dispersivity could only be calculated for the latest dates of our period, because of
the apparent non-gaussian solute distribution in the early stages of the experiment.
Values obtained vary over a wide range and tend to be an order of magnitude larger
than the transverse dispersivity values. Extreme values are 0.1 m and 1.6 m.
To calculate the dispersivity from spatial moments it is necessary to find the
magnitude of the vertical velocity. This was done for chloride, tritium 1 and
tritium 2 by regression analysis. The values were for chloride: 1.04 cm/d, for
tritium 1: 1.17 cm/d and for tritium 2: 1.51 cm/d. The longitudinal dispersivity was
scale dependent and increased from near zero up to approximately 11 cm in 80 d
(Fig. 9(a)), which is in a lower range than found in the previous section. The trans
verse dispersivity was more constant with time (Fig. 9(b)). The transverse disper
sivity lies in the area of 1 to 3.5 cm (tritium 2). Both methods give dispersivities that
are well within previously published results.
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These results are based on data from an uncompleted tracer experiment, giving
indications of the subsequent progress, but no final conclusions. The depth of
penetration of the plume defines the vertical limit for our spatial calculations, and
time will show whether current depth trends in dispersivity will be supported. An
objection may be directed towards the synthetic suction field that is forced upon the
natural flow field of the profile by the filters. The importance of this effect has not
been investigated, and awaits the performance of a three dimensional flow analysis.
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FIG. 9. (a) Longitudinal dispersivities, (b) transverse dispersivities calculated from spatial
moments fo r chloride, tritium 1 (three top layers) and tritium 2 (all layers).

The flow pattern visualized in this experiment must be regarded as a two
dimensional realization of the three dimensional process of flow in this highly hetero
geneous formation. The profile shows a distinct vertical layering, causing not only
the soil moisture conditions to vary, as reflected by the profiles of Fig. 3, but also
vertically varying soil physical properties, including dispersivity. The soil physical
variability within each strata gives room for preferential directions of flow, as
exemplified by the observed deviation of the plume from the vertical axis defined
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by the injection (Fig. 8). Considering the flow as a stochastic process, more realiza
tions, i.e. additional time consuming and expensive tracer experiments, should
ideally be included in order to give physical parameters more representative of the
formation. Given this limitation in the validity of the estimates, the tracer experiment
gives valuable information by providing the order of magnitude of transverse
respective longitudinal dispersivity.
6.

CONCLUSIONS

The paper presents dispersivity estimates and mobility of НТО, chloride, and
PG based on data from a not yet completed tracer experiment. The oberved flow
pattern shows characteristics of random effects due to the pronounced soil physical
heterogeneity of the formation. Mobility comparisons are based on spatial moments
calculations and reveal a retardation factor for chloride of around 1.15. In this type
of soil, it seems like the most probable explanation for this behaviour is adsorption.
The tracer experiment gives valuable information about longitudinal and transverse
dispersivity by providing the order of magnitude, calculated from the recorded НТО
flow pattern. It is concluded that the transverse dispersivity is of the order of centi
metres, while the longitudinal dispersivity is up to one magnitude larger. A practical
benefit of this study is that existing geohydrological models can give better predic
tions of water and solute transport in the unsaturated zone beneath the new airport
at Gardermoen.
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ETUDE DE PROCESSUS DE RECHARGE ET D’EVAPORATION
EN ZONE NON SATUREE DANS LE BASSIN DE DAMAS
(REPUBLIQUE ARABE SYRIENNE)
B. ABOU ZAKHEM
Commissariat à l’énergie atomique,
Damas, République arabe syrienne
L’oasis de Damas, qui s’étend sur environ 1200 km 2 au sud-est de la ville,
constitue la partie aval du bassin de Damas et draine le ruissellement et l’écoulement
de surface le long des deux rivières principales de la région, en l’occurrence, Barrada
et Awaj, qui se jettent respectivement dans les lacs terminaux Otaïbeh et Hijaneh.
La région est soumise à un climat aride à semi-aride de type méditerranéen,
caractérisé par une pluviosité moyenne annuelle allant de 139 mm/an au sud-est
jusqu’à 221 mm/an au nord-ouest.
Le sous-sol de l’oasis contient une nappe phréatique d’une profondeur allant
de 4 m dans la partie ouest jusqu’à 50 m à l’est. De nombreuses études hydrologiques
et hydrogéologiques ont été menées afin d’estimer, d’une part, les ressources en eau
de surface et, d’autre part, d’étudier la productivité des aquifères pour l’approvi
sionnement en eau souterraine; cependant, les estimations du bilan hydrique dans la
plaine restent imprécises. Le problème posé au niveau de la zone non saturée est
d’étudier le mécanisme de mouvement de l’eau dans cette zone et d’évaluer le taux
d’infiltration et d’évaporation. Dans cette optique ont été établis deux profils de sol
à la tarière manuelle, sur lesquels ont été réalisées des analyses granulométriques,
minéralogiques, chimiques et isotopiques ( 180 , 2H).
Les résultats de ces analyses chimiques et isotopiques nous montrent que:
— Le front d’évaporation est situé entre 0 et 2 m de profondeur dans tous les
profils.
— Les variations de la teneur isotopique dans le profil M (Fig. 1) peuvent être
le résultat d’alternances entre des années humides et sèches qui correspondent
à l’infiltration et à l’évaporation; on y distingue le pic secondaire et tertiaire.
En outre:
— La différence isotopique, au fond du profil M, entre la zone non saturée et la
nappe sous-jacente indique que l’alimentation de la nappe à travers cette zone
est très faible; elle peut être rechargée par alimentation souterraine.
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FIG. 1. a) Coupe lithologique et humidité pondérale, b) Profil isotopique.

— La valeur appauvrie en isotopes lourds à 2,5 m de profondeur dans tous les
profils peut être due à: a) une recondensation de la vapeur d’eau déjà
appauvrie, b) une irrigation avec de l’eau relativement appauvrie, c) une
précipitation d’une saison humide intervenant entre deux saisons plus sèches.
— L’étude du mouvement des sels dans la zone non saturée montre qu’ils se
comportent d’une façon semblable aux isotopes lourds en marquant un
enrichissement progressif dans la zone de l’influence d’évaporation.
— Le bilan chimique des teneurs en chlorures nous a permis d’estimer un taux
moyen de recharge efficace directe d’environ 2 mm/an.
— Le taux d’évaporation moyen calculé par le modèle de Barnes et Allison sur
le profil G varie de 18,1 à 2,4 mm/an quand la nappe se trouve à 3 et à 6 m
de profondeur, respectivement.
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EVALUATION DE L’INFILTRATION SOUS CLIMAT TEMPERE
Exemple de la plaine du Po
A. ADORNI BRACCESI
Département des sciences de la terre,
Université de Pavie,
Pavie
M. ACUTIS
Département d’agronomie, sylviculture
et de gestion du territoire,
Université de Turin,
Turin
R. COSSIO
Département des sciences de la terre,
Université de Turin,
Turin
Italie
G.M. ZUPPI
Laboratoire d’hydrologie et géochimie isotopique,
Université de Paris-Sud,
Orsay, France

Depuis plusieurs années, le fonctionnement de la zone non saturée dans la
plaine du Po fait l’objet d’études approfondies qui concernent les caractéristiques
physiques et géologiques du milieu, ainsi que les mouvements des eaux qui la
traversent.
L’application des diverses méthodes dites «classiques» pour l’estimation de
l’infiltration efficace dans les dépôts quaternaires fournit, pour la même période, une
différence de valeurs sensible. La méthode «physique» fondée sur l’humidimétrie et
la tensiométrie indique qu’environ 10 % des précipitations annuelles arrivent à s’in
filtrer. La méthode géochimique qui repose sur la connaissance du rapport des
concentrations en ions conservatifs (СГ) ou anthropogènes (NO3 et SO 4 ) entre
l’eau des pluies et l’eau du sol, permet d’évaluer à 8% des précipitations annuelles
la lame d’eau infiltrée.
Les profils isotopiques d’évaporation mesurés en été sont bien développés et
présentent la forme dissymétrique typique des sols en voie de déshumidification.
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FIG. 1. Données isotopiques relatives à l ’eau du sol et à l ’eau souterraine (SMOW: Standard
Mean Ocean Water).

L’enrichissement global est la conséquence d’une évaporation intense (Fig. 1).
Pendant l’hiver et le printemps, à la suite des fortes précipitations, on peut déduire
que le mélange entre la lame d’eau d’infiltration et l’eau contenue dans le sol se fait
avec une partie seulement de l’eau initiale (10%). La partie restante est constituée
d’une eau immobile conservant dans la partie superficielle du sol les teneurs élevées
acquises en saison sèche.
La minéralisation de l’eau de rétention, résultat d’une action vigoureuse sur les
silicates, donne origine à un carbone 13 du carbone isotopique total dissous (CITD)
compatible avec le carbone de la culture agricole et de la végétation (maïs et
luzerne)., Le carbone 13 témoigne aussi de phénomènes de précipitation de calcite
secondaire et de la remobilisation en fonction de la saison, donc des apports
météoriques.
La comparaison des résultats obtenus par différentes méthodes d’investigation
montre souvent de grandes disparités qui expriment la complexité des systèmes.
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CLIMATIC CONTROL OF STABLE ISOTOPE COMPOSITION
OF PRECIPITATION OVER SOUTHEAST ASIA
L. ARAGUÁS ARAGUÁS, K. ROZANSKI, Y. YURTSEVER
Isotope Hydrology Section,
Division of Physical and Chemical Sciences,
International Atomic Energy Agency, Vienna
Wei-Zu GU
Nanjing Institute of Hydrology and Water Resources,
Nanjing, China
F. JIN
Institute of Hydrology and Engineering Geology,
Shijiazhuang, China
Y. LIAN
Institute of Karst Geology,
Guilin, Guangxi, China

Spatial and temporal variability of deuterium and 180 isotope composition of
precipitation in southeast Asia is reviewed, based on the data available from the
IAEA/WMO Global Network ‘Isotopes in Precipitation’ (GNIP). In the early 1960s,
several stations in the region had already started the collection of rainfall for isotope
analyses (e.g. Hong Kong, Tokio, Bangkok, New Delhi). In the 1980s, the spatial
coverage of the region was sustantially improved when a number of Chinese stations
were established: Guilin (1983-1990), Shijiazhuang (1985-1991), Guangzhou
(1986-1987), Xian (1985-1987), Kunming (1986-1991), Quiqihar, Hetian,
Yinchuan, Tianjin, Lhasa, Changsha, Guiyan, Nanjing, Fouzhou and Haikou
(1988-1991).
The stations of the region represent a wide spectrum of climates: from arid and
semi-arid continental climate in northwest China and Mongolia (annual precipitation
around 200 mm), to tropical, monsoon type climate in India, southeast China and
Indonesia (precipitation between 1200 and 2500 mm), A wide range of altitudes is
represented: from 0 to 3649 m.a.s.l. The stations located in the southern part of the
region reveal a distinct isotope signature of monsoon rains: summer rains are sub
stantially more depleted than winter rains, in spite of higher summer temperatures.
Apparently, the amount effect is overshadowing the temperature effect. The differ
ence between summer and winter rains increases if one moves inland. An extreme
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TABLE I. ISOTOPE AND METEOROLOGICAL DATA FOR SELECTED
STATIONS OF THE IAEA/WMO GLOBAL NETWORK ‘ISOTOPES IN
PRECIPITATION’ IN SOUTHEAST ASIA

Station

Altitude

Annual
precip.

Annual
mean temp.

Annual mean
SDW

AÔD

(m .a.s.l.)

(mm)

( eC)

( ° /o o ) a

( ° /о о ) Ь

Hong Kong

65

2156

23.0

- 4 3 .2

- 3 2 .2

Haikou

15

1658

25.3

-4 1 .1

- 3 2 .7

Guiyang

1071

974

15.3

- 5 7 .0

- 5 7 .6

Nanjing

26

1130

14.9

- 5 4 .7

- 2 4 .3

3649

480

8 .1

1 2 1 .0

- 8 7 .7

Bangkok

2

1425

28.2

- 4 3 .6

- 1 5 .8

Quiqihar

147

581

4.3

- 7 9 .1

67.7

Hetian

1375

210

8.5

- 3 2 .5

1 0 0 .1

Kabul

1860

327

11.5

-3 6 .1

65.2

212

774

25.1

- 3 7 .2

- 1 .4

32

2164

26.3

- 4 6 .2

-

0

1133

Lhasa

New Delhi
Singapore
Ko Sichang

-

280

- 4 2 .8

+

2 .8
1 1 .2

a 5DW— Annual weighted mean (weighing by the amount o f precipitation).
b Difference between seasonal averages:
AôD = ôDsummer - ôDwinter Summer months: A, M, J, J, A, S,
Winter months: O, N. D, J. F, M.

situation occurs at the Lhasa station, located at the edge of the monsoon, where the
difference between winter and summer rains reaches 90°/oo for deuterium, with tem
peratures of 2.6 and 13.6°C for winter and summer, respectively. The temperature
again becomes the main factor controlling the heavy isotope composition of precipi
tation in the northern part of the region, far from the area of influence of the Asian
monsoon, and the seasonal trend is reversed, with precipitation isotopically enriched
in summer and depleted in winter (as observed, for instance, at the Quiqihar station).
Figure 1 shows the location of the stations of the region. The long term trends
and seasonal effects observed in both meteorological and isotopic parameters
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FIG. 1. Location o f stations in southeast Asia.

(including changes of deuterium excess) are used to characterize the movement of
air masses over the region. The isotope and meteorological data for selected stations
in the region are summarized in Table I.
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EVOLUTION ISOTOPIQUE D’UNE PRECIPITATION
DE TYPE «LIGNE DE GRAIN» A NIAMEY (NIGER)
A. JOSEPH, J.P. FRANGI
Institut Buffon,
Université Paris-7,
Paris
J.F. ARANYOSSY
Département études expérimentation et calculs,
Agence nationale pour la gestion des déchets radioactifs (ANDRA),
Fontenay-aux-Roses
France

L’origine de la vapeur d’eau qui génère les précipitations au-dessus de
l’Afrique sahélienne entre Djibouti et Dakar n’a jamais été réellement élucidée.
Deux hypothèses sont généralement proposées: la première, la plus classique, consi
dère les vapeurs d’eau en provenance du golfe de Guinée poussées vers le nord par
la remontée de la Zone Inter Tropicale de Convergence; l’autre, de conception plus
récente, fait intervenir les jets d’altitude (Jet Est Africain (JEA), Jet Est Tropical
(JET)) qui transportent de la vapeur en provenance de l’océan Indien [1]. On sait par
ailleurs [2] qu’environ 80% de la pluviosité sur toute la bande sahélienne est fournie
par le mécanisme pluviogénétique appelé «lignes de grain» («squall Unes»), Ce type
de précipitation correspond à de fortes pluies, spatialement très concentrées,
se déplaçant rapidement d’est en ouest.
Afin de mieux comprendre les mécanismes de ce type de précipitation, une
ligne de grain a été échantillonnée de façon séquentielle pour l’analyse des isotopes
stables de l’eau ( 180 , 2H). La précipitation (3,6 mm) correspond à la première ligne
de grain de l’année 1991 (4 mai entre 10 heures et 12 heures 45) échantillonnée au
sol toutes les 10 minutes. En outre, les caractéristiques météorologiques (pression
atmosphérique, température, humidité, vitesse du vent) ont été enregistrées au cours
de l’événement pluvieux grâce à 3 sondages aérologiques (ballons sondes).
Les résultats mettent en évidence des variations de la composition isotopique
au cours de l’événement qui ne peuvent pas s’expliquer à partir de la simple vidange
d’un réservoir unique de vapeur atmosphérique. L’application du modèle de distilla
tion de Rayleigh fournit effectivement des courbes très éloignées des points
expérimentaux (Fig. 1), et ceci quelle que soit la température de condensation
(«dew point») considérée.
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FIG. 1. Evolution de la teneur isotopique en ,sO des eaux de la ligne de grain du
1991-05-04 en comparaison avec les courbes théoriques de distillation de Rayleigh suivant
trois différentes températures de condensation (Dew Point: DP; Standard Mean Ocean
Water: SMOW).
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FIG. 2. Evolution de l'excès en deutérium des eaux de la ligne de grain du 1991-05-04
(les numéros correspondent à la série chronologique des échantillons).
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L’évolution des valeurs d’excès en deutérium au cours de l’événement
(Fig. 2) suggère en réalité un changement progressif dans l’origine de l’alimentation
en vapeur d’eau précipitable. Au début de l’événement, la vapeur d’eau est d’origine
continentale; eau atlantique recyclée dans les basses couches de l’atmosphère par
évapotranspiration de la forêt tropicale [3]. Elle correspond ensuite aux vapeurs
prélevées dans le JEA (entre 2000 et 7000 m d’altitude) qui contient un mélange
provenant de l’océan Indien et de vapeurs recyclées le long de la bande sahélienne.
Elle évolue enfin vers un pôle typiquement océanique correspondant au JET (vers
11 000 m) qui transporte l’humidité en provenance directe de l’océan Indien.
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APPLICATION OF ENVIRONMENTAL ISOTOPES
IN HYDROLOGICAL AND GEOCHEMICAL
STUDIES IN WETLANDS
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Waterloo, Ontario, Canada
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Waterloo, Ontario, Canada
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The export of carbon from wetlands plays an important role in a variety of
current environmental concerns. Wetland ecosystems are one of the major sources
of greenhouse gases, CH4 and C 02, contributing to global warming [1]. The export
of dissolved organic and inorganic carbon (DOC and DIC) from wetlands plays an
important role in the acid base chemistry, mobility, persistence and toxicity of metals
and other pollutants in natural waters [2 ].
This poster presents data on studies of carbon cycling carried out on two con
trasting and representative wetlands in forested watersheds on the Canadian Shield
in central Ontario, Canada. A detailed evaluation of the main carbon pools was
carried out at these sites. Hydrological and geochemical monitoring was also part of
this project. Environmental isotopes ( 13C, I4C, 3H, 180 and 2H) were used to
provide information about the main carbon sources for C 02, CH4 , DIC and DOC
and the residence time of groundwater in the wetlands.
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Radiocarbon data obtained on wetland sediments indicated that these two wet
lands started to develop around 9000 years PB. Stratigraphie information shows that
these systems evolved from a small lake (represented by the deposition of gyttja) to
a pond (deposition of aquatic peat) and finally terrestrial plants (represented by
sphagnum moss) occupied the basin. The nature and state of decomposition of the
organic sediments in these basins play in important role in the hydrology and
geochemistry of these wetlands. Less decomposed peat represented by sedge and
ericaceous fibrous peat has much more potential for groundwater movement than
highly humidified black peat. Water flow at both wetlands to the outflow occurs
primarily at the peat surface as shallow subsurface flow through the top 50 cm of
the peat and as a subsurface overland flow, the latter being dominant during peak
runoff. However, hydrological interaction between the wetland and the underlying
aquifer is not insignificant and the recharge-discharge function varied seasonally and
spatially in both wetlands.
Concentration profiles of DIC and DOC obtained in peat pore water show sig
nificantly higher values for both carbon pools compared with inflow concentration.
ô13C values for the input DIC range between - 2 2 7 00 and - 2 4 7 00 reflecting the
role of weathering of silicates in the production of DIC in forested areas of these
basins [3]. The trend to enriched ô13C values as high as + 4 7 00 observed in the peat
pore water DIC reflects the role of methanogenesis in this carbon pool. Depleted
ô 13C values observed in some deep part of the peat sediments are a reflection of the
interaction between the underlying aquifer and the wetlands. Carbon-13 data on
CH4 samples extracted from the peat pore water show <5I3C values between -65°/00
and —15°Uo, typical values for wetland gases [4]. Peat pore CH4 profiles show the
presence of a significant CH4 pool at both wetlands. Samples from the shallow wet
land zone show much more enriched ôl3C values than deeper samples, suggesting
that oxidation plays a significant role in CH4 emissions from these wetlands. This
is also observed on CH4 samples collected in gas chambers that were used to
measure CH4 fluxes. They range between - 3 0 7 oo and - 4 0 7 oo in 13C composi
tion. These measurements indicated that CH4 emissions from these wetlands are not
significant and that the fluxes are controlled primarily by CH4 oxidation that
occurred in the shallow and the unsaturated areas of these wetlands.
A comparison of radiocarbon data obtained on DIC and DOC with peat sedi
ments data indicated that the shallow part of the peat sediments are the main sources
of these carbon pools in these wetlands. Tritium and stable isotope data that are being
processed will provide information about the origin and residence time of the
groundwater in the wetlands and allow a detailed description of the hydrology and
geochemistry of the wetlands under investigation. This multidisciplinary research,
which involves ecology, hydrology and geochemistry in wetlands, shows that
environmental isotopes are key tracers for understanding the dynamics of carbon
cycling and groundwater in these types of ecosystems.
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AGRICULTURE AND ITS IMPACTS ON THE
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COMPOSITION OF DISSOLVED ORGANIC CARBON
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Radiocarbon analysis of dissolved organic carbon (DOC) has turned out to be
a promising tool for dating groundwaters [1, 2]. Research in this field has focused
on fulvic acids (FAs), which constitute an essential part of DOC in many aquifer sys
tems and are considered as almost refractory. However, little is known about the
biochemical evolution of DOC in the unsaturated zone and its influence on the initial
14C concentrations. Recent studies [3] have shown that FAs isolated from soil solu
tions and shallow groundwaters show average 14C concentrations of about 85 pmC
(per cent modern carbon), but large variations can occur locally.
Our study is intended to enhance the reliability of isotope dating of DOC by
using structural-chemical information of individual samples. Ecological and
biochemical parameters reflecting the structure of the organic matter may provide
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FIG. 1. Proton NMR spectrum o f an interflow FA deriving from agriculturally managed soil
with a 14С concentration o f 59 pm C presumably indicating a mean age o f several thousand
years.

correction factors for the isotope dating method. In order to elucidate the isotope
geochemistry and the structural composition of FAs, carbon isotope measurements
were combined with structural analyses such as 'H-NMR (nuclear magnetic
resonance), FT/IR (Fourier transform infrared) spectroscopy, and CZE (capillary
zone electrophoresis). The samples were collected within the scope of the FAM
project (Forschungsverbund Agrarôkosysteme München) which is investigating the
ecological effects of various agricultural management practices at an experimental
farm located 40 km north of Munich. The FAs have been isolated from different soil
horizons, brooks, springs, interflow components and shallow groundwater reser
voirs by the methods proposed by the International Humic Substances Society
(IHSS). In addition, leachates from agricultural soils have been compared with those
from forest soils.
In the upper horizons of the agricultural soils the DOC concentrations reach
values up to approximately 40 mg/L, depending on soil type and management. With
increasing depth the DOC concentrations decrease to 1 mg/L and less in the ground
water. Concurrently, the relative amount of the hydrophobic DOC fraction decreases
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and the hydrophilic acid fraction becomes dominant. In the brooks the DOC contents
do not show seasonal variations but are correlated to the discharge after rainfall. This
indicates a high mobility of DOC in surface runoff and interflow components.
The 14C concentrations of the FAs investigated vary markedly. The lowest
I4C concentration of 59 pmC is displayed by an FA sample of a young interflow
component derived from agriculturally managed soil. A comparable 14C concentra
tion of 61 pmC was measured on an FA sample from a shallow groundwater
reservoir beneath farmland. The relatively low 14C concentrations of 59 and
61 pmC suggest the mobilization of a significant amount of old organic matter
recycled after agricultural activities. In contrast, an FA sample from an interflow
component not influenced by agriculture and mainly recharged in a forested area is
characterized by a 14C concentration of 100 pmC. An intermediate value of
87 pmC was found in deeper groundwater in Scheyem.
'Н-NMR spectra provide quantitative information concerning the chemical
environment of hydrogen in molecules and therefore allow a differentiation of aro
matic, aliphatic and heteroatom substituted (i.e. predominantly carbohydrate) hydro
gen constituting the DOC (e.g. Fig. 1).
The fractions of aromatic compounds of FAs from brooks and interflow com
ponents in Scheyern are low and do not exceed 10%. Remarkably, FAs from waters
that have passed through agricultural soils tend to be characterized by slightly higher
contents of aromatic compounds than FAs leached from forest soils. Large variations
of carbohydrate content in dissolved FAs are observed. Fulvic acids extracted from
different agricultural soil horizons show decreasing aromatic and carbohydrate
proportions with increasing depth, probably indicating progressive humification
and ageing.
We consider the combination of instrumental analytic and isotope measure
ments as a powerful tool to investigate the origin and alteration of organic carbon
in agro-ecosystems. On the basis of these methods a correction of the initial 14C
concentrations of FAs and a more exact dating of groundwaters should be possible.
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EVIDENCE FOR THE CLIMATIC AND ANTHROPOGENIC CHANGES
INFERRED FROM THE YOUNGEST SECTION OF LAMINATED
SEDIMENT OF LAKE GOSCI^Z, POLAND
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The catchment of Lake Gosci^z, a small lake in central Poland, was subject
to direct anthropogenic changes during the last two hundred years. In the beginning
of the 19th century settlement and farming close to the lake began. Around 1950 the
catchment again became depopulated and forested.
In this work we compare the changes of isotopic and chemical composition of
sediment recorded for the last two centuries with the instrumental climatic data.
Almost the whole profile of the lake sediment (18.5 m) is regularly laminated,
revealing varve structure typical of annual calcareous lamination. The sediment,
dated by varve counting, was used as an archive for high-resolution palaeoecological
and palaeoclimatic reconstructions, e.g. at the late Glacial/Holocene transition [1].
The varve chronology for the section 0.5-2.45 m was elaborated using 20 short
cores taken in frozen form in situ from the youngest part of the sediment, and
precisely correlated with one another. Because of lack of annual lamination in the
uppermost 0.5 m, the absolute age of this chronology was determined using other
time markers, i.e. the peaks of 137Cs and of abundance of charcoal. The isotopic
composition of oxygen and the content of Na, Fe, Mn and other elements were
measured in single varves in the sequence between 1825-1960.
The simple comparison of variations of <5180 in Lake Gosciijz sediment and
monthly temperatures in the period 1825-1960, shows no clear correlation. Also, the
mean annual temperatures do not correlate with ô 180 . Significant correlation
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appears, however, between records of <5180 and mean temperature weighted by
precipitation, calculated for a 12 month period as:
i 12
/ £ Pi

12
tw

=

i

;

i = 1

pí
'

i = 1

where p¡ and T¡ denote the sum of precipitation and average temperature in the i-th
month. This result is a simple consequence of the fact that the aquifer integrates the
isotopic signal through the whole year. It appears also that the correlation is higher
when the period between October (of the year prior to the varve deposition) and
September instead of the calendar year is considered. This would suggest that the
seasonal precipitation of calcite terminates in September/October. The ô180 record
also correlates positively with the weighted mean temperatures of the preceding X-IX
season, but not with the earlier ones.
In the next step the temperature effect of fractionation during precipitation of
calcite was investigated. The record of <5i80 was then compared with the series of
values:
d(T) = 0.6-Tw - 0.25- T ^ + A

Y ear

FIG. 1. Comparison o f sodium with annual amount o f precipitation blsO with d(T). PDB =
Peedee belemnite.
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where T! m denotes the mean temperature in the season between the 1-th and m-th
month. The constant coefficients at Tw and ^ m describe the temperature depen
dence of ô 180 in precipitation and of the enrichment of 180 during calcite precipita
tion [3], respectively. The record of d(T), normalized by constant A to a mean value
the same as that of ô 180 in the period considered, could be directly comparable with
the changes of ô 180 when no evaporation effects exist and the differences between
air and lake water temperatures for the same month in several years are constant.
The correlation r(0 180 , d(T)), plotted as a function of 1 and m, suggests the most
intense precipitation in the period of July-August. The sequences of ô180 and d(T)
are plotted together in Fig. 1. The short term variations as well as the long term
changes in both records agree quite well.
The concentrations of sodium and potassium in sediments may be taken as an
index of chemical weathering of the drainage basin and/or the erosive transport of
soil particles to the lake [4]. For the period studied the Na concentration is signifi
cantly positively correlated with the annual sum of precipitation (r = 0.4, df = 100),
suggesting that erosive transport rather than chemical weathering is the main factor
controlling the variations of Na content in lake sediment. The correlation was
demonstrated in Fig. 1. The more detailed comparison, showing the weakest
Na precipitation dependence during the summer period, when the soils are most
stable against erosion, seems to support this interpretation. The records of Fe and
Mn suggest that the reducing conditions in the hypolimnion between 1820 and 1950,
during the period of most intense human ocupation in the lake’s surrounding,
developed to a greater extent than before 1820 and in the last 40 years. The variations
of regularity of lamination correlate very well with the Fe, Mn and 210Pb records.
The non-monotonic pattern of 210Pb(210Po) distribution in sediments may be
explained by strong links existing between 210Pb(210Po) and Fe(Mn) cycling [5].
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A NUCLEAR TRACER TECHNIQUE FOR INVESTIGATION
OF PREFERENTIAL FLOW OF WATER IN THE
UNSATURATED ZONE OF SOIL
L. LICHNER
Institute o f Hydrology,
Slovak Academy o f Sciences,
Bratislava, Slovakia

A nuclear tracer technique is presented as a promising tool for detailed investi
gation o f water flow in the unsaturated zone of field soil during small scale field
experiments. The measurements are rapid, non-destructive, can be used to evaluate
the spatial variability o f flow and flow through preferential pathways. The results can
serve for evaluation o f groundwater pollution from waste disposal or from large scale
agricultural production, and for demarcation of protection zones around water
resources.
Several investigations in various field soils show that water does not always
infiltrate the soil uniformly (piston flow), but it often shows a preference for certain
pathways. In a soil with macropores, water bypasses the matrix (bypass flow), or
laterally infiltrates flrom macropore into the matrix (internal catchment) [1]. Finger
ing of water and solutes is formed in a dry sandy soil or in a stratified soil, funnelling
in a soil with inclined layers. These unsaturated zone processes can allow surface
applied aricultural chemicals and leachates from waste disposals to move rapidly
down to groundwater, posing problems of environmental hazard.
Instead of time consuming and costly procedures o f soil solution sampling or
soil coring with subsequent chemical analysis of the soil solution, which involve the
use o f chemical tracers, the nuclear tracer technique was used to follow the water
flow in the unsaturated zone o f soil in a case of infiltration with (Fig. 1) and without
ponding, as well as redistribution o f water.
The probe (Fig. 1(a)), by means of which the transport o f selected tracer in
the unsaturated zone o f soil can be monitored [2], consists of a duralumin tube (3)
(inner diameter 8 mm, outer diam ter 12 mm), in which a G eiger-M ueller (G-M )
detector (with a length of 2 1 mm and diameter o f 6.3 mm) and analogue interface
unit ( 1 ), connected to the nuclear analyser (2 ) with coaxial cable, can be lowered to
any desired depth. The probes are inserted into the holes (which have a depth of
1.5 m and diameter of 1 2 mm) made with a steel rod before infiltration (without
ponding) or after infiltration (with ponding). The counting rate depth n = (f[z])T
and counting rate/tim e n = (f[t])L relationships can be measured with this device.
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FIG. 1. Solute velocity measurement during infiltration with ponding, (a) Measuring device
arrangement. (1): G -M detector and analogue interface unit, (2): scaler, (3): probe,
(4): double ring infiltrometer, (x): position o f concentration peak, (b) Results obtained (dashed
line = background counting rate).

Because the velocity o f the horizontal movement of water and tracer could be
greater than that of the vertical movement in dry soil, the soils were wetted before
tracer application. In accordance with Jury’s transfer function model [3] we can then
assume that at any particular location the tracer velocity is constant with depth and
the spreading of a pulse (hydrodynamic dispersion) is attributed to the horizontal
variability in vertical transport velocities (convective velocity fluctuations about the
mean solute velocity).
In the case o f infiltration with ponding (Fig. 1), the first 1 cm layer of water
in the 35 cm diameter inner ring o f infiltrometer (4) is tagged with radioactive tracer
and transported by the water passing through the soil. After steady state velocity vs
is reached, the infiltration experiment is finished. Subsequently, the probes are
inserted into the soil and the tracer distribution (i.e. the relationship between the
counting rate n and the depth z, see Fig. 1(b)) is measured in the soil inside and out
side the inner ring o f the infiltrometer. In the case o f field soil, the tracer distribu
tions in several positions inside the inner ring differ. However, outside the inner ring
no tracer is present. In that case, the tracer velocity v* in a point i inside the inner
ring of infiltrometer can be found from:
v* = z*/(t, + ti _ , + 0.5 ti - 0.5 У

(D
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where t, is the duration of infiltration, ta the solute application time (ta
t,), t, the
duration of the tracer distribution measurement in the point i, t¡ _ , the duration of
the tracer distribution measurements in previous points, and z* is the mean value of
tracer penetration depth in the point i which can be found from:

(2)

where z¡j is the depth at which the counting rate n¡j was measured at the point i, nb
the counting rate of the background (dashed line in Fig. 1(b)), and m is the total num
ber of counting rate measurements at the point i.
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ISOTOPE TRACING OF POLLUTANT SULPHUR IN
THE PEDOSPHERE AND HYDROSPHERE IN THE VICINITY OF
THE WEST WHITECOURT SOUR GAS PLANT (CANADA)
B. MAYER*, H .R. KROUSE
Department o f Physics and Astronomy,
The University of Calgary
A .H . LEGGE
Biosphere Solutions
Calgary, Alberta
Canada

Historically, the W est W hitecourt case study represented the first major field
research programme in which stable sulphur isotopes were used extensively to
evaluate the input o f anthropogenic sulphur from sour gas processing on the environ
ment [1]. W hereas numerous stable isotope analyses have been carried out on
sulphur in pine foliage, bark, soil, and surface water since 1976, the database for
groundwater has remained sparse. The objective of this study was to demonstrate
how stable sulphur isotopes can be used to assess the fate of industrial sulphur during
its transport through the water unsaturated zone into the groundwater near the West
W hitecourt sour gas plant in west-central Alberta (Canada). The key to the successful
use of stable isotopes in the case study is that sulphur emissions from the West
W hitecourt gas plant have a 034S value near + 2 2 7 00, while the background value
for soil is near 0 °/oo.
At nine locations, soils were sampled at various depths in October 1993 at dis
tances between 1 and 43 km from the emission source, which has released S 0 2
since 1959 and fugitive elemental sulphur dust from the sulphur handling operation
since 1979.
In October 1993, surface water was sampled at fourteen locations from rivers,
creeks and lakes. In November 1993 and in July 1994, groundwater samples were
taken within 2 km o f the sour gas plant. All water samples were analysed for their
chemical compositions, 2H and 180 contents using established techniques. ¿>34S
values were determined for aqueous sulphate and total sulphur in soil.

* Present address:

Lehrstuhl fiir Sediment- und Isotopengeologie, Institut für

Geologie, Ruhr-Universitat Bochum, Bochum, Germany.
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The mean ô34S values for total sulphur in soil as a function of depth for the
sampling locations. Ai/An (located less than 3 km from the gas plant), Am/A lv/A v
(located between 6 and 10 km from the gas plant), S 6 /S i 0 (located outside the main
wind field), and for the background reference locations S 1 3 /S 1 4 (more than 40 km
SE o f the gas plant) are summarized in Fig. 1. The general decrease of ô34S values
for total sulphur in soils with distance from the emission source and with depth
reflects the reduced deposition o f industrial sulphur with increasing distance from the
source o f emission. At sites Aj/Ац, sulphur o f industrial origin was found to
dominate down to 30 cm depth. At sites Ara/A iv/A v and S6 /S 10, there is evidence
o f substantial industrial sulphur contributions only within the uppermost 2 to 5 cm
o f soil. The ô34S values close to 0 7 oo in the subsoil o f sites S 1 3 and S 1 4 are consid
ered to represent background values for preindustrial soil.
In order to evaluate whether industrial sulphur has penetrated into the ground
water in the vicinity o f the sour gas plant, the sulphur isotope composition of ground
water sulphate was determined. ô34S values versus concentrations of S 0 4~ in
groundwater are plotted in Fig. 2. One sample from a well 2 km south of the gas
plant had a slightly negative ô34S value, representing background sulphate. With
increasing sulphate concentrations closer to the gas plant, the ô34S values increased
towards those o f the industrial emissions, pointing to the sour gas industry as the
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FIG. 1. Mean ô34S values fo r total sulphur in selected soil profiles in the West Whitecourt
study area.
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FIG. 2. ô34S values versus concentrations fo r sulphate in groundwater in the West
Whitecourt study area.
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FIG. 3. S34S values versus concentrations fo r sulphate in surface water in the West
Whitecourt study area.

cause for elevated sulphate concentrations. However, several samples had even
higher ô34S values than the industrial emissions or any other sulphur source in the
system. This indicates the dissimilatory sulphate reduction must have occurred
during which 3 2 S O |“ was preferentially reduced to H 2 S, leaving the remaining sul
phate enriched in 3 4 S. Since both the admixture o f industrial sulphur as well as dis
similatory sulphate reduction result in increased <534S values for sulphate, it can be
difficult to delineate the relative importance o f both processes without using other
chemical parameters.
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In an attempt to quantify the impact of industrial sulphur on surface waters in
the surrounding o f the sour gas plant, ô34S values versus concentrations o f surface
water SO2' were plotted, as shown in Fig. 3. Rivers south o f the gas plant were
found to have <534S values close to the background value found for soil. Sulphate in
surface waters downwind (ESE) of the gas plant had ô34S values similar or signifi
cantly higher than those o f the industrial emissions. It is noteworthy that increased
<534S values with increasing SO 4 ' concentrations in Squaw Creek (Fig. 3) cannot be
explained by admixture o f technogenic S or dissimilatory sulphate reduction alone.
Careful data examination showed that 3 4 S-rich groundwater sulphate (Fig. 2) feeds
into Squaw Creek about 800 m east o f the gas plant. For this reason, 6 34S values
are generally higher than + 3 0 7 oo for surface water sulphate downstream from this
point.
The comparison of recently determined isotope compositions o f sulphur in soil,
surface water, and groundwater with the large sulphur isotope database which has
emerged over the past 18 years elucidated the fate of industrial sulphur in the
pedosphere and hydrosphere in the vicinity o f the gas plant with reasonable spatial
and temporal resolution.
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USE OF STABLE ISOTOPES OF WATER TO HELP DETERMINE
RATES OF SOIL SALINIZATION IN VEGETATED AREAS
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Division of W ater Resources,
Commonwealth Scientific and Industrial Research Organization,
Glen Osmond, South Australia,
Australia

1.

INTRODUCTION

Rising shallow saline groundwater and associated soil salinization is a growing
problem over much o f A ustralia’s southern agricultural region. One way to control
the spread of salinity is to plant salt-tolerant vegetation in or adjacent to saline dis
charge areas. This should result in the use o f groundwater and hence a lowering of
the water table. This vegetation may also have other uses, including erosion control,
provision o f occasional fodder and shelter. To better determine the possible role of
vegetation in salinity management, it is necessary to estimate tree reliance on
groundwater and to quantify this use of groundwater. This is necessary so that the
role o f transpiration in the overall groundwater balance can be quantified. Also, the
soil salinization that results from groundwater use will affect the sustainability o f any
such land use, and this must be examined. In cases where the groundwater is saline
and hence the groundwater use o f the vegetation is likely to be low, it becomes
difficult to estimate groundwater use by difference between transpiration and rain
fall, or by piezometric methods. Isotopic methods have been developed for areas
devoid o f vegetation and with either very shallow water tables or an arid climate.
This poster describes an approach for more general conditions.
The stable isotopes o f water are being used as part o f an overall soil water and
salt balance. To measure discharge accurately using conventional water balance and
modelling approaches, the distribution o f active roots must be known. Estimates of
groundwater discharge are very sensitive to this. The approach taken here is to
understand the dynamics o f root water uptake in response to salinization o f the root
zone. This water uptake is being quantified to allow evaluation o f the response of
plant water uptake to soil salinization. The stable isotopes o f water are being used
as natural tracers o f plant water sources. This method is being used in conjunction
with conventional techniques to examine root function in water uptake [ 1 ].
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2.

CASE STUDY

Melaleuca halmaturorum is a plant that occurs naturally in saline discharge
areas (groundwater « 6 4 d S - m '1) in the agricultural areas o f the upper southeast of
South Australia. The role this plant plays in the salinization process, in contributing
to groundwater discharge and the processes involved in maintaining transpiration
despite high salinities are being investigated.
Results indicate that roots of M. halmaturorum responded to falling ground
water levels by taking up water from deeper in the soil profile (Table I). This water
was generally found to be groundwater derived, and plants were causing ground
water levels to drop by transpiring this water. These root dynamics can be conceptu
ally modelled in terms of soil salinity and soil volume available for root exploration
(function of groundwater depth). At a particular groundwater depth there is a limited
volume of soil available for root exploration.
As this soil becomes salinized to beyond the level which is suitable for root
water uptake, roots move further down the profile to take advantage o f soil that has
a lower salinity. This can be illustrated by the corresponding drop in depth of root
water uptake estimated from the stable isotopes, which also corresponds to an
increase in cumulative chloride in the top 40 cm over this time (Table I).

TABLE I. GROUNDW ATER DEPTH, CUM ULATIVE C l '1, DEPTH OF
WATER EXTRACTION AS ESTIMATED FROM THE ISOTOPE TECHNIQUE,
AND ESTIM ATED TRANSPIRATION AT FOUR TIMES
Date

Groundwater depth

1993-09-02

1993-10-26

1993-12-01

1994-02-02

0.5

0.8

0.95

0.92

(m)
Cum. С Г 1 conc.

18

22

31

43

(0.4 m) (g/L)
Depth of root

0-0.05

0.1-0.15

0.15-0.2

0.3—0.9

extraction (m)
estimated
from isotopes
Estimated

0.6

0.7

1.0

1.00

(0.3)

(0.2)

(0.1)

(0.2)

transpiration
(mm/day)
(T/PET)
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Plant water uptake in this way is limited by the soil salinity, and by ground
water depth which limits the amount of soil available for water uptake. Transpiration
o f groundwater was found to be limited to 0.6 to 1.0 mm/day, which is 10-30% of
the potential évapotranspiration (PET) (Table I).

3.

CONCLUSIONS

W ater uptake of trees in saline discharge areas will respond to groundwater
depth and soil salinity, caused by groundwater discharge, to the extent that even
when groundwater levels are at the surface and soil is waterlogged, roots will adjust
to this in their water uptake. In the environment examined trees were able to maintain
transpiration at a fairly constant proportion o f PET by limiting root growth to areas
where water was available. This process o f water use responding to water availability
in saline discharge areas has been recently modelled [2]. W ork presented in this
poster indicates a similar process in an area where extended periods o f waterlogging
combine with soil salinity, and illustrates the elasticity of tree root systems that
allows water uptake to be maintained in saline discharge areas.
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ENVIRONMENTAL ISOTOPES STUDY AT A RESEARCH LANDFILL
(BREITENAU, LOWER AUSTRIA)
D. RANK, W. PAPESCH, V. RAJNER
Bundesforschungs- und Prüfzentrum Arsenal,
Vienna, Austria

Understanding o f the pollutants transport at a landfill presupposes information
about the water movement. With respect to environmental isotopes, the Breitenau
Experimental Landfill offers several indicators which facilitate the study o f water
movement in waste bodies and in the bottom liners. They are in part random ( 3H
contamination o f the leachate by a 3H source contained in the waste), in part can be
attributed to the water used in the construction o f the bottom liner, and in part emerge
from the landfill itself (strong shift o f the 2H content o f the leachate as a result of
the anaerobic decomposition). Therefore, infiltrating precipitation water differs
clearly in several parameters from leachate.
The purpose o f this landfill research project is to observe the long term
behaviour of deposited rubbish from conditions o f total encapsulation to those shown
when rubbish is deposited in a reactor type landfill (with accelerated anaerobic
decomposition in the presence o f water) under natural environmental conditions. The
site permits the gathering of comprehensive data about milieu induced reactions and
the reaction products, landfill gas and leachate. Since the construction o f the
Breitenau Experimental Landfill in 1987-1988, leachate samples have been taken at
regular intervals and stored in a deeply frozen state. In 1991, an isotope overview
investigation was initiated that initially encompassed leachate samples from every
second month [1]. This sample material provides a unique opportunity to pursue the
chronological development o f the environmental isotope contents in the leachate
since the waste was the first deposited. In this manner it has been possible, for
example, to observe the transition from aerobic to anaerobic decomposition.
A source o f 3H that appears to be contained in the waste (e.g. watches) led to
a strong 3H tracing o f the leachate (up to 3000 TU). Tritium concentrations up to
1000 TU were found in methane formed from the microbial decomposition of
organic material in the landfill. Tritium measurements at several municipal landfills
led to the conclusion that elevated 3H concentrations may occur in the leachate of
more or less every younger landfill.
The beginning o f the methanogenic phase is characterized by a strong enrich
ment o f 2H in the leachate (Fig. 1) accompanied by a depletion o f 2H in methane.
Since 1991, short term infiltrations o f precipitation water through leakages in the
covering o f the waste body have caused distinct 2H minima. The long term trend
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FIG. 1. Deuterium content o f leachate and ,3C content o f dissolved inorganic carbon;
m = beginning o f methanogenic phase.

FIG. 2. Tritium content o f leachate water below the bottom liner (silt-clay-gravel mixture)
and l3C content o f dissolved inorganic carbon.

shows a slight decrease o f the 2H enrichment due to decreasing microbial activity
and the increasing influence o f precipitation water. The <513C value o f the dissolved
inorganic carbon rises to about + 2 0 7 oo in the methanogenic phase.
The 3H content o f the leachate water below the bottom liner (silt-clay-gravel
mixture) has shown an increasing influence of water from the waste body since 1991,
superimposed by sharp peaks from time to time (Fig. 2). This suggests leakage,
which from tim e to time becomes active, when there is standing water in the waste
body above the bottom liner. The <513C value o f the dissolved inorganic carbon
changes to about + 2 0 7 oo.
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The goal o f the entire isotope investigation is to make statements, on the one
hand, about the passage of the leachate through the mineralogical barrier and, on the
other hand, about how the water from single precipitational events passes through
the waste body, depending upon which material covers the landfill. The work is in
progress, the presented results cover the experience o f six years o f landfill operation.
Analysis of isotopes o f hydrogen, carbon and oxygen was found to be a useful tool
to investigate water movement and gas formation in the waste body as well as to iden
tify groundwater contamination by leachate and landfill gas migration.
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INVESTIGATION OF METHANE PRODUCTION AND
CONSUMPTION BY USE OF STABLE ISOTOPES
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U.S. Geological Survey,
Reston, Virginia
M. HULT
Geology Department,
Macalester College,
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Although oil spills are becoming increasingly common, few geochemical
studies have investigated in detail the production and fate o f methane (CH4 ), one of
the products o f the biodégradation o f oil. We investigated the CH4 geochemistry of
a site near Bemidji, Minnesota, where crude oil from a pipeline break floats on the
water table in a shallow sand and gravel aquifer (Fig. 1). Components o f the crude
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FIG. 1. Bemidji research site, Bemidji, Minnesota: (a) Plan view o f site; arrow shows
approximate direction o f groundwater flow, and (b) hydrogeological section through the oil
plume. Modified from Baedecker and Cozzarelli (1991).

8D of methane relative to VSM OW (%«)

FIG. 2. Distinction between acetate fermentation and C02 reduction methanogenesis by use
o f isotopic abundances — based on Whiticar’s data set. b,3C o f CH4 as a function ofbD of
CH4. The Bemidji data fall into the area, indicating that CH4 is produced by fermentation.
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FIG. 3. Relation of geochemical data to lateral distance from the centre of the oil plume at
the Bemidji research site. The bicarbonate concentration data are from Bennett et al. (1993).
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FIG. 4. Concentration of CH4 and. C02, and the calculated total CH4 and C02 in the
unsaturated zone at Bemidji test site as a function of depth below the surface.

oil are degraded to CH4, carbon dioxide (C 0 2) and organic acids in the ground
water by anaerobic microorganisms. The CH4 produced in the groundwater diffuses
into the unsaturated zone and is transported horizontally by the flowing groundwater.
To identify the reactions that produce CH4 in the saturated zone at Bemidji,
we analysed CH4, C 0 2 and water for their isotopic compositions. In the saturated
zone, stable carbon and hydrogen isotope ratios of dissolved methane are in the
ranges of - 5 2 .1 6 7 00 to - 6 0 . 6 7 oo; - 3 3 4 .0 7 oo to - 3 5 9 .0 7 oo, respectively. These
results support the concept o f CH4 production by the acetate fermentation pathway
as opposed to the C 0 2 reduction pathway (Fig. 2). The increase in CH4 concentra
tion is concomitant with the increase in bicarbonate concentration which is observed
at the test site and with the ~ 3 0 7 oo increase in 13C o f dissolved inorganic carbon
(Fig. 3). Oxidation o f dissolved CH4 along the lateral grundwater flow path seems
to be minimal because no measurable change in isotopic composition o f CH4 occurs
with distance from the oil body.
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FIG. 5. bI3C of CO2 and CH4, and the calculated bI3C of the agregate C02 and CH4 in the
unsaturated zone at the Bemidji test site as a function of depth below the surface.

At the site, substantial amounts o f volatile petroleum hydrocarbons are trans
ported from the surface o f the water table through the unsaturated zone as vapour,
which subsequently dissipates to the atmosphere or is biodegraded. Data from Huit
(see Bibliography) indicate that the transport o f hydrocarbons in the unsaturated zone
is through diffusion coupled with oxidation. To provide information on the sources
and sinks o f CH 4 in the unsaturated zone, we measured the concentration o f CH 4
and C 0 2, the hydrogen and carbon isotopic composition o f CH 4 , and the carbon
isotopic composition o f CO 2 . 1

1 We express hydrogen and carbon isotope ratios as delta values given in per mil
(parts per thousand, or 7 00) relative to a working standard — VPDB (Vienna Peedee
belemnite) for ô l3C values on a scale normalized such that NBS19 carbonate is + 1 .9 5 7 00
and VSMOW (Vienna standard mean ocean water) for SD values on a scale normalized such
that 5D of SLAP (standard light Antarctic precipitation) is —428°/00 relative to VSMOW.
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As methane from the groundwater diffuses upwards through a 5 to 7 m thick
unsaturated zone, it is partially oxidized to C 0 2, increasing the ô 13C o f the remain
ing methane by = 1 07oo, decreasing the <513C o f the carbon dioxide « 107oo
(Fig. 4), and increasing the pressure of carbon dioxide in the unsaturated zone
(Fig. 5).
Calculation o f carbon fluxes in the saturated zones originating from the degra
dation o f the oil plume lead to a minimum estimated life expectancy o f 110 a. This
is a minimum estimate because the degradation o f the oil body should slow down
with time as its m ore volatile and reactive components are leached out and preferen
tially oxidized. The calculated life expectancy is an order of magnitude estimate
because o f the uncertainty in the average linear groundwater velocities and because
o f the factor o f 2 uncertainty in the calculation o f the effective C 0 2 diffusion
coefficient.
No increase in concentrations of atmospheric methane was detected at the land
surface directly above the oil plume.
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ETUDE ISOTOPIQUE (2H, 180 ) DES PRECIPITATIONS SAHELIENNES
DANS LA REGION DE NIAMEY (NIGER)
J.D . TAUPIN
ORSTOM,
Niamey, Niger

La climatologie de la région sahélienne est soumise à l ’alternance de la masse
d ’air froide et humide (mousson) issue du golfe de Guinée de février à octobre et
de la masse d ’air chaude et sèche (harmattan) d ’octobre à février. Le front inter
tropical (FIT) symbolise la trace au sol de la limite entre ces deux masses d ’air. Les
précipitations dans cette région dépendent presque exclusivement de la position du
FIT et de sa structure, caractérisée par une discontinuité verticale des champs de vent
et d ’humidité. Cette structure explique qu’au Sahel près de 80% des pluies ont une
origine convective, que ce soit sous forme de cumulonimbus isolés ou d ’amas
nuageux organisés qui se déplaçent d ’est en ouest avec une vitesse de déplacement
pouvant atteindre 60 km/h.
La connaissance de la composition isotopique en oxygène 18 ( 180 ) et deu
térium (2H) des précipitations à l ’échelle de l’événement ou à des pas de temps
inférieurs peut apporter des informations sur ces masses d ’air et leur type de
circulation [1, 2].
Le site d ’étude est localisé dans la bande sahélienne nigérienne (P = 500 mm),
dans la région de Niamey. Une collecte d ’échantillons de pluie à l’échelle de l’événe
ment a été mise en place durant l’hivernage 1991 et 1992 sur plusieurs stations répar
ties sur un transect est-ouest représentatif de la direction privilégiée de la circulation
des systèmes pluvieux. Sur chaque station, on dispose de données pluviographiques
ainsi que de données météorologiques à l ’échelle locale à des pas de temps variant
de 10 minutes à 1 heure.
Les données récoltées pour les deux années portent sur 181 couples d ’analyse
180 , 2H:
— Les teneurs varient entre —11,2 et + 2 ,6 7 00 pour 180 et -8 0 ,1 et + 1 3 ,5 7 00
pour 2H. Ces variations importantes sont caractéristiques des régions
tropicales avec un pôle enrichi lié à la reprise évaporatoire de certaines pluies
et un pôle appauvri qui est dû à deux types de processus: l ’effet de masse et
l ’effet convectif de haute altitude.
— Les relations 180 vs 2H des précipitations pour les différentes stations
montrent des pentes comprises entre 6,9 et 8,21. La droite météorique locale
calculée pour l’ensemble des stations est très proche de celle établie par Joseph
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O xygène 18 (°/oo vs SM OW )

FIG. 1. Evolution de la composition isotopique (l80, 2H) de la pluie au passage de la ligne
de grain du 18/07/92 à Niamey (DMM: Droite météorique mondiale; SMOW: Standard Mean
Ocean Water).

et al. [3] sur l ’Afrique de l’Ouest, ô2H = 7,5*0180 + 4,8. De nombreux
échantillons montrent un excès en deutérium très supérieur à 10, mettant en
évidence l’important recyclage local de la vapeur.
— L ’évolution temporelle saisonnière des teneurs isotopiques est marquée par des
valeurs plus enrichies en début d ’hivernage par rapport au reste de la saison.
En effet, les conditions atmosphériques évoluent tout au long de la saison tant
en température qu’en humidité relative, ce qui influe directement sur le type
de précipitation et l ’origine de la masse d ’air.
— La variabilité spatiale de la composition isotopique de la pluie à l’échelle de
l’événement est importante, cela étant d ’autant plus vrai que l’extension
spatiale de l ’événement est faible.
— On constate une évolution de la composition isotopique au cours de l ’événe
ment pour certains systèmes convectifs de méso-échelle (ligne de grain). En
effet, ces systèmes pluvio-orageux sont constitués de deux parties distinctes,
un front qui donne des pluies de très fortes intensités mais d ’une durée brève
et une traîne qui donne des pluies de faibles intensités mais dont la durée peut
dépasser plusieurs heures. Ces pluies, dont le processus de formation est
distinct, montrent ainsi une composition isotopique différente.
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Sur la figure 1, la composition isotopique de la pluie au cours de l’événement
montre une évolution que l ’on peut décomposer en trois phases principales:
— Un appauvrissement des teneurs en début de pluie, caractéristique de la
vidange d ’un réservoir unique. Ces teneurs montrent un excès en deutérium
largement supérieur à 10, ce qui impliquerait que la pluie, au niveau du front,
est issue principalement du recyclage de la vapeur.
— Un enrichissement des teneurs et un excès en deutérium proche de 10. Le
processus ne semble pas lié à une réévaporation, l’excès en deutérium accré
dite plutôt un mélange croissant de vapeur d ’origine océanique avec la vapeur
recyclée.
— Les derniers points passent sous la Droite météorique mondiale (DMM) et
semblent liés principalement à une reprise évaporatoire, l’excès en deutérium
étant bien inférieur à 10.
Une modélisation des processus qui affectent la goutte d ’eau au sein des
systèmes convectifs de grande échelle pourrait être envisagée en croisant les données
isotopiques avec les données météorologiques.
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Runoff formation and groundwater recharge are largely controlled by the
hydraulic properties o f the unsaturated soil zone. As to its distributor function for
water fluxes in natural hydrological systems, an im m ense number o f results from
laboratory (monolith-homogeneous and layered) and from in situ studies under
inhomogeneous conditions, water content and pressure head measurements, and
modem tracer approaches have become available.
This poster deals with tracer movement and transformation of 180 input
functions for aquifers in the unsaturated soil zone which are mainly governed by the
isotope contents of precipitation, seepage distance and velocity and, o f course, the
quantitative relationship between macropore and matrix water in the frequent case
o f double porosity o f soil reservoir. Experiments concern two selected sites of
podsolic braunearth in the Lange Bramke research basin, which has an area of
0.76 km 2 and is situated in the Upper Harz Mountains, Germany. Here isotope
hydrological tracer studies have led to considerable new hydraulic insight into basin
tunover and the storage mechanism of water in fractured Palaeozoic rock areas [1].
At the experimental sites, in an open area and in an adjacent Norway spruce
stand located at 580 m .a .s.l., resolution o f precipitation records was 0.1 mm, and
of automatic sampling 1 mm. Infiltration water was manually sampled by means of
special collectors o f 1000 cm 2 surface area at 5 and 15 cm below surface. Soil
water was taken weekly at 30, 50, 80 and 100 cm (plus 130 cm in the open area)
using ceramic candles and suction of 200 hPa.
The 180 contents o f precipitation and soil water approximately describe
sinusoidal curves, damped and phase shifted with depth. In this context, isotope
contents o f infiltration water at 5 cm are found to constitute a major variable for
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modelling tracer relations in the variable flow of hydrological non-steady-state
systems [2]. But special interest concerns the mathematical modelling o f tracer tran
sport through the unsaturated zone, which for this purpose is considered as a double
porosity medium with mobile and immobile water components according to Ref. [3
and 4] although discussion on the existence o f stagnant water in this zone is still quite
controversial. Consequently, both dispersion and diffusion have to be considered as
major physical processes.
It is shown that the inverse problem of finding the mean residence time of
w ater (t,,) from measured environmental isotope breakthrough curves and appli
cation o f the convolution integral in the case o f instantaneous injection will,
unfortunately, remain unsolved in our case because o f several unknowns in the
respective flow models even when assuming steady state conditions. But the mean
transit time of tracer (t,) can be helpful, too; this can be found from the application
of the two param eter ordinary dispersion model (DM). This DM was developed [5]
for fissured rock aquifers and t0 > l a , but according to Ref. [4] it is applicable
even if to is of the order of one week only. It is shown that soil moisture (vol.% ),
tracer (v,) and filtration velocity (vf) can be calculated using tj, whereas the real
water velocity v (v = vf/nm) remains unknown because it is almost impossible to
determine the macroporosity (nm) under natural conditions.
The tracer hydrological findings of the study make use of measured
hydrological data in connection with a theoretical tracer input function for the atmo
sphere/soil interface which is approximated by using the isotope concentrations in
precipitation together with a weighting procedure proposed in Ref. [6]. This

TABLE I. HYDROLOGICAL RESULTS OF MATHEMATICAL
FLOW M ODEL APPLICATION TO 180 CONCENTRATIONS OF
SOIL W ATER IN DIFFERENT DEPTHS FROM SEP. 1994 TO MAY
1987 AT TWO TEST PLOTS IN THE LANGE BRAMKE BASIN
Depth (cm)

t, (months)

15
30
50
80
100
130

1.1
2.5
3.3
4.1
4.8
5.7

100

6.0

vt (cm/d)

vol.%

0.45
0.40
0.51
0.65
0.69
0.76

30.8
35.0
27.7
21.5
20.2
18.5

0.56

25.2

Open area

Forest
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contributes to at least partially overcoming the difficulty caused by the steady state
conditions required by the flow model instead o f highly variable infiltration amounts.
Some main results of the flow model calculations are compiled in Table I.
Unfortunately, the water velocity v is not exactly ascertainable due to the
macroporosity nm and the microporosity (of the matrix) nim.
The average seepage velocity of about 1 cm/d is in agreement with an areal
groundwater recharge of considerable 650 mm/a. Mean transit times of tracer
amount to about 5 months, and soil moisture to 20 vol.% in subsoils (cf. Table I).
The main restrictions to the approach are the lack of isotope data for both
(mobile and immobile [3, 4]) soilwater components and by the required steady state
conditions for flow model application [2, 6].
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A b stract
EVALUATION OF THE USE OF 3H AND 36C1 TO ESTIMATE GROUNDWATER
RECHARGE IN ARID AND SEMI-ARID ENVIRONMENTS.
The paper presents results from a number of studies which have estimated soil water
fluxes using at least two of the tracers 3H, 36C1 and chloride. Where soil water fluxes are
low, the highest concentrations of 3H and 36C1 will usually occur within the plant root zone.
In this case, these tracers provide an indication of the mean soil water flux to their centre of
mass, and not of the groundwater recharge rate. Chloride is a more reliable indicator of the
recharge rate where the flux is lower than approximately 20 m m -a-1. Within the root zone
there are also a number of processes which may cause systematic over- or underestimation
of the advective soil water flux when these tracers are used.

1.

INTRODUCTION

Over the past two decades, unsaturated zone profiles o f chloride, 3H and 36C1
have been widely used for estimating soil water fluxes in arid and semi-arid environ
ments. However, studies which have compared estimates obtained using these differ
ent tracers have usually not found good agreement between them. In some cases,
estimates have disagreed by orders of magnitude [1]. In this paper, we have compiled
a list of studies where estimates of soil water flux obtained using these tracers have
been compared. Reasons for the discrepancies are discussed, and their usefulness for
estimating recharge rates in arid and semi-arid environments is evaluated.
2.

THEORY

2.1. T ritiu m a n d chlorine-36
Nuclear weapons testing resulted in significant increases in 3H and 36C1 con
centrations in rainfall between 1952 and 1970. These isotopes can therefore be used
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as tracers o f soil water movement. The position of either 3H or 36C1 in the soil
profile may be described using the centre o f mass o f the tracer or by the position
of the highest concentration (denoted zc). The velocity of soil water is inferred from
the displacement of the tracer below the soil surface. The mean soil water flux (q)
between the soil surface and depth zc is given by
(1)
where 6(z) is the volumetric water content, tf is the number of years which have
elapsed since the tracer was applied to the soil surface, and z is depth.
W hile 3H is lost to évapotranspiration, 36C1 is retained in the soil. Conse
quently, the mass balance of 3H can also be used to determine recharge. The ratio
o f total amount of tritium present in the soil profile to the total tritium fallout should
be equal to the ratio of recharge to precipitation [2]. The mass balance of 36C1
should be independent of the recharge rate.

2.2. Chloride
U nder one dimensional, steady state flow conditions, rates o f soil water flow
below the plant root zone (leading to groundwater recharge) can be estimated from
a chloride mass balance in the unsaturated zone [2, 3]. If other sources of chloride
can be excluded, the average flux of chloride below the root zone must equal the
average flux of chloride from precipitation. The recharge rate (R) is given by
R = cPP /cR

(2)

where cR is the chloride concentration of soil water below the root zone, cP is the
average chloride concentration of precipitation (including dry fall), and P is
precipitation.
Under non-steady-state conditions, methods based on changes to chloride
profiles over time have been devised for estimating recharge fluxes [4].

3.

DATA REVIEW

Figures 1 and 2 summarize all those studies known to the authors where
recharge estimates obtained using chloride, 3H and/or 36C1 have been compared.
Care has been taken to include only those studies where reasonably complete profiles
were obtained (3H and 36C1 concentrations low or rapidly decreasing at the base of
the profile), and where there were no other complicating circumstances (e.g. shallow
water tables). Also, in some cases (e.g. [5]) recharge fluxes using some methods
were not calculated by the authors, and we have done this using their data.
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Chloride method (mm-a n)
FIG. 1. Comparison o f recharge estimates obtained with 3H and chloride. Numerals refer to
studies in the reference list.

Chloride method (mm a " 1)
FIG. 2. Comparison o f recharge estimates obtained with 36Cl and chloride. Numerals refer
to studies in the reference list.
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Recharge fluxes estimated using 3H are compared to those obtained using
chloride mass balance and chloride displacement methods in Fig. 1. At high recharge
rates ( > 1 0 0 m m -a"1), agreement between 3H and chloride is within ± 25% . At
moderate recharge rates (20 to 100 m m -a-1), agreement is within approximately
± 5 0 % . At low recharge rates ( < 2 0 m m - a '1) the velocity o f 3H appears much
greater than that o f chloride.
Figure 2 summarizes studies which have estimated recharge rates using 36C1
and chloride. At low soil water fluxes, estimates obtained using 36C1 have been
higher than those obtained using chloride. In some cases, the difference has been
more than an order of magnitude. At one site [10], however, the recharge fluxes esti
mated using 36C1 are in some cases significantly lower than those obtained using
chloride.
Only a few studies have directly compared 3H and 36C1 profiles. O f these,
one study found good agreement between recharge estimates [6], and three [9-11]
found the estimate obtained with 3H to be greater than that obtained using 36C1. In
particular, Scanlon [9] calculated a recharge flux of 7 m m -a '1 from a 3H profile
from the Chihuahuan Desert, Texas, by assuming that the lowest of three concentra
tion peaks (at 1.4 m) represented 1963-1964 rainfall. A recharge flux of
2.5 m m -a"1 was estimated for the site based on the 36C1 centre of mass. In South
Australia, Cook et al. [10] found coincident peaks o f 3H and 36C1 between 4 and
6 m depth. They estimated a recharge rate of 21 m m -a-1 using the 3H mass balance
and 17 m m -a"1 using the position of the 3H peak. A recharge flux of 11 m m -a”1
was estimated from the position of the 36C1 centre of mass.

4.

DISCUSSION

A review of currently available data indicates some systematic discrepancies
between soil water fluxes estimated with 3H, 36C1 and chloride. Processes which
may account for these discrepancies are discussed below.

4.1. Soil water velocity and groundwater recharge
The vertical soil water flux can be expected to decrease from the main precipi
tation rate, P , at the soil surface, to the mean recharge rate, R, at the bottom of the
root zone [12]. Between the bottom of the root zone and the water table, the soil
water velocity will be unchanged. The velocity of a tracer applied at the soil surface
will lead to overestimation of the recharge flux until the tracer moves well below
the plant root zone. Tyler and W alker [1] estimated that where RIP = 10~3, the
mean velocity of a tracer applied at the soil surface will lead to overestimation of
the recharge rate by more than an order of magnitude, until the centre o f mass of
the tracer moves below the root zone. This is illustrated in the study o f Schulin
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et al. [13] where the centre of mass travelled 1.5 m in the first 399 days, and then
no significant distance in the following 399 days.
The observation that drainage estimates obtained with both 3H and 36C1 are
higher than those obtained using chloride at low recharge fluxes can be explained
by this mechanism. In studies which have found good agreement between 3H and
chloride [2, 3], the centre o f mass of 3H occurred at depths greater than 5 m.
W here the difference is two orders o f magnitude [1, 6], the 3H and 36C1 peaks
occur at depths less than 2 m. In some cases [6, 10], comparisons between 3H, 36C1
and chloride are improved if the chloride mass balance is applied to the mean
chloride concentration above the 3H or 36C1 centre o f mass, rather than to the mean
concentration below the root zone. This is because flux estimates over the same depth
range are now being compared.

4.2. Root zone mixing
While water movement may approach piston flow below the root zone
(e.g. [14]), it is often not a good approximation of water movement within this
zone. W ater and solutes may move preferentially through soil macropores, and
laterally towards active roots. M ost 3H and 36C1 profiles from arid areas are not
easily described in terms of piston flow mechanisms. In particular, highest con
centrations of these isotopes have often been found immediately below the soil
surface [5, 7-10]. Because 3H is lost from the root zone through évapotranspira
tion, and 36C1 is retained, any mixing within this zone is likely to result in residence
times o f 36C1 being lower than those for 3H [15]. This may cause relative retarda
tion of 36C1 with respect to 3H.

4.3. Diffusion
At very low recharge rates, downward diffusion of 3H and 36C1 may result in
a significant net transport of these tracers. This occurs because proximity to the soil
surface constrains the amount of upward diffusion which may occur. (For 36C1, the
soil surface is a no flux boundary, whereas for 3H diffusion to the atmosphere can
cause significant mass loss.) Simple calculations show that the centre of mass may
be displaced downward by up to 0.5 m in this way, equivalent to an apparent soil
water flux of 1-2 m m - a '1. However this process may not cause any movement of
the peak itself. As the tracer moves away from the soil surface, this effect is
diminished.

4.4. Vapour phase transport
A net downward movement of 3H in the vapour phase has been invoked
to explain apparent more rapid movement o f 3H compared with chloride [7] and
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36C1 [6, 9]. Numerical simulations suggest that during summer, fluxes up to
0.1 m m - d '1 are possible over time periods of a few days [9]. However, it is not
clear whether the process could lead to significant transport over longer time periods.

5.

CONCLUSIONS

W here the highest concentrations of 3H and 36C1 occur within the plant root
zone, these tracers provide a measure of the mean soil water flux to their centre of
mass, and not of the groundwater recharge rate. Field evidence suggests that 3H
and 36C1 cannot be used to estimate groundwater recharge where the latter is less
than approximately 20 m m -a-1. Chloride provides a better estimate of the recharge
rate in these cases.
Retardation of 36C1 due to mixing processes within the plant root zone, and
downward movement of 3H in the vapour phase may cause soil water fluxes
obtained using 3H to be greater than those obtained using 36C1. Where soil water
fluxes are very low, diffusion o f these tracers may result in a net downward trans
port, causing overestimation of the advective soil water flux.
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A bstract
STABLE ISOTOPE AND GROUNDWATER FLOW DYNAMICS OF AGRICULTURAL
IRRIGATION RECHARGE INTO GROUNDWATER RESOURCES OF THE CENTRAL
VALLEY, CALIFORNIA.
Intensive agricultural irrigation and overdraft of groundwater in the Central Valley of
California profoundly affect the regional quality and availability of shallow groundwater
resources. Associated changes in the isotopic character of the water can be used with great
advantage to monitor and evaluate these undesirable effects. In the natural state, the 6 180
values of groundwater used to be relatively homogeneous (mostly —7.0 ± 0 .5 7 oo), reflecting
local meteoric recharge that slowly (1-3 m/a) flowed toward the valley axis. Today, on the
west side of the valley, the isotope distribution is dominated by high 180 enclosures formed
by recharge of evaporated irrigation waters, while the east side has bands of low 180 ground
water, indicating induced recharge from rivers draining the Sierra Nevada mountains.
Changes in ô 180 values caused by the agricultural recharge strongly correlate with elevated
nitrate concentrations (5 to > 100 mg/L) that form pervasive, non-point source pollutants.
Small, west-side cities dependent solely on groundwater resources have experienced increases
of > 1 .0 mg/L per year of nitrate for 10-30 years. The resultant high nitrates threaten the
economical use of the groundwater for domestic purposes, and have forced some well shut
downs. Furthermore, since >80% of modem recharge is now derived from agricultural irri
gation, and because modem recharge rates are about ten times those of the natural state,
agricultural land retirement by urbanization will severely curtail the current safe yields and
promote overdraft pumping. Such overdrafting has occurred in the Sacramento metropolitan
area for about 40 years, creating cones of depression some 25 m deep. Today, groundwater
withdrawal in Sacramento is approximately matched by infiltration of low 180 water
( —11.07oo) away from the Sacramento and American Rivers, which is estimated to occur at
100-300 m/a from the sharp 180 gradients in our groundwater isotope map.
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INTRODUCTION

The population o f California experienced a 30% increase during the 1980s
that, combined with a prolonged drought (1987-1992), resulted in increased degra
dation o f the existing groundwater resources. In the recent past concerns for ground
water contamination focused primarily on small point-source pollutants. Today,
non-point-source pollution is the principal threat to regional groundwater quality,
and overdraft and land subsidence are continuing threats to the use o f groundwater
supplies.
This paper details results from regional isotope surveys o f the groundwater
resources o f the Central Valley, in particular the southern Sacramento Valley and
the northern San Joaquin Valley. Potable groundwater supplies reside in PlioceneHolocene age alluvial aquifers ranging up to 1000 m deep, but most pumping is from
depths between 30 and 300 m below the surface. For the last century, the Central
Valley o f California has mostly been used for intensely irrigated agriculture and, less
commonly, for livestock grazing, but in recent years the valley has increasingly
become urbanized by outward population growth o f the San Francisco Bay area and
the cities o f Sacramento and Stockton. We focus in this report on (1) the natural
recharge and flow o f the groundwater as derived from isotope data, (2) the effects
o f prolonged agricultural irrigation on groundwater quality in the valley, and (3) the
response o f the groundwater supply to conversion from agricultural to urban
land use.

2.

<5180 VARIATIONS IN CENTRAL VALLEY GROUNDW ATER

The <5180 values o f Central Valley groundwater exhibit regular geographic
patterns that not only produce an ‘im age’ o f the groundwater, but provide direct
evidence on the dynamic nature o f its recharge and flow (Fig. 1). For instance, on
the west side o f the valley, where the potentiometric surface has a regular eastward
slope, the contoured ô 180 values form two large high 180 ( > - 6 . 0 7 oo) enclosures
that stretch from Cache Creek in the north to the Sacramento-San Joaquin Delta in
the south. Further south in the Brentwood region, where the potentiometric surface
also slopes eastward, the groundwater is dominated by a small low 180 enclosure
( < - 8 .5 7 o o ) .
All the 180 enclosures on the west side o f the valley record decades of
recharge from diverted surface water used for agricultural irrigation. Lake Berryessa
Reservoir water ( —3 to —5 7 00 in <5180 ) was diverted south via Putah Creek and by
canals to reduce the groundwater demand, creating the large high ô 180 zone from
Fairfield to Davis that contrasts with the pristine meteoric groundwater of approxi
mately - 7 . 5 ° loo- A similar diversion o f Cache Creek water (ô180 = - 5 to 0 7 oo)
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Fig. 1. The variations in S,80 values o f Central Valley groundwater form regular contour
patterns. The 5 lsO enclosures on the west side o f the valley contrast with the generally east
ward sloping water table, and are mostly caused by decades o f recharge o f evaporated surface
water derived from irrigated fields. Low ,80 river water recharges the east side o f the valley,
forming ô l80 contours that generally parallel cones o f depression form ed by regional
groundwater overdraft. ‘W ’ represents the city o f Woodland.
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for irrigation created the prevalent high 180 zone northwest of Davis and represents
> 100 a o f recharge.
On the east side o f the Central Valley, the potentiometric surface is defined
by large ( ~ 3000 km 2) cones o f depression stretching from north o f the Sacramento
metropolitan area to south o f the Stockton region. These cones are interrupted only
where major westward flowing rivers occur. The low <3I80 isopleths near
Sacramento, reflecting recharge o f - 1 1 .0 ° /Oo water from the Sacramento and
American Rivers, parallel the cones o f depression.

3.

NATURAL GROUNDWATER

3.1. General sources and apparent ages
The <5180 values o f precipitation decrease from about - 6 7 00 in coastal
California to - 1 2 7 00 or less at high altitudes in the Sierra Nevada mountains, fol
lowing typical geographic patterns [1]. In the Central Valley, shallow natural
groundwater (90-300 m) generally falls on or slightly to the right o f the global
meteoric water line and has <5180 values ranging between - 6 . 5 and - 9 . 0 7 oo that
represent the average value of proximal meteoric recharge [2]. Apparent 14C ages
o f natural groundwater typically exceed 1500 a but have not been observed beyond
17 000 a. Groundwater with apparent 14C ages o f Pleistocene age in the southern
Sacramento Valley is depleted in ô 180 by ~ 2 .0 7 oo relative to the local mean
precipitation values [2], suggesting that the local climatic conditions have changed.

3.2. Sources of carbon
Natural vegetation in the Central Valley follows C3 and C4 metabolic path
ways that respire C 0 2 with variable <5I3C values [3]. The <5,3C values of ground
water (Table I) indicate bicarbonate equilibration with soil C 0 2, followed by
partially closed dissolution o f soil zone carbonate into recharge groundwater (e.g.
[4, 5]). Carbonate exchange with the water is primarily limited to the first few metres
during recharge and enrichment o f the ô 13C values with groundwater age is not
apparent (Table I). Enrichment is not expected, primarily because of the
predominantly siliciclastic sediments o f the valley fill. In the Sacramento samples,
however, a depleted ô 13C occurs, suggesting that 14C ‘dead’ organic matter has
been incorporated into the dissolved inorganic carbon (DIC) o f the groundwater. For
simplicity, a Vogel model [6] has been applied to the 14C concentrations in the
groundwater using an initial 14C value o f 85 pmC to approximate the incorporation
o f dead inorganic carbon. Empirical data [7] support the use o f this initial value,
where observations o f pre-1950s agriculturally recharged groundwater has an
average 14C concentration o f 85 pmC. For the Sacramento samples, a combined
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TABLE I. PRISTINE GROUNDW ATERS OF THE CENTRAL VALLEY

Sample

Apparent

Model

age

age

Average
013C

perforation depth
(m below surface)

Distance
from edge

Perf. depth/

of valley

model age

(km)

City of Sacramento
SCW-41

15 490

1 873

-25.2

77

20.92

0.041

SCW-85

8 711

3 304

-20.2

73

20.92

0.022

DCW-22

3 740

2 432

114

23.99

0.047

DCW-19

3 461

2 155

91

20.48

0.042

DCW-21

4 130

2 825

101

23.99

0.036

DW-6A

10 629

9 332

373

21.07

0.040

DW-5

13 653

12 337

376

21.07

0.030

DW-2

16 985

15 660

361

21.07

0.023

DW-3

15 551

14 262

8 207

6 901

79

19.31

0.011

Yolo country

10N1W2Q1

-13.9

-13.8

16 321

15 022

-12.7

107

14.63

0.007

P-l

7 636

6 321

-9 .8

240

11.70

0.038

P-2

5 744

4 441

-10.1

179

11.70

0.040

P-3

5 109

3 810

117

11.70

0.031

P-4

6 275

4 967

-11.4

58

11.70

0.012

-13.8

44

6.44

0.011

85

3.22

0.027

SV-JF-9-91

Brentwood region
BR-14

5 335

4 025

BR-21

4 500

3 196

BR-38

3 009

1 699

-12.5

40

0.80

0.024

BR-62

5 579

4 279

-11.5

81

6.44

0.019

BR-63

7 911

6 595

-15.0

34

6.44

0.005

BR-65

3 306

1 996

-12.6

41

7.24

0.021

BR-66

5 786

4 474

-13.3

87

7.24

0.019

BR-69

3 800

2 496

-12.8

76

8.05

0.030

BR-70-1

1 536

230

-11.2

40

1.61

0.174

BR-73

9 949

8 638

94

7.24

0.011

BR-88

13 009

11 704

-13.9

96

8.05

0.008

BR-18

2 541

1 234

-12.5

91

3.22

0.074

BR-55

5 103

3 795

46

4.47

0.012
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Vogel and Pearson model [8] has been applied (Table I). Here, after partially closed
system exchange with soil carbonate, the dissolved carbon is assumed to slowly
incorporate ‘dead’ organic carbon, having a mean <5I3C value o f - 2 8 ° /00 [9], dur
ing flow in the saturated zone.

3.3. Implications for natural flow
The rate o f vertical flow o f Central Valley groundwater can be inferred from
the model 14C ages. The results are variable, with the available data tending to fall
on either o f two trend lines (Fig. 2). Groundwaters from the Brentwood region and
the Sacramento area fall on a low slope trend that suggests a lower average vertical
migration rate than the deeper groundwater o f Yolo County. Shallow groundwaters
of Yolo County fall on both the low slope and high slope trend lines.
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It is interesting to note that Yolo County sample SV-JF-9-91 is meteoric in
character, yet is 1.2 7 00 lower in 180 than local modern mean precipitation [2].
Even though the sample occurs at a depth o f only ~ 100 m, it is part o f a group of
low 180 samples that mostly represent deep wells ( > 3 5 0 m below the surface; e.g.
samples DW -2, DW -5, and DW-6A). These low 180 groundwaters indicate differ
ent climatic conditions in the past, and their segregation with depth attests to the
variable flow rates in the groundwater basin o f Yolo County.
Surface geological deposits provide direct physical evidence for why the
variable migration rates exist in the Central Valley. Potable groundwater resides in
fluvial deposits that range in age from Late Pliocene to Holocene [10], and these
deposits are typically divided into (1) the Pliocene-Pleistocene Tehama and Tulare
Formations, and (2) overlying Late Pleistocene-Holocene deposits. Groundwaters
sampled in the Brentwood region are primarily derived from the Late PleistoceneHolocene deposits which directly onlap Eocene m arine rocks of the Coast Ranges,
so surface exposures o f the Pliocene-Pleistocene Formation are absent. Groundwater
in Yolo County is derived from both the Pliocene-Pleistocene Formation and the
younger deposits. Unlike the Brentwood area, the western edge o f Yolo County has
a broad exposure o f Pliocene-Pleistocene Tehama Formation that typically hosts
coarse gravel lenses. This thick fluvial deposit also blankets the subsurface in the
Yolo County region, where it gives rise to potable aquifers up to great depths
(1000 m below the surface). In addition, these older fluvial deposits are probably
coarse grained on average, and they therefore can support the higher vertical migra
tion rates calculated from the model 14C ages.

4.

MODERN AGRICULTURAL RECHARGE AND ITS RELATION TO
NITRATE CONTAMINATION

4.1. N itrate in g ro u n d w ater
California irrigates 40 000 km 2 o f farm land on average per year, requiring
43 x 109 m 3 water [11], that results in a multi-billion dollar state industry. At least
40% o f the agricultural water demand is supplied by groundwater resources [12].
Irrigation is in the form of flood type for rice crops, or more commonly as furrow
flooding for row crops. Annual requirements range from 0 .3 -2 .5 m of applied water
and average approximately 1 .1 m , with the amount depending mostly on soil type,
which commonly ranges from silty to clay loams or clays. At present, the downward
percolation o f excess agricultural irrigation water constitutes > 8 0 % of the annual
groundwater recharge to the Central Valley [7, 13].
The large scale addition o f nitrogen fertilizers (mostly anhydrous ammonia) to
irrigation water, termed ‘fertigation’, has existed for decades and today is pervasive
throughout the Central Valley. Non-point source nitrate pollutants exist in ground-
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Fig. 3. Dissolved nitrate concentrations in Central Valley groundwater represent the most
significant non-point-source pollutant that threatens the potability o f groundwater supplies.
This example from the Brentwood region shows the pervasiveness o f elevated nitrate concen
trations that can be directly linked to decades o f fertilizer application. Samples are mostly col
lected from singly perforated domestic supply wells o f low pumping capacity.

water beneath many areas o f the valley, as exemplified by the Brentwood region
(Fig. 3). Nitrate concentrations range from 0 to > 100 m g/L as N 0 3 in ground
waters sampled from the surface to > 100 m in depth in some parts o f the Central
Valley (e.g. [2, 14]). Nitrate concentrations have been steadily rising at a rate of
0 .2 5 - > 1 .0 m g/L per year in municipal groundwaters since the early 1960s
(Figs 4(a) and 4(b)).
Multiple sources for nitrate pollution in groundwater have been suggested (e.g.
[15]) including septic tanks, barnyards and fertilizers. Some elementary observations
point to agricultural activity and particularly to fertilizers as the predominant source
o f this nitrate. For instance, increasing nitrate concentrations in the groundwater are
matched by a proportional increase or decrease o f the <5180 value relative to local
pristine meteoric groundwater (Figs 4(c) and 4(d)), depending on the source of the
applied irrigation water. Thus a negative correlation between nitrate concentrations
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414

LEE DAVISSON and CRISS

and Ô180 is found in the Brentwood region, where low <5I80 waters from the Sierras
have been imported for irrigation. In contrast, in the Davis area, groundwater
recharged from agricultural irrigation has been evaporatively enriched to high <5I80
values relative to local pristine groundwater, so that a positive correlation is found
[2]. All agriculturally recharged groundwater is also matched by younger apparent
14C ages [13].

4.2. R ates o f m o d ern rech arg e
Central Valley groundwater comprising —100% agriculturally recharged
water is observed on average to a depth of ~ 4 5 m below the surface [2, 7]. In the
Brentwood region, agricultural irrigation began about eighty years ago with the com
pletion o f a diversion canal through the area. The simplest calculation indicates that
the mean vertical recharge rate is —56 cm /a, or —17 cm/a, given a mean porosity
o f 30% in the sediments [7]. This suggests that the crops are - 7 2 % efficient with
the 60 cm/a applied irrigation water. This rate o f vertical infiltration is greater than
ten times the mean vertical recharge rates calculated from the 14C ages for the
pristine groundwaters in the natural state (Table I). In Yolo County, the higher
recharge rate sustains the high agricultural and urban groundwater demands, and in
addition forms increased hydrological gradients and increases the rates o f lateral
groundwater flow, which typically exceeds 30 m /a [2, 13, 16]. Simultaneous
groundwater pumping and irrigation recharge represents a new type of groundwater
‘m ining’ that produces no apparent change in storage of the aquifers [13]. These
effects are observed only on the west side of the Central Valley where agricultural
irrigation is predominant.

5.

M UNICIPAL GROUNDW ATER RESOURCES

5.1. Small u rb a n areas
The disturbed <5180 patterns in Central Valley groundwater are direct results
o f the different sources o f the m odem recharge, which are ultimately linked to (1)
land use development in the respective regions and (2) groundwater resource utiliza
tion. For example, west-side valley land use directly impacts water quality for the
cities o f Davis, W oodland and Brentwood (Figs 4(a) and 4(b)), which are centred
in large regions o f intensely irrigated farmland that have been flood irrigated for over
75 years. At present, Davis and Woodland each incorporate 50 000 people in areas
o f approximately 25 km 2, while Brentwood incorporates 10 000 people within
5 km 2. The current growth rates o f Davis (3%), Woodland (3%), and Brentwood
(10%) will urbanize some additional 80 km 2 o f irrigated farm land over the next
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Fig. 5. As urban areas encroach on agricultural land, reduced safe yields will result, due to
the loss o f flood irrigation, which has been the principal source o f recharge during recent
decades. The Brentwood region totals 67 km2 with a current agricultural to urban land use
ratio o f 15:1. By the year 2020, the ratio is expected to be close to 1:1. The population
increase was calculated by assuming 2175 people per km2 in an urban development scheme,
and the inflection point in the trend is where urbanization begins to encroach on the
agricultural areas underlain by tile drains in the northeastern parts of the Brentwood region.

25 years. In 2020 AD, urban parts o f Yolo County and the Brentwood region may
respectively incorporate 10 and 50% o f the total land surface area.
W ith this dramatic expansion o f urban areas and the associated retirement of
agricultural land, the abnormally high recharge rates observed today will not be sus
tained. In fact, recharge may decrease back to or below the natural rates (Table I)
within the urban areas. Alternative water resources are therefore necessary to sustain
this planned urban growth. As an example, we have developed a simple model to
illustrate the change in groundwater safe yield as land is converted from agricultural
to urban use in the Brentwood region (Fig. 5). Lines were calculated assuming
recharge is available over the entire 67 km 2 area and groundwater would flow from
outlying agricultural fields toward the urban areas. The lines suggest that only
—14% o f the total water demand will ultimately be met as population climbs to
70 000. A third line was calculated considering a total land area o f 33.5 km 2, and
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ignores groundwater contribution from the outlying agricultural regions. This results
in a worst case scenario for safe yields in urban pumping, and provides only ~ 2 %
o f the total water demand for a population of 70 000. The 33.5 km 2 is also equiva
lent to total land urbanization for a projected population o f —70 000.
5.2. Sacram ento m etropolitan area
On the east side of the Central Valley, the City o f Sacramento stands as an
example o f a large urbanized area that incorporates far more land surface than
irrigated farm land in the immediately outlying regions. The Sacramento metropoli
tan area and the suburban areas stretching along the American River drainage to the
northeast (Fig. 1) include an estimated 675 000 people. Total groundwater demands
are calculated to be 113 X 106 m 3/a over the entire region. This annual ground
water withdrawal is 18 cm, equivalent to an average drawdown o f 60 cm/a in a layer
o f 30% porosity.
For the past 40 years a cone o f depression beneath the Sacramento area has
been developing, with initial yearly water level drops o f 0.5 to 1.0 m/a. This rate
o f head drop has decreased in recent years and today the cone o f depression is essen
tially maintained at around a maximum depth o f 25 m below the surface (or 15 m
below sea level). Modern recharge from surface precipitation is negligible in the
Sacramento area because urbanization of the land surface has greatly increased storm
runoff. In addition, the 6 I80 values of groundwater beneath the Sacramento area
indicate that recharge from the Sacramento and American rivers is the only signifi
cant source of groundwater replenishment.
If the water table is taken to be at a steady state level, and if it is assumed that
100% o f groundwater recharge is derived from the Sacramento and American rivers,
then a simple model of yearly influx from the rivers can be calculated and compared
to the lateral extent to which modern river water is observed in the groundwater
today. Assuming simplistically that surface water is lost uniformly to the ground
water laterally from the rivers, then —80 km of river length is available for
recharge. If river water loss occurs over a range o f 15 to 50 m depth, and if the
average porosity is 30% , then a uniform lateral flow rate of 100 to 300 m/a is suffi
cient to account for all o f the estimated 1 X 109 m 3 of groundwater pumped over
the last ten years. Assuming that the current total groundwater discharge rate has
been maintained for ten years, the scale of lateral flow is approximately 1 to 3 km.
This distance is equivalent to the interior distance river water is observed in ground
water today (Fig. 1).
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A bstract
ISOTOPE H Y D R O LO G Y STUDIES IN TH E SZIGETKÔZ REGION, NORTHWEST
H U NG ARY.
Environmental isotope studies were undertaken to determine the origin and the rate of
movement of groundwater through the thick surficial gravel aquifer in the Szigetkôz region
of northwest Hungary. Both 14C and 3H data indicate that the groundwaters in the surficial
gravel aquifer are much younger (14C > 60 pmC) than underlying groundwaters of the
Pannonian aquifer (14C < 7 pmC). Although some upward leakage of older waters may
occur, such leakage does not appear to be a major source of water in the surficial gravel
aquifer. Stable О isotope data indicate that the groundwater stored in the gravel aquifer origi
nated mainly from the Danube river (ô180 = —11.6 ± 0.5°/oo), with relatively little local
infiltration (6I80 = —9.3 ± 0.4°/oo ), so the aquifer may be considered as an unusually well
developed, large scale natural bank filtered groundwater system. The distribution of 3H in
the aquifer confirms that the groundwater flow is mainly horizontal and directed away from
the Danube. The mid-1960s 3H ‘bomb peak’ (>50 T U as measured in 1992-1993) has
moved as much as 15 km from the Danube and indicates horizontal flow velocities as high
as 500 m/a in the surficial aquifer.

1.

INTRODUCTION

A treaty signed in 1977 by Czechoslovakia and Hungary contained plans for
altering the Danube river by construction of the Gabcikovo-Nagymaros barrage
system. The plans called for diversion of water from the Danube river to power
generating stations and a 17 km long concrete lined canal. The original channel of
the Danube was to retain a flow o f only about 50 m 3/s o f the normal 2075 m 3/s
annual mean flow. The Hungarian government suspended construction of the diver
sion works in 1990 because o f concerns about potential environmental damage.
Nevertheless, a modified version o f the project was completed subsequently in
419
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Slovakia, and a major portion of the flow o f the Danube was removed from the old
channel in October 1992.
One of the major environmental concerns about the proposed barrage system
involves the potential effects o f river diversion on the groundwater flow systems in
surrounding areas [1]. In particular, it has been suggested that changes to the Danube
could alter the rates o f recharge and groundwater flow in the surficial gravel aquifer
underlying the Szigetkôz region o f northwest Hungary. To evaluate the potential
effects o f the diversion project on that aquifer, a series o f hydrogeological,
hydraulic, flow modelling, and isotopic studies were undertaken to determine the
origin and natural flow conditions o f the groundwaters in the Szigetkôz region. This
paper summarizes some results o f the isotopic studies, which began in 1991 on behalf
o f the Hungarian Academy o f Sciences [2] and have continued since 1992 as part
o f a Science and Technology Agreement between the United States of America and
Hungary.

2.

HYDROGEOLOGICAL SETTING

A substantial part o f the catchment area o f the Danube is in the high Alps. After
leaving the Alps and passing through the Vienna Basin, the Danube enters a broad
alluvial fan on the Little Hungarian Plain (Kisalfôld), where it splits into one main
channel and two minor branches forming two islands: Zitny Ostrov to the north in
Slovakia, and Szigetkôz to the south in Hungary (Fig. 1). Until late 1992 the main
river channel (Old Danube), confined by levees and forming the border between
Hungary and Slovakia, carried more than 95% o f the total flow, which averaged
about 2075 m 3/s (ranging from 750-7500 m 3/s) in the period 1980-1989 [3].
Sand and gravel sediments underlying the Kisalfôld were deposited in Tertiary
and Quaternary time as a result o f an abrupt decrease in the slope and sediment carry
ing capacity of the Danube as it leaves the Vienna Basin. The surficial gravel aquifer
in the upper 100-500 m of the Quaternary section has excellent hydraulic conduc
tivity and is one o f the largest sources of high quality water in Central Europe. The
gravel aquifer [4] can be clearly distinguished hydraulically from underlying sedi
ments, including Upper Miocene (Upper Pannonian) units that consist largely of
sand, silt, and clay. An overburden layer o f 0-5 m thickness covers the surface of
the alluvial fan [5, 6].
W ater level data collected in more than 200 monitoring wells since 1985 indi
cate that the water table in the Szigetkôz region dips away from the main channel
o f the Danube river (Fig. 2), so there is potential for groundwater flow away from
the river to both sides. Additional measurements in deeper wells [1] indicate that ver
tical head gradients within the gravel aquifer are close to zero, but there is some
hydraulic potential for upward leakage into the gravel aquifer from underlying semi
confined aquifers.
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FIG. 1. Map showing the location o f the Szigetkôz region (bounded by the Danube river and
Mosoni-Duna) and some minor tributaries o f the Danube.
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FIG. 2. Average water level contours and generalized groundwater flow directions in the
Szigetkôz region. Sample sites are indicated for the 3H measurements given in Fig. 6.
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ENVIRONMENTAL ISOTOPE INVESTIGATIONS

Isotopic and chemical studies were undertaken to determine the origin and rate
of movement o f groundwater in the surficial gravel aquifer in the Szigetkôz region
before completion o f the barrage system. Carbon-14, 3H, and <5180 data were used
to distinguish between three major potential sources o f the groundwater in the gravel
aquifer: (1) downward infiltration of local precipition, (2) upward leakage of
Pleistocene groundwaters from underlying aquifers, and (3) horizontal leakage o f
Danube river water.
The 14C and 3H analyses were done by the Tri-Carb Laboratory o f the W ater
Resources Research Centre (VITUKI), Budapest. Carbon-14 data are expressed as
per cent modern carbon (pmC); 3H data are given in tritium units (TU). For
samples collected in 1991, <5I80 analyses were done by the Bundesversuchs- und
Forschungsanstalt Arsenal (BVFA), Vienna. For samples collected in 1992 and
1993, 6 180 and <52H analyses were done by the US Geological Survey (USGS),
Reston, Virginia. The 6 180 and ô2H values o f the groundwaters are generally con
sistent with the meteoric water correlation, so the following summary o f results
includes only the <5I80 values, which are expressed in per mille ( 7 00) relative to the
reference water VSMOW.

3.1. Isotopic characteristics of Holocene infiltration waters outside
the Szigetkôz region
Most o f the area o f Hungary is lowland with elevations between 100 and
200 m. Shallow modern groundwaters ( < 2 0 m depth) recharged by local precipita
tion in many areas in Hungary outside the Szigetkôz region have a relatively
homogeneous distribution of ô 180 values with an average around —9.3 ± 0 .4 7 oo
(140 sites) (Fig. 3(a)). Those ô 180 values are similar to average precipitation values
at various low elevation localities in the Carpathian Basin, including Hungary
( - 9 . 5 ± 3.2 at Fertorákos; - 9 ± 4 at Abádszalók; - 9 . 8 ± 3.8 at Vienna) [7, 8],
and therefore are consistent with recent local infiltration without significant isotopic
fractionation. Some deeper groundwaters in Hungary (20-500 m depth) with rela
tively high 14C contents (> 1 5 pmC), representing Holocene recharge, also have
<5180 values around —9.7 ± 0 .4 7 oo (70 sites; Fig. 3(b)) [9], similar to those o f the
shallowest groundwaters and average precipitation.

3.2. Isotopic characteristics of Pleistocene infiltration waters
Some relatively deep groundwaters in Hungary (20-500 m depth) have low
14C contents ( < 1 5 pmC), consistent with infiltration and recharge in Pleistocene
time. The ¿¡180 values o f lowland groundwaters with low 14C contents are variable
but generally lower ( - 1 1 .8 ± 0 .8 7 oo for 80 sites; Fig. 3(c)) [9] than those o f more
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TABLE I. ISOTOPE DATA FOR REPRESENTATIVE GROUNDWATERS IN THE VICINITY OF THE SZIGETKÔZ REGION

Location

ID No.

Depth

Date of

С-14

С-14

(m)

sampling

pmCa

ageb

Post-bomb

0,sO

Tritium
(TU)

Gravel aquifer

1 600

-11.6

9.1

78.8

600

-11.5

86.0

91-09-21

63.7

2 400

-11.4

9.7

325

91-09-22

96.7

Post-bomb

-11.5

25.5

SZK-135

100

92-11-05

92.7

Post-bomb

-11.8

54.0

Mosonmagyaróvár

SZK-136

80

92-11-06

82.0

-11.5

3.9

Damózseli

SZK-108

95

92-10-30

95.1

-11.6

75.8

Halászi

SZK-144

165

92-12-07

81.7

330

22.1
1.1

126

91-09-21

91.6

Dunakiliti

4189/4

196

91-09-21

69.8

Kisbodak

4501/3

151

91-09-21

Kisbodak

4501/5

251

Nagybajcs

4540/5

Mosonmagyaróvár

300
Post-bomb

Halászi

SZK-145

365

92-12-07

61.6

2 600

Óttevény

SZK-137

98

92-11-06

78.9

600

-10.3

<1

Lébény

SZK-138

102

92-11-06

81.6

330

-10.4

<1
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a Per cent modem carbon.
b Age calculated assuming an initial l4C content of 85 pmC.
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FIG. 4. Concentrations o f 3H (in TU) in precipitation and in the Danube at Vienna [11, 12].
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recently recharged local infiltration waters, presumably because the older waters
were recharged when temperatures were lower. Some groundwaters with those
characteristics were extracted from the Pannonian sediments that underlie the shal
low gravel aquifer of the Szigetkôz region (Table I) [2].

3.3. Isotopic characteristics of Danube river water
M ore than 80% o f the 2075 m 3/s mean flow o f the Danube entering Hungary
originates from tributaries with headwaters in the high Alps. Those tributaries con
tribute waters having relatively negative ô 180 values because of the ‘altitude effect’
(for the Inn, the largest tributary, the annual mean ô l80 value is less than —13700
[10]). Thus, the average ô 180 value of the Danube entering the Szigetkôz region is
more negative than values o f precipitation and infiltration in the lowland areas of
Austria and Hungary (Fig. 3). Long term monitoring at Vienna (about 70-140 km
upstream from the Szigetkôz region) indicates that the Danube has had an average
ô I80 value of around —11.6 ± 0.5°/oo (1975-1990) (Fig. 3(d)) [8, 10]. Limited
data from Medve, Hungary, indicate that the Vienna data are representative o f the
isotopic composition of the river in the Szigetkôz region.
The concentration of 3H in the Danube at Vienna responded rapidly to the
high values o f atmospheric deposition in the mid-1960s and has decreased regularly
since then (Fig. 4) [11, 12]. The rate of decrease o f 3H in the river has been some
what slower than that o f atmospheric deposition because o f groundwater residence
time in the river basin [11].

3.4. Origin of groundwater in the surficial gravel aquifer under the Szigetkôz
region
The groundwaters in the surficial gravel aquifer underlying the Szigetkôz
region have ô 180 values that are distinctly different from those o f shallow ground
waters with post-Pleistocene recharge dates in other lowland areas of Hungary
(Fig. 3). Within the gravel aquifer, there is no significant difference in 5 lsO
between waters collected at depths less than 20 m (ô 180 = —11.1 ± 0.4; Fig. 3(e))
or greater than 20 m (ôl80 = —11.3 ± 0.3; Fig. 3(f)). Those data indicate that
downward local infiltration o f precipitation (average ô 180 = —9.3 ± 0.4) is not a
likely source o f the groundwater in the gravel aquifer.
Groundwaters at various depths within the surficial gravel aquifer have
14C concentrations greater than 60 pmC and most have 3H concentrations reflecting
anthropogenic contamination since the mid-1950s. Thus, despite the fact that the
ô 180 values in the gravel aquifer resemble those o f Pleistocene groundwaters (some
o f which occur beneath the gravel aquifer), it is concluded that upward leakage from
below is not the major source of water in the gravel aquifer. Only a small amount
o f upward leakage may be indicated by some o f the deeper waters in the gravel
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Legend:

FIG. 5. Areal distribution o f ô,80 in the gravel aquifer (data for various depths are com
bined). Areas within the aquifer with 5IS0 < —11 are considered to be dominated by
Danube river water. The distribution o f 3H values corresponding to the 'bomb peak ' indi
cates varying rates o f horizontal flow o f groundwater from the river.

aquifer that have relatively low 3H (1-10 TU) and 14C (60-70 pmC) concentrations
(Table I) compared to most o f the shallower waters.
The Danube river is the only identified potential source o f water that is consis
tent with all o f the isotope data in the gravel aquifer. The gravel aquifer is therefore
considered to be the equivalent o f a large natural bank filtered groundwater system.
The size and shape of the river water plume is indicated by the areal distribution of
ô 180 values in the gravel aquifer (Fig. 5). If it is assumed that shallow ground
waters with ô 180 values m ore negative than - 1 1 7 00 represent relatively undiluted
river water, then parts o f the river water plume extend to distances o f at least 15 km
from the Danube. If groundwater flow is approximately perpendicular to the water
table contours (Fig. 2), then parts o f the river water plume have travelled more than
20 km through the aquifer from their points o f departure from the Danube. At
greater distances, the <5180 values of shallow groundwaters increase rapidly to
match those o f local infiltration (between —9 and —107oo).
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G r o u n d w a te r flo w r a te in d ic a te d b y th e d istr ib u tio n o f 3H

The high concentrations and general lack o f vertical stratification o f 3H in the
gravel aquifer o f the Szigetkôz region indicate a rapid rate of vertical penetration of
the infiltrating river water. A similar observation was made in an earlier study of
3H in parts of the gravel aquifer underlying Slovakia [13]. The areal distribution of
3H at various depths in the aquifer may therefore be used to determine the horizon
tal flow velocity by the ‘tritium bomb peak’ method. Long term monitoring in
Vienna indicates that the 3H concentration in the Danube river peaked within a
short time (less than two years) after the 1963 peak in the 3H concentration of
atmospheric deposition (Fig. 4) [11]. From the highest concentrations recorded in
the river, adjusted for decay to 1992, it is estimated that 3H concentrations in the
gravel aquifer could be as high as 200-300 TU in the absence o f dispersion.
The distribution o f 3H in the aquifer indicates that the bomb peak has moved
as far as 12-15 km in the direction o f groundwater flow from the Danube (Figs 5
and 6). Because of longitudinal dispersion, the highest measured values in the aquifer

Dunakiliti

DANUBE

Mosonmagyaróvár

Lébény

FIG. 6. Vertical cross-section o f the gravel aquifer and underlying sediments showing the
distribution o f 3H along a groundwater flow path (see Fig. 2). Tritium concentrations are
given in TU at the times o f collection (1991-1993). The maximum flow velocity indicated by
the 3H ‘bomb peak' is approximately 500 m/a at depths o f around 50-100 m.
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(80-90 TU) are less than the decay-corrected peak river values and the shape o f the
groundwater peak with distance is not as sharp as the shape o f the river peak with
time. Nevertheless, the recharge dates o f groundwaters with 3H concentrations
higher than about 50 TU are limited to the early-middle 1960s, so the data in Fig. 6
indicate maximum average horizontal velocities o f about 500 m/a. The highest
velocities indicated by the data in Fig. 6 apparently occurred at depths between about
50 and 100 m. The location o f bomb peak 3H concentrations elsewhere in the
gravel aquifer (Fig. 4) indicates lower velocities toward the east, where hydraulic
conductivities are generally lower [4]. Nevertheless, average groundwater velocities
in the gravel aquifer in the Szigetkôz region apparently are much higher than typical
values (4-5 m/a) in other Quaternary aquifers in Hungary [14].

4.

OTHER SUPPORTING EVIDENCE

Some other chemical and isotopic studies carried out in conjunction with this
study have supported the major conclusions about the configuration o f the ground
water flow system in the surficial gravel aquifer. Tritium -helium dating o f ground
waters between 0 and 150 m depth along a groundwater flow path near the one
illustrated in Figs 2 and 6 confirmed the horizontal age gradient and flow velocity
inferred from the distribution of 3H [15]. High concentrations of anthropogenic
chlorofluorocarbons (CFCs) at various depths along the same flow path confirmed
the rapid penetration into the aquifer of young ( < 50 a) surface waters and may be
interpreted as supporting evidence for a Danube source for the groundwater in the
aquifer [16, 17]. The distributions o f the CFCs also are consistent with the flow con
figuration and velocity inferred from the 3H and 3H - 3He data [16, 17].

5.

CONCLUSIONS

Environmental isotope studies have provided quantitative evidence for the
source and rate o f movement of groundwater in the surficial gravel aquifer underly
ing the Szigetkôz region o f northwest Hungary, which is an unusually well developed
example o f a groundwater flow system recharged by a major river. The isotope
results indicate the average condition of the aquifer in the decades preceeding the
completion o f the Gabcikovo-Nagymaros barrage system and diversion o f the
Danube in late 1992. These results will aid in the parameterization o f hydraulic
models for predicting future long term effects o f alterations to the river. In addition,
similar isotope studies may be used to detect and monitor those effects in the future.
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ENVIRONMENTAL ISOTOPE STUDY OF THE SHALLOW AND
DEEP GROUNDWATERS IN THE AZRAQ BASIN, JORDAN
M. ALM OM ANI
W ater A uthority o f Jordan,
M inistry o f W ater and Irrigation,
A m m an, Jordan
K .-P . SEIL ER
Institut fü r H ydrologie,
G SF -F orschungszentrum fiir
U m w elt und G esundheit N euherberg,
O berschleissheim ,
G erm any

T he A zraq basin covers about 12 000 k m 2 in the sem i-arid to arid east o f Jo r
dan; it discharges through the tw o A zraq springs (10.6 m 3 /s) and the A zraq Sabkah.
T he aquifers around A zraq have recently been explored and the w ater offtake is
currently 40 X 10 6 m 3/a o r 1.3 m 3 /s. A s a consequence, one o f the tw o A zraq
springs has dried up com pletely and the discharge o f the second has been reduced
to about

20

% o f the original am ount.

T ritium and stable isotopes indicate an actual contribution o f precipitation to
groundw ater recharge through w adis and ponds. G roundw ater recharge has been
determ ined as about 2 .7 m m /a on the basis o f chloride balances. T his result agrees
fairly w ell w ith the m eteorological w ater balance and covers only 1 0 % o f the actual
discharge. F rom this it follow s that the dicharge o f the A zraq basin m ust occur under
non-steady-state conditions.
In non-steady-state system s interfaces like the salt/freshw ater interface m ust be
in a non-steady state. As expected, stable isotope distribution as a function o f
chloride concentrations clearly indicates an increase o f chlorides w ith a decrease in
stable isotope concentrations. C hlorides as w ell as stable isotopes, how ever, do not
correlate w ell w ith exploration depth. This is due to a local uprise o f this interface
along tectonic structures.
T he salt/freshw ater transition in the A zraq basin is generally m et at 1000 m
below ground as a sharp interface. It rises, how ever, along tectonic structures to
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about 400 m below ground. Pum ping tests in areas o f such saltw ater intrusions into
fresh w aters indicate a rapid drop o f high salt concentrations (85 g /L ). T herefore the
saltw ater intrusions are not judged to restrict short term availability o f freshw ater
resources. The non-steady-state system , how ever, w ill lead in the long run to a
reduction o f freshw ater availability.
A ctual groundw ater discharge exceeds the calculated actual recharge. T his,
how ever, is desired to create a pum ping depression that avoids unproductive evapo
ration losses from the Sabkah. In the future this exploitation m ust be reduced and
adapted to the actual groundw ater recharge plus the non-steady-state discharge o f
ancient w aters.
T he origin o f the salt w aters in the A zraq basin is not w ell know n. Probably
connate w aters from oil o r gas resources started m igration after the Jordan graben
form ed. I f act as a regional collector system fo r deep groundw aters.
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STABLE ISOTOPIC CONTENT OF RAINFALL
AND GROUNDWATERS IN THE BRITISH ISLES
W .G . D A R L IN G , J.C . TA LB O T, M .A . BRO W N LESS
British G eological Survey,
W allingford, O xfordshire,
U nited K ingdom

G ood w ater resources m anagem ent and assessm ent o f possible clim ate change
require a know ledge o f baseline conditions for isotopes in the m eteoric and ground
w ater parts o f the hydrological cycle. In the British Isles, as in m any other areas
w orldw ide, stable isotopes in shallow groundw aters tend to reflect the w eightedm ean isotopic content o f rainfall. D espite the com plexity o f m eteorological
influences, it is therefore possible to build up a picture o f the dom inant atm ospheric
circulation patterns affecting G reat B ritian and Ireland by analysis o f representative
groundw ater sam ples, rather than by long term rainfall collection. It is nevertheless
im portant for the variations in rainfall to be observed and interpreted, particularly
as these may be early indicators o f clim ate change. T he data considered below
represent the present state o f know ledge for the British Isles.
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FIG. 1. Maps o f the British Isles, showing ô,sO and 5 2H contents in recent groundwaters and
the location rainfall isotope stations at Valentía (IAEA), Keyworth and Wallingford.

FIG. 2. Long term rainfall records for ô18О from Wallingford and Keyworth stations (refer
to Fig. 1 for location). Average groundwater compositions for each site are also shown.
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FIG. 3. The wider perspective for the northeast Atlantic area, including weighted mean bI80
and 82H data from IAEA stations at Groningen, Lista and Valentía, plus average ground
water contents for the Faeroe and Shetland Islands.

T w o m aps show ing the com positions o f ô 180 and ô 2 H , respectively, for
recent, shallow groundw aters in the British Isles are presented in F ig. 1. Both
isotopes show essentially sim ilar features, although it proved im possible to contour
<5i80 in the sam e relative detail as S2 H , perhaps because o f m inor evaporative
influences, w hich w ould affect oxygen m ore than hydrogen isotope ratios. D espite
the com plexity o f their w eather patterns, the British Isles receive m ost o f their rain 
fall from the southw est, and it is this feature that basically controls the isotopic
distribution. H ow ever, the topographic ‘g rain ’ o f the islands exerts som e influence,
m ost notably in Scotland, w here sizeable isotopic depletions take place betw een the
w est and east sides o f the country ow ing to the upland b arriers to rainfall.
C onversely, in the 1000 km from L an d ’s End to the northern O uter H ebrides there
is very little depletion. T he density o f the groundw ater sam pling on w hich the maps
are based is variable, w ith low est densities in Scotland, W ales and Ireland, and th ere
fore the m aps m ust be regarded to som e extent as provisional, particularly in these
areas.
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L ong term m onthly rainfall records from tw o British G eological Survey
collection stations in southern and central England show the extent to w hich isotopic
com positions vary in the short term , but also how consistent they are in the long term
(Fig. 2). Local groundw ater com positions are show n for reference. As w ould be
expected from stations w hich are som e 140 km apart there is an overall degree o f
consistency, w ith, for exam ple, a trend tow ards isotopic enrichm ent in m onthly
com positions at the beginning o f the 1990s evident for both locations. In the finer
detail, how ever, it is apparent that there are som e variations betw een the stations.
This is reflected in their m eteoric lines, w hich have the follow ing form s:

W allingford: 02H = 6.99 Ôl80

+ 0.79 (n = 1 4 4 , r 2 = 0.95)

K eyw orth:

+ 4.01

<52H = 7.31 <5180

(n = 99, r 2 = 0.96)

T o put the British Isles in their
northeast
A tlantic context, w eighted average
m eans o f rainfall from the V alentía, L ista and G roningen stations o f the IA E A net
w o rk [1] are show n on the m ap in F ig. 3 together w ith average groundw ater
com positions in the F aeroe and Shetland Islands. A lthough B ritain acts as a b arrier
for tw o continental stations against the dom inating southw est airflow , this appears
to have m ore effect on G roningen than on Lista. C onversely, the F aeroe results show
how little isotopic depletion occurs w ith increase in latitude u nder m aritim e
conditions.
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IDENTIFICATION OF HOLOCENE AND PLEISTOCENE
GROUNDWATERS IN HUNGARY USING OXYGEN AND
HYDROGEN ISOTOPIC RATIOS
J. D E Á K
W ater R esources R esearch C entre (V ITU K I),
B udapest, H ungary
T . C O PL EN
U . S. G eological Survey,
Reston, V irginia,
U nited States o f A m erica

T he ¿>180 content o f H olocene groundw aters in H ungary — those containing
tritium and those containing m ore than 15% m od em carbon (pm C) — is - 9 . 3
± 0 .3 7 00. O lder groundw aters, those w ith 14C abundances o f 15 pm C o r less,
presum ably represent Late Pleistocene glacial recharge and depleted in 180 by up
to 5°/oo relative to H olocene groundw aters. T hus, ô 180 abundances can be used to
separate H olocene from Late Pleistocene groundw aters. Equivalent observations
apply for i52H values because these sam ples plot on the sam e m eteoric w ater line.
In the southern G reat H ungarian Plain (GH P) betw een the D anube and the
T isza R ivers previous hydrological investigations indicate that groundw ater is
recharged in a central m ound and discharged into both rivers. In the recharge area
the <5180 values o f groundw ater sam ples are all m ore positive than —9 .9 7 00, in
accordance w ith ou r characterization o f H olocene groundw ater recharge. In the tw o
discharge areas <5180 values o f groundw ater are m ore negative than - 1 2 7 00,
indicating that these are Pleistocene groundw aters. In confirm ation, 14C concen
trations increase m onotonically along flow lines determ ined by hydraulic data. Tw o
sam ples w ith <5180 values o f —10.2 ± 0 .3 7 oo are hypothesized to represent
groundw ater recharged during the transition from glacial (Late Pleistocene) to inter
glacial (H olocene) clim ate. In excellent agreem ent w ith this hypothesis is the obser
vation that the 14C content o f these tw o sam ples is identical (9.75 + 0.0 5 pm C ).
A s opposed to the observation that w inter precipitation, p rim arily, com prises
groundw ater recharge in arid regions, w e conclude that m o d em groundw ater re
charge (less than 30 m depth) in the sem i-arid G H P is com prised o f both sum m er
(June-Septem ber) and w inter (D ecem ber-F eb ru ary ) precipitation because the 5 180
o f m odem G H P recharge ( - 9 . 3 + 0 .3 7 oo) is identical to the average o f the m ean
w eighted ô 18 0 o f w inter ( - 1 3 ± 1 7 00) and o f sum m er ( - 6 + 1 7 00) precipitation.
<$2H values give the sam e respective fractions because precipitation values plot on
a local m eteoric w ater line and do not show significant evaporation.
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ANALYSIS OF CONCENTRATION OF ENVIRONMENTAL
ISOTOPES IN GROUNDWATER AND RAIN WATER
FROM PARAGUAY
J.F . F A C E T T I-F E R N A N D E Z
C orporación de O bras Sanitarias (C O R PO SA N A ),
A sunción, Paraguay
W . S T IC H L E R
Isotope H ydrology L aboratory,
D ivision o f Physical and C hem ical Sciences,
International A tom ic E nergy A gency, V ienna

1.

IN T R O D U C T IO N
T he results o f the first sam pling cam paign fo r tritium and stable isotopes in

groundw ater and rainw ater from Paraguay are presented. Sam ples w ere collected at
14 locations, over a distance o f 670 km betw een the cities o f P edro J. C aballero in
the north o f the country and San Juan Bautista in the south. F ig u re 1 show s the
sam pling location.
T he results o f the analysis o f stable isotopes from precipitation and ground
w ater sam ples are sum m arized in T able I. V alues o f ô 180 range from - 1 1 .1 to
—2 .7 3 °/00. T he ô2H and ô 180 content varies betw een —7 8.6 and 1 .9 7 00, but for
the groundw ater analysed the values found fo r S2H and ô 180 are betw een —37.5 to
- 3 1 . 5 7 00 and - 5 .7 1 to - 6 . 4 5 7 00 respectively.
F ig u re 2 show s the variation o f tritium level and conductivity in 14 w ells.
V alues have been found below 1.0 tritium unit (TU ) fo r w ells 8 , 9, 10, 13 and 14
and above 1.5 T U for w ells 1-7 and 12. No correlation w as found betw een
conductivity and tritium concentration, indicating infiltration and w ashing o f
confining bedrock in the area studied. W e conclude th a td isso lv e d salts are due to
anthropogenic effects rath er than to dissolution from the confining bedrock.
T his is confirm ed by the fact that locations 10, 11 and 14, w ith the oldest
w ater, have low conductivity. In locations 3, 4 and 12, sam ples from recent periods
(high TU ) show a higher level o f conductivity.
Sam ple locations 4 and 12, w hich are in the urban area o f Pedro J. C aballero
and A sunción, show the highest concentration o f nitrates com pared w ith the other
places studied. T able П sum m arizes results o f chem ical analysis o f groundw ater.
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FIG. 1. Sampling locations o f groundwater and rain water.
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T A B L E I. R E SU LT S O F T H E A N A LY SIS O F STA B LE ISO TO PES FRO M
PR E C IPIT A T IO N A N D G R O U N D W A T E R SA M PLES
Sample
code
PAR 01
PAR 02
PAR 03
PAR 04
PAR 05
PAR 06
PAR 07
PAR 08
PAR 09
PAR 10
PAR 11
PAR 12
PAR 13
PAR 14
PEDRO
PEDRO
PEDRO
SAN JUAN
SAN JUAN
OVIEDO
OVIEDO
CABALLE

18o (2)

is0

l8ou d)
(°L )

(av)
(°/.c)

2H

Excess

( 7 oe)

(0/oo)

("/..)

3H
(TU)

Error
(TU)

-6 .0 8
-5 .7 9
-5 .9 4
- 5 .9 0
- 5 .9 9
- 6 .1 6
- 5 .8 6
- 5 .7 2
- 6 .3 9
-5 .6 8
-6 .4 6
-6 .0 5
-5 .9 9
-5 .9 8
-1 1 .1 0
-4 .5 1
-3 .3 5
-4 .2 9
-3 .8 5
-5 .6 5
-2 .7 3
-5 .6 3

- 6 .0 6
-5 .6 2
-5 .8 2
-5 .8 2
-5 .8 4
-5 .9 9
-5 .8 3
-6 .0 2
-6 .5 1
-5 .8 5
- 6 .2 0
- 5 .9 6
-5 .7 3
-5 .7 6
-1 1 .0 8
-4 .3 2
-3 .1 5
-4 .2 7
-3 .7 9
-5 .7 1
-2 .9 1
-5 .8 3

-6 .0 7
-5 .7 1
-5 .8 8
- 5 .8 6
-5 .9 2
-6 .0 8
-5 .8 5
-5 .8 7
-6 .4 5
-5 .7 7
- 6 .3 3
-6 .0 1
- 5 .8 6
- 5 .8 7
-1 1 .0 9
- 4 .4 2
-3 .2 5
-4 .2 8
-3 .8 2
-5 .6 8
-2 .8 2
-5 .7 3

—33.8
—34.6
-3 5 .2
- 3 4 .6
-3 4 .3
-3 7 .0
-3 1 .5
-3 4 .1
-3 7 .6
-3 4 .9
-3 7 .1
-3 6 .4
-3 4 .9
-3 4 .3
-7 8 .6
-1 9 .8
-1 3 .1
-1 9 .5
- 1 3 .0
-3 0 .4
- 5 .3
-3 0 .3

14.8
11.0
11.8
12.3
13.0
11.6
15.3
12.9
14.0
11.2
13.5
11.6
12.0
12.7
10.1
15.5
12.9
14.7
17.6
15.0
17.3
15.5

2.6
4.1
3.7
3.5
4.6
4.6
2.8
0.7
0.4
0.1
- 0 .1
1.9
0.7
0.2
4.3
3.8
4.4
3.6
3.6
3.5
4.4
4.5

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

C o n d u ctivity (nS /cm )

FIG. 2. Variation o f tritium level and conductivity in groundwater.
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TABLE II. RESULTS OF THE CHEMICAL ANALYSIS OF GROUNDWATER
SAMPLES

PAR
PAR
PAR
PAR
PAR
PAR
PAR
PAR
PAR
PAR
PAR
PAR
PAR
PAR

Conductivity

PH

Na

(jiS/cm)

01
02
03
04
05
06
07
08
09
10
11
12
13
14

104.20
110.40
191.20
245.00
148.60
161.40
62.26
136.30
173.50
38.69
34.81
211.90
158.60
70.00

К

C 03

НСОЗ

Cl

S04

f<i
О
Z

Sample
code

Si02

0.60
0.61
0.40
0.18
0.32
0.32
4.61
3.82
5.09
1.48
0.11
23.09
11.66
0.33

1.86
1.38
12.75
32.20
0.10
4.89
10.62
10.77
17.71
1.81
0.39
30.75
23.67
23.57

46.31
42.12
41.84
40.43
17.01
43.68
51.81
15.87
20.96
25.00
78.07
84.75
86.91
29.69

mg/L
7.67 3.08
7.72 4.37
7.82 4.02
7.30 4.26
7.82 5.48
9.35 4.03
6.24 3.91
6.99 6.13
7.61 16.66
6.29 2.82
6.36 5.02
7.00 20.89
6.99 10.00
6.66 2.79

1.44 0.00 66.00
0.97 0.00 69.10
1.55 0.00 98.90
1.75 0.00 108.30
0.30 0.00 89.80
1.33 17.50 55.10
3.73 0.00
9.52
2.39 0.00 55.36
5.38 0.00 70.04
3.40 0.00 17.05
1.83 0.00 22.95
2.90 0.00 35.86
3.88 0.00 32.46
2.10 0.00 12.31

0.26
0.10
3.47
4.92
2.45
191
3.02
5.51
5.10
0.88
0.00
11.55
8.11
1.63

L ocation 4 show s high levels in conductivity, C a 2+, M g 2+ and H C O 3 . T he
high conductivity levels in this location can be caused by C a2+ and H C O 3 ions.
L ocation 12 show s high levels in conductivity, N a + , C l- and S i0 2. These high
levels are probably due to the high concentration o f N a + , SO 4 and C l- .

2.

D ISC U SSIO N

2 .1 .

G e o g ra p h ic a l an aly sis

F igure 3 show s the spatial distribution o f the sam ples analysed. T he analysis
o f the isotopic com posititon show s a noticeable sim ilarity for sam ple locations 2 , 3 ,
4 and 5. Locations 1 and 6 , in the same area (in the north o f the country), are
probably from different aquifers. T he same conclusion can be draw n for locations
7 and 8 (because o f differences in 2H com position) and location 10 (because o f d if
ferences in 2H and 180 com position). T hese sam ples com e from the centre o f the
country.
O f the sam ples from the east o f the country 11, 12, 13 and 14, only 13 and
14 have sim ilar isotopic com position but the distance betw een the tw o sites is
approxim ately 25 km and they are separated by different hydrographical basins.
Sam ples 11 and 12 show different 180 com position, indicating different aquifers.
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FIG. 3. Spatial distribution of the samples analysed.
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FIG. 4. Variation in deuterium precipitation fro m 1993-03-01 to 1994-05-04.
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The only sample from the south of the country is from location 9, which shows
the lowest values in the country of 2H and 0.
18

2.2. Temporal variation of deuterium
Figure 4 shows the variation of 2H in precipitation from 1 March 1993 to
5 April 1994. During the winter there is an increase of 2H and during the summer
a decrease. The opposite trend is found in the southern hemisphere, where typically
the highest levels occur in summer and the lowest levels in winter. Probably this
effect is due to the amount of precipitation in winter and in summer.

IAEA-SM-336/38P

WATER AVAILABILITY AND SOCIOECONOMIC CONDITIONS
AS LIMITING FACTORS FOR REGIONAL PLANNING AND
DEVELOPMENT IN THE NORTHEAST OF BRAZIL
Aspects o f a multidisciplinary approach

M. FORSTER, S. VOERKELIUS
Hydroisotop, Schweitenkirchen, Germany
H. FRISCHKORN, M. SANTIAGO, C. DA SILVA
Universidade Federal do Ceara, Fortaleza, Brazil
E. LANTERMANN, D. BRÜHL
Universitat Kassel, Kassel, Germany
On the basis of earlier groundwater studies as well as from development
projects funded on a national and/or international basis, it must be stated that
expected benefits to the country and society are often minimally perceptible. Taking
a holistic view of water resources, of structures of water management and feasible
future scenarios reveals that obstacles to progress are found within the context of
environmental problems and seemingly are dominated by problems concerning social
structures, society and the economy.
Within this context, research on groundwater and surface water availability
(and quality) plays an important central and linking role, but does not take priority
over other disciplines. As a result of these experiences a first attempt is being made
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using a multidisciplinary approach, supported by the German and Brazilian Govern
ments. This will investigate interactions between water availability and quality;
socioeconomic structures; agricultural and industrial management; and acceptance of
environmental changes in a few model areas reflecting the problematic conditions in
the northeast of Brazil.
The target areas for this bilateral, compound project lie within the drought
polygon of Brazil and special attention will be given to regions within the federal
states of Piaui and Ceara.
The region of interest is characterized by highly vulnerable environmental con
ditions: it is a semi-arid region, highly sensitive, for example, to high hydrological
variation. As promising conditions for industrial development do not currently exist,
this also implies that agricultural and irrigational areas within that region cannot
offer constant living conditions, even at a low level, to the rural population
(see Ref. [1]).
This situation seemingly cannot be changed through localized programmes of
development as there is no prospect of a sustainable change and — in parallel — eco
nomic interest on a broad, non-governmental but private and industrial scale.
Estimations from former isotope work on regional groundwaters revealed that
in the area of investigation mainly deep groundwater systems are exploited [ ].
Taking into account that these groundwaters show high residence times and low
recharge, aspects of overexploitation and contamination are being investigated in
detail, using hydroisotopical and hydrochemical methods for detecting changes in a
major groundwater reservoir.
As detailed results can already be reported in that context, a focus for future
work will be the investigation of:
2

— Surface water quality and availability through detection of annual runoff, basic
hydrochemistry, annual variation of 2H and 180 in different recharge areas,
Sr“ and Pb“ isotope signatures as fingerprints of regional recharge area
geology;
— Further carbon isotope data in groundwaters from detailed areas of intensive
exploitation to be compared with previous C~ and 13C results in small,
regional frames.
14

In a socioeconomic field study, basic boundary conditions for water manage
ment will be studied:
• the actual quality of water used for irrigation and drinking water purposes
• the amount of water consumed, the expense of drinking water supply versus
technical efforts for exploitation and distribution.
To detail the current situation, ideas for possible changes will be elaborated
and their feasibility and political acceptance under given boundary conditions will
be assessed.
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MISE EN EVIDENCE DES CONTRIBUTIONS RESPECTIVES
AUX ECOULEMENTS EN MILIEU SUBDESERTIQUE D’ALTITUDE:
LE TELOUA (AIR, NORD DU NIGER)
R. GALLAIRE*, J.-C. FONTESf, G.M. ZUPPI
Laboratoire d’hydrologie et de géochimie isotopique,
Université de Paris-Sud,
Orsay
*et Département eaux continentales,
ORSTOM,
Paris
France

Au cours des années 80, la persistance de la sécheresse au Nord-Sahel et
l’augmentation de la demande en eau consécutive au rapide accroissement de la
population d’Agadez conduisirent à une baisse préoccupante (jusqu’à 12 m par
endroit, pour une puissance de 20 à 30 m) du niveau de la nappe alluviale alimentant
la ville. Les dernières campagnes hydrologiques ORSTOM dans l’Aïr eurent pour
objectif, entre autres, d’améliorer la connaissance des mécanismes d’écoulement du
Kori Téloua et de la recharge de sa nappe alluviale, afin d’en permettre une exploi
tation optimale.
Les campagnes de saison des pluies de 1988 à 1990 virent donc leur potentiel
renforcé par la mise en place de protocoles de mesures physico-chimiques in situ et
de prélèvements, à la fois sur les pluies, les eaux d’écoulement et de nappe alluviale,
en vue d’analyses chimiques et isotopiques.
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FIG. 1. Débits et teneur en deutérium des eaux de la crue du 13 au 14 août 1990.
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Les conditions climatiques et l’environnement subdésertique d’altitude, carac
térisés par une saison des pluies concentrée, une forte évaporation, et des écoule
ments torrentiels et espacés, constituent autant de facteurs favorables à l’examen des
rapports isotopiques entre les eaux de surface et les eaux souterraines [1]. Les
signaux bien distincts, le traçage naturel (<5 H, ô 0) vigoureux, permettent de
mettre en évidence, sur les hydrogrammes d’écoulements, les contributions respec
tives des eaux météoriques et des eaux issues de la nappe alluviale ou des berges.
Les phénomènes «piston» signalés par de brutales variations de teneur isotopique,
généralement négatives, au cours des premières minutes d’écoulement, précèdent et
alternent avec les phénomènes de mélange. L’importance de ces derniers croît
naturellement avec le temps, jusqu’à la pointe de crue, où une certaine stabilisation
des teneurs isotopiques traduit l’effet maximal (Fig. 1).
Les eaux souterraines, relativement préservées des phénomènes d’évaporation
lorsque l’infiltration a été rapide, semblent pouvoir conserver la signature isotopique
des eaux météoriques dont elles sont issues (Fig. 2); leur teneur en isotopes lourds
n’étant pas soumise à plus de dispersion que l’eau elle-même [2]. La figure 2, qui
met en évidence l’aptitude de la relation «oxygène 18-deutérium» à souligner la
participation des eaux souterraines aux écoulements, spécialement lorsqu’il s’agit de
phénomènes de mélange, a également valeur d’exemple.
2

18
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A HIGH ARCTIC HYDROLOGICAL STUDY USING STABLE ISOTOPES,
CORNWALLIS ISLAND, CANADA
S.P. KINNEY, T.W.D. EDWARDS, D. GREGOR
Department of Earth Sciences,
University of Waterloo,
Waterloo, Ontario, Canada

Large areas of Canada’s Northwest Territories receive fluxes of organic
aerosols from external sources via the Arctic haze phenomenon. On Cornwallis
Island, a well defined 25 km2 drainage basin (latitude 75°03'N, longitude
93°50'W) focused around a 0.38 km2 lake informally named ‘Amituk Lake’ was
selected for a multi-year, multidisciplinary study which is attempting to trace the
post-depositional migration of these compounds in the local environment. The calcu
lation of an accurate water balance for this basin is an important component of the
study. During the 1994 summer field season an effort was made to determine the
significance of groundwater contributions (a previously uninvestigated parameter) to
this flow system. An 180 and 2H sampling programme combined with a physical
measurement regimen was undertaken to achieve this objective.
Measurements of the input and output fluxes of meteoric water, surface water
and groundwater were necessary for the calculation of an accurate water balance
within the study basin. Lake bottom seepage meters and shallow piezometers were
placed in stream beds and along the shoreline of Amituk Lake in order to measure
active zone hydraulic conductivities and groundwater flow to and from the lake.
Meteoric water inputs and outputs within the basin were estimated through surveys
of winter snow accumulations and daily monitoring of a Class A evaporation pan and
standard rain gauges. Surface water movements to and from the lake were measured
with a network of stream level chart recorders augmented by daily gauging of all
surface streams draining into and out of Amituk Lake.
The initial spring snowmelt occurred as a large pulse of water during a three
week period from mid-June until early July (Fig. 1). Initial snowmelt water was
conducted by overland flow, as ground surfaces in most areas of the basin were
frozen and effectively impermeable at the beginning of the melt season.
Permafrost and bedrock topography in the basin dominated the subsurface flow
regime by focusing flow within trough-like depressions. In most cases, the dynamics
of active and unsaturated zone development within the basin made determination of
hydrogeological parameters with conventional piezometer observations and flow net
analyses impractical.

450

POSTER PRESENTATIONS
W a te r in p u t so u rce s to A m itu k Lake vs date, su m m e r 1994
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FIG. 1. Results o f preliminary mathematical model o f input sources during the Amituk Lake
1994 melt season. The bulk o f surface water flow occurs during a three week period beginning
in late June. Groundwater input to the basin increases steadily throughout the summer,
primarily as a result o f an increase in cross-sectional flow area beneath stream beds due to
active layer development.

After snow ablation, streamflow and direct groundwater contributions to
Amituk Lake were derived primarily from melting ground ice observed discharging
from the base of hillsides. Analyses of l80 and 2H isotope signatures reveal signifi
cant enrichment of surface water in the basin’s largest stream from ô
values of
—24.24 to —19.75700 without a significant deviation from Craig’s global meteoric
water line (GMWL). This late-summer streamwater signature is similar to the
majority of isotopic signatures for ground ice within the basin.
Streamflow, precipitation, evaporation, piezometer and ground thaw data were
incorporated into a mathematical model in an attempt to derive reasonable estimates
of groundwater contributions to the flow system. In the model, it is assumed (on the
basis of piezometer observations) that most groundwater flow into the lake occurs
beneath the basin’s thawed stream beds. The results of the model (Fig. 1) show that
groundwater contributions increase steadily as the cross-sectional flow area beneath
stream beds increases during the thaw season.
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Isotopic signatures of surface and ground ice components were used to
calibrate the model. Model results for the day of 7 August 1994 calculated the
groundwater input to Amituk Lake to be 84% of the total input, while the isotopic
mass balance estimates groundwater was 67% of the total water input. The mass
balance shows that the preliminary model delivers a useful first approximation from
which suitable hydraulic conductivity adjustments can be made in order to conform
more closely to the isotopic findings.

IAEA-SM-336/96P

GROUNDWATER RECHARGE STUDIES IN ARID REGIONS
OF WESTERN RAJASTHAN USING ISOTOPE TECHNIQUES
S.V. NAVADA, A.R. NAIR, S.M. RAO, U.P. KULKARNI, T.B. JOSEPH
Isotope Division,
Bhabha Atomic Research Centre,
Trombay, Bombay, India

Environmental isotopes H, 0 , 3H and 14C have been measured and inter
preted with geochemical and hydrochemical data to provide understanding of the
groundwater recharge processes in the following arid areas in western Rajasthan:
2

18

— Bhadka-Bheemda in Barmer district,
— Bikaner.
In the Bhadka-Bheemda area (~ 100 km2) the deep aquifer is generally fresh
compared to the shallow aquifer. Beyond this area in all directions the deep aquifer
becomes brackish or saline. The aquifer is Tertiary sandstone which occurs at
different depths. In Bikaner, groundwaters from Eocene sandstone aquifer are exten
sively exploited and the water levels have been declining. The shallow wells in the
above areas are mostly under unconfined condition whereas the deep wells are under
semi-confined to confined condition.
Isotope results from the Bhadka area show that the deep groundwater (depth
m) has depleted <5D, ô
values compared to the shallow groundwater
(Fig. 1). They have negligible 3H and 14C contents of 22 to 50 pmC. Model 14C
ages of these groundwaters range from 4000 to 9500 BP. Hence the deep fresh
groundwaters seem to represent palaeowaters recharged during a cooler and more
> 1 0 0
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humid climatic condition. This is further confirmed by palaeontological studies
[1,2] which showed that during the early and mid-Holocene a humid climate existed
in Rajasthan. The shallow groundwaters from the area are brackish and have
enriched ÔD, <5I80 values compared with the deep wells, and a 3H content of 3 to
TU, indicating some component of present day recharge. Salinity due to leaching
of soil salts is evident.
The shallow and deep wells (depth > 100 m) in Bikaner have similar <5D,
<5180 values and negligible H. The 14C model ages of the deep well samples vary
from modern to 9500 BP. Similar <5D and <5,80 values of the shallow and deep
groundwaters and young waters encountered in some of the deep well samples
(Fig. 2) indicate mixing of the shallow and deep zone waters due to heavy exploita
tion of the groundwaters in the area.
6

3
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EVALUATION OF THE SUSTAINED YIELD
OF GROUNDWATER RESOURCES IN THE AQUIFER
OF THE DETRITAL TERTIARY OF MADRID
F. LOPEZ-VERA
Faculty of Science,
Universidad Autónoma de Madrid,
Madrid, Spain
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Department of Hydrogeology,
Charles University,
Prague, Czech Republic
R. SPANDRE
Dipartimento di Scienze della Terra,
Università degli Studi,
Pisa, Italy

The aquifer of the detrital Tertiary extends over an area of 2650 km within
the District of Madrid (see Fig. 1) which is its most exploited part and contributes
to the water supply of 4.5 million people.
The aquifer consists of arkosic sands deposited as alluvial fans during the
Neogene. Locally, it reaches a thickness of over 3000 m. The depth of the wells
exploiting its water, however, does not exceed 500 m.
In accordance with earlier investigation [1], the hydraulic conductivity
in the horizontal direction was found to be in the range 0.5 to m per day
x
m-s to
x
m-s"1) whereas in the vertical direction it was as
much as a hundred times lower. The specific yields of the wells did not exceed
3 L-s" -m"1. The aquifer was considered to be unconfined, very anisotropic and
periodically recharged by infiltration of precipitation in the watershed divide areas,
and discharged at the valley bottoms. Geochemical and isotopic data [2, 3] are in evi
dent agreement with this idea of groundwater flow. The water of wells at the valley
bottoms showed radiocarbon ages exceeding 10 000 a and ¿>180 values of -8 .5 to
—9.37 while precipitations have ô180 values of -7 .3 7 00. These data and the
behaviour of the wells led to these waters being considered as fossil, and the aquifer
was considered to possess a high inertness towards exploitation, because the piezo
metric levels persist without any noticeable change. The total groundwater resources
2
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FIG. 1. Location o f the studied zone o f the aquifer o f the detrital Tertiary o f Madrid with the
main geological and topographical characteristics.

are considered to be about 200 X 10 m per year. The numerous detailed investi
gations of this strategically significant aquifer of the Madrid area have hardly
changed the conclusions summarized here.
New investigations between 1991 and 1994 with systematic sampling and
analysing H, H, C, 14C and 180 were made in wells, rivers, small streams, in
the piedmont area outside the aquifer and in the unsaturated zone. They enabled us
to establish a new model of how the aquifer acts, and to estimate its resources in view
of the new strategies of exploitation [4].
According to the new results, the recharge of the aquifer of the detrital Tertiary
of Madrid takes place simultaneously by different preferential means, namely
laterally through the mountainous margins and by infiltration in the stream beds of
rivers flowing from the mountains. The precipitation in the surrounding mountains
and the water in the rivers show <5180 and <52H values coinciding with the values of
groundwater in the wells at the valley bottoms. The samples in the unsaturated zone
of the watershed divide areas in relationship to the precipitation water showed
proportionate ô 0 , S2H and deuterium excess values corresponding to those of
water exposed to evaporation which had no connection with the water of the
saturated aquifer. However, soil water occurs in depressions and at the heads of
6
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small streams in the watershed divide zones of the main valleys, the values of which
coincide with those of the water of the aquifer. The zones of discharge are the stream
beds of small streams and rivers.
Estimates of radiometric ages of groundwater, too, have been revised. The
major part of samples with radiocarbon ages of
to 6000 a show tritium values
of 2 to 5 TU. These values have been reinterpreted as mixtures of waters. In some
samples with 14C ages up to 20 000 a, a peculiar fraction of carbonates was
encountered which might be the cause of the apparent ageing of the sample.
During April 1992 and March 1993, the Madrid region was affected by
droughts the effects of which were compensated for by a considerable increase in
the exploitation of the aquifer. During these periods the main water supply company
pumped * m of groundwater without significantly affecting the water level in the
wells. This corroborates the new model of the function of the aquifer, which was
found to have bigger resources and faster dynamics than formerly assumed.
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ORIGIN AND FLOW PROCESSES WITHIN
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With a capacity of about 260 000 m per day the waterworks along the Elbe
river near Torgau are most important for the drinking water supply of Saxony. The
pumped water represents a mixture of bank filtration water and groundwater. The
well point systems are located parallel to the Elbe river on the western edge of a long
glacial erosion basin. The western foreland is formed by pushed moraines.
Tritium and radiocarbon have been used to reveal general age relations in
the groundwater system by investigating different cross-sections. Detailed hydro
chemical, hydraulic and isotope studies were performed on two research profiles.
One of them is described in this study.
The oldest waters with 14C concentrations of 20 to 30 pmC were found in
samples from the base of the end moraines as well as from upper Tertiary layers
under the basin. Isotope data of a cross-section through the northern area of Torgau
are shown in Fig. 1. Within the Quaternary layers below the Elbe river varying age
relations were observed. Thus, in monitoring section Torgau I, water with a very
low tritium content occurs in the lowermost basin layer, whereas in section П, km
from section I, high tritium values predominate in all basin zones.
ô180 was recorded on 17 positions of cross-section I (as shown in the Table
in Fig. 2) over periods up to 400 days. The river water shows the expected seasonal
trend with a correlation between
and water table especially in flood periods.
The <5180 values of samples from the observed depth levels 1 to 3 between the river
and the producing wells follow the course of the Elbe water data more or less delayed
and damped. This effect is shown in Fig. 2 for three sampling points of site 4 and
production well 22. It was found that the most favourable flow path between river
and wells is the uppermost part of the aquifer. During the December flood the river
water table reached site 4. No delay between the curves of Elbe water and posi
tion 4/1 was observed therefore in that period. Generally very small variations were
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FIG. 1. Schematic cross-section with sampling points as well as tritium and radiocarbon
concentrations.

Days (startin g w ith M ay 1993)

FIG. 2. 6,80 variations in water samples from five sampling points of research section I.
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found in sam ples from levels 4 and 5, w ith the exception o f position 6 /4 . A thin silt
lay er occurs betw een levels 3 and 4, thought to be a ‘leak y ’ aquifer. T he <5180
results show that the high tritium contents m easured in both layers cannot be
explained by a fast w ater exchange.
R adon-222 m easurem ents w ere perform ed for m ethodical reasons as w ell as
to study the bank filtration near the riv er bed. T he availability o f other isotope data
offered a good possibility to cross-check the m ethod. A ssum ing a very low 222Rn
content in riv er w aters and a release from the sedim ents w hich does not depend on
the tim e and the aquifer position, the tim e fram e to detect riv er w ater com ponents
in the aquifer does not exceed 15-20 days. W ithin the p rofile, strong counting rate
variations w ere observed. As expected from <5180 , the low est counting rates w ere
m easured in groundw ater sam ples o f position 2/1. R elatively low activities in
sam ples o f som e positions below the river bank could represent descending riv er
w aters if no further inform ation w ere available. T o study this situation the radon
concentrations w ere analysed again after sw itching o ff the production w ells. M uch
higher values w ere found in position 2/1 but also in positions 4 /4 and 1/4. T ogether
w ith the behaviour o f calcium and chloride this w as taken as evidence for leakages
in the silt layer. T hus 222R n can indicate changed flow conditions in aquifers w ith
heterogeneous radon distribution.

IAEA-SM-336/131P

ENVIRONMENTAL ISOTOPE STUDY OF SOURCES OF RECHARGE
IN THE ULAN BUH DESERT, INNER MONGOLIA
B .T . V E R H A G E N
Schonland R esearch C entre,
U niversity o f the W itw atersrand,
Johannesburg, South A frica
W ei-Z u G U
N anjing Institute o f H ydrology and W ater R esources,

Nanjing, China

T he U lan Buh desert in Inner M ongolia, C hina (Fig. 1), is to b e further devel
oped fo r irrigation agriculture. It lies to the w est o f the m am m oth H ao Т е irrigation
schem e, w hich w as established early in the 19th century. A t present, som e 80% o f
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FIG. 1. Map of the Ulan Buh desert plain, Inner Mongolia, between the Yellow River and
the Lang Shan mountains. Sampling points are shallow wells in the phreatic aquifer and deep
boreholes in the confined aquifer and surface water. Also shown are irrigation canals.

the flow of the Yellow River is diverted into an extensive system of canals, of which
some 4 X 10 m -a goes to the Ulan Buh desert. As the river’s water has become
fully committed, groundwater of the desert itself is being investigated as a possible
sustainable irrigation source. To this end, geohydrological, hydrochemical and
environmental isotope studies were recently undertaken in a joint research
programme.
The area of study, some 4000 km in extent, is a sand-covered desert plain
between the Yellow River at 1060 m.a.m.s.l. in the southeast, and the foot of the
8
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alluvial fans of the Lang Shan mountains at 1040 m.a.m.s.l. in the northwest. Over
the past two millenia, the Yellow River shifted further eastwards, and the area has
undergone desertification, with a mean annual precipitation of 143 mm. Numerous
abandoned river channels and playa lakes are currently encountered.
The Ulan Buh desert is underlain by Quaternary alluvial and lake phase
deposits up to 500 m thick. The plain was probably part of a fault basin, occupied
by a lake, formerly fed by the river. A ubiquitous argillaceous aquitard is encoun
tered, resulting in the formation of a regime of superimposed phreatic and confined
groundwater, usually at a depth of < 100 m. The water is mostly potable, total dis
solved solid loads with few exceptions lying between 700 and 1700 m g-L'1. In the
west, there are instances of saline phreatic water and relatively fresh confined water.
In the same general area, somewhat to the northeast, exactly the reverse situation
is encountered.
Aquifer yields are highly variable, shallow wells in the phreatic aquifer
yielding <1 L-s exploited by hand pumps. Alluvial fans at the foot of the
mountains yield up to 30 L -s'1. Deeper wells in the confined aquifer yield up to
18 L - s in the southeast, exploited by motorized pumps, to a minimum of some
2 L-s in the northwest. Wells in the fractured rock of the mountains yield some
1.5 L -s'1.
Except for a few more positive cases (e.g. for surface water) most ô180
values lie in the range of - 7 to -1 0 7 oo. Values between -11 and -1 2 7 00 are
associated with low (<50 pmC) radiocarbon. These values are encountered in the
confined aquifer and might be interpreted as derived from recharge during earlier
river transgressions. The <5D-<5lsO correlation shows that, at many sites, water
undergoes a degree of surface evaporation before recharge to the phreatic aquifer.
Neither water from the river, nor from the mountains and the alluvial fans, has a
distinctive isotope signal which permits it to be traced through the groundwater
systems.
The distribution of tritium values measured in individual wells is also shown
in Fig. 1. River samples taken in 1993 and 1994 at 46 to 48 TU respectively are
taken as representative for present-day rainfall. In a number of instances, consider
ably higher values are found in phreatic groundwater. This suggests episodic
recharge, a major episode having occurred some decades ago. Intermediate values
are ascribed to mixtures between confined and phreatic groundwater. Vanishing
tritium values are observed in the lower, confined, aquifer.
Radiocarbon values as low as 2 pmC are observed in confined, anoxic ground
water, suggesting almost immobile conditions. Values up to 97 pmC in phreatic
groundwater appear modest in the light of the high accompanying tritium concentra
tions. This is interpreted as being due to the relatively low biogenic activity in the
desert soil, which responds rather sluggishly to changes in the radiocarbon concen
tration of atmospheric C02.
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CONCLUSIONS
— In spite of the low rainfall, present-day diffuse (if episodic) rain and localized
surface water recharge to the phreatic aquifer is occurring over the entire study
area.
— There is evidence of palaeorecharge to the confined aquifer, possibly resulting
from Yellow River transgressions during the last glaciation.
— There is no evidence of enhanced recharge to the aquifers of the plain, either
from runoff infiltration into alluvial fans in the northwest, nor from the Yellow
River in the southeast.
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