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Abstract
A review of data utilization and data sufficiency for the multiple lines of hydrological
analysis in the SITE-94 study yields insight regarding how site characterization relates to
key uncertainties in geologic-barrier performance for performance assessment (PA).
Significant uncertainties arise from (1) lack of data regarding interrelationships between
hydraulic and transport properties in water-conducting features, (2) insufficient data to
discriminate between different conceptual models for large-scale spatial correlation of
hydraulic properties, and (3) inadequate determination of effective boundary conditions
for site-scale models. For future site characterization in support of hydrological modelling
for PA, recommendations that can be offered include. (1) to develop methods for the
evaluation of site-specific transport properties, particularly flow porosity, flow wetted
surface, matrix diffusion coefficients, and possibly effective sorption coefficients, (2) to
emphasize the use of multiple tracers and multiple scales of observation in pumping and
tracer tests, in order to allow evaluation of the effects of scale and heterogeneity in
hydrologic and transport properties, (3) to develop a structured, systematic approach to
borehole investigations, sampling, and core logging, in order to ensure that the data thus
gathered will support meaningful statistical analysis, and to ensure that the development
of alternative conceptual models is supported, and finally (4) to improve documentation
and checking of site-characterization data in order to avoid unnecessary introduction of
uncertainty in PA. A full list of recommendations is given in Chapter 4 of this report.

Abstract (Swedish)
Inom SKIs säkerhetsanalysprojekt SITE-94 genomfördes omfattande hydrogeologiska
analyser med alternativa modeller och olika angreppssätt, baserade pâ data frân SKBs
(ytbaserade) platsundersökningar vid Äspö berglaboratorium utanför Oskarshamn.
Denna rapport redovisar en utvärdering av dessa analyser vad gäller användbarheten och
tillräckligheten av data för att bestämma bergets förmäga att begränsa utsläpp av
radioaktiva ämnen frân ett slutförvar för använt kärnbränsle.
Beräkningar av grundvattenströmning och spridning av radioaktiva ämnen i berget är
behäftade med osäkerheter, vilket minskar precisionen i säkerhetsanalysens résultat.
Delvis beror dessa osäkerheter pâ att platsundersökningen inte givit tillräckliga eller
relevanta data för de modeller som används i säkerhetsanalysen. Betydande osäkerheter
beror pä (1) avsaknad av data som beskriver relationen mellan vattenförande sprickors
hydrauliska och transportegenskaper, (2) otillräckliga data för att kunna bestämma den
storskaliga rumsliga korrelationen av hydrauliska egenskaper och (3) osäkerheter om de
hydrauliska randvillkoren för de platsspecifika hydrogeologiska modellerna.
För att öka precisionen i de hydrogeologiska modellerna, och i säkerhetsanalysens
résultat, rekommenderas att man inför framtida (ytbaserade) platsundersökningar:
•

vidareutvecklar mätmetoder för bestämning av platsspecifika transportegenskaper,
speciellt flödesvätt sprickyta, flödesporositet och sorptions- och
matrisdiffusionsparametrar,

•

bättre utnyttjar sparämnesförsök i olika skalor för att bestämma hydrologi- och
transportparametrarnas beroende av heterogenitet och rumslig skala,

•

utvecklar en strukturerad och systematisk ansats för borrhälsundersökningar,
provtagningar och borrkärnekartering för att tillse att data är användbara för
statistisk behandling och att de ger underlag för utveckling av alternativa
konceptuella modeller,

•

förbättrar system för dokumentation och kvalitetssäkring av data för att undvika att
man inför onödiga osäkerheter i säkerhetsanalysen.

En detaljerad redovisning av alla rekommendationer âterfinns i Kapitel 4 i denna
rapport.
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Introduction
The SITE-94 performance assessment research project, conducted by the Swedish
Nuclear Power Inspectorate (SKI) during 1992 through 1996, is a performanceassessment study for a hypothetical repository based on data from an actual site (SKI,
1996). Data from the preliminary investigations for the Swedish Hard Rock Laboratory at
Aspo (Stanfors et ai, 1991) were provided for SITE-94 by the Swedish Nuclear Fuel and
Waste Management Co. (SKB), and were used in a variety of hydrological models and
analyses, which were principally aimed at identification of ranges of effective hydrologic
parameters for radionuclide transport.
The hydrological modelling for SITE-94 yielded considerable experience concerning the
types and quality of data that will be required for a performance assessment (PA), and the
sensitivity of key parameters to site-characterization. This report presents a summary and
evaluation of this experience.
The aim is (1) to identify the types of data that were found to be of greatest importance
for the assessment of geosphere performance, (2) to identify the types of data that were
lacking, which could have most significantly reduced the uncertainty in this assessment,
and (3) to identify key data-quality issues related to hydrogeological data.
Particular emphasis is placed on identifying the aspects of site characterization which are
most strongly related to key uncertainties in the PA. These are discussed in terms of the
impact of specific data on (1) the assessment of the barrier function of the far-field
geosphere, as measured by the parameter ratio F, and (2) the assessment of geochemical
conditions in the near field, where F is defined as:

F

aL
= -J—

q
where ar is the flow-wetted surface area per unit rock volume and q is the Darcy flux
along a discharge path of length L.
This evaluation is based on the reports that describe hydrogeological and performanceassessment modelling for SITE-94, including the main SITE-94 report (SKI, 1996) and
database report (Geier etal, 1996b). Most of the issues discussed presently, regarding
data needs and their relationship to various aspects of uncertainty in the models, have
been raised previously in SITE-94 reports for specific types of models. Here an attempt is
made to integrate these observations and identify the key data requirements for
hydrological modelling, in general, in support of PA.
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2. Hydrological Analyses for SITE-94
The main types of hydrological analyses for SITE-94 included:
Generalized-radial-flow interpretation of packer (injection) test data (Geier et al.,
1996a)
Regional-scale modelling of ground water flow in response to climatic cycles
(Provost et al., 1996).
Simple evaluation of groundwater flux and radionuclide transport (Dverstorp et
al., 1996).
Stochastic-continuum modelling of groundwater flow and advective-dispersive
transport (Tsang, 1996).
Discrete-feature modelling of groundwater flow and advective-dispersive
transport (Geier and Thomas, 1996; Geier, 1996abc).
Estimation of flow wetted surface area parameters, including variable-aperture
discrete-fracture network modelling of sorptive and non-sorptive, advectivedispersive transport (Nordqvist etal, 1996).
Integrated interpretation of geological, geochemical and hydrological data (Voss
etal., 1996).
The utilization and usability of the site data, and lessons gained from each of these
analyses, are summarized in the following sections.

2.1 Generalized-radial-flow interpretation of packer
(injection) test data
Purpose
Generalized-radial-flow (GRF) interpretation of hydrologic injection tests (Geier et ai,
1996) was used in SITE-94 to evaluate the existing database of hydraulic conductivity
estimates for Aspo. The analysis also yielded estimates of flow dimension which were
used qualitatively as indications of the hydrologic character of transmissive structures,
and quantitatively for evaluating the validity of discrete-fracture network models (Geier
and Thomas, 1996).
Data utilized
The principal data used in this analysis were transient records of pressure and flowrate
versus time during injection tests. All available data from tests on 3 m and 30 m intervals
in core-drilled holes were used. Records of transient pressure recovery in the periods
following injection tests were analyzed in a few instances. Additional types of site data,
including borehole coordinates and geological interpretations, were used as background
information in the interpretation of the results.
Usability of Data from Aspo Preliminary Investigations
A reasonably complete set of the transient records from injection tests at Aspo were
available from the GEOTAB database. Analysis of the data from 3 m sections in
boreholes on Aspo (Geier et al., 1996) showed that, in all but one of the boreholes, more
than a third of the tested sections are nonconductive or below the resolution of the flow
meter. For most of the significantly transmissive sections, the data tend to be somewhat
noisy but usable for transient analysis. Many of the datasets show strong deviations from
constant pressure in early time, which reduce the possibility to obtain unique transient fits
and flow dimension estimates. In some cases the flowrate data are apparently influenced
by hose compliance, which must be corrected for in order to obtain accurate results. The
short duration of the tests (typically 10 minutes) means that steady-state interpretations
such as are given in GEOTAB can be inaccurate for the lower-conductivity sections.
The pressure-recovery data (from the period following injection) can be used to give
alternative estimates of transmissivity, which provide a useful check on injection-period
data. However, in low-conductivity rock, wellbore storage effects can persist well into
the recovery period, resulting in erroneous estimates of hydraulic parameters if these
effects are not taken into account.
Impact on PA
Constant-pressure injection packer tests are a primary source of data for characterizing
the least conductive portions of the rock. The information obtained from these tests is
essential for estimating conductive fracture frequency and fracture transmissivity

distributions for detailed-scale fracture-network modelling. Flow dimension estimates
from transient analysis are useful for validation of these models. These may also be useful
as indicators of the potential existence of persistent channels, which could have
significant consequences for geosphere performance.
The application of GRF analysis indicated that the hydraulic testing procedures employed
at Aspo give a resolution in terms of hydraulic conductivity of about 10'9 m/s (Geier et
al., 1996). The resolution is coarse enough to lead to parametric nonuniqueness in the
estimation of conductive fracture frequency and fracture transmissivity (7}) distributions
for discrete-fracture network models (Geier and Thomas, 1996). For the dominant rock
types at Aspo, the uncertainty in the mean value of log 7} was estimated as less than an
order of magnitude, while the uncertainty in the standard deviation of log 7} was
estimated as less than half an order of magnitude. Sensitivity calculations using the DF
model of Aspo (Geier, 1996b) indicate that this parametric uncertainty in the fracture
transmissivity distribution leads to a significant component of uncertainty in net geologicbarrier performance (an order-of-magnitude effect on F), although it is not a dominant
source of net uncertainty.
The uncertainty regarding conductive fracture frequency may also be significant. DF
model variations with respect to thresholds for censoring low- 7} fractures in the model
suggest that the percentage of canister sites which are potential sources of radionuclide
discharge to the biosphere is sensitive to the intensity of fractures with 7} below the
measurement limit for Aspo.
A further consequence of the limited resolution of transient packer-test data is that
conduits exhibiting low flow dimensions (less than 2) are poorly characterized, due to the
fact that these characteristically show steeply declining flowrates with time, in this type of
hydrologic test (Geier et al., 1996). The potential significance of channel-like conduits for
geologic barrier performance, expressed in terms of F, is demonstrated in calculations by
Dverstorp <?/a/. (1996).
Recommendations
As the more conductive portions of the rock are to some extent characterized by other
methods such as flowmeter profiles during pumping tests, or by injection tests over larger
packer spacings, the emphasis in small-scale (1-3 m) injection tests should be on
obtaining high-quality data for low-conductivity rock. The required resolution depends
upon the site-specific distribution of fracture transmissivity, which in general is not
known a priori. In the case of Aspo, however, it is apparent that a resolution at least an
order of magnitude finer than the realized resolution of 10"9 m/s would have been useful
and relevant to evaluation of geosphere performance. Finer resolution could be achieved
by any of the following improvements: more sensitive flowmeters, more rapid sampling of
early-time data, better control of early-time pressure fluctuations, reduced system
compliance, reduced signal noise in sampling noise, and/or longer test durations.
In view of the costs associated with high-resolution, detailed-scale packer testing, it may

be necessary to restrict the application measures such as increased injection period
lengths to a fraction of the total borehole length. If so, the emphasis should be placed on
detailed testing at repository depths (e.g. 400 to 600 m depth at Aspo), since the
characteristics of the less conductive rock (i.e. rock with small-scale and/or lowtransmissivity fracture systems that are difficult to characterize with present-day
techniques) are most significant close to the repository.
The magnitude of wellbore storage is a primary constraint on the resolution of pressurerecovery analyses, and may also be important for interpretation of injection-period data
when there are significant deviations from constant pressure. As part of any packertesting program, an effort should be made to characterize the factors which contribute to
wellbore storage, by measuring equipment compliance and the contained water volume in
a packed-off sections under controlled conditions, e.g. when the packer-testing system is
set in a length of well casing of known compliance.
When flowrate measurements are made at a distance from the packer interval, the
compliance of the pressure conduit (pipe-string or hose) may have a significant effect on
flow measurements, as was the case with the umbilical hose system used at Aspo (Geier
et al., 1996). This should be measured by static bench tests and dynamically, if possible,
to check for inelastic, time-dependent compliance.

2.2 Geostatistical analysis of geophysical and hydrological
data
Purpose
A multivariate, geostatistical analysis of borehole data (Le Lo'ch and Osland, 1996) was
performed to identify possible correlations between hydraulic conductivity and other rock
properties as measured by borehole logging. A key objective was to find out whether a
geostatistical model based on these data could yield a meaningful prediction of hydraulic
conductivity and/or a description of its spatial variability within the site.
Data utilized
The multivariate, geostatistical analysis considered essentially all quantitative data from
borehole investigations. These included fracture frequency and lithological (rock-type)
logs from core, hydraulic conductivities evaluated from packer tests on 3 m and 30 m
sections (using both SKB's interpretations of these data, as found in GEOTAB, and SKI's
reinterpretation using the GRF methodology as described in Section 2.1), and the
available geophysical logs including caliper, natural-gamma, gamma-gamma, neutron,
near and far magnetic-susceptibility, sonic, lateral and normal electric-resistivity, singlepoint electrical-resistance, and self-potential logs.
Usability of Data from Aspo Preliminary Investigations
Several problems were encountered in analyzing the data from surface-based
investigations at Aspo. These included various problems of data quality such as (1)
inconsistencies in the reported positions of different types of borehole measurements due
to their not being consistently corrected for e.g. cable stretch or position of the
measurement point relative to the top of different types of tools, (2) uncorrected
erroneous values in the geophysical logging data, and (3) incorrect conversion of core
fracturing data to fracture frequency data. These data-quality problems are described at
length by Geier et al. (1996b). The inconsistencies in positional data pose a particular
problem for statistical analysis, since they obscure possible correlations between different
types of measurements at a given point in space (multivariate analysis), or spatial crosscorrelations between variables (multivariate geostatistical analysis).
A more general problem for a statistical analysis is that the borehole positions and
orientations at Aspo are strongly biased. In particular, the drilling program was designed
to intercept the inferred fracture zones at shallow depths. This has two major
consequences: First, the dataset is biased toward anomalous features (the fracture zones)
at shallow depths, which almost certainly leads to an overestimation of the frequency of
these features, and exaggeration of statistical trends with depth. Second, the properties
of these anomalous features at repository depths (500 m or deeper) are relatively poorly
characterized.

Impact on PA
The only types of borehole data that were found to yield a useful multivariate
geostatistical model for predicting hydraulic conductivity were fracture frequency and
rock type variations (transitions between rock types or the presence of aplite in a
section), with fracture frequency being the most important explanatory variable. This
rinding lends support to the use of a discrete-fracture conceptual model for the site.
The analysis also showed that the various geophysical logs that were considered do not
serve as useful predictors of hydraulic conductivity, for this particular site. Thus the
spatial variability of hydrologic conductivity at Aspo cannot be meaningfully predicted by
coregionalization with respect to geophysical data, for areas of the site where hydraulic
conductivity has not been directly measured. On the other hand, some success may be
possible in such cases by coregionalizations with respect to fracture frequency and rock
type variations.
Within SITE-94, no attempt was made to develop a hydrogeological model based on the
results of the multivariate geostatistical analysis. Therefore the consequences of these
findings for performance cannot be directly appraised. However, the results of variational
studies using the stochastic continuum model of Aspo (Tsang, 1996; see Section 2.6)
indicates that the geologic-barrier potential is not very sensitive to the spatial correlation
of hydraulic conductivity, unless long-range correlation of high conductivity values is
present. Since such a long-range correlation can neither be proved nor disproved from the
Aspo dataset (Tsang, 1996), it follows that the information gained from multivariate
statistical analysis would only impact geosphere performance if one of the explanatory
variables — fracture frequency or rock-type variations — exhibits spatial coherence.
As all of the types of data analyzed showed correlation lengths on the order of a few
meters or less, it appears unlikely that a hydrogeological model based purely on a
multivariate geostatistical model would yield significantly different predictions of
geosphere performance than the other models analyzed for SITE-94. However, a
multivariate geostatistical model conditioned upon geological models of persistent zones
of high fracture intensity (fracture zones) and/or lithological variations (facies) could
perhaps yield significant effects.
Recommendations
Within SITE-94, the multivariate geostatistical approach did not contribute directly to a
model of geosphere performance for the Aspd site. This can be attributed in part to a lack
of a fully evolved methodology for calculating performance-assessment parameters based
on this type of information, and in part to a lack of evidence for useful cross-correlations
or autocorrelations of the key variables affecting hydrogeology. However, this lack of
evidence was at least partly due to quality problems with the data, which may have
obscured whatever correlations were actually present. Furthermore, the apparent
weakness of correlations at Aspo, even if it is actual, may not be representative of other
sites in granitic rock. Therefore it would be imprudent to conclude that a multivariate
8

geostatistical approach would not yield useful information for geologic barrier assessment
at some future site.
However, judging from the results of the stochastic continuum modelling (Section 2.6),
in order for the multivariate geostatistical approach to yield a model with significant
implications in terms of geologic barrier potential, for a future site, either (1) the sampling
methodology will need to be carefully designed to provide for an assessment of longrange correlations of high values of hydraulic conductivity (or ground water flux), or (2)
the geostatistical interpretation must be augmented by other information, such as
structural geological interpretations or geophysical inverse modelling, that support
interpolation of explanatory variables (e.g. fracture frequency) over long distances.

2.3 Integrated interpretation of geological, geochemical and
hydrological data
Purpose
An integrated interpretation of all basic hydrogeological data from the Aspo site was
performed based upon the geological structural model (Voss et al., 1996; Tiren et al.,
1996). This model was compared to geophysical, hydrogeological and geochemical data
using a 3D visualization software, in order to test various hypotheses regarding the
hydrological system and correlations between hydrogeology and structural geological
features.
Data utilized
The integrated interpretation considers all basic geophysical, hydrogeological, and
geochemical data from the site. In most cases the utilization of these data is by inspection
in 3-D visualizations, rather than the construction of quantitative models. Quantitative
assessments were made of correlations between evidence of groundwater flow and
pressure transmission and geological structures. Geochemical evidence for the spatial
distribution of groundwater types, from analyses of groundwater samples, was used to
evaluate the nature of the flow field in particular structures and the network of structures,
under present-day undisturbed conditions.
Usability of Data from Aspo Preliminary Investigations
The data used most intensively in this analysis were indications of water-conducting
structures from borehole flowmeter logging, and indications of pressure transmission
from pumping tests that were conducted as interference tests. Subsurface flow indications
were found to have a high correlation with geophysical anomalies measured by natural
gamma, single-point resistivity, borehole radar, and sonic tools.
The flowmeter logs are relied upon as direct evidence of water-conducting structures. A
few minor problems were encountered with negative anomalies in the flowmeter data,
which might possibly be attributed to deviations in borehole diameter. Some ambiguity in
interpretation results from imprecise determinations of borehole position, for the
flowmeter logs and for the geological and geophysical logs on which the structural model
is based.
The pressure drawdowns in observation boreholes during pumping tests are used to
determine which structures in the geological model conduct pressure most rapidly across
the site. It is found that, for Aspo, the earlier-time data (first few hours) give the most
detailed information concerning the significance of structures as pressure conduits,
whereas the later-time data give a less clear picture due to the multiplicity of intersecting
pressure propagation paths.
While nearly half of all flow indications correspond to large-scale structures in the SITE10

94 model, most of the remainder correspond to simple fractures, indicating the relevance
of discrete-fracture flow. About 20% of the flow indications were in locations with
crushed rock and/or borehole radar indications that could not be correlated between
boreholes; these may represent site-scale or smaller structures that were not sufficiently
characterized to include in the SITE-94 model. The fact that half of the flow indications
are unexplained by the model points to a need for a stochastic treatment of both
structures and fractures.
The spatial distribution of geochemical ground water types was found to be complex, with
no single structure controlling the distribution of water types. In general there is depthstratification within structures that were multiply sampled, which implies nonuniform flow
and/or flow paths consisting of chains of segments from different structures, with mixing
within and/or along structure segments (Voss et al, 1996).
A flow field of the indicated degree of complexity would likely require a much more
comprehensive geochemical sampling program to characterize in detail. Understanding of
the groundwater distribution at Aspo is hampered by the fact that, for most inferred
structures, samples have not been obtained or were obtained at only one point.
Borehole activities and sustained pumping during sampling may have resulted in a
thorough rearrangement of geochemical distributions. Samples taken during drilling,
despite being heavily contaminated by drilling water, may be better indicators of the
undisturbed groundwater chemistry. Glynn and Voss (1996) found that, after correcting
these samples for drilling water content, these samples reveal a salinity gradient twice as
steep as that indicated by the later sampling. This suggests that substantial dilution of the
groundwaters originally present must have resulted from the pumping and hydrologic test
activities. The likely rearrangement of groundwaters means that the original distribution
may be totally obscured in the collected data, and few specific conclusions regarding
correlation of model structures with groundwater types can be justified.
Impact on PA
The detection of large-scale conductors and pressure propagation paths is important to
the understanding of far-field migration paths, and thus the potential for far-field
retardation. Uncertainty in the configuration and effective hydraulic properties of these
conductors was indicated to be a significant source of uncertainty in predictions of the
geosphere barrier potential in SITE-94 (Geier, 1996b).
Geochemical imprints enable formulation of a plausible model for different groundwater
compositions at the site, which affect solubility and Kd values for transport and release
calculations.
The rearrangement of groundwater types during site characterization could be highly
useful information for testing hydraulic connectivity, had the original groundwater
distribution been more thoroughly characterized, e.g. by first-strike groundwater samples.
The question of large-scale connectivity in the rock mass, in particular, is a major source
11

of uncertainty in geologic barrier performance (Dverstorp et ai, 1996). Therefore it
would be well justified to make a greater effort to obtain clear information on the initial
distribution of groundwaters (especially in the least conductive rock), and their
subsequent rearrangement,.
Recom mendations
The complexity of subsurface hydrology, as identified by the integrated interpretation of
Aspo data, supports the notion that multiple interpretations will always be possible. This
motivates the construction and analysis of multiple, alternative models. For sitecharacterization, this implies that data gathering (e.g. planning of tracer tests) should not
be too strongly biased in terms of a particular site model.
In particular, it should be anticipated that to some degree a stochastic analysis even of
large-scale hydrologic features will be necessary, regardless of how intensive of an effort
is made at a deterministic characterization. Therefore a sufficiently orderly sampling of
the site should be sought such that stochastic analyses are not excluded a priori by severe
sampling biases.
The integrated analysis supports the hypothesis that flow at Aspo is dominantly in
fracture zones, especially in portions consisting of crushed rock. The general pattern of
subsurface pressure transmission gives the impression of planar pressure transmitters.
However, indications of a preference for flow to occur along intersections of structures
suggests a significant variability of effective hydraulic properties within fracture zones.
Therefore site-characterization boreholes should be planned so that at least some of the
fracture zones closest to a repository site are sampled at multiple points. This must of
course be integrated with the need for well-distributed coverage of the site.
Tentative indications of preferential flow at crushed contacts between aplites and other
rock types suggest that some information on hydraulic connectivity might be gained from
construction of a lithofacies model, even in a dominantly igneous site such as Aspo.
Again, this implies that a more regular distribution of boreholes across the site could be
useful, to better constrain attempts to interpolate interfacies boundaries in 3-D.
However, the value of such an approach for PA in granitic rocks has yet to be positively
demonstrated.
Large-scale interference tests such as those conducted at Aspo are highly useful for
hydrological evaluation of structural models. To gain a maximum of information from
these tests, the spatial pattern of observation wells and choice of pumping schedules
should be carefully planned. The tendency for earlier-time data at Aspo to give more
detailed information concerning the significance of structures as pressure conduits may
be partly due to a sparsity of observation points outside of the main cluster of boreholes
on southern Aspo. A more uniform density of boreholes across the site could yield better
definition of the large-scale hydrologic network and effective site-scale boundary
conditions, and thereby diminish a source of uncertainty in geologic barrier potential
which was identified in SITE-94.
12

In order to characterize as reliably as possible the initial distribution of groundwater
geochemistry, a site characterization program should emphasize early geochemical
sampling. Very low pumping rates should be used, insofar as possible, for the initial
geochemical characterization of a site. Downhole filtering of samples and measurement of
temperature and pH are recommended to ensure that the geochemical analyses obtained
are representative of the waters in situ (see Geier et aJ., 1996, pp. 68-69).
It is particularly important that the initial geochemical sampling be performed prior to
disturbance by hydrologic pumping tests, which could result in large-scale
rearrangements of the original groundwaters. While pumping of boreholes may be
necessary to remove drilling water prior to some types of geochemical measurements
(such as redox potential), it should be possible to determine concentrations of many
conservative species by correcting for drilling water content in samples (provided that
this is well characterized, as recommended below).
Additional geochemical sampling, subsequent to more extensive pumping (such as
hydrological testing), may be necessary to measure redox potential and concentrations of
certain element and isotopes. In such cases, the data from the initial geochemical
sampling would allow determination of whether the later samples represent water that
was initially present at the sampling point, or whether these waters were drawn from
more distant points and possibly mixed with the local water. If it is found that a
substantial perturbation of the hydrogeochemical distribution has taken place, that in itself
would provide very useful information for an integrated hydrological and
hydrogeochemical interpretation of the site.
Consistently analyzing for conservative solutes and isotopes that are unaffected by lowtemperature geochemical reactions (including ^H, 3H and 18O, for the water itself, and Br,
Cl, Li, and Na for the solute source) would give more clear information about
groundwater origins. Relevant surface waters should also be analyzed for these
constituents. Glynn and Voss (1996) discuss additional constituents and isotopes which
would be of interest for paleohydrological determinations; the species mentioned above
may be viewed as a basic suite which ideally should be measured for all samples.
A system should be developed for identification and characterization of all water used in
drilling. Drilling water should be sampled periodically to check for changes in
composition with time, e.g. by mixing with water from upper portion of deep core-drilled
holes. Use of two or more tracers as drilling-water taggants is recommended to provide
check on estimates of drilling water content. Clear documentation of drilling water
sources and analyses should be included in the site-characterization database (see Geier et
al., 1996, pp. 67-68).
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2.4 Regional-scale modelling of groundwater flow in
response to climatic cycles
Purpose
Regional groundwater flow in the Fennoscandian shield was modelled using a variabledensity groundwater flow and dissolved-solid transport model, by Provost et al. (1996).
The aim of this study was primarily to predict the major changes in regional hydrology
that could be expected during future glaciations, and secondarily to gain an understanding
of the regional processes that impact site-scale hydrology. Large-scale hydrogeological
modelling provides a basis for predicting site evolution, and boundary conditions for
detailed site modelling.
Data utilized
The regional modelling made use of stratified conductivity profiles that were based on
regional geological interpretations. A first-order kinetic submodel for generation of shield
brines was included and calibrated with respect to the interpreted present-day salinity
distribution as a function of depth (TDS). Time-varying boundary conditions at the
surface were specified based on the present-day regional topography and bathymetry, in
combination with a climate change scenario based on Milankovi£ cycles that was
developed within SITE-94 (King-Clayton et al., 1995).
Usability of Data from Aspo Preliminary Investigations
Due to the large (500 km to 1200 km) scale of this modelling, the calculations are not
highly sensitive to local data from Aspo. There is a much greater dependence on an
understanding of the broad, regional conditions, which is gained from geological
investigations across Sweden and the Baltic, and syntheses of these studies as published
in the scientific literature.
Assumptions on the origin of saline waters, hydrological properties on a regional scale,
and past & future boundary conditions are speculative. In many cases there were no data
available to provide quantitative support for the predictions made. If more reliable
quantitative predictions were needed, it would be necessary to obtain hydrogeological
and geochemical data at depth on a semiregional and regional scale, although the need for
detailed spatial resolution would be less than for the repository region.
Impact on PA
The regional modelling by Provost et al. indicates that this site is best considered as part
of a much larger regional flow system. It is shown that the presence of high-salinity
waters at depth below Aspo can be explained in terms of shield-brine generation along
regional-scale flow paths that, at the present time, are discharging through the seabed
east of Aspo. Thus the presence of these brines at depth does not necessarily imply
stagnant conditions at depth.
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On the contrary, the site should be viewed as being within the locus of regional discharge,
implying that groundwater flows would on average be directed upward through a
repository at this site. This basic situation could be considered as typical for a coastal
repository site. It implies much shorter discharge times and hence lower geologic barrier
potential, on average, than for a repository sited in a regional infiltration area or a
stagnant zone. Of course, due to site-scale heterogeneity and topography, local
circulation cells might exist which would run counter to the regional system.
The regional hydrological modelling is also important to performance insofar as it affects
the groundwater chemistry within the repository, which could in turn impact canister life.
On the positive side, the model does not indicate that much higher salinities would be
encountered during future climatic cycles. However, the model also predicts that glacial
meltwaters could reach repository depths and remain residence there for thousands of
years, depending upon the hydromechanical properties of the rock as characterized by its
loading efficiency; apparently this parameter is not well characterized for a model of the
Fennoscandian shield at this scale. The significance of this prediction depends upon
whether or not the glacial meltwaters would remain oxygenated to repository depths,
which in turn depends upon the geochemical redox buffering capacity, which is a function
of the flow-wetted surface area, fracture mineralogy, and groundwater flux along flow
paths leading to the repository.
Recommendations
The findings of the regional modelling underscore the need for careful and thorough
characterization of geochemical conditions, and in particular of the spatial distribution of
groundwater types. Preferably such information should be sampled over a wide enough
scale that it can be determined how the local groundwater-composition patterns relate to
the regional system.
In particular, samples should preferably be drawn from a series of deep boreholes spaced
over a distance of several kilometers or more, parallel to the dominant direction of
regional flow. At Aspo much of the sampling was unfortunately distributed along a plane
roughly perpendicular to the inferred regional system, so that one primarily obtains a
measure of local irregularity in the regional system, rather than a local sample of its major
trend.
Regional hydrological and geochemical data, if they exist and are of sufficient quantity
and quality, are necessary for calibrating a regional model and constraining hypotheses
regarding the regional system and its temporal evolution. If such data are not available
then additional regional characterization will be necessary to provide a framework within
which the site-scale hydrology and hydrogeochemistry can be understood. Otherwise
assumptions of doubtful veracity may be adopted, e.g. an assumption that the presence of
high-salinity brines indicates stagnant conditions.
Preferably regional-scale modelling should be considered as an integral part of a sitecharacterization program, first to determine if the available regional data are sufficient to
15

gain an understanding of the large-scale system, and subsequently to ensure that the sitescale sampling will be sufficient to illuminate the connection between the regional-scale
and local-scale hydrologic systems.
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2.5 Simple evaluation of groundwater flux and
radionuclide transport
Purpose
A simple evaluation of groundwater flow and radionuclide transport was performed to
produce bounding estimates of the parameters controlling geologic-barrier performance
(Darcy flux and F), and to identify key sources of uncertainty for evaluation with more
detailed models.
Data utilized
The simple evaluation of Darcy flux was based on the following basic types of data.
Lithological and structural geological interpretations were used to identify plausible
discharge pathways. Hydraulic conductivity ranges from packer tests in boreholes were
used to define the hydraulic properties of the possible discharge paths. Topographic
information was used to deduce the range of possible head gradients.
The simple evaluation of geologic barrier potential, in terms of the ratio F, was based on
the simple evaluation of Darcy flux, and generic models to define the relationships among
hydraulic and transport properties.
Usability of Data from Aspo Preliminary Investigations
The data requirements for a simple evaluation may be regarded as minimal. For
predictions of Darcy flux, the information that was available regarding structural geology,
topography, and hydraulic conductivity ranges was more than adequate.
For predictions of F ranges, very few relevant data were available from the Aspo preinvestigations. As discussed by Geier et al. (1996b, Chapter 4), only a few tracer tests
were performed, and in these non-sorbing tracers were used exclusively. Therefore these
tracer tests did not give information regarding flow wetted surface, which is needed to
calculate F for a given Darcy flux. Instead, F values were calculated based on the
geometric properties of assumed, generic models for different types of transport paths.
Impact on PA
The results of the simple evaluation suggest that a similar range of possible Darcy flux
values will be obtained at any site in the Swedish bedrock, and that more detailed data of
the type gathered in the Aspo pre-investigations will not necessarily reduce the
uncertainty in geologic barrier performance.
The results furthermore indicate that the crucial aspects of uncertainty for geologicbarrier potential are with regard to (1) the connectivity of conductive elements in the less
conductive portions of the rock (i.e. the "rock mass"), and (2) the relationships among
among hydraulic and transport properties.
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Recommendations
In order to reduce the uncertainty in geologic-barrier potential, more field data which
address the two main issues noted above are needed, such as (1) hydraulic interference
and tracer tests aimed at characterizing pathways through the less permeable rock, (2)
tracer tests using both sorbing and non-sorbing tracers which will allow estimation of
flow wetted surface, and/or (3) more definitive geochemical sampling to identify the
undisturbed distribution of groundwater types, and the way in which these water types
are redistributed during site investigations.
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2.6 Stochastic Continuum modelling
Purpose
The SITE-94 stochastic-continuum (SC) model of Aspo (Tsang, 1996) was used to
predict hydraulic parameters including near-field and far-field Darcy flux, and far-field
dispersion coefficients. An explicit objective was to evaluate the implications of a
stochastic model based on the continuum concept.
Data utilized
The SC model made most intensive use of the hydraulic conductivity (K) database from
borehole measurements at Aspo. In particular, it relied upon K estimates from 3 m
injection tests. These data were used both for inference of geostatistical models
describing the spatial variability and correlation of AT, and as fixed-point values for
conditional realizations (simulations) of the K field at Aspo. The analysis was based on
the non-parametric, indicator geostatistical method, which allows for the possibility that
different ranges of K values may have different patterns of spatial correlation (e.g., high K
values might be correlated over large distances while low K values might be almost
purely random).
The structural geological interpretation of Aspo by Tiren etal. (1996) was used to justify
a long-range correlation of high-AT values in preferred orientations (i.e. anisotropic
covariance models for high-AT values), corresponding to the orientations of major sets of
planar fracture zones in the structural model.
Pressure-drawdown data from hydraulic interference tests in boreholes were used for
validation of the model, by a qualitative comparison between histograms of observed and
simulated drawdowns. Flowmeter logging data from boreholes was used as background
information.
The stochastic-continuum model of Aspo yielded results in terms of advective velocities
and dispersion coefficients for nonsorbing species travelling through a medium of unit
porosity. Generic values of porosity and specific flow-wetted surface, plus head gradients
from other SITE-94 hydrologic models, were used to convert the stochastic continuum
results to parameters in the form required by the consequence-calculation models that
were used in SITE-94 (CALIBRE and CRYSTAL; Worgan & Robinson, 1995ab).
Usability of Data from Aspo Preliminary Investigations
A comparison between the base-case, indicator geostatistical model and a conventional,
Gaussian geostatistical model (Figure 4.10, Tsang, 1996) suggests that the effect of
minor variations in the form of the conductivity distribution do not greatly influence the
results in terms of Darcy velocity and dispersion, for the case of isotropic covariance and
short-range (20 m) correlation (Figures 4.11 and 4.6). On this basis it is argued that the
SC results are not very sensitive to differences in the K distribution, as might be caused
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by different methods of interpretation. Therefore the steady-state interpretations
contained in GEOTAB were judged adequate for the purpose of the SC model.
However, the configuration of the sampling, namely closely spaced packer tests along
widely spaced boreholes, makes it impossible to discriminate among widely differing
assumptions with regard to spatial correlation. Variograms calculated from sampling of
synthetic datasets with a long-range correlation of the highest-^ classes confirmed that
only a pure nugget effect would be observed. That is, the sampling configuration could
not detect such a correlation even if it were present in nature.
Impact on PA
Only the variant with extreme correlation assumptions (LNG-DIP80) has much effect on
near-field and far-field Darcy flux. The effect is to yield a greater variance of far-field
Darcy flux, and the highest dispersion of the studied variants (see pp. 346-357, SITE-94).
This variant gives both the lowest & highest range of geologic barrier potential, in terms
of the F ratio.
Recommendations
The key uncertainty that was identified for a stochastic continuum approach concerns the
hypothetical existence of long-range correlations within high-conductivity structures. For
the spatial pattern of sampling at Aspo, this hypothesis can neither be proved or
disproved. One way to address this hypothesis would be to drill boreholes within the
plane of one or several fracture zones, and to conduct packer testing along the length of
the boreholes which could be analyzed for correlation.
A second, more indirect way of addressing this problem is suggested by numerical
experiments as illustrated in Figures 3.3 & 3.5 of Tsang (1996). These suggest that
pumping at lower-conductivity points in the rock would produce a wider variation of
response patterns depending upon pumping location, than pumping at the highestconductivity locations (as has been done predominantly at Aspo). That is, if a low-AT
pumping point is surrounded by a large region of \ov/-K rock, there will be very limited
pressure propagation, but if the block is close to a \ugh-K structure there should be
pressure propagation over a wide scale, similar to what is seen when pumping in high-AT
rock.
In contrast, when pumping tests are conducted only in high-AT rock, there is almost
always a stronger site-wide response than for an isotropic medium, and there is not a
significant difference in the pattern depending on correlation structure (cf. Figures 3.2 &
3.4 of Tsang, 1996). Although further numerical experiments would be needed to test this
idea, it may be worth exploring as a means to develop site data that give some chance of
discriminating among different correlation structures and conceptual models. As noted
below, pumping tests in the lower-/f rock would also be desirable to characterize the
connectivity of the rock mass in a discrete model.
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2.7 Discrete-Feature Modelling
Purpose
The SITE-94 discrete-feature (DF) model of the Aspo site (Thomas and Geier, 1996;
Geier 1996abc) represents an integration of hydrological and structural geological data
on scales ranging from the canister-scale fracturing in the vicinity of the SITE-94
repository, to semiregional fracture zones on the scale of kilometers. The basic objective
of the DF model was to develop estimates of hydrological parameters for consequence
calculations, and to characterize the uncertainty in these parameters that results from
conceptual and data uncertainties.
Data utilized
The DF modelling utilized a wide range of site data which included: (1) structural
geological interpretations of topographic and geophysical lineaments on a regional scale,
(2) site-scale structural models based on an integrated interpretation of basic geophysical
and geological data from boreholes and surface outcrops, (3) detailed-scale structural
geological data from boreholes (i.e. core fracturing), (4) hydrologic packer-test
interpretations, (5) hydraulic head monitoring data, (6) drawdowns observed during
hydrologic interference tests, (7) results of cross-hole tracer experiments, and (8)
geometric information concerning surface topography, borehole and packer locations,
and hypothetical repository layout.
As the geometry of a DF model is based explicitly in the structural geological
interpretation, it indirectly utilizes the data that have been identified by Tiren et al. (1996)
as critical for the geological interpretation, including: topographic and bathymetric
contour maps or digital elevation models (DEMs), magnetic lineament maps, geological
observations of fracture zone character on outcrops, fracture logs in boreholes (including
crushed zone logs), and borehole radar measurements. Basic borehole data (location,
orientation, and deviation logs) and accurate determination of measurement locations
within boreholes, and on the surface, are also essential to the structural geological
interpretation.
Usability of Data from Aspo Preliminary Investigations
The Aspo HRL pre-investigations yielded a large quantity of data that are relevant to the
development of a discrete-feature model for PA. Indeed the HRL pre-investigations
produced some highly relevant data, such as flowmeter profiles and hydrogeochemical
characterization, that were not utilized to their full potential in DF model development for
SITE-94.
The pressure-transmission model is fairly well-determined in immediate vicinity of
repository, where the greatest density of cross-hole measurements are available.
Additional, large-scale interference tests on N Aspo, Laxemar & Avro would have helped
to reduce semiregional uncertainty. Elevated connectivity in Aspo area leads to a
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converging pattern of flow which may be an artifact of the contrast in intensity of
characterization on different scales, and the manner in which these data have been used.
Interpretations in the future should try to account for intensity of characterization.
Data on fracturing and hydraulic conductivity (mainly based on injection test data) are
sufficient to estimate the degree of heterogeneity which is present. However, the types of
data that were available did not give much information on the spatial organization of this
heterogeneity. This leads to crucial uncertainties regarding connectivity, and hence the
properties of potential radionuclide pathways, especially in the rock mass outside of
identified fracture zones.
The behaviour of the DRZ is a combination of site-specific and excavation-related effects.
In the DF modelling for SITE-94, a generic conceptual model for the DRZ was used
based on a study by Winberg (1991). This simplified treatment does not give much insight
into site-characterization needs for the DRZ, apart from an assessment of the significance
of the DRZ relative to connectivity effects in the repository-scale DFN model. Therefore
site characterization needs for the DRZ are not discussed in this report.
Impact on PA
Many site uncertainties explored with DF model (e.g. different structure models) have
little effect on the predicted far-field F ratio. A redistribution of transmissivity between
gently-dipping and steeply dipping fracture zones (Variant SKIOA) results in different
discharge paths, with some effect on F. Alternative structural models and boundary
conditions (Variants SKBO, SKNO, and BC1-BC3) can also affect F, but less strongly so.
A less well-connected fracture network, as represented by Variant NF1, can decrease
connectivity and F for sites with discharge. Otherwise simple variations in fracture
hydrologic properties have limited impact. Introduction of a disturbed-rock zone (DRZ)
around repository tunnels increases the overall connectivity but has only a slight impact
on F; however the magnitude of impact may depend on the porosity model for large-scale
structures.
The main uncertainties in DF model relate to:
Poor understanding of the variability of porosity and reactive surface, and their
relation to transmissivity within fracture zones.
Poor definition of hydrogeological network and boundary conditions on the
semiregional scale and at depth.
Limited knowledge of the intensity of extensive, discrete fractures in the rock
mass, and lack of data relating to the medium-scale connectivity of fracture
networks within the rock mass.
In terms of the geologic-barrier potential, the most important of these is the first, which is
represented by the DF model variants PO, PI, SKIOB (according to the notation of Geier,
1996b).
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The corresponding weaknesses in the HRL pre-investigations, when viewed as a site
characterization for PA, are:
Small number and narrow focus of tracer tests, and lack of dual-tracer tests in
which both sorbing and non-sorbing tracers are used.
Clustering of deep boreholes around southern Aspo, at the expense of a more
uniform characterization over a wider area. This causes uncertainty specifically
(1) in the geological structural model, as to whether the observed high density of
fracture zones at shallow depths under southern Aspo is anomalous, or simply the
result of the higher sampling density, and (2) in the integrated hydrogeological
model, regarding the hydraulic connectivity and transmissivity of semiregionalscale structures, and regarding the effective boundary conditions.
Poor characterization of fractures controlling rock mass connectivity, due to (1)
insufficient mapping of fractures on large, approximately equidimensional
exposures on Aspo, where the intensity of extensive fractures could be appraised,
(2) lack of a quantitative, systematic characterization of structural associations
among fractures on outcrops, (3) poor resolution of the detailed hydraulic packer
tests, which limits their usefulness for discrimination among fracture population
models, and (4) lack of other hydraulic test data aimed specifically at
characterizing the connectivity of fractures within the rock mass (e.g. cross-hole
hydraulic tests in the rock mass).
Although some of these issues can only be addressed through new or more intensive
types of field investigations, others could be addressed substantially by small shifts in the
focus of the site investigations.
Only a small amount of oriented core data were available from repository depths, which
led to high uncertainty regarding fracture orientation. However, the effect of this
uncertainty for the Aspo site was judged to be minor, in terms of PA, relative to
uncertainties regarding transport aperture and large-scale network connectivity.
Recommendations
Multiple tracer tests (using distinctive tracers to prevent interpretation ambiguities) are
indispensable for constraining transport properties. It is essential that these be designed to
sample transport properties of the rock mass, as well as fracture zones.
The large-scale (local- to semiregional-scale) portion of a DF model is derived by
synthesis of hydrological data based on a structural geologic model. The main categories
of necessary information are (1) the structural geological model, (2) geometry of natural
boundaries, and (3) hydrological data. Data needs for each of these categories in turn are
discussed in the following sections.
Given a structural geologic model as the geometric framework for a DF model,
hydrologic data are needed to deduce the properties which control groundwater flow and
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radionuclide transport within the structures.
Although most of the basic types of data that are necessary for DFN model development
appear to be standard products of SKB's site characterization methodology, certain
requirements as to how these data are obtained from a site do not appear to be well
understood.
First, it should be stressed that geological mapping at surface exposures provides the best
opportunity for characterizing (1) structural associations and (2) intensity of large-scale
fractures, that will most likely ever be available at a site. Borehole surveys do not provide
such information, and even mapping in tunnels seldom affords much information on
scales larger than a few meters. Therefore a strong effort should be made to maximize the
information obtained from surface mapping, by (1) seeking or creating large-scale,
approximately equidimensional exposures, and (2) recording not just fracture trace
lengths, but also positions of fractures on the outcrops, including the positions of
intersections with or terminations against other fractures.
Most of the fracture data from Aspo were taken from fairly narrow (2-3 m wide)
exposures, which provided virtually no indication of the very extensive fractures which
are readily observed on Aspo, and little information about structural associations (partly
due to the way in which data were recorded). Some larger, natural outcrops were also
mapped, which provide most of the data relevant to characterization of the largest
fractures. However, little information is available about the configuration of these
outcrops (apart from their positions and approximate areas), or about the configuration
of fractures within the outcrops. This is unfortunate, since such information would be
pertinent to an analysis of one of the most significant aspects of uncertainty for PA,
namely the large-scale connectivity of the fracture network.
Second, a more systematic borehole sampling pattern is needed to allow an assessment of
site-scale trends in fracture intensity. As has been mentioned previously, the layout of
boreholes at Aspo is very uneven, and biased by a general effort to intercept certain
fracture zones at shallow depths. Given such data, the only feasible course of analysis is
to lump together all data from each particular rock type and structural category,
neglecting possible spatial trends. The result is likely an exaggeration of variability in the
DFN model.
Additional types of data that should preferably be obtained from a site-characterization
include:
Small-scale cross-hole or single-hole, multi-packer hydraulic tests within the rock
mass, which can be used for more stringent DFN model discrimination/validation.
Small-scale tracer tests within the rock mass, which provide information on
fracture network transport porosity and reactive surface (the latter only if dualtracer experiments are conducted).
For transport predictions for PA, information is also required regarding effective
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transport aperture and wetted surface within the fracture network. In SITE-94,
generic data were used for these purposes since relevant data were not available
from Aspo.
The absence of these data for SITE-94 resulted in increased uncertainty in the DF model.
In terms of the hydrologic behaviour of the final DFN models for SITE-94, the major
sources of uncertainty in the Aspo database were judged to be (1) the limited database for
relatively extensive fractures, and (2) the insufficiency of the single-hole packer tests for
discrimination or validation with respect to network connectivity.
In SITE-94, within the repository block only the so-called "rock mass" (i.e. the rock
excluding major fracture zones) was modelled as a DFN. Fracture zones were idealized
as single, discrete features, even within the repository block. When sufficient, goodquality data are available to characterize the fracture populations within individual
fracture zones (as may be the case during repository construction), a more detailed
treatment of fracture zones within the repository block, as high-intensity DFNs, can be
justified (see e.g. Dershowitz etal., 1991ab)
During repository construction, site-specific information should be obtained concerning
detailed fracture properties, including:
Variability of aperture within individual fractures, from direct measurements in
boreholes drilled within fracture planes, or fractures in large-diameter core
samples. These can be used as the basis for variable-aperture fracture network
models.
Relationships between fracture stress and aperture/transmissivity, estimated from
in-situ block experiments or laboratory tests on large-diameter core. These can be
used to account for the effects of stress variation e.g. with depth or proximity to
the repository tunnels.
Fracture/matrix interaction coefficients, measured from laboratory experiments on
large-scale core samples. These are needed to model matrix diffusion within the
fracture network model.
The significance of these detailed fracture properties for overall PA was not investigated
in the DF modelling for SITE-94.
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2.8 Flow-wetted Surface Area Estimation
Purpose
Multiple approaches were used in SITE-94 to estimate the possible range of the
parameter an the flow-wetted surface area per unit volume of rock. Estimates were
obtained by the following techniques:
Variable-aperture, discrete-fracture network (VAPFRAC) modelling by
simulating block-scale transport of both sorbing and non-sorbing solute
(Nordqvistefa/., 1995).
Large-scale geometrical estimate based on the total area of water-conducting
structures in the SITE-94 geologic-structure model (Voss et al., 1996).
Mass-residence-time-weighted averaging from particle-tracking simulations of
advective-dispersive transport in the discrete-feature (DF) model (Geier, 1996ab).
Geochemical estimate based on measured 222Ra isotope concentrations in the
groundwater, in comparison with the uranium content of the rock (Glynn and
Voss, 1996).
Geometrical estimates based on generic models of pore structure (Dverstorp et
al., 1996).
The main purpose of using these multiple techniques was to produce estimates of ar
based on independent models and sets of assumptions.
Data utilized
The stochastic geometry of the discrete-fracture network, as used in both the VAPFRAC
and DF approaches, was based on the site-specific analysis for the detailed-scale portion
of the SITE-94 discrete-feature model, as described in Section 2.7.
The geometry of the large-scale structures, as used in both the DF approach and the
large-scale geometrical estimate, was based on the SITE-94 geological structure model,
taking into account hydrological data to indicate which structures were hydrologically
significant, as described in Sections 2.7 and 2.3, respectively.
Generic models for aperture variation within each fracture in the VAPFRAC modelling
were drawn from the scientific literature. The DF estimates and the large-scale
geometrical estimate were both based on a simple generic model of flowing structures as
having wetted surface areas equal to twice the area of the surfaces representing each
fracture or structure. However, the DF approach does account for heterogeneous
concentration of flow and solute due to network hydraulic effects, and in one variant
(SKIOD), due to the effects of stochastic aperture variation within the large-scale
structures. The pore structure models used in the simple evaluation were based upon
fundamental geometrical assumptions, with parameter values based on consideration of
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generic data from experiments in fractured rock.
The geochemical estimate is based on site-specific measurements of 222Ra isotope
concentrations in the groundwater, and of uranium content in the rock at Aspo, in
combination with a simple model for rock/pore-water interaction. Porosity estimates from
analyses of the LPT2 tracer experiment were used to convert from wetted surface per
unit pore-water volume to ar in terms of wetted surface per unit rock volume.
Usability of Data from Aspo Preliminary Investigations
The comments given in Section 2.7 with regard to the adequacy of the site database for
derivation of discrete-fracture network models are applicable for the VAPFRAC model
as well, as it was based on the same analyses.
The use of generic models for pore structure or fracture aperture variation probably
cannot be avoided for analyses such as this which make use of only surface-based data.
Site-specific data on aperture variation might conceivably be available at a later stage in
site characterization.
The 222Ra and uranium-content measurements from Aspo were directly useful in the
geochemical approach to estimating ar. Similar, independent calculations might be
possible given additional types of stable and unstable isotope data.
Impact on PA
The flow-wetted surface ar for the near-field rock is proportional to the geologic-barrier
potential, as measured by the F ratio, for the case where retardation in far-field structures
is negligible. Therefore characterization of this parameter should be viewed as essential in
PA. A recent compilation of ar estimates for crystalline rock, based on a range of tracer
experiments, modelling studies, and heat transport data, indicates a possible range in ar
from 0.001 to 100 m7m3 (Elert, 1997).
However, use of the VAPFRAC model (or any other hydrologic model) to estimate ar
requires making a significant set of conceptual assumptions, e.g. regarding solute mixing
at fracture intersections. Estimates based directly upon geochemical measurements also
require conceptual assumptions, e.g. regarding the kinetics of rock/pore-water
interaction. In general it would be preferable to obtain estimates of ar directly from field
measurements.
Recommendations
Preferably site-specific estimates of ar should be obtained directly from multiple-scale
tracer tests with non-sorbing & sorbing tracers, and checked by alternative approaches
such as analysis of geochemical isotope ratios.
Use of models such as VAPFRAC to estimate ar by extrapolation from detailed-scale
fracture models is nevertheless likely to remain valuable, to verify that the parameters
estimated from tracer tests in convergent, relatively high-gradient flow fields can be
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applied to the lower-gradient, more uniform flow field that is likely to exist within a
repository.
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3

Data Needed for Hydrogeological and
Transport Evaluation
This chapter gives a discussion of data requirements for hydrological model development
in the context of performance assessment, based upon the experiences with different
conceptual approaches as outlined in the preceding chapter. The discussion is focused on
types of data that can be obtained from surface-based investigations, including surface
and borehole investigations, for which the SITE-94 experience is relevant.

3.1 Documentation
Clear and comprehensive documentation of observations and measurements is essential
for PA. Besides documentation of each instance of primary site data, this should include:
•

A clearly defined, standardized nomenclature.

•

A listing (index) of all data available for the site.

If these are inadequate or lacking, utilization of site data in a PA will be diminished, and
the actual uncertainty will most likely be exaggerated. This is especially important in the
case of an independent PA, conducted by an organization that did not directly participate
in site characterization (as was the case in SITE-94).
For each instance of primary site data, background information should be readily
accessible concerning:
•

Actual procedures for measurements and sampling.

•

Specific equipment that was used.

•

Detection limits and accuracy levels that are associated with the
equipment and procedures.

•

Geometric configuration of the measurements.

•

Methods that have been used for interpretation or correction of the raw
data.

When equipment or procedures are modified during the course of an investigation, the
documentation, archiving and retrieval systems must provide for clear distinction among
the resulting data.

3.1.1 Positional information
A basic requirement for PA is to establish a consistent frame of reference (spatial
coordinates) for all measurements. A single, primary coordinate system should be
established and applied to all measurements upon their being entered into the site
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database. All maps should be indexed to this coordinate system. Maps that document
observations on a regional scale should also include indications of longitude, latitude, and
the type of cartographic projection.
If for some reason more than one coordinate system is used at a site (as was the case with
the Aspo HRL), the relationship among these systems, and to any prevailing systems such
as the national survey grid (RAK), should be fully documented. Most importantly,
whenever the position of a measurement is recorded as primary data, the coordinate
system of reference should be clearly indicated.
Positions of measurements within boreholes
In documenting the position of measurements within boreholes, it is essential that
consistent reference points be established at each drilling site prior to the start of drilling
activities, e.g. by installing fixed survey monuments. The possibility of using a global
positioning system (GPS) to establish the coordinates of practical field reference points
(e.g. "top of casing") should be evaluated.
When the positions of measurements in boreholes are recorded with respect to various
field reference points such as "top of casing," "rock surface," etc., these should also be
converted to the primary coordinate system upon entry into the site database. In so doing,
corrections should be made for effects such as cable or pipe-string elasticity and thermal
expansion/contraction. The database should contain a description of precisely how these
corrections were made, for each set of measurements.
In SITE-94, inconsistencies in positional coordinates for borehole measurements led to
uncertainty in correlating fracture zones and extensive fractures between boreholes (Tiren
etal, 1996), and in interpreting the spatial correlation structure (variograms) of
hydrologic and geophysical data (Le Lo'ch and Osland, 1996). In the former case, the
overall impact on PA is apparently minor, given that alternative structural models (as
evaluated with the DF approach) yield similar ranges of the F ratio. In the latter case, the
consequences for PA are unknown, as the multivariate geostatistical approach was not
developed to the point of making quantitative predictions for PA.
Geometric configuration of measurements
For geoscientific measurements that are not point measurements, the geometric
configuration of each measurement should be recorded. For example, the lengths of
logging or sampling intervals in boreholes, and the geometry of outcrops mapped for
fracture statistics should be documented so that the basis for these data can be evaluated.
Further examples of geometric-configuration information that is needed are given with
respect to specific types of data in Sections 3.2 and 3.3; however, these represent just a few
examples. A program for site characterization should emphasize the need to record this
information for all types of geoscientific measurements.
In the case of the Aspo HRL pre-investigations, instances in which this information was
lacking include unspecified section lengths for geochemical sampling, and unspecified
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outcrop geometries for fracture trace mapping on Aspo. In the former case, this leads to
unnecessary uncertainty in the evaluation of the spatial distribution of groundwater types,
and thus impacts our understanding of the hydrological evolution of the site. In the latter
case, the lack of geometric information prevented any analysis of the effects of geometric
sampling biases on inferred distributions of fracture orientation and fracture size. As the
fracture size distribution is a controlling factor in canister-site connectivity, the lack of
this information may have a significant impact on PA.

3.1.2 Accessibility of site-characterization data
A second basic requirement for PA is that the data from site characterization need to be
accessible. This means that:
•

Primary as well as interpreted data need to be archived so that retrieval is
possible. For independent PA it is essential that the primary measurements and
observation be kept distinct from interpretations and syntheses.

•

An indexing system is needed so that performance analysts from any discipline can
readily learn what data are available from the site.

•

Effective archival systems are needed for qualitative geological observations and
surface surveys, as well as for quantitative measurements in boreholes. The
possibility of using a geographic information system (GIS) for maintaining and
indexing such data should be tested.

It may be advantageous to make the site-characterization database directly accessible to
the site analysts, rather than a system of requesting data from a database administrator (as
was done with the GEOTAB database during SITE-94). Among other advantages as
discussed by Geier et al. (1996b), direct access would allow analysts to make full use of
the site database's querying capabilities to investigate relationships among different types
of data. Such as system would of course require that issues of data security and quality
assurance be addressed, e.g. how to document and ensure the quality not just of the basic
data that are extracted, but also the database methods by which data are extracted.
In the case of the Aspo HRL pre-investigations, data from most of the measurements
made in boreholes and observations made on core have been systematically stored in the
database, while archiving of data from surface measurements and observations has been
less systematic (Geier etai., 1996b). For some above-ground geophysical surveys, only
processed maps (rather than primary measurements) were accessible for SITE-94. Other
surface observations that did not purely consist of measured (quantitative) data were
generally not accessible from the database. Such problems result in diminished utilization
of site data and hence increased uncertainty in the structural interpretation. In the specific
case of SITE-94 the net effect on PA may have been minor, given that alternative
structural models (as evaluated with the DF approach) yield similar ranges of the F ratio.
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3.1.3 Quality Control
In SITE-94 a number of errors (some of which could be described as glaring) were
encountered in the archived data from the Aspo HRL (Geier et al., 1996b). The
persistence of such errors, in the database for a site that had previously been analyzed by
several groups, can be ascribed at least in part to the fact that the datasets used in those
previous analyses were not always identical to the archived data. In some instances
corrections were made to the data that were circulated for analysis (e.g. correction of
borehole geophysical data for cable elasticity), but these corrections did not make it into
the GEOTAB database.
An important and highly useful check on data quality is to utilize the archived form of the
data in ongoing analyses of a site under investigation, insofar as possible. This provides a
chance to identify lacunae and errors in the archived data, at an early stage. If informal
versions of data must be circulated in some cases due to schedule constraints, the sitecharacterization program should explicitly implement procedures for reporting errors and
for subsequently reconciling these informal versions, and any corrections, with the formal
version that is maintained in the site database.
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3.2 Surface investigations
For the purposes of this report, the term "surface investigations" is meant to comprise all
activities that aim to characterize the upper (subaerial or submarine) surface of the site,
including remote sensing, geologic mapping, airborne and ground geophysics, and
surficial hydrologic surveys.

3.2.1 General considerations
Extent of coverage
To permit detection of gently dipping structures at depths of up to 1 km below a
proposed repository, the detailed coverage area for surface investigations should extend
at least 3 km outward in all directions from the repository. This pertains to geophysical
surveys and remote-sensing data used for lineament interpretations, in particular.
In SITE-94, lineament interpretations revealed several semiregional-scale fracture zones
(i.e., the Avro zone and associated structures) which could be interpreted as gently
dipping under the local-scale (2 km) domain. These structures do not outcrop within the
local-scale area, and hence would be missed by a more narrowly-focused site
characterization.
The potential significance of these gently dipping structures for the SITE-94 PA was
evaluated as minor, mainly due to a concentration of high-transmissivity, steeply dipping
fracture zones under Aspo, which cause nearly vertical discharge from the repository in
all DF model variants. At another site, such a situation might not exist, and hence gently
dipping, semiregional zones may be of greater consequence. Also, the Avro-zone
structures at Asp6 might produce a greater impact on PA for some combinations of
structure heterogeneity and boundary conditions that were not evaluated in SITE-94.

3.2.2 Remote-sensing and topographic surveys
Elevation data including topographic/bathymetric contour maps and digital elevation
models (DEMs) have been identified as critical input data for the regional-scale and localscale structural geological interpretation in SITE-94 (Tiren et al, 1996). Aerial
photographs and satellite imagery (e.g. Landsat thematic maps) are also highly useful for
identification of lineaments corresponding to geologic structures.
General structural patterns and/or specific structures identified near the site are utilized to
some extent in all of the site-scale and regional-scale hydrological models for SITE-94.
Although the hydrologic parameters for PA do not appear to be highly sensitive to details
of these structural models (in the case of Aspo), specific structures do influence the
location of discharge to the biosphere, and the general structural pattern is an important
control on regional groundwater flow. Moreover, lineament interpretations based on
these data, such as were performed in the Asp6 HRL pre-investigations, are clearly
valuable for the planning and interpretation of site-scale investigations. Thus remote33

sensing data to support lineament interpretations and geological structural modelling are
essential.
The DEM and satellite data that were used in SITE-94 for regional-scale structural
interpretations exist presently for all of Sweden. Thus adequate data exist for regionalscale interpretations around any proposed repository site in Sweden. More detailed
surveys and higher-resolution images may need to be commissioned to support the
development of local-scale structural models. As discussed in the preceding section, it is
important that the coverage area for these surveys and interpretations should be
sufficiently large to detect low-angle structures that dip under the proposed repository.

3.2.3 Geophysical surveys
Airborne and surface geophysical surveys provide essential information for the
development of a structural geologic model, and thus are used indirectly (or as
background information) in most hydrological modelling for PA. In the structural
geologic model development for SITE-94, the following types of geophysical data were
utilized:
Airborne electromagnetic and magnetic surveys were used in the form of prior
lineament interpretations indicating major fracture zones and lithologic contacts,
for regional- and semiregional-scale model development.
Ground electromagnetic surveys, including ground radar, VLF and horizontalloop EM methods, were used in the form of prior lineament interpretations
indicating fracture zones and lithologic contacts, for semiregional- and local-scale
model development.
Other geophysical surveys, including gravity, radiometric, electrical resistivity, seismic
refraction, and seismic reflection profiles, were used as background information in the
structural geological interpretation.
For some of the above-ground geophysical surveys in the Aspo pre-investigations, it was
found that only processed maps are available. Preferably the original data (prior to
interpretation) should be archived in the site database so that subsequent, full retrieval
and reinterpretation are possible.

3.2.4 Geology
Types of surface geological investigations that are needed for site characterization
include:
Selective fieldwork to check geological characteristics of the lineaments identified
from remote sensing and geophysics.
Selective mapping to delineate contacts between different lithologic units, or to
confirm contacts inferred from geophysical evidence.
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Systematic mapping of structural features such as fractures or dikes to obtain a
statistical sampling of their distribution and characteristics.
General geological fieldwork to gain a qualitative understanding of the geologic
history of the site or region (e.g. the sequence tectonic episodes) and/or its
relationship to the modern-day distribution of rock types or structures.
As each of these types of investigations addresses different objectives, the data produced
by one type of investigation may not always be compatible with that produced by
another. For example, a qualitative mapping of fracture sets for the purpose of deducing a
genetic model of the structural geology would likely not be useful as a statistical
description of the fracture population at the site. Conversely, a statistical mapping might
not reveal structural relationships among fractures that could be useful in constructing a
genetic model of the structural geology. Therefore it is extremely important that the
objectives and methods used in any geologic mapping should be described clearly in the
background information that accompanies the data.
For all types of geologic mapping, a consistent nomenclature should be established and
documented, including descriptions of lithology, rock fabric, veining, fracturing. If it is
necessary to revise the nomenclature during a site investigation, this should be clearly
documented and, if possible, previous observations should be updated for consistency.
The structure of the database for geological data should be improved so that similar or
interrelated types of data (e.g. different types of fractures or lithological units of different
thicknesses) are not split up among multiple tables. Geological logging software and
database procedures should be upgraded so that information of value for PA is not
discarded due to software limitations. There is a critical need to implement procedures
for the preservation of primary, non-quantitative geological data such as field notes and
sketches.
Field checks of specific structures
Simple field checks to confirm that lineaments represent relevant geologic structures,
such as fracture zones, are essential in constructing a structural geological model to be
used as the basis for hydrological modelling in PA.
For confirmed structures, especially those that are inferred to pass relatively close to the
proposed repository, more detailed investigations is warranted to support models of the
internal configuration of the structure. From DF model calculations and the simple
evaluation for SITE-94, it is found that the relationships among hydrologic and transport
properties within large-scale structures is a major source of uncertainty for PA.
Therefore, as a minimum, a qualitative structural description should be obtained for each
major structure that passes close to (within a few hundred meters of) the repository.
Preferably this qualitative description should be supplemented by statistical mapping on
one or more transects across the surface expression of the structure, to quantitatively
characterize its internal geometry and the degree of contrast with the surrounding rock.
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Lithologic mapping
Mapping to delineate lithologic units is potentially valuable for PA in circumstances
where a strong hydrological contrast is identified between different lithologies. For sites
similar to Aspo, it appears that the lithologic distribution may be so complex that a partly
stochastic description (e.g. facies modelling) rather than a deterministic description is
needed.
A stochastic approach to lithologic facies modelling was not explored in SITE-94. If it is
to be considered at a future site, a special study of data needs specific to this approach
should be done prior to commencement of site characterization. A systematic approach
to mapping would be needed in order to account for directional biases, etc.
Apart from the general requirement of demonstrating an understanding of the site, the
importance of lithologic mapping for PA is not entirely clear from the experience in
SITE-94. Only weak correlations were found between small-scale hydraulic conductivity
and lithologic types and transitions at Aspo (Le Lo'ch and Osland, 1996), which suggests
that lithologic facies modelling in itself would not adequately constrain a continuum-type
hydrologic model for PA. However, DFN modelling indicates that there are strong
contrasts in rock-mass connectivity between the two main rock types at Aspo, which
means that the spatial distribution of lithology could be an important control on largescale connectivity (and hence be significant for PA). A DFN model conditioned upon a
lithologic facies model could provide one means of evaluating the implications for PA.
Fracture mapping
Systematic mapping of fractures and/or stereographic photography on natural outcrops,
roadcuts, trenches, and/or other cleared bedrock surfaces is necessary for construction of
DFN models. This provides information on fracture size and orientation distributions,
heterogeneity of fracture intensity, and structural associations (e.g. fracture terminations).
The most important data for PA are those that relate to fracture location (clustering) and
the fracture size distribution, as these factors strongly influence fracture-network
connectivity. Once underground construction is started, these data should be
supplemented by fracture mapping in shafts and tunnels.
The most useful type of fracture survey is areal mapping, in which a given area on the
outcrop or exposure is selected for mapping, and data are recorded for all fracture traces
that are longer than some specified minimum length (referred to as the censoring
threshold). Preferably the following types of data should be recorded for each fracture
trace:
Coordinates of trace end points on the exposure surface.
Coordinates of additional points for traces with pronounced curvature.
Type of termination at each endpoint (i.e., whether the trace ends in intact rock,
at an intersection with another fracture or a splay, or outside of the mapped area).
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Fracture dip (on horizontal exposures), fracture strike (on vertical exposures), or
both strike and dip (on inclined or undulating/stepped exposures).
Additional data on fracture characteristics such as fracture mineralization, large-scale and
small-scale roughness, wall rock lithology and alteration are helpful for classifying
fractures into sets and distinguishing those that are most likely to be water-conducting.
Measurements of fracture apertures on surface exposures are usually not reliable as
indicators of fracture transmissivity, as these largely reflect disturbances due to
overburden erosion or excavation and weathering.
Ideally, for each fracture trace that terminates against a second trace, the fracture ID
number of the second trace should also be recorded. Although this information can
usually be deduced from the other geometric data as specified above, ambiguities
resulting from imprecise measurements or curved fractures can be avoided by recording
fracture ID numbers in the field.
Detailed areal mapping of fractures by traditional techniques can be very labor-intensive,
especially when coordinates to locate the fractures must be measured and recorded by
hand. Alternative techniques such as digitization from stereographic photographs or
video images should therefore be considered. A hazard with such techniques is that the
resolution or lighting of the photographs or images may not always be adequate to
distinguish between e.g. filled fractures and veins. With current, commercially available
computer and image processing technology, it should be possible (and preferable) for
video images to be annotated as they are acquired by a geologist working at the outcrop,
and thus avoid most such ambiguities. An even more promising alternative would be to
use a mapping system based on a hand-held computer (for entering observations on
fracture characteristics) and an electronic positioning device (for automatic measurement
and registration of coordinates on the outcrop).

Scanline surveys
Scanline surveys, in which data are recorded for all fracture traces crossing a given line,
are also useful for derivation of DFN models, and are often more practical to conduct
than areal mapping. However, scanline surveys are usually subject to greater directional
sampling bias than areal maps, and tend to preserve less information regarding structural
relationships among fractures. When scanline surveys are used, it is important to use
multiple scanline orientations to allow analysis of and correction for directional bias (The
same is true for areal mapping, if the mapped exposures are extremely elongated in one
direction, e.g. in trench mapping).
For scanline surveys, a practical alternative to recording endpoint coordinates may be to
record (1) the location of the point where the fracture trace crosses the scanline, (2) the
length of the trace segments on either side of the scan line, and (3) the angle at which the
trace makes with the scanline.
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Censoring thresholds
For statistical analysis of either type of survey, it is necessary that a censoring threshold
be established and strictly followed. The censoring threshold need not be the same for all
exposures that are mapped, provided that it is consistently recorded. In the Aspo preinvestigations, the censoring threshold was not consistently recorded, resulting in
unnecessary ambiguity in estimating fracture size distributions.
To obtain the most critical information for PA, for a given level of effort, the optimal
approach would be to map over several different scales at different levels of resolution
(i.e. using different censoring thresholds), mapping only the longest traces over the entire
exposure or scanline. Analysis of fracture data in SITE-94 (Geier and Thomas, 1996)
indicates that the fracture size distribution for most rock types is best described by a
power-law distribution, which implies that the number of fractures increases exponentially
with decreasing size. The most extensive fractures (manifested in the longest fracture
traces) are critical for rock mass connectivity and hence for PA. Since these are relatively
infrequent, large areas must be mapped to ensure that they are adequately characterized.
The intensity of smaller fractures tends to be much greater; Therefore the smaller
fractures can be adequately characterized by intensive mapping of shorter traces along
randomly selected, relatively small portions of the entire mapped area or scanline.
Geometry of exposures
Information concerning the geometry of the exposures is needed in order to perform any
meaningful evaluation of directional sampling bias. As a minimum, the following data
should be recorded: the nominal strike and dip of the outcrop surface (if it is not
horizontal), the nominal length and width of the mapped area, and the azimuth
corresponding to the nominal length. Such information were unfortunately not available
from the Aspo outcrop mapping, and hence it was not possible to evaluate and correct
for possible directional bias. Preferably the shape of the area that is mapped should be
described in greater detail, e.g. by giving the coordinates of a bounding polygon.
Undulating outcrop topography
Undulating outcrop topography may have a profound effect on the probability of
intersecting fractures that are nearly parallel to the mean plane of the outcrop. Therefore
the magnitude of the undulation should be recorded, as a minimum, to indicate whether
the frequency of such fractures is likely to be exaggerated by standard methods of
correction. Preferably the undulations of the outcrop should be described in greater
detail, e.g. by surveying to determine the heights of a regularly-spaced grid of points on
the outcrop. With such information, the sampling bias due to undulating outcrop
topography could be corrected for by forward modelling.
Morphologic fractures
Morphologic fractures (i.e. fractures that form segments of the outcrop surface)
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represent a special dilemma for site characterization. On the one hand, if these fractures
are not mapped, the population of fractures subparallel to the outcrop will be
undersampled. On the other hand, mapping all morphologic fractures introduces a bias
that is difficult to quantify, as outcrop surfaces may tend to be formed along pre-existing
fractures in the rock. At present no satisfactory method exists for correcting the data for
either of these types of bias. Given this situation, it seems advisable to record
morphologic fractures as a distinct category of fractures. If fractures can also be mapped
on a nearby exposure that is perpendicular (or at high angle) to the outcrop, the accuracy
of a given correction scheme can be assessed.
Extensive fractures
Extensive fractures (length scale larger than 10 m) have a strong influence on rock-mass
connectivity, and thus may control the percentage of deposition holes that are well
connected to the hydrologic network. Therefore characterization of extensive fractures is
particularly important for PA.
Data for a rigorous statistical analysis of the population of extensive, discrete fractures in
the rock mass could be obtained by mapping large-scale (diameter > 20 m) exposures, if
these exist or can be cleared at the proposed repository site. Note that this information is
needed in particular for the relatively competent rock between fracture zones, which
tends to be relatively well exposed at sites such as Aspo. Dense-grid geophysical surveys,
as suggested by Talbot and Munier (1989), might be evaluated as alternative or
complementary information for this purpose, when large-scale bedrock exposures are
limited.
Sometimes when mapping fracture traces on smaller outcrops, the geologist can readily
see that certain traces extend well beyond the boundaries of the exposed outcrop. This is
the case on Aspo, where very long (> 20 m) traces can sometimes be traced to nearby
exposures by following lineaments expressed in the vegetation. In such cases it is valuable
to add a note to the data record for the fracture trace, indicating the approximate length
over which the fracture can be traced beyond the boundary of the mapped area. Although
irregular information such as this might not be directly usable in the statistical derivation
of fracture size distributions, it can be valuable for checking the statistical models. An
example of what can happen in the absence of such information is provided by an early
analysis of the Aspo trench mapping data (Axelsson et al., 1989). Strong truncation
effects, due to the narrow width of the trenches, led to a fitted lognormal model for
fracture size that greatly underpredicts the frequency of extensive (> 5 m) fractures, and
hence yields DFN models with much lower block-scale connectivity than those derived in
SITE-94 (Geier and Thomas, 1996).
General geologic fieldwork
Other types of geologic investigations may be performed for purposes such as structural
geological interpretation. Results of these investigations are used in forming a geologic
interpretation of the site, and thus are used indirectly in hydrological models. The
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primary data produced by such studies (i.e. raw observations such as geometric
descriptions of structural patterns and lithologic distribution) are of great utility for
evaluation and comprehension of structural and bedrock models, and should be preserved
in the site database.

3.2.5 Surficial hydrology
The following types of data are needed to define the upper boundary of most
hydrological models:
Topographic and bathymetric elevation data
Delineation of streams, bogs, and lakes
Meteorological data (seasonal precipitation and evapotranspiration)
Surface runoff estimates
The elevation data can be digitized directly from standard, publicly available maps, as was
done for the DF modelling in SITE-94. As these data are required for nearly all
hydrologic models as well as facilities planning, it would be sensible to prepare a standard
digital version (in TIN, DEM, and/or digitized-contour format) to be included in the sitecharacterization database.
Estimates of the areal distribution and approximate thicknesses of major types of
sedimentary cover (till, soil, exposed bedrock, seabed muck, etc.) are useful for detailed
modelling of the upper boundary. In the DF model for SITE-94, the upper surface was
assumed to be homogeneous on land. This is probably not realistic, and may have
accounted for some of the difficulty in fitting to hydraulic head data from shallow
borehole sections. Insofar as this decreased the resolution of the calibration, it may to
some extent have increased the uncertainty in the DF model. However, the significance of
this effect is probably minor in comparison with other sources of uncertainty, and
therefore a very detailed characterization is probably not justified.
Piezometer installations may be useful at sites with extensive, thick soil cover in order to
characterize seasonal fluctuations in the phreatic surface. This is not a significant issue at
Aspo, where areas with significant soil thickness tend to be boggy throughout the year.
Chemical characterization of surface waters is useful for geochemical modelling. At a
future site the spatial pattern of geochemical variation might prove useful for validation
of hydrologic models, although this was not done in SITE-94 except in the qualitative,
integrated interpretation. Concentrations of conservative solutes and isotopes,
particularly 3H, 2H and l8O as indicators of the water itself, and Cl, Br, Li and Na as
indicators of the solute source, should be measured for relevant surface waters (e.g. the
Baltic around Aspo).
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3.3 Borehole investigations
3.3.1 Design of drilling program
The layout of boreholes and subsurface measurements at a site will in general affect the
spatial distribution of residual uncertainty in the site characterization. In the case of the
Aspo pre-investigations, all measurements in deep boreholes are clustered within 180 m
of a single vertical plane; which unfortunately happens to be nearly perpendicular to the
dominant direction of regional groundwater flow (Geier et ah, 1996b; Provost et ah,
1996).The layout of boreholes and appears to have been motivated largely by an interest
in particular fracture zones, which were identified early in the pre-investigations (Stanfors
etah, 1991;Wikbergefa/., 1991).
The effect of this clustered sampling is high uncertainty in the estimated hydrologic
properties over much of the site-scale hydrological model, and poor characterization of
the effective boundary conditions (Geier, 1996a). An emphasis on characterizing specific
fracture zones leads to a biased sample, in which the rock within or adjacent to fracture
zones is disproportionately sampled. Thus anomalies are overrepresented relative to the
general properties of the site, which increases the uncertainty in a geostatistical analysis
(Le Loc'h and Osland, 1996). A relatively high density of structural features (fracture
zones and extensive single fractures) is inferred for southern Aspo, but it is not clear to
what extent this is a consequence of the much higher sampling density in that area (Tiren
etah, 1996).
For Aspo, the drilling campaign does not appear to have been designed for uniform
sampling, at any stage of the pre-investigations. Rather, there was from the outset a focus
on characterizing particular fracture zones indicated by the geophysical surveys, in the
vicinity of the planned facility. Therefore it is difficult to establish whether the observed,
high intensity of fracture zones in southern AspO is typical of the semiregional area, or
anomalous, or simply an artifact of bias in the sampling program. In SITE-94, this has led
to unresolved uncertainty regarding the representativity of the local-scale structural
model. In terms of repository performance, the effect has most likely been an overly
conservative assessment of the potential for far-field performance.
An additional problem with the sampling program for Aspo is that most boreholes were
aimed to intersect inferred fracture zones at shallow depths. Two consequences of this
are (1) a lack of information on the properties of fracture zones at repository depths (400
to 600 m), and (2) disproportionate sampling of fracture zones at shallow depths, which
most likely leads to a distorted view of the hydrological system at the site. The possible
effects in terms of PA are difficult to gauge.1

'It should be emphasized that these comments arise within the specific context of a site
evaluation such as SITE-94, where the aim is to predict relatively large-scale and long-duration
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Despite the clustering of boreholes in the Aspo pre-investigations, the sampling
configuration for hydraulic conductivity (AT) measurements in boreholes is not adequate
to discriminate between a stochastic-continuum model in which anisotropic correlation
exists over hundreds of meters {i.e. correlation of high-conductivity rock parallel to
planes of the dominant fracture-zone sets), and a model in which such correlations do not
exist (Tsang, 1996). Apparently this is due to a shortage of K measurement pairs obtained
over intermediate separation distances, except along a given borehole. In order to
characterize heterogeneity over a wide range of scales and in all directions, it is probably
necessary to have at least one or a few clusters of boreholes with variable internal spacing
(less than or on the same order as the correlation scale of interest). Similarly, tracer tests
on a range of scales are needed to characterize effective transport processes on different
scales (NEA/SKI, 1996).
In any site investigation there is likely to be a conflict among the needs of different
analysis methods. Since the high costs of drilling and, for an actual repository, sealing
requirements, preclude satisfying all competing objectives, these conflicts are not easily
reconciled. However, the following suggestions ought to be considered:
Regional groundwater modelling and structural geologic interpretation should be
performed at an early stage to predict the dominant direction of groundwater flow
and structural trends. The placement of boreholes for characterization of the
semiregional scale should be such that it is possible to test these interpretations
and refine the models, prior to planning the placement of boreholes for more
detailed-scale characterization.
A much greater emphasis should be placed on using a structured grid of boreholes
to characterize the site on a semiregional scale (2 km to 5 km). This would allow
evaluation of the effective boundary conditions for site-scale hydrologic and
geochemical models and thus reduce a significant (though not dominant) source
of uncertainty in hydrological models for PA. A great deal of information can also
be obtained on the general character of the rock maSs and its spatial variability,
and on the characteristics of sets of major structures, without perforating the rock
close to the proposed repository.
For the purposes of geostatistical analysis, a clear distinction should be drawn
between boreholes that are drilled as part of a structured sampling program, and
boreholes that are drilled specifically to investigate particular geologic features.
This would allow these data to be analyzed separately, so that bias resulting from
the latter type of sampling strategy can be avoided.

phenomena (e.g. the long-term hydrogeochemical evolution of the site, and radionuclide transport
under the influence of ambient, regional hydraulic gradients). For the smaller geometrical scales,
shorter temporal scales (years or tens of years), and typically stronger hydraulic gradients in the
HRL experiments, a more restricted and focused site investigation may be of greater value.
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In order to understand the degree to which an anomalous intensity of fracture
zones may be a function of the sampling density, it is desirable to maintain a
roughly uniform spacing of boreholes within the study area, in each stage of a site
investigation. In the later stages, as the study area becomes more restricted, the
density of boreholes will naturally become higher close to the repository. If a
relatively high intensity of fracture zones is found close to the repository, then by
comparison with the previous stages it will be possible to estimate to what degree
this is just a result of the higher sampling density.
In general, a step-wise, multi-scale approach to site characterization should be very
strongly emphasized for subsurface measurements, due to the practical limitations on the
number of measurements that can be taken. A structured approach to sampling should be
followed insofar as possible. When it is necessary to deviate from a structured approach
for some special purpose (e.g. to investigate a particular fracture zone in greater detail),
the data thus obtained should clearly identified as having been gathered from a specialpurpose borehole, and the objective in drilling the borehole should be clearly indicated.

3.3.2 Background information
A variety of background information are needed in connection with borehole
measurements, in order to interpret the data thus acquired.
Borehole deviation logging is a basic requirement for establishing the position of
borehole measurements in the site-wide reference frame, and therefore should always be
performed (as was the case at Aspo).
Borehole caliper logging measures variations in borehole diameter, which can in some
cases be related to fracture zone locations. In soft rock similar devices can be used as dip
indicators. In SITE-94 caliper logs were used as background information for the geologic
interpretation, and therefore only indirectly for hydrologic modelling. Borehole flowmeter
logging, as discussed below, may be sensitive to variations in borehole diameter (Olle
Olsson, memorandum, February 1996). Hence caliper logs may sometimes be needed for
correct interpretation of flowmeter logs used in hydrologic interpretation.
Borehole histories are potentially very valuable for interpretation of subsurface
measurements and geochemical sampling in particular, especially when unusual or
unexpected results are encountered. The following types of information should be made
available in the archived data for each borehole:
Drilling log documenting the sequence of drilling activities, equipment used,
drilling rates, occurrence and reason for any stoppages, and any other
irregularities that occur while drilling, as well as casing procedures (including
length of casing emplaced), cementing procedures, and any other completion
procedures.
Mud log documenting drilling water sources and additives, timing and procedure
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for additions of drilling water taggants and sampling to determine drilling water
content, observations of net inflows or losses of drilling fluid, occurrences of any
extraordinarily high or low pressures (due to e.g. swabbing while raising or
lowering the drill string), and physical properties of returned fluids (drilling solids
content, density, etc.).
Log of geoscientific measurements in the borehole, including pumping tests to
"clean out" boreholes, setting of packers, etc.
An exercise worth conducting, at an early stage in site characterization, would be to
model what effect the actual sequence of operations will have on the data obtained for
sensitive measurements such as geochemical sampling, based on the drilling history for an
actual, representative borehole.
For the geophysical and hydrologic measurements in boreholes at Aspo, a history of
borehole activities is apparently lacking. In some boreholes, geophysical logging was
aborted at depth before reaching the bottom of the hole, and the documentation does not
explain whether the stoppage was due to borehole conditions, instrument failures, or
some other cause. If borehole conditions were the cause in some cases, this could in itself
be of interest for site interpretation.

3.3.3 Coordinates of measurements within boreholes
In order to check for correlations among different types of geoscientific measurements in
boreholes, and between features occurring in boreholes and at the ground surface, it is
essential that the position of measurements in borehole can be related to the standard
reference frame for the site.
Borehole deviation logging is a first requirement for this purpose, and was in fact
performed for all boreholes in the Aspo HRL pre-investigations. This information is
critical for comparing borehole data to specific site-scale features, as in the DF
hydrologic model and in the integrated hydrologic and geochemical interpretation, as well
as in the construction of a structural geologic model. This information is less critical for
the stochastic continuum approach, which is more sensitive to the relative positions of
measurements within a given borehole than to relative positions across the site.
A second requirement is to establish a consistent reference point (datum) for all
measurements in boreholes. The position of a given measurement in the site-wide
reference frame can then be determined by relating the distance along the borehole, as
measured from the datum, to the borehole-deviation data. At Aspo, confusion results
from the fact that a consistent datum was not used for all borehole measurements in the
HRL pre-investigations. Instead, measurements were reported with respect to various
reference points of convenience such as "sea level," "top of casing," "ground surface," or
"rock surface," and the relative positions of these reference points were not consistently
documented (Geier et al., 1996b).
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Establishment of a consistent datum for all measurements in boreholes is a very old
problem, which stems in part from the fact that the height of the ground surface may be
altered during levelling of the drilling site and the laying down of roadways to the drilling
site, together with the fact that the length of casing may be cut, lengthened, or shifted for
various reasons. One solution to the problem would be to install fixed survey monuments
at each drilling site prior to the start of drilling activity, situated at such a distance that
they would not be disturbed by the activities around the borehole, but close enough to
allow convenient determination of the position and elevation of any datum that is used for
practical reasons (top of casing, etc.). Another solution might be to use a high-resolution
global positioning system (GPS) to establish the coordinates of each temporary datum.
Whatever solution is adopted, it is essential to ensure that accurate notes are taken and
preserved in the site database, for each set of measurements, regarding which datum was
used and what was its position in the site reference frame.
A third requirement is that corrections to positional data for borehole measurements
should be made for cable or pipe-string stretch and thermal expansion. For long
boreholes, the discrepancy in positional data can be several meters for cables or pipe
strings used with different equipment. The database should include both raw data on the
position of measurements (e.g. length of cable in hole) and the corrected positions, with a
clear description of how corrections were made. If the positional data are not thus
corrected prior to entry in the database, this should be specifically noted, together with
data on the exact equipment used so that the corrections can be applied at a later date. A
useful check on such corrections, for geophysical measurements, is to compare the
corrected positions with the signatures produced by the bottom of the casing; in order for
this check to be made, the length of casing actually emplaced needs to be reported.
Corrections might also be made between borehole geophysical logs and core logs, by
correlating with geological features that are known to produce identifiable signals in the
geophysical logs (e.g. aplites at Aspo), and by interpolation between such points. This
was done by SKB for data delivered to the Aspd Task Force (see Geier et al., 1996b).
Corrections based upon any such correlations should be well documented in the site
database.
Finally, the effective zero level for each logging tool should be established and
documented, for each series of measurements. This can result from the variable length of
the logging tools, which requires that some of the tools be partially lowered into the
borehole during assembly. Inspection of the Aspo data suggests that the zero level varied
among the different logging tools by up to one meter.

3.3.4 Geophysical logging
Geophysical logging data from Aspo were used within SITE-94 in the geostatistical
analysis (Le Lo'ch and Osland, 1995), in the construction of the structural geological
model (Tiren et al., 1995), and in the hydrological evaluation of the structural model
(Voss et al., 1995).Types of data that were used in SITE-94 included natural gamma
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logs, gamma-gamma (density) logs, neutron logs, magnetic susceptibility logs, sonic
(acoustic) logs, self-potential logs, vertical seismic profiling, and resistivity logs.
Borehole radar provided a particularly important source of information on the orientation
of structures encountered at depth, in particular the borehole radar surveys that were
conducted using a directional antenna. Fluid resistivity (salinity) and temperature logs are
directly useful for hydrological interpretation as indicators of flowing features, and were
used for this purpose in the integrated hydrological interpretation for SITE-94 (Voss et
al., 1996).
As discussed by (Geier et al., 1996b), some of the salinity, temperature, and gamma logs
from Aspo contain irregularities that are not fully explained by the information that
accompanies these data. It is difficult to decide whether or not these irregularities can
simply be attributed to changes in instruments used or changes in instrument calibration.
In future site characterizations, information on the equipment used in geophysical
logging, including the type & model of logging devices used, their ID numbers, and
calibration data, should be stored together with the logging data in the site database. If a
given hole is logged more than once with the same logging method, the reason for
repeating the measurements should be indicated in the database.

3.3.5 Geological investigations in boreholes
Geologic data from boreholes are used for hydrologic modelling both directly and
indirectly, in the form of geological and geochemical interpretations on which hydrologic
models may be based or tested. Core drilling is the principal method of obtaining geologic
data from the rock at depth in a surface-based investigation. The recovered cores are
ordinarily logged for lithology and structural features such as fractures. Due to the
practical difficulties of recovering and reconstructing oriented core, and due to the timeconsuming nature of manual core logging, other borehole logging techniques such as use
of a borehole televiewer or a formation microscanner may be used to provide
supplementary data.
Types of analyses performed on core may include lithologic and structural logging,
petrological analyses, and special analyses of fracture minerals. The requirements for
these analyses, from a hydrologic modelling perspective, are summarized in the following
paragraphs.
A general point that is worth stressing is that the recovered core constitutes a valuable
and unique "database" in itself, which should be preserved as intact as possible. In the
systematic logging of core which takes place concurrently with the drilling, it is simply
not possible to anticipate and record data on all geologic questions that may later be
judged significant for the analysis of the site. The SITE-94 database report (Geier etal,
1996b) list numerous examples of potentially useful geologic data that were either not
gathered or not preserved; even if all of those issues are remedied in a future site
characterization, no doubt something that is later reckoned to be useful will be missed in
the initial logging.
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Therefore the recovered and reconstructed core should be carefully stored and kept
accessible for later geologic analyses. If core samples are removed for a particular
geologic study, there should be a system to ensure that the samples are returned to the
core boxes when the study is completed {e.g. something as simple as informing
investigators of the need to keep track of core samples which they use, and issuance of
reminder notices upon the completion of their studies). If a particular analysis involves
destructive testing of core samples, there should be a check that the analysis will not
destroy all or most examples of a particular type of feature.
Lithologic logging
Information on the lithology at depth is a basic requirement for development of a
geologic model of the site, and is thus indirectly required for any geologically-based
hydrologic model. Lithologic. data can be used directly in geostatistically-based or
lithofacies hydrologic models, if a significant correlation is found between lithology and
hydraulic conductivity. In SITE-94 weak correlations were found between lithologic
features (presence of aplites or of contacts between different rock types) (Osland and Le
Lo'ch, 1996). Lithologic data from core is also used directly in DFN modelling, to
account for correlations which are commonly found between lithology and characteristics
of the fracture population. In SITE-94, statistical DFN analysis of fracture data from
different lithologic types led to models with distinctive hydrologic properties in terms of
fracture network connectivity, which are of direct significance for PA (Geier and
Thomas, 1996; Geier, 1996b).
Given a sufficient number of boreholes for which lithologic logging of core has been
performed, and given a favorable lithologic suite at a site such that the different lithologic
types have distinctive geophysical signatures, it may be possible to infer the lithologic
distribution for other boreholes that have not been logged, based on geophysical logging
data. Any such extrapolation needs to be verified by a thorough comparison of the
geophysical data for previously logged boreholes, and by spot checks versus recovered
core (or drill cuttings, in the case of percussion-drilled holes) from the boreholes for
which the extrapolation is performed. The lithologic profiles thus inferred should be
clearly distinguished from profiles that have been logged explicitly, in the site database.
In entering lithologic and related data from core into the site database, care should be
taken to ensure that the database design preserves all of the information. In the Aspo preinvestigations, certain geological data were not fully preserved due to a system of
preferential recording of certain characteristics when multiple characteristics (e.g.
mylonite, red staining, and brecciation) were observed together in a given length of core
(Geier et al., 1996b). Such a system can render later analyses practically meaningless, and
in general should be avoided. With modern database technology there should be no
reason for discarding observations in this fashion.
It should be emphasized that a prioritization of information based on one criterion may
not be applicable for other cases of interest in PA. The emphasis at Aspo appears to have
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been on recording data that relate to the present-day hydrology of the site, as opposed to
data that indicate the tectonic/geochemical history of the site (e.g. mineral zonation in
fractures). An understanding of the site history is essential for predictions of long-term
site evolution, as are required for a PA.
Finally, it is essential that standard procedures and nomenclature be established and
documented for logging of rock fabric (structural style), fracture minerals, veins, joints,
crushed zones, and core losses. These appear to have varied considerably from point to
point in the Aspo pre-investigations, resulting in the need to discard or otherwise
underutilize data in the SITE-94 analysis (Geier et al., 1996b).
Fracture logging
Logging of fractures in core from boreholes is essential both for structural geological
interpretation and for construction of DFN models.
For DFN models, fracture logging is most important as a source of information on
fracture intensity and fracture clustering. These properties have a strong influence on
network connectivity (e.g. the probability that a given waste deposition hole is connected
to the larger-scale hydrologic network via discrete, transmissive fractures), and thus may
have a highly significant impact on performance. Information on fracture orientation is
less critical but is still useful for checking for statistically homogeneous domains,
classification of fracture sets, and correcting for directional bias in fracture intensity data.
The combination of fracture logs with lithologic logs from the same core allows
construction of DFN models for distinct rock types.
Alternative methods such as logging the borehole with a televiewer or a formation
microscanner may provide some of the same information that is yielded by core logging.
For instance the images produced by these methods could be used to determine fracture
intensities and absolute orientations of fractures. However, the ability to distinguish
between fractures and other planar features such as veins or banding, in these images,
needs to be positively demonstrated by direct comparison with properly oriented core, in
order to give confidence in these techniques. Moreover it is unlikely that the alternative
methods will provide the necessary data on fracture mineralogy.
The basic data that should be recorded for each discontinuity or sealed fracture in the
core are: position along the reconstructed core, angle with the core axis, and angle with
an axial reference line on the core, which can be related to an absolute orientation (either
by traditional core orientation techniques or by correlation with e.g. televiewer images,
subject to full verification of the method). Additional observations on the character of
discontinuity can be useful, such as its roughness, whether or not the fracture is sealed by
or coated with fracture minerals, presence and relative orientation of slickensides or other
lineations on the fracture, etc. Such observations, together with the thickness, texture,
and types of fracture minerals that are present, if any, can be very useful in the
classification of fractures into sets, and assessment of which sets are most likely to be
significantly transmissive under past or present-day conditions.
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It is usefixl to exclude or otherwise identify fractures that are obviously created by the
drilling process, although this should be done with caution. However, further
classifications into categories such as "natural" or "sealed" fractures, such as was done in
the Aspo pre-investigations, may be misleading. As discussed by Geier et al. (1996b),
evidence from Aspo supports the notion that such distinctions may depend upon how the
core was handled during drilling, i.e. how much damage is done to the core, in the
process of taking it out of the recovery sleeve and transferring it to the core box.
Logging of "crushed" portions of core
"Crushed" portions of core (i.e. intensely fractured sections) should be documented
consistently and adequately so that the significance of these intervals is neither lost nor
exaggerated, in statistical analyses of fracture frequency/clustering and fracture minerals.
The integrated interpretation for SITE-94 (Voss et al., 1996) shows that the "crushed
zones" at Aspo very frequently coincide with strong point inflows to boreholes, and thus
must be regarded as indications of hydrologically significant structures, of prime interest
for PA.
In intensely crushed or extensive crushed sections where mapping of individual fractures
is pointless, it is preferable to give a count or estimate of the number of fragments with
maximum dimension greater than some specified size, rather than a subjective estimate of
"average fragment size," the meaning of which is ambiguous. In extensive crushed
sections of half a meter or more, where strong spatial variation in the intensity of crushing
is apparent, it would be preferable to choose natural divisions between portions with
higher and lower intensities of crushing/fracturing, and describe each such portion
separately.
Similarly care should be taken in reporting fracture minerals in the "crushed" sections.
When occurrence of a given mineral is noted for a crushed section, some indication
should be given of its relative frequency within the section.
Fracture mineral logging
A comprehensive database for fracture minerals {i.e. fracture coatings and fillings),
including petrographic analyses and measurements of porosities and diffusion coefficients,
is essential as these data provide the only basis for assigning retardation properties to
water-conducting features and transport properties, in the case of a performance
assessment based purely on surface-based investigations. Both statistical characterization
of mineral properties within the small-scale fracture system, and deterministic
characterization within major identified fracture zones, are necessary to assess retardation
properties and possible correlations to fracture hydraulic properties.
In mapping fracture minerals there are certain unavoidable problems. To map and identify
all fracture minerals in a consistent manner can be extremely time-consuming. Most often
what occurs in practice is that the mapper notes the most prevalent minerals {e.g. calcite
and chlorite) and also the most easily identified minerals {e.g. pyrite and hematite). Other
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what occurs in practice is that the mapper notes the most prevalent minerals {e.g. calcite
and chlorite) and also the most easily identified minerals (e.g. pyrite and hematite). Other
minerals that occur as very small grains (e.g. the sheet silicates, which include clay
minerals) or are very subordinate, or are difficult to identify when they occur as small
crystals, are often overlooked or neglected. These overlooked minerals can in certain
cases be those that fully account for a fracture surface's sorption potential. The presence
or absence of such trace minerals along transport paths characterized by a low F ratio
would be of great significance for PA.
In order to ensure a consistent characterization of fracture minerals that will be useable
both for statistical analyses and for analysis of retardation potential, a structured
approach is needed. During the initial core logging, an emphasis should be placed on
consistently identifying the primary and major secondary minerals in each fracture that is
mapped. This would provide adequate data for purposes such as evaluation of spatial
trends in the dominant fracture minerals, identification of mineralogically anomalous
zones, or statistical classification of fractures based on the dominant fracture minerals
(such purposes might be served even if the dominant fracture minerals were mapped only
for a systematically chosen subset of the fractures, e.g. by mapping minerals only on
every third or fourth fracture). However, this initial logging should not be assumed to
provide adequate information for other purposes such as evaluation of a fracture system's
potential for sorption, or for analysis of the tectonic and geochemical evolution of the
site.
Thus the initial logging of fracture minerals should be supplemented by detailed
petrographic analyses of fracture minerals over systematically chosen, short sections of
core. These analyses should seek to identify all fracture minerals and their relative
abundance, as well as age relationships among minerals (e.g. observations of zonation in
a fracture, or cyclically repetitive deposition, which would be indicative of reactivation).
The resulting data could be used to determine what mineral associations occur in
particular sets of fractures, and what trace minerals are present (and in what
configurations) that could influence the hydrogeochemistry and sorption potential.
It bears emphasizing that the selection of samples for detailed fracture mineral mapping
should be systematic, to ensure that the results obtained will be suitable for statistical
analysis. Undoubtedly there will also be cause to perform detailed analyses of fracture
minerals on other, nonsystematically chosen core sections (e.g. sections that show
unusual mineral assemblages in the initial core logging, or that are associated with a
particular structure of interest). In such cases, the reason for analyzing each particular
core section should be indicated in the site database.
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3.3.6 Hydrologic monitoring & testing in boreholes
General issues
Documentation of practical problems with hydrologic testing equipment, and of the
calibration of this equipment, needs to be more thorough and more accessible. The
resolution of the equipment and procedures for single-hole packer testing may need to be
improved, in order to address conceptual uncertainty regarding the results.
There is a generally recognized need to develop methods for the evaluation of sitespecific transport properties, particularly flow porosity, flow wetted surface, matrix
diffusion coefficients, and possibly effective sorption coefficients (which are dependent
upon site-specific conditions including pH, redox conditions, fracture mineral
assemblages, and other geochemical conditions governing sorption).
Hydrologic monitoring data
An extensive hydraulic head/pressure monitoring network, such as was installed at Aspo,
is clearly necessary to attain an understanding of the site hydrology. The most important
function of the monitoring network is for recording and interpreting the response to
large-scale hydrologic interference testing, as discussed below under the heading, "Crosshole hydrologic testing." Monitoring of groundwater conditions under "undisturbed"
conditions is also useful, both for estimation of the boundary conditions for hydrologic
models, and to provide a general understanding of the groundwater head gradients at the
site.
In SITE-94, monitoring data were used, in the form of estimates of equivalent freshwater
head under "undisturbed" conditions, to estimate the range of effective hydraulic
gradients, for the SC model and in the Simple Evaluation (where these were used as a
check on gradients based on topographic extremes). These estimates of "undisturbed"
heads were used more intensively in the DF modelling, in calibration of the upper-surface
boundary condition and, to a lesser extent, the hydraulic properties of the structures in
the DF model.
The hydrologic monitoring data from the Aspo pre-investigations were adequate for the
purposes for which these data were used in SITE-94. SKB should be commended for
their success in installing and maintaining a functional monitoring system that
encompasses nearly every borehole on the island of Aspo. The experience gained in
establishing a continuous monitoring network will no doubt be valuable for future site
investigations, and gives confidence that data of good quality will be gathered from the
very start.
The hydrologic monitoring data would have been still more useful if an effort had been
made to locate a few deep boreholes to give more uniform coverage over the local scale
(~2 km square) or larger, as discussed in Section 3.2.1. Such data could have helped to
reduce the uncertainty that exists regarding effective far-field boundary conditions. For
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Aspo, from a consideration of regional hydrology (Provost et ai, 1996) the general
situation must clearly be one of fairly steep upward discharge, but the magnitude and
large-scale variability of the hydraulic gradient at depth is not well defined. From DF
model variants in SITE-94 (Geier, 1996ab), it is found that residual uncertainty in farfield boundary conditions leads to a substantial (but not dominant) component of
uncertainty for PA, as expressed in terms of the F ratio. The sensitivity to residual
uncertainty in boundary conditions might well be greater at a future site where the
regional hydrologic setting of the site is more ambiguous. Also, the uncertainty related to
effective boundary conditions could be more significant in the overall PA if several of the
more dominant aspects of uncertainty for PA, such as effective transport properties in
large-scale fracture zones, can be reduced.
A more comprehensive use of hydrologic monitoring data, using the transient responses
to external forcing events such as precipitation, tides, or drilling of new boreholes, could
be envisioned for future sites given adequate data on the forcing events, and appropriate
developments in modelling techniques. Although such exercises might not result in a very
large reduction of the overall PA uncertainty, they could be valuable for verifying an
understanding of the present-day hydrologic system.
One area in which research and development could be valuable would be to consider
ways for monitoring groundwater flux, as well as pressure, on a continuous basis. For
example, a downhole system might conceivably be developed to periodically inject a
pulse of saline tracer into each borehole section, and then monitor the decay of salinity
with time, due to groundwater throughflow, in terms of the electrical conductivity of the
water at different levels in the annulus. It is far from clear whether such a system could be
made practical and reliable. However, it would be very valuable to gain more information
on the groundwater flux through the rock mass and major fracture zones, both under
undisturbed conditions and in response to induced gradients during pumping tests. In
combination with head-monitoring data such as are presently being gathered, flux data
would provide much stronger constraints on the hydraulic properties that control
radionuclide transport than would head-monitoring data alone.
Single-borehole hydrologic testing
A variety of standard, single-hole hydrological testing methods have been applied in the
Aspo pre-investigations, including:
Airlift tests which were carried out during drilling, usually on 50-100 m intervals,
and yielded initial estimates of transmissivity and environmental pressure.
Constant-pressure injection/recovery packer tests, on intervals ranging from 2-30
m, which yielded information on the spatial distribution of hydraulic
conductivity/transmissivity.
Flowmeter (spinner) logging of boreholes, under either pumped or equilibrium
conditions, which yielded information on the locations and in some cases
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transmissivity of the major hydraulic conductors that intersect boreholes.
Single-hole pumping tests, which estimates of total well capacity or total well
transmissivity.
Tracer dilution tests, which were performed in a few borehole sections to yield
estimates of groundwater flux under equilibrium conditions.
It can be expected that the same basic types of methods will be employed in future site
characterizations.
Airlift tests are a fairly standard procedure during drilling for site characterization,
largely because the tests can be performed quickly in relation to other types of hydrologic
tests, and thus yield early information on the distribution of hydraulic
conductivity/transmissivity and "undisturbed" environmental pressures at depth. The
chance to obtain early data on transmissivity is of value in formulating early hydrologic
models of the site, to be used in planning subsequent hydrologic testing, but otherwise
these data are often superseded by later, more detailed testing. Indeed, for fractured
crystalline rock such as that at Aspd, the meaning of hydraulic properties interpreted from
airlift tests on 100 m intervals is doubtful.
The value of early environmental pressure measurements on such a coarse scale is
similarly doubtful. Such measurements are dominated by the pressures in the major
conductors, which are most likely to be restored to "undisturbed" equilibrium values
within a few weeks or months after drilling is completed. If there are low-conductivity
blocks with anomalously high or low pressures, which could serve as indications of longterm transients, these anomalous pressures will be detected only if no highly or
moderately conductive features intersect the test section. Therefore if airlift tests are to
be used at all, then performing these tests on shorter lifts (e.g. 20 m test intervals) should
be considered. Quite possibly more information on site evolution would be obtained by
giving priority to a careful program of early geochemical sampling.
Single-hole, fixed-interval-length (FIL) packer tests are essential information for most
approaches to hydrological modelling. In SITE-94, interpreted hydraulic
conductivities/transmissivities from these tests were used as the primary dataset for the
derivation of the SC model (Tsang, 1996). They were also used as primary data in the
multivariate geostatistical analysis (Osland and Le Lo'ch, 1996) and in the integrated
structural/hydrological/geochemical interpretation (Voss and Glynn, 1996). The
variability of hydraulic conductivity, as expressed in these tests, is basic information for
the Simple Evaluation (Dverstorp et al., 1996). In DFN model development (Geier and
Thomas, 1996) these data are the basis for estimating the distribution of single-fracture
transmissivity. In DF model development (Geier, 1996ab) these data are used for
identification of transmissive structures and preliminary estimates of their transmissivity,
and of the variability of transmissivity within a given fracture zone. With further
development of the DF methodology, these data might be used as the basis for

53

conditional simulations of stochastically varying transmissivity, within each structure in a
DF network.
Packer testing programs should be viewed as providing information regarding both
transmissivity of fractures and small-scale network characteristics such as effective flow
dimension, rather than just as sources of hydraulic conductivity estimates. In SITE-94,
flow-dimension estimates based on a complete reevaluation of the transient, constantpressure, packer-test data from Aspo (Geier et al., 1996) were used for partial validation
of the network behaviour of a derived DFN model (Geier and Thomas, 1996).
At Aspo, the information content of the packer tests was seriously impaired by practical
problems such as severe injection pressure oscillations, insufficient test duration (for the
specified resolution), and equipment compliance effects (worse in some boreholes than in
others), which lessened the value of these data as a validation set, for DFN models in
SITE-94: More intensive data utilization in the models, and some reduction of
uncertainty regarding DFN model connectivity, would be possible with better quality
data. For a future site characterization, efforts should be made to (1) record downhole
pressure and flowrates at a higher frequency at the start of each test, to allow better
resolution of early-time transient response, (2) reduce testing-system compliance,
especially with the umbilical-hose system, to improve the resolution with which the
hydraulic response of the fracture network can be measured, and (3) ensure that each test
is of adequate duration, by using real-time transient data interpretation.
The ready availability of the primary data, in GEOTAB, was instrumental to the
reevaluation of these tests, and greatly facilitated the identification of these problems.
However a more thorough description of the equipment and procedures, for each testing
sequence, ought to be included in the site database. Preferably this would include
calibration data for the test equipment (especially compliance measurements), to facilitate
subsequent corrections if necessary.
Flowmeter profiles (e.g. spinner logs) can reveal the positions of high-transmissivity
structures that are in hydraulic communication with a larger network. The flowmeter
profiles from Aspo were a key element of the integrated interpretation (Voss and Glynn,
1996). In the SITE-94 DF modelling, flowmeter profiles were used only in a qualitative
sense, to assess the hydraulic significance of structures for which no other hydraulic-test
data were applicable. These data could potentially be used in a more quantitative sense,
as calibration/validation cases for the DF model.
Practical problems were also encountered in working with spinner (flowmeter) profiles of
the boreholes at Aspo. The most significant problem was that the data in GEOTAB
contain false anomalies that were apparently caused by an equipment malfunction.
Apparently this problem was investigated at the time, and the need for correction was
noted. Unfortunately, this correction was not applied to the data as stored, nor was the
need for the correction noted in the database (see Geier et al., 1996b).
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Other problems of a less severe nature concerned unexplained fluctuations in the spinner
data, which give apparent, local increases in the measured flows with depth (Le Loc'h and
Osland, 1996). In principle such increases should not occur, since they imply local
outflows from the borehole into the rock, whereas the borehole is being pumped at a high
rate. Since the primary use of these data involves the analysis of the derivative of flow
with depth, corrections of some sort are necessary. Preferably such corrections should be
performed by analysts with the appropriate expertise, and the corrected data should be
included in the site database.
Multi-borehole hydrologic testing
Hydraulic pumping test data, or other multiple-hole hydraulic test data, are essential for
interpretation of large-scale structure transmissivities and diffusivities. For each pumping
test, the following data are needed: (1) the measured pumping rate, (2) time-dependent
pressure drawdowns in the pumped hole, and (3) time-dependent pressure drawdowns in
the observation holes. Other types of multiple-hole hydrologic tests, such as sinusoidal
tests, can be used with appropriate developments of methods for model calibration. In
SITE-94, pumping tests provided the main source of data for calibration of DF model
hydraulic properties (Geier, 1996a), and were also used to check the behaviour of SC
models (Tsang, 1996).
Hydraulic pumping tests and pressure-monitoring boreholes need be conducted over a
range of scales, and should be located over a broad area. To ensure adequate calibration
of the outlying portions of a site-scale hydrologic model, pumping tests should be
performed in evenly distributed boreholes up to 2 km from the proposed repository, and
the pumping rates and duration of the tests should be sufficient that each monitoring hole
is typically affected by more than one test in a neighboring borehole. A wide array of
pressure-monitoring holes will also provide good characterization of the effective
boundary conditions, for the semiregional portion of a discrete-feature model.
In SITE-94, nearly all pumping tests were located on the southern part of Aspo. Data
were not provided to SITE-94, for the few pumping tests that had been performed in
areas adjacent to Aspo (e.g. on Avro). Typically these tests were of short duration and,
judging from reports, did not produce measurable drawdowns except in a few nearby
boreholes. Hence their value for calibration would have been limited, even if these data
had been obtainable.
The consequence of concentrating hydraulic measurements in a small area was large
uncertainty regarding the hydraulic properties of structures on a semiregional scale, and
regarding the effective boundary conditions. Evaluation of these aspects of uncertainty,
using DF model variations, showed that a significant component of overall uncertainty, in
terms of far-field F ratio and near-field Darcy flux, results from the poor characterization
on the semiregional scale. Therefore a more extensive program of hydraulic pumping
tests, of longer durations and distributed over a broader area, should definitely be
undertaken as part of site characterization for a proposed repository.
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Tracer tests
Tracer test data are needed to estimate the relationships among hydraulic properties and
transport properties within fracture zones and in the rock mass. Single-tracer tests
provide information on flow porosity. Dual tracer tests with sorbing and non-sorbing
tracers provide estimates of the specific surface, which is of critical importance for farfield retardation.
For SITE-94, tracer data were available from one multi-source, radially convergent tracer
test, LPT2. These data were used for a coarse validation of alternative assumptions
regarding fracture zone porosity, by comparing DF simulations of the tracer test with
observations. In LPT2, only a single type of tracer (generally non-sorbing) was released
from each source, and hence the test did not yield useable information on specific surface.
Transport properties such as flow porosity and wetted surface (and more specifically, the
manner of their variation within a site), are of critical concern for the prediction of
radionuclide transport. More comprehensive suites of tracer tests would be extremely
valuable to reduce critical uncertainty regarding geologic-barrier performance in transport
models. In particular, true dual- or multi-tracer experiments are needed. These should be
conducted at multiple locations and over multiple scales and using boreholes drilled in
different orientations, in order to provide a meaningful assessment of the effects of scale
and heterogeneity on transport.
It is essential that future tracer tests be carried out with the aim of characterizing not just
the major fracture zones, but also the rock mass. Tracer test data from Aspo were
obtained for intervals only in a few major fracture zones, and provide no information on
the transport porosity or reactive surface in the rock mass. The obvious difficulty in
applying tracer tests to the rock mass is in rinding an injection interval with sufficient
throughflow in the rock mass. However, flowmeter profiles reveal numerous discrete,
flowing features outside of the major fracture zones (mainly crushed zones), which carry
enough flow for tracer injection, and which apparently represent the most significant
pathways for transport through the rock mass. Obviously the recovery points for tracer
injected into such features will be less predictable than tracer injected into fracture zones;
this unpredictability is precisely why these transport pathways must be better
characterized. The DF modelling for SITE-94 shows that rock mass connectivity can
strongly affect the percentage of spent-fuel canisters that are exposed to high
groundwater flux, and the percentage that will produce radionuclide discharge to the
biosphere within 5000 years after canister failure.
Tracer tests should be performed in sufficient numbers to estimate the site-specific
variability of fracture zone porosity, and its relationship to transmissivity. These should
be focused less on the idea of confirming a particular model of the site (as was the case
with LPT2 at Aspo) than as providing raw data for model calibration and discrimination.
A large number of relatively simple tracer tests would be preferable to a few very
complex tests. The experience from LPT2 shows that even a very carefully designed
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tracer test will yield irregular results ("missing" tracer, multi-peak arrivals, etc.).
Therefore, rather than devoting a large (and probably futile) effort to designing a single
tracer test so as to be amenable to classical (steady-state, radial-flow) interpretations,
emphasis should be placed on interpreting irregular results in a stochastic or semistochastic framework.
In the DF modelling for SITE-94, the relationship of transport parameters to hydrologic
parameters (and the variability of this relationship) within large-scale structures was
identified as the most significant source of uncertainty, for far-field performance. This
uncertainty needs to be better addressed in any future PA. By obtaining more tracer data,
it should be possible either to significantly decrease the overall prediction uncertainty, or
at least to discriminate between true uncertainty and the effects of site variability.

3.3.7 Geochemical sampling
Groundwater salinity and geochemistry could potentially be useful in the identification of
distinct (noncommunicating or weakly communicating) portions of a DF network, or as
constraints on the flow field predicted by any hydrologic model. These data were not
used in the hydrological model development for SITE-94, except qualitatively, in the
integrated interpretation (Voss and Glynn, 1996). However, they should be considered as
important data for model discrimination or validation, in any future PA. The following
points regarding geochemical sampling are drawn directly from the SITE-94 database
report (Geier et al, 1996).
The sequence of borehole investigations should emphasize geochemical characterization
of groundwaters prior to disturbance by other testing, and very low pumping rates should
be used insofar as possible. Due to the fact that the most complete analyses in the Aspo
pre-investigations were made on samples drawn from extensively pumped sections, the
geochemical sampling program at Aspo gives comparatively little information on the
relatively stagnant groundwater in low-conductivity rock, which is likely to be more
representative of the repository near-field environment. More thorough characterization
of "first-strike" groundwaters, with attention to indicators of groundwater and solute
origins, would be a desirable objective.
The sampling during drilling (SDD) samples, despite being heavily contaminated by
drilling water, are in many ways better indicators of the undisturbed ground waters at
Aspo. Glynn and Voss (1996) found that, after correcting for drilling water content, the
SDD samples reveal a salinity gradient twice as steep as that indicated by the later
sampling. This suggests that substantial dilution of the original ground waters, by fresher,
shallower waters, must have resulted from the pumping and hydrologic testing activities.
The value of the samples that are taken during drilling should be enhanced by improved
procedures for characterization and tagging of drilling waters. It is extremely important
that the amount of drilling-water present in a given sample be measured accurately, and
that the source of drilling water be unambiguously identified. Use of more than one tracer
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in the drilling-water would be helpful as a check on the accuracy of drilling-water content
estimates.
Identification of ground-water types and origins and identification of solute origins
requires adequate knowledge of the more conservative solutes and isotopes, particularly
3
H, *¥{ and 18O as indicators of the water itself, and Cl, Br, Li and Na as indicators of the
solute source. More consistent measurements of these indicators (in ground water samples
as well as other relevant waters, such as the Baltic around Aspo) would be very useful.
Additional trace-element, isotope and dissolved gas analyses would also be useful, as
discussed by Glynn and Voss (1996).
For deep boreholes, pressure and temperature changes during the sampling process must
be considered a problem, as well as ingassing and degassing of gases such as CO2.
Minerals (and gases) may dissolve or precipitate because of changes in total ambient
pressure, ambient temperature or in the ambient partial pressure of specific gases.
Measures such as downhole filtering, downhole temperature measurements, and
downhole (or at least in-line) measurement of pH, are useful to reduce the uncertainty
due to these effects.
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4 Main Recommendations
General
It is unlikely that any single hydrogeologic conceptual model can be validated with high
certainty for a given site, especially when data are available only from surface-based
investigations. Therefore it is essential that a site characterization be planned to support
evaluation of multiple conceptual models. As a matter of practicality, it may be
reasonable to view one type of conceptual model as "primary," and to gather more data in
support of that concept, but this should not jeopardize the ability to construct alternative
models.
Clear and comprehensive documentation of observations and measurements is essential.
A consistent and well-defined nomenclature is needed. For each instance of primary site
data, background information should be readily accessible concerning procedures,
equipment, geometric configurations, and methods of interpretation or correction.
Clear and accurate positional information is needed for all measurements, based on a
single, site-wide coordinate system. Particular emphasis should be placed on improving
the accuracy of positional data for measurements in boreholes. This is essential for
making structural correlation between boreholes, and for multivariate statistical analysis
of the data. For geoscientific measurements that are not point measurements, the
geometric configuration of each measurement should also be recorded.
All primary as well as interpreted data from site characterization need to be kept in an
accessible database or otherwise stored so that retrieval is possible in practice. More
effective archiving systems are needed for qualitative geological observations and surface
surveys, in particular. In order to ensure the quality of the archived data, the archived
form of the data should be used, insofar as possible, in ongoing analyses of a site under
investigation.
Coverage area for lineament interpretations
The detailed coverage area for surface-based surveys should extend at least 3 km
outward in all directions from the repository, in order to permit detection of gently
dipping structures at depths of up to 1 km below a proposed repository, in lineament
interpretations.
Geological mapping to support hydrological modelling
For geological investigations, it is extremely important that the objectives and methods
used in any geologic mapping should be described clearly in the background information
that accompanies the data. A consistent nomenclature should be established and
documented, including descriptions of lithology, rock fabric, veining, fracturing. Care
should be taken so that non-quantitative as well as quantitative geologic observations are
preserved in an accessible form.
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The relationships among hydrologic and transport properties within large-scale structures
is a major source of uncertainty for PA. A structural description should be developed for
each major structure within a few hundred meters of the repository. Preferably this
description should be supported by statistical mapping on transects across the surface
trace of the structure, to characterize the internal geometry of the fracture zone and the
degree of contrast with the surrounding rock mass.
Systematic mapping of fractures and/or stereographic photography on natural outcrops,
roadcuts, trenches, and/or other cleared bedrock surfaces is necessary for construction of
DFN models. The most crucial data for PA are those that relate to fracture location
(clustering) and the fracture size distribution, as these factors strongly influence fracturenetwork connectivity.
For each fracture survey, a censoring threshold (minimum trace length) should be
established and strictly followed, to avoid unnecessary ambiguity in estimating fracture
size distributions. Information concerning the geometry of the exposures must be
recorded in order to perform any meaningful evaluation of directional sampling bias. If
the outcrop topography is undulating, the undulation should be described so that the
impact on sampling bias can be assessed.
The most extensive fractures are critical for rock mass connectivity and hence for PA.
Since these are relatively infrequent, large areas must be mapped to ensure that they are
adequately characterized. To obtain the most critical information for PA, for a given level
of effort, the optimal approach would be to map fractures over a range of scales, with the
resolution (censoring threshold) increasing with the scale of mapping.
Planning of drilling programs
A step-wise, multi-scale, structured approach to site characterization should be very
strongly emphasized for subsurface measurements, due to practical limitations on the
number of measurements that can be taken. In order to understand the degree to which
an anomalous intensity of fracture zones may be a function of the sampling density, it is
desirable to maintain a grossly uniform spacing of boreholes within the study area, in each
stage of a site investigation (excluding boreholes drilled for special purposes such as
characterizing specific fracture zones, or borehole clusters drilled specifically to
investigate heterogeneity/scale effects in flow and transport).
A strong emphasis should be placed on using a structured grid of boreholes to
characterize the site on a semiregional scale (2 km to 5 km). This would allow evaluation
of the effective boundary conditions for site-scale hydrologic and geochemical models
and thus reduce a significant (although not dominant) source of uncertainty in
hydrological models for PA. Regional groundwater modelling and structural geologic
interpretation should be performed at an early stage to predict the dominant direction of
groundwater flow and structural trends. The placement of boreholes for characterization
of the semiregional scale should be such that it is possible to test these interpretations and
refine the models, prior to planning the placement of boreholes for more detailed-scale
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characterization.
When it is necessary to deviate from a structured approach for some special purpose (e.g.
to investigate a particular fracture zone in greater detail), the data thus obtained should
clearly identified as having been gathered from a special-purpose borehole, and the
objective in drilling the borehole should be clearly indicated.
Background information for borehole investigations
Borehole histories should be recorded in the site database, as these are potentially very
valuable for interpretation of subsurface measurements and geochemical sampling in
particular. An exercise worth conducting, at an early stage in site characterization, would
be to model what effect the actual sequence of operations will have on the data obtained
for sensitive measurements such as geochemical sampling, based on the drilling history
for an actual, representative borehole.
In order to check for correlations among different types of geoscientific measurements in
boreholes, and between features occurring in boreholes and at the ground surface, it is
essential that the position of measurements in borehole can be related to the standard
reference frame for the site. A consistent reference point (datum) needs to be established
for all measurements in boreholes. Corrections to positional data for borehole
measurements should be made and documented for cable or pipe-string stretch and
thermal expansion. For long boreholes, the discrepancy in positional data can be several
meters for cables or pipe strings used with different equipment. Finally, the effective zero
level for each logging tool should be established and documented, for each series of
measurements.
Geologic data from boreholes
Core drilling is the principal method of obtaining geologic data from the rock at depth in
a surface-based investigation. It is worth emphasizing that the recovered core constitutes
a valuable and unique "database" in itself, which should be preserved as intact as possible,
so that new analyses can be performed as their need becomes apparent at later stages of
site characterization. Due to the practical difficulties of recovering and reconstructing
oriented core, and due to the time-consuming nature of manual core logging, other
borehole logging techniques such as use of a borehole televiewer or a formation
microscanner may be used to provide supplementary data.
Logging of fractures in core from boreholes is essential both for structural geological
interpretation and for construction of DFN models. For DFN models, fracture logging is
most important as a source of information on fracture intensity and fracture clustering.
These properties have a strong influence on network connectivity (e.g. the probability
that a given waste deposition hole is connected to the larger-scale hydrologic network via
discrete, transmissive fractures), and thus may have a highly significant impact on
performance.
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"Crushed" intervals in the core should be documented consistently and adequately so that
the significance of these intervals is neither lost nor exaggerated, in statistical analyses of
fracture frequency/clustering and fracture minerals. The "crushed zones" at Aspo very
frequently coincide with strong point inflows to boreholes, and thus must be regarded as
indications of hydrologically significant structures, of prime interest for PA.
Where mapping of individual fractures within crushed zones is not practical, it would be
preferable to give a count or estimate of the number of fragments with maximum
dimension greater than some specified size, rather than a subjective estimate of "average
fragment size." In extensive crushed sections of half a meter or more, where strong
spatial variation in the intensity of crushing is apparent, it would be preferable to choose
natural divisions between portions with higher and lower intensities of
crushing/fracturing, and describe each such portion separately. When occurrence of a
given mineral is noted for a crushed section, some indication should be given of its
relative frequency within the section.
Alternative methods such as logging the borehole with a televiewer or a formation
microscanner may provide some of the same information that is yielded by core logging.
For instance the images produced by these methods could be used to determine fracture
intensities and absolute orientations of fractures. However, the ability to distinguish
between fractures and other planar features such as veins or banding, in these images,
needs to be positively demonstrated by direct comparison with properly oriented core, in
order to give confidence in these techniques.
A comprehensive and reliable database for fracture mineralogy, porosity, and diffusivity is
essential for assigning retardation properties to water-conducting features. The capacity
for retardation of radionuclides by sorption may be strongly dependent upon the
occurrence of certain trace minerals, which may be difficult to identify in routine logging
of the core. To ensure that meaningful data are gathered both for statistical analysis of
site-scale trends and correlation, and for more detailed geochemical and geological
analyses, a structured approach is needed.
During the initial core logging an emphasis should be placed on consistently identifying
the dominant (most prevalent) minerals on a systematically chosen sample of the
fractures; such data would serve the purposes of site-scale statistical evaluation. This
initial logging of fracture minerals needs to be supplemented by comprehensive
petrographic analyses of fracture minerals and their retardation properties over
systematically chosen subsections of the core. These analyses should seek to identify all
fracture minerals and their relative abundance, as well as age relationships among
minerals (e.g. observations of zonation in a fracture, or cyclically repetitive deposition,
which would be indicative of reactivation).
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Hydrologic testing
Documentation of practical problems with hydrologic testing equipment, and of the
calibration of this equipment, needs to be more thorough and more accessible. The
resolution of the equipment and procedures for single-hole packer testing may need to be
improved, in order to address conceptual uncertainty regarding the results.
There is a generally recognized need to develop methods for the evaluation of sitespecific transport properties, particularly flow porosity, flow wetted surface, matrix
diffusion coefficients, and possibly effective sorption coefficients (which are dependent
upon site-specific conditions including pH, redox conditions, fracture mineral
assemblages, and other geochemical conditions governing sorption).
An extensive hydraulic head/pressure monitoring network, such as was installed at Asp6,
is clearly valuable for an understanding of the site hydrology. SKB should be commended
for their success in installing and maintaining a functional monitoring system that
encompasses nearly every borehole on the island of Aspo. The experience gained in
establishing a continuous monitoring network will no doubt be valuable for future site
investigations, and gives confidence that data of good quality will be gathered from the
very start. The hydrologic monitoring data would have been still more useful if an effort
had been made to locate a few deep boreholes to give more uniform coverage over the
local scale (~2 km square) or larger.
A more comprehensive use of hydrologic monitoring data, using the transient responses
to external forcing events such as precipitation, tides, or drilling of new boreholes, could
be envisioned for future sites given adequate data on the forcing events, and appropriate
developments in modelling techniques. Although such exercises might not result in a very
large reduction of the overall PA uncertainty, they could be valuable for verifying an
understanding of the present-day hydrologic system.
Single-hole, fixed-interval-length (FTL) packer tests are essential information for most
approaches to hydrological modelling. Packer testing programs should be viewed as
providing information regarding both transmissivity of fractures and small-scale network
characteristics such as effective flow dimension, rather than just as sources of hydraulic
conductivity estimates. For a future site characterization, efforts should be made to (1)
record downhole pressure and flowrates at a higher frequency at the start of each test, to
allow better resolution of early-time transient response, (2) reduce testing-system
compliance, especially with the umbilical-hose system, to improve the resolution with
which the hydraulic response of the fracture network can be measured, and (3) ensure
that each test is of adequate duration, by using real-time transient data interpretation.
Flowmeter profiles (e.g. spinner logs) are valuable to indicate the positions of hightransmissivity structures that are in hydraulic communication with a larger network. A
few, relatively minor problems with these data were encountered at Aspo which can
hopefully be avoided for future sites.
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Hydraulic pumping test data, or other multiple-hole hydraulic test data, are essential for
interpretation of large-scale structure transmissivities and diffusivities. To ensure
adequate calibration of the outlying portions of a site-scale hydrologic model, pumping
tests and pressure-monitoring boreholes should be located uniformly over a broad area
(up to 2 km from the proposed repository), and the pumping rates and duration of the
tests should be sufficient that each monitoring hole is typically affected by more than one
test in a neighboring borehole.
Tracer testing
Tracer test data are needed to estimate the relationships among hydraulic properties and
transport properties within fracture zones and in the rock mass. Dual-tracer tests with
sorbing and non-sorbing tracers are necessary to provide estimates of the specific surface,
which is of critical importance for far-field retardation. It is essential that future tracer
tests be carried out with the aim of characterizing not just the major fracture zones, but
also the rock mass. The experience from LPT2 shows that even a very carefully designed
tracer test will yield irregular results ("missing" tracer, multi-peak arrivals, etc.).
Therefore, rather than devoting a large (and probably futile) effort to designing a single
tracer test so as to be amenable to classical (steady-state, radial-flow) interpretations,
emphasis should be placed on interpreting multiple, irregular results within a stochastic or
semi-stochastic framework.
In the Simple Evaluation and DF modelling for SITE-94, the relationship of transport
parameters to hydrologic parameters (and the variability of this relationship) within largescale structures was identified as the most significant source of uncertainty, for far-field
performance. This uncertainty needs to be better addressed in any future PA. By
obtaining more tracer data, it should be possible either to significantly decrease the
overall prediction uncertainty, or at least to discriminate between true uncertainty and the
effects of site variability.
Information on groundwater salinity and geochemistry should be considered as essential
data for hydrologic model discrimination or validation in any future PA. A number of
suggestions for improving the information obtained from geochemical sampling are given
in the preceding text.
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