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Abstract

There are potentially considerable benefits in integrating geochemical information with
models of groundwater flow. This can improve understanding, lead to more realistic
models and improve confidence in the models. Task 5 of the Aspd Groundwater
Modelling Task Force was set up to address the issues involved in such integrated
modelling using the hydrogeological and geochemical data obtained during the
construction of the underground Hard Rock Laboratory at Aspd.

In Part 1 of this report, we present a review of the work undertaken by the nine groups
who participated in Task 5. We summarise what we consider to be the key aspects of
their work and comment on issues specific to each group. We also comment on general
issues, including the limitations of the numerical models for groundwater flow and
solute transport used by the groups, issues related to the use of the Multivariate Mixing
and Mass-balance (M3) approach for interpreting compositional variations in
groundwaters which underpinned much of the work, the methods used for calibration
and uncertainties.

Overall, we consider that Task 5 has been a significant advance on previous work. We
do not know of any comparable study in terms of size of data set and complexity of
flow system where such a broadly compelling use of geochemical constraints on a flow
model has been achieved.

In Part 2, work to address a particular technical issue relating to the use of the M3
approach is discussed. The approach is based on interpreting the observed groundwater
compositions in terms of mixing of a small number of reference groundwaters, with
deviations from ideal mixing being interpreted as due to reactions. In much of the work
using the M3 approach, it has been assumed that the mixing fractions obey the standard
advection-dispersion equation, whereas in fact they do not. A study of the errors
introduced as a result of this assumption has been undertaken. It was found that on
average the errors were small, probably smaller than that resulting from errors in
experimental measurements. However, in specific cases, the errors could be very large.
This means that great care must be taken in inferring support for a groundwater flow
and transport model on the basis of an apparent match between M3 mixing fractions
predicted from groundwater transport modelling and M3 mixing fractions interpreted
from measured groundwater compositions.
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Sammanfattning

Det finns potentiellt sett avsevirda fordelar med att integrera geokemisk information
med grundvattenflodesmodeller. Detta kan 6ka forstaelsen, leda till mer realistiska
modeller samt forbéttra fortroendet for modellerna. Huvudsyftet for Task 5 arbetet inom
Aspd Groundwater Modelling Task Force har varit att studera fragestillningar som
uppstar vid integrerad modellering vid anvéndning av savél hydrogeologisk som
geokemisk information. Anviinda data har inhimtats under byggandet av Aspd Hard
Rock Laboratory.

I denna rapports Del 1 presenterar vi en summering av det hittills nedlagda arbete som
de nio arbetsgrupperna inom Task 5 projektet har genomfort. Vi summerar det vi
bedomer vara nyckelaspekterna av deras arbete och kommenterar specifika fragor for
varje arbetsgrupp. Vi ger dven generella kommentarer, inkluderande de numeriska
modellernas begrinsningar vad avser grundvattenflode och transport av 10sta &mnen.
Dessutom kommenteras frdgor i relation till anvindandet av "Multivariate Mixing and
Mass-balance (M3)” metodiken for tolkningen av vattenkemivariationer 1 grundvatten
som ligger till grund for mycket av det utférda arbetet samt anvdnda metoder for
kalibrering och osdkerheter.

Sammantaget bedomer vi att arbetet inom Task 5 har gett avsevérda framsteg jamfort
med tidigare arbeten. Vi kénner inte till ndgon motsvarande studie vad géller omfattning
pa anvénda data och flodessystemets komplexitet dér 1 stora drag en 6vetrygande
anvindning av geokemiska begriansningar pd en flodesmodell har blivit uppnadda.

I Del 2 diskuteras en specifik teknisk fraga vad géller anvindningen av M3-
angreppsséttet. Denna metodik baseras pé tolkningen av observerade
grundvattensammanséttningar i termer av blandning av ett mindre antal av
referensgrundvattenprov. En fordndring 1 forhallande till fullstindigmixning tolkas som
orsakade av reaktioner. I mycket av arbetet med M3-angreppssittet har det antagits att
blandningskomponenterna foljer den standardiserade advektions-dispersionsekvationen,
vilket i praktiken inte sker. En felanalys av detta antagande har gjorts. Denna visar att
felen var 1 genomsnitt sma, troligen mindre dn felen vid de experimentella métningarna.
Dock, visar studien, att felen i specifika fall kan vara mycket stora. Detta betyder att stor
varsamhet maste iakttas vid sokande av stdd for en grundvattenflodes- och
transportmodell pé basis av en uppenbar matchning mellan M3 blandningskomponenter
berdknade fran grundvattentransport-modellering och M3 blandfraktioner tolkade fran
uppmétta grundvattensammanséttningar.






Executive Summary

Various countries are considering the disposal of radioactive waste in underground
repositories constructed at depth in stable rock formations. Although the radioactive
waste inventories and the design of the waste packaging vary from country to country,
in all cases, the groundwater system at a candidate site is a very important factor
affecting the safety of geological disposal. The chemical composition of the
groundwater and its flow rate will affect the rate of corrosion of waste canisters and
packages, and thus will influence the time that the waste remains totally contained, and
will subsequently influence the rate of degradation of waste forms and rate of release of
radionuclides. The directions and rates of groundwater flow also determine the
potential pathways for radionuclide migration, and the rates of radionuclide movement
away from a repository. Models of the groundwater composition and flow therefore
play an important role in assessing the performance of a potential repository.

There are potentially considerable benefits in integrating geochemical information with
models of groundwater flow and transport at a site (such as would be required in a
repository performance assessment). The use of information on the variations of
groundwater compositions in the development of the flow and transport models:

e can improve understanding of the flow system,;
e has the potential to lead to more realistic and more robust models;
e s likely to improve confidence in the models.

However, there may be difficulties in integrating geochemical information into
hydrogeological models. The relevant geochemical information consists of measured
concentrations for various groundwater constituents at various locations. The
concentrations are the results of mixing and reactions between the groundwater and the
rocks through which it passes and between different groundwaters. The resulting
patterns in the distribution of the different constituents may be complex and difficult to
interpret. Further, it may not be easy to present the information in a readily
understandable form.Task 5 of the Aspd Groundwater Modelling Task Force was set up
to address the issues involved in integrating geochemical information with
hydrogeological information, using the groundwater data obtained before and during the
construction of the underground Hard Rock Laboratory (HRL) at Aspd in Sweden.

Nine modelling groups worked on Task 5. In the first part of this report, we present a
review of the work carried out. The review is based primarily on the final reports
produced by the participating groups. We summarise what we consider to be the key
aspects of their work, and we comment on issues specific to the work of each group. A
more detailed and comprehensive summary of the methods and assumptions, model
geometries, input data and results is provided in the Summary Report for Task 5 (Rhén
and Smellie, 2003). Our review comments cover both issues of detail in how the
modelling was carried out and broader issues concerning strategies for model
calibration and testing, for example:
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e the conceptual and numerical models;

e uncertainties in the initial conditions;

e issues related to the use of the Multivariate Mixing and Mass-balance (M3)
approach, which underpinned much of the work on the task;

e the approaches adopted for model calibration and testing;

e overall uncertainties including the possibilities of alternative models and the
objectivity with which model outputs have been compared with observed data;

e the presentation of the final reports.

The groundwater flow and transport models developed by the groups were all based on
the same underlying conceptual model. This resulted from the very extensive site
investigations carried out at Aspd and from interpretative work outside Task 5,
principally Rhén et al (1997a,b,c). In this model, groundwater flow is predominantly
through Hydraulic Conductor Domains (HCDs), with weaker flows through the
Hydraulic Rock-mass Domains (HRDs) between the HCDs. A wide range of numerical
models were used in Task 5 to represent this model, encompassing continuum porous
medium models, fracture-network models and pipe-network models, with some models
having aspects of more than one of these categories. We consider that all of the models
developed provide reasonable approximations, although some are more realistic than
others.

One of the main findings of the groups was the sensitivity of the transport modelling
results to the initial conditions assumed for the spatial variation of groundwater
compositions. These initial conditions were obtained by interpolation and extrapolation
from a small number of measurements, and therefore are likely to have significant
uncertainties.

Most of the work carried out in Task 5 was based on the use of the M3 approach for
characterising groundwater composition. This approach is based on M3 groundwaters
in terms of mixtures of a small number of reference waters. The reference waters have
physical significance, i.e. they represent distinct present and past groundwater masses,
and. They are determined by a combination of a statistical analysis and expert
judgment. The approach incorporates a prescription for determining the fractions of a
groundwater sample corresponding to the reference waters. However, if there are more
than three reference waters, there is uncertainty about these estimated mixing fractions
(which is 0.1 for the groundwaters at Aspd).

We consider that the M3 approach provides a good means of presenting geochemical
information in a way that can readily be understood by non-specialists. However, we
have reservations about its direct use in calculations and to test models. In particular,
because of the additional uncertainty introduced by the approach, tests of a model by
comparison of calculated mixing fractions with mixing fractions determined from
experimental measurements are less stringent and transparent than tests based on
comparison of the measured concentrations of ionic solutes and isotopes. As a result
one has less confidence in the model than would be the case if the test of the model
were based on a direct comparison of predicted and measured concentrations of the
groundwater constituents.
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It was originally suggested that one possible approach for Task 5 would be as follows.
A groundwater flow and transport model would be set up on the basis of the existing
conceptual model and using existing values of hydrogeological parameters. The initial
distribution of the groundwater composition, prior to construction of the HRL, would be
estimated by interpolation and extrapolation from the measurements. The evolution of
the groundwater compositions during the construction of the HRL would be predicted
using the transport models and compared with observed compositions from borehole
sections around the HRL. This comparison would provide an extra check on the model,
beyond that provided by hydraulic observations alone. It might then be possible to
modify the initial distribution of groundwater composition to obtain an improved
model.

All of the participating groups calibrated the flow models against measured heads in
boreholes and/or measured inflows to the HRL tunnel. Some groups then progressed to
establish a solute transport model which was calibrated and tested against the
geochemical data. The parameters obtained by the groups for the flow and transport
properties of the system varied widely. Overall the approach seemed to be one of
seeking the best model at each stage. However, we think that it might be better to try to
determine the range of models that give an acceptable match to observations. In this
way, the benefits of using the geochemical data could be quantified.

The final models obtained by all of the groups were described as giving good (or at least
reasonable) matches to observations. However, we hesitate to describe any of the fits as
good. We think that over-optimistic descriptions of the match of models to data detract
from the achievements of the teams.

The presentation of the final reports could generally be improved. The techniques used
are not always clearly explained. Standardisation of how model outputs and parameters
were compiled would have made intercomparison much easier. The Summary Report
has, however, achieved much in this respect (Rhén and Smellie, 2003).

Finally in Part 1 of this report, we present our view on the overall progress that has been
made in integration of geochemical information into hydrogeological models. The
objective is not an easy one because hydrogeological and geochemical data have
different natures and have different significance for a flow and transport model.
However, we consider that Task 5 has been a significant advance. The exercise has
identified much more clearly than previously realistic aims for integrating geochemical
information with hydrogeological modelling. We do not know of any comparable
study, in terms of size of data set and complexity of both flow system and perturbing
process, where such a broadly compelling use of geochemical constraints on a flow
model has been achieved. There can be no doubt that, given hydraulic and geochemical
conditions that are favourable to this type of exercise, the general objective of ‘coupling
geochemistry and transport modelling’ will have an important réle in future site
investigations. In order to use geochemical information to test models, as in Task 5,
appropriate data are needed. As well as data from boreholes within a site, data from
regional boreholes would be necessary to adequately define the boundary conditions.

In Part 2 of the report, work to address a particular technical issue relating to the use of

the M3 approach is discussed. In the work for Task 5, it was assumed that the M3
mixing fractions obey the standard advection—dispersion equation (ADE). This is the
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equation that is obeyed by the concentrations of the groundwater constituents, in the
absence of reactions. However, if there are more than three reference waters, the
mixing fractions do not actually obey the standard ADE, but a slightly modified
equation containing an additional term, which does not have the form of any of the
usual terms in the ADE. This is because the relation between the mixing fractions and
the concentrations of the groundwater constituents is non-linear if there are more than
three reference waters.

Therefore, use of the standard ADE for the mixing fractions will have introduced errors
into the modelling. This issue is particularly important because the M3 approach may
also be used in work to be carried out for the sites in Sweden chosen for investigation as
potential candidate sites for a deep repository for radioactive waste.

A study of the issue was undertaken. The approach adopted was to consider various
cases in which flowing groundwaters of different compositions mix and to compare
mixing fractions calculated on the assumption that they obey the standard ADE with
mixing fractions calculated from the transport equation that they really satisfy. The
latter mixing fractions were actually determined by calculating the evolution of the
groundwater constituents, which obey the standard ADE and then evaluating the mixing
fractions, rather than by directly calculating the evolution of the mixing fractions using
the equation that they satisfy. The calculations were carried out for cases in which there
are simple analytical solutions to the standard ADE. This allowed the study to be
carried out using a simple spreadsheet, rather than requiring the use of a finite-
difference or finite-element program to carry out the transport calculations. In order
that the study was as relevant as possible to the work undertaken for Task 5, the
calculations were carried out for the relationship between the concentrations of the
groundwater constituents and the mixing fractions used in the M3 analysis that
underpinned most of the work on Task 5.

Both deterministic and probabilistic studies were carried out. It was found that,
although the mixing fractions do not actually obey the standard ADE, the error resulting
from assuming that they do is, on average, very small, and probably smaller than the
typical error resulting from experimental errors in the measurement of the
concentrations of the groundwater constituents. Therefore, this study provides support
for the use of the assumption that the mixing fractions obey the standard ADE as a
reasonable approximation.

However, the error can be much larger in particular cases. It should also be noted that
the initial direction in which a mixing fraction is predicted to change on passing through
a mixing zone may be incorrectly predicted. On average this occurs for slightly less
than one of the mixing fractions. This means that great care must be taken in inferring
support for a model on the basis of a match between the predicted and observed
directions of change, if the mixing fractions have been calculated using the assumption
that they obey the standard ADE.

Although this study provides support for the use of the assumption that the M3 mixing
fractions obey the standard ADE, it is suggested that it might be better to calculate the
evolution of the first two principal components using the standard ADE, and then
evaluate the mixing fractions from the principal components. This would be both
computationally cheaper and more defensible (because the principal components satisfy



the standard ADE in the absence of reactions and sorption). It is considered that this
approach is less likely to be viewed with suspicion by those not familiar with the M3
approach. It is considered that it might be undesirable to adopt an approach that might
be considered questionable in work undertaken in support of a repository performance
assessment, in particular.

In the case in which reactions, or sorption are not neglected, the only justifiable
approach is to calculate the concentrations of the groundwater constituents from the
transport equations that they satisty, with appropriate sorption or reaction terms. This
approach may also be a suitable approach in the case in which reactions and sorption
can be neglected. The approach would, of course, be rigorous in such cases, and it
would be an approach expected by hydrogeologists and geochemists unfamiliar with the
M3 approach. As such it would be unlikely to be viewed with suspicion. However, the
approach has a greater computational cost than either of the alternatives: making the
calculations on the basis of the assumption that the mixing fractions obey the standard
ADE, or determining the first two principal components using the standard ADE.

Finally, it should be emphasised that the use of the M3 mixing fractions to present
geochemical information has considerable benefits in terms of presenting the
information in a readily understandable form to those who are not geochemists. It is
therefore recommended that whatever approach is adopted for modelling the mixing of
groundwaters, the results are presented using the M3 mixing fractions.
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Part 1:

Coupling Geochemistry and Transport

A H Bath and C P Jackson






1. Introduction

Various countries are considering the geological disposal of radioactive waste in
underground repositories constructed at depth in stable rock formations. Radioactive
waste inventories for the repositories vary from country to country, comprising varying
proportions of spent fuel, other high-level wastes, and intermediate-level wastes. The
design of the packaging for the wastes similarly varies. However, in all cases, the
nature of the groundwater system at a candidate site is an important factor affecting the
safety of geological disposal. The chemical composition of the groundwater and its
flow rate will affect the rate of corrosion of waste canisters and packages, and thus will
influence the time that the waste remains contained; and will subsequently influence the
rate of degradation of waste forms and rate of release of radionuclides. The directions
and rates of groundwater flow also determine the potential pathways and the rates of
radionuclide movement away from a repository. Models of the groundwater
composition and flow therefore play an important role in assessing the performance of a
potential repository.

At Aspd, an underground ‘Hard Rock Laboratory’ (HRL) was constructed some years
ago as a research facility to support the Swedish radioactive waste disposal programme.
The aim was to assist in the development and testing of methods for characterising a site
for a repository for radioactive waste, and in demonstrating the feasibility of safe
disposal of waste in such a repository. The Aspd Groundwater Modelling Task Force
was set up to provide a forum for the international organisations supporting the HRL to
work collaboratively on conceptual and numerical modelling of groundwater flow and
transport in fractured rock.

Groundwater flow models in general describe the movement of groundwater from
recharge areas, through geological formations of interest, to discharge areas where the
flow of groundwater intersects the ground surface. The flow is driven by gravity, and
may be affected by variations in groundwater density if salinity and/or temperature
variations exist. The same principles govern groundwater movement in both high
permeability systems (i.e. aquifers) and low permeability systems, such as the fractured
crystalline rocks that are the focus of interest in the present study.

Groundwaters may show changes of composition along flow paths, reflecting active
mixing between different groundwater masses at present, or variations of recharge or
flow conditions in the past (‘palacohydrogeology’). Salinity tends to increase with
depth, and relative amounts of ionic solutes may change laterally as well as with
depth.Groundwater flow models may describe the variations in density, but do not
generally describe the variations of specific components in groundwater composition.
Although the patterns of groundwater composition could, in principle, be used to check
the groundwater flow models, this is not usually done.



Geochemical models for groundwater compositions simulate the chemical reactions
between minerals and groundwaters and within the water itself, in combination with
physical mixing. They are used to explain or predict changes in groundwater
composition. Usually the models are used in ‘static mode’, that is they simulate
reactions and mixing within a well-mixed system that is either closed (i.e. nothing is
entering or leaving the system) or is a well-constrained sequence of closed systems.
This represents a simplification of the processes that happen in natural groundwater
systems. Recently, methods have been researched and developed to combine numerical
models of groundwater flow with geochemical reaction models. Such ‘fully coupled’
models are still at an early stage of development, partly because of the computing power
required to carry out the calculations, and also because of the complexity of the inter-
relationship of reaction and flow, with the evolution of the system controlled by many
factors, such as reaction kinetics and dispersion.

As well as the use of geochemical models for simulating and understanding the
evolution of the composition of a groundwater system, it is also possible (as indicated
above) that the observed variations in groundwater composition can be used to constrain
the range of possible groundwater flow models. It is important to understand the
rationale for using geochemical data to constrain a flow model. It depends on being
able to use the geochemistry to identify discrete groundwater volumes that have
sufficiently distinct characteristics, and remain sufficiently distinct for the duration of
the simulated or observed flows. In other words, changes in groundwater compositions
that are caused by the flow system and timescale of interest should be distinguishable
from compositional variations that originated in the prior history of the groundwater
system.

There are potentially considerable benefits in integrating geochemical models with
models of groundwater flow and transport at a site (such as would be required in a
repository performance assessment). The use of geochemical information in the
development of the flow and transport models:

e can improve understanding of the flow system,;

e has the potential to lead to more realistic and more robust models;

e s likely to improve confidence in the models.

However, there may be difficulties in integrating geochemical information into
hydrogeological models. Geochemical information consists of measured concentrations
for various groundwater constituents at various locations. The concentrations are the
results of mixing and reactions between groundwaters with different compositions and
reactions between the groundwater and the rock through which it flows. The resulting
patterns in the distribution of the different constituents may be complex and difficult to
interpret. Further, it may not be easy to present the information in a readily
understandable form. This would be very important for a repository performance
assessment, which would probably subject to considerable scrutiny.



Task 5 was set up to explore the issues involved in integrating geochemical information
with hydrogeological information. The approach in Task 5 was to use the
hydrogeological and geochemical data from Aspd, specifically to use the data that
represent the disturbance caused by excavation of the HRL tunnel. In setting out with
the Task, the Aspd Groundwater Modelling Task Force had the benefit of three factors:

1. The existence of an exceptionally large set of hydrogeological and
hydrochemical data for the Aspé HRL and its vicinity;

2. Previous modelling experience, for various length and time scales, of the flow
pattern before and after construction of the HRL;

3. Development of the M3 approach for characterising groundwater compositions
in simple terms.

The task here is rather different, in terms of timescale, initial and boundary conditions,
and other constraints, from integrating hydrochemical data for an undisturbed
groundwater system with a palacohydrogeological model of past groundwater flows.

Nine modelling groups within the Aspd Task Force participated in Task 5. In this
report, a review of the work undertaken on Task 5 is presented, with brief summaries of
some the key features of the models used by each team. A comprehensive overview and
comparison of the approaches, geometries and parameter sets adopted by the
participating groups is provided in the Task 5 Summary Report (Rhén and Smellie,
2003) which should be referred to alongside this Review Report.

The structure of the report is as follows. In Section 2, Task 5 is outlined. Much of the
work on Task 5 used the ‘M3’ (Multivariate, Mixing and Mass-balance) approach
(Laaksoharju et al., 1999) to describe the geochemistry. This approach is outlined in
Section 3. In Section 4, the work carried out by the various participating groups is
summarised, and specific issues relating to the work of each group are discussed. In
particular, the objectives of the individual groups, which, in some cases, were not as far-
reaching as the overall objectives of Task 5, are set down. In Section 5, general issues
relating to the work carried out on Task 5 are discussed. Finally, in Section 6, the
overall progress in integrating geochemistry and hydrogeology that has been made as a
result of Task 5 is summarised.






2. Organisation of Task 5

2.1 Objectives of Task 5

Task 5 specifically addressed the integration of geochemical and hydrogeological
modelling. It was based around modelling (i) the flow of waters into the underground
tunnel that forms the Hard Rock Laboratory, and (ii) the chemistry of the inflowing
waters, using data obtained during the construction of the Hard Rock Laboratory.

The specific objectives of Task 5 were:

e To assess the consistency of groundwater flow models and hydrochemical mixing-
reaction models through the integration and comparison of hydraulic and
hydrochemical data obtained before, during and after tunnel construction;

e To develop a procedure for integration of hydrological and hydrochemical
information which could be used for assessment of potential repository sites.

2.2 Approach and Input Data

The approach that the SKB modelling team originally proposed to use for Task 5 is
illustrated in Figure 1-1. Hydrochemical data for the pre-excavation groundwater
system at Aspd, interpreted using the M3 approach, in terms of mixtures of reference
waters, were to be used together with data for groundwater heads to establish initial and
boundary conditions for a flow model of the system. A structural model and ranges of
hydraulic properties had already been established in the earlier modelling of the
groundwater system at Aspd, based on investigations prior to tunnel construction (Rhén
etal., 1997a,b,c). The flow model was then to be used to simulate inflows into the
excavation and the compositions of these inflows and of groundwaters at various parts
of the modelled domain. The simulated values would be compared with the set of
observed values as a first consistency check on the model. Expert judgment and an
interpolation/extrapolation tool would then be used to refine the estimates of initial and
boundary chemical conditions prior to re-running the numerical models of flow and
transport and re-assessing the consistency between modelled and measured values for
inflows and groundwater compositions.

It was left open to each participating group to decide the approach to model
construction, testing and possible modification that was practicable given the available
data and resources. The groups used a variety of approaches (see Section 4 and
Subsection 5.1), which generally involved calibrating a flow model as well as a
transport model.



Chemistry model

DATA
Groundwater samples.

\

MIXING MODEL
M3.

\

SPATIAL EXTRAPLOATION MODEL
Voxel Analyst.

N

INITIAL AND BOUNDARY
CONDITIONS (1)
Groundwater composition.

Hydraulic model

DATA
Hydro-Structural model.
Material properties ( K, T, dens.).
Bound. and init. cond.(Pres.,flux).

N

FLOW MODEL (1)
Pressure.
Flow field.
Density/Salinity (Cl).
N

TRANSPORT MODEL (1)
Flow paths.
Mixing proportions.

\

OUTPUT DATA (1)
Flowfield in Hydraulic
Conductor Domains (HCD).
Flowfield in Hydraulic Rock
mass Domains (HRD).
Salinity field.

CONSISTANCY CHECK (1)
Chemical composition at CP=MP.
Judgement of flowfield/chemical

composition.

Measurement Points ( MP)in HCD
and HRD.

]

EXPERT JUDGEMENT
of hydrochemical composition within
HCD and HRD ( Estimated Points
(EP)).

|

SPATIAL EXTRAPOLATION MODEL
Voxel analyst, based on MP and EP.

|

