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Abstract

The code d3f++ has been developed for modelling density-driven flow and nuclide
transport in the far field of repositories for hazardous material in deep geological for-
mations. It is applicable in porous media as well as in fractured rock or mudstone, for

modelling salt- and heat transport as well as a free groundwater surface.

The growing and varying demands on groundwater flow and transport modelling evoke
constantly rising requirements for code enhancement and improvement. With the objec-
tive to enable d3f++ for the modelling of short-term field-scale experiments with pressure-
influenced transient processes the flow equation is extended by a storage term. New
projectors for an intelligent grid refinement with better resolution of the model geometry

were implemented to improve pre-processing and grid generation.

Improving speed-up and robustness of the multigrid solvers is a permanent task. To
speed-up solving of the nonlinear problem, two versions of LIMEX methods were inves-
tigated. Very promising results could be achieved for various test cases. Additionally,
new types of smoothers using downwind numbering ILU and ILUg were tested. The
coarse grid correction was enhanced by implementing a Galerkin projection and a spe-
cial matrix dependent interpolation. Additionally, Filtering Algebraic Multi-Grid Methods
(FAMG) were adapted to thermohaline flow and implemented in d3f++. To strengthen the
robustness of the parallelization, ideas from computer graphics were adapted to get an
adaptive anisotropic refinement strategy, and downward numbering algorithms were par-
allelized to improve load balancing. Special attention was spent to a substantially stabi-
lization of the levelset method and, therefore, the modelling of free groundwater sur-

faces.

A short review of various concepts of diffusion and sorption of radioactive nuclides in
crystalline rock is presented. As a result of this process a two-zone approach is used for
modelling the transport of four different tracers in Task 9b of the SKB Task Force on

Groundwater Flow and Transport of Solutes.

In the scope of this work d3f++ was applied to three 3d groundwater flow models at re-
gional scale, in porous media as well as in crystalline rock. These are the Aspo Site
Descriptive Model (SDM), the overburden of the Waste Isolation Pilot Plant (WIPP) site,



a repository for transuranic waste in bedded salt in New Mexico, and the Cihadlo candi-

date site in the Czech Republic.



Zusammenfassung

Der Code d3f++ wurde fur die Modellierung von Dichtestréomung und Nuklidtransport Im
Fernfeld von Endlagern fur gefahrliche Stoffe in tiefen geologischen Formationen entwi-
ckelt. Er kann sowohl in pordsen Medien als auch im Kluftgestein oder Ton, fur die Mo-
dellierung von Salt- und Wéarmetransport sowie fir Modelle mit freier Grundwasserober-

flache eingesetzt werden.

Die wachsenden und sich &ndernden Anforderungen an die Grundwasserstrémungs-
und Transportmodellierung erfordern eine stéandige Weiterentwicklung der Rechenpro-
gramme. Mit dem Ziel, d3f++ fiir die Modellierung von Feldexperimenten zu ertiichtigen,
in denen druckbeeinflusste, transiente Prozesse eine Rolle spielen, wurde das Glei-
chungssystem um einen Speicherterm erweitert. Die Entwicklung und Implementierung
von Projektoren fir eine intelligentere Gitterverfeinerung ermoglichen eine bessere Auf-

|[6sung der geologischen Strukturen.

Die Verbesserung von Robustheit und Geschwindigkeit der Mehrgitterldser ist eine stan-
dige Herausforderung. Zur Beschleunigung der Losung des nichtlinearen Problems wur-
den zwei Arten von LIMEX-Methoden untersucht und verglichen. Ihre Anwendung auf
mehrere aus der Literatur bekannte Testfalle lieferte vielversprechende Resultate. Als
Glattungsverfahren wurden ILU und ILUg -Verfahren getestet. Eine Galerkin-Projektion
und eine spezielle Matrix-abhéngige Interpolation zur Verbesserung der Grobgitterkor-
rektur wurden implementiert. Filternde Algebraische Mehrgitterverfahren (FAMG) wur-
den fur die thermohaline Stromung weiterentwickelt und implementiert. Methoden aus
der Computergrafik wurden benutzt, um eine adaptive anisotrope Verfeinerungsstrategie
zu entwickeln und so die Parallelisierung robuster zu machen. Besondere Aufmerksam-
keit wurde der Stabilisierung der Modellierung der freien Grundwasseroberflache gewid-

met.

Motiviert durch die Teilnahme an Task 9b der SKB Task Force on Groundwater Flow
and Transport of Solutes wurden verschiedene Konzepte zur Erklarung von Diffusions-

und Sorptionsprozessen im Kristallin gegenubergestellt.

Ein bedeutender Teil der Arbeiten bestand in der Anwendung von d3f++ auf drei groi3-

raumige 3d Anwendungsfélle, das Aspo Site Descriptive Model (SDM), das Deckgebirge



der WIPP-Site, einem Endlager fur transurane Abfélle in New Mexico, und den potenti-

ellen Endlagerstandort Cihadlo in der Tschechischen Republik.

VI



Content

2.11
2.1.2
2.1.3
2.1.4
2.15
2.2

221
222
2.2.3
224
2.2.5
2.2.6

3.1.1
3.1.2
3.1.3
3.2
3.3
3.4

3.5
351

TR (o Yo [UTo2 AT o] o [P 1

Extension and improvement of the applicability of d3f++.............. 5

Utilization of d3f++ for the modelling of field-scale experiments:

extension of the flow equation by a storage term...........ccccccceeieiiinieins 5
BalanCe eqUAtiON ........ooiieeei e 5
Notes about SPEeCIfic StOrage........ccoeevvivieiiiiiiii e 9
Pressure dependent density ...........oooovieeiiiiiinieeii e 9
Pressure dependent POFrOSItY .........cceevveeeviiiiiie e 10
Comparison with an analytical Solution .............ccccceeiiiiiiiiiieieee 10
Enhancement of the preprocessor ProMesh..........ccccccceeiveeiiiiiiiinnnnnn. 13
General REMArKS. .......coooo i 13
Overview and NOLALION .........cooevviiiieeeee 14
L070] o[0T o] £SO PP TUPPPTP 16
MESHING ... 19
VISUANSALION ...eeeiiiiiiiiiiiiiiiiii ittt 20
IMPIEMENTALION ... e 23
Advancement of the solvers in d3f++ .......ccccoiiiii 27

Adaption of the LIMEX method to thermohaline groundwater flow to

speed-up the nonlinear SOIVErS ..., 27
Preliminary considerations.........c...ooooiiviiiiiiiie e 28
NUMerical EXPEIMENTS ........uuuuuiiiiiiiiiii s 32
CONCIUSION .. 50
Robust smoothers for the geometric multigrid solver ...............c........ 51
Improvement of the coarse-grid Correction..............cccoeevvviieeeeeeeeceennn, 52

Adapting the FAMG method to thermohaline groundwater flow, parallel

SCAlADINTY ..o 53
Parallel adaptive algorithms and appropriate grid structures.............. 54
Adaptive anisotropic reflnement............cccoovviiiiiiiiii e, 54

\i



3.5.2
3.5.3
3.6

3.6.1
3.6.2

41.1
4.1.2
4.1.3
4.1.4
415
4.1.6
4.1.7
4.1.8
4.1.9
4.1.10
4.2
421
4.2.2
4.2.3
4.2.4
4.3
431
4.3.2
4.3.3
4.3.4
4.3.5
4.4
4.4.1

Adjusted load balancing for convection-dominated problems............. 56

General parallel-adaptive Strategy .........veeeevieeeriveeiiiiiiiee e 63
Stable modelling of free groundwater surfaces ............cccceeevvviieeneeenn. 63
Virtual elements for free surfaces at thermohaline flow...................... 68
Improved PLIC-reconstruction for free surfaces..........cccccceeevieiiirennees 69
Applications and benchmarks ..........cccoveiiiiiii e, 71

SKB Task Force on Groundwater Flow and Transport of Solutes,

TASK 9D 71
The LTDE eXPeriMENt.........ciiiieeiiiiiiiiiieie e ee et e e e et eeeaeeneens 71
IMOBIVALION ... a e 75
Explanations for the data ... 76
Workshop on the skin-effect ...........ccooo oo, 77
APPIOACKH .t 78
(DT = W= F= 1LY 1P 81
HOMOQGENEOUS MOUEN.......uuiiiiiiiiiiiii s 82
Fitting reSUltS fOr A-COMES ... i 83
Fitting reSUltS fOr D-COIES........uuuiiiiiiiiiiiii s 87
Summary and CONCIUSIONS .........oovvviieiee e, 90
Aspo Site Descriptive Model (SDM).......ccoooceiieeeiieeeie e 94
Background and mMOtIVALION ...............eeeeeimiiiii s 94
Review of approaches and data...........ccccccceeeiiiiiiiiiiii e, 94

Pre-studies in a vertical cross-section for a regional-scale model ....119

Regional-scale model in 3D ........ccoviieeiiiiiiiiiei e, 137
The WIPP Site, NEW MEXICO .....ovvuiieeiieiieeiee e iee e e e eaeeen 146
Hydrogeological Situation............cccooeeeeiiiiiiiiiiiee e, 147
MOAEI AESCIIPLION. ...ttt 150
NUMEriCal MOEL.........uuuiiiiiiiiiiiii 152
RESUILS . 154
SUMMIAIY .. ieet et e e e e et e e e e e e e eat e e e eataseeeataaeaeees 157
Cihadlo groundwater flow model, Czech Republic ............c..ccco........ 159
Hydrogeological model ..............coeiiiiiiiiieci e, 160

VIiI



4.4.2
4.4.3

Al
A2
A3
A4

RESUIS .o et 162

Yo U 1=3] o 166
SUIMMATY ettt e e e e e e e e et e e e e et e e e eeta s e e easaaeaeees 169
REfEIENCES ..o 173
Table of FIQUIES ... e 189
List of TABIES ..ovviii i 195
Appendix: Data for modelling the LTDE............cccovvviiiiiiiieeeeceein, 197
L= o= e = | - P 197
Experimental data during the tests..........cccoceeeviieiiiiciei e, 201
Conversion of tracer concentration UNitS............cccccevveviiiinieeiiineeeens 203
Experimental data after the tests ...........cveeeiiiiiiiiciie e, 205






1 Introduction

Long-term safety assessment for a radioactive waste repository requires a comprehen-
sive system understanding and qualified high-performance tools. These tools have to be
able to describe all relevant processes concerning nuclide transport through the host

rock and the overlying geological formations.

The transport of radionuclides is mainly driven by groundwater flow. Groundwater flow
and nuclide transport are depending on the properties of the geological rock formations
as well as driving forces as hydraulic boundary conditions or the existence of density
influencing materials. Therefore, the geological and hydrogeological situation of each
potential repository site have to be well investigated. Successful numerical groundwater

flow and transport modelling is based on a profound hydrogeological knowledge.

A growing amount of data and including more and more relevant physical processes lead
to an increasing degree of approximation of the model representation to the real and
thus induce a growing complexity of the numerical models. A proper definition of bound-
ary conditions makes it necessary to choose the model boundaries correspondent to
hydrogeological structures as watersheds. This leads to regional-scale models covering
thousands of square kilometers. Climatic changes are to be regarded. Model and pa-
rameter uncertainties have to be taken into account and the demands for accuracy and
grid resolution are growing. Additionally, according to the German safety case require-
ments for heat-generating radioactive waste an assessment time of one million years is
regarded. All this implies a substantially increase of computational effort and makes it
necessary to employ the most advanced hardware and cutting-edge numerical solvers
have to be used at all times.

To meet the needs of modelling groundwater flow and nuclide transport, starting from
1994 the computer codes ds3f (distributed density-driven flow) and r3t (radio-nuclides, re-
action, retardation, and transport) were developed /FEI 99/, /FEI 04/, and afterwards step
by step advanced as well as continuously adapted to the state-of-the-art of science and
technology /SCH 12/, /ISCH 13/, INOS 12/. The codes d3f and r3t were based on version
3 of the UG toolbox, developed at the Frankfurt University /BAS 97/. Recently, they were
adapted to the substantially updated, C++-based version UG4 /VOG 13/, and during this
process the codes were combined to one conjoint code d3f++ /SCH 16/. Furthermore,
the code was, applied, qualified and enhanced in various projects, see e. g. INOS 12/,
/SCH 13a/, /JOB 16/, ISCH 17/. All these works were funded by the Federal Ministry of



Education and Research (BMBF) and by the Federal Ministry of Economics and Tech-

nology (BMWi), respectively

Today, d3f++ allows to simulate density-driven groundwater flow at regional scale in po-
rous as well as fractured media and the transport of radionuclides or other substances
with all processes relevant for safety assessment. The application of modern, parallel-
ized numerical algorithms as well as the effective use of high-performance computers
allow a relatively high number of grid elements, that means a high resolution in feasible

computation times.

However, the growing extension and complexity of the models require steadily further
speed-up and robustness of the solvers. At the other hand, recent scientific advances in
the field of numerics have to be adopted, and code adaptions are crucial for profiting of
new hardware developments. Section 3 outlines various advancements of the solvers.
To speed-up the nonlinear solvers, linearly implicit extrapolation (LIMEX) methods were
adapted to thermohaline groundwater flow and implemented in d3f++. The robustness of
the smoothers for the geometric multigrid (GMG) solvers was improved and filtering al-
gebraic multigrid solvers (FAMG) were applied. Adaptive anisotropic refinement algo-
rithms were implemented to improve the numerical properties of the computational grid.
The parallelization was improved by an adjusted load balancing for convection-domi-
nated problems using Downwind Numbering. At least, the modelling of free groundwater

surfaces in d3f++ was substantially improved and stabilized.

Groundwater and transport modelling bases on a detailed understanding of physical and
chemical processes, based on a comprehensive knowledge of geological facts and ma-
terial properties. A well-founded, careful and reasonable model set-up is fundamental for
a growing confidence in model results. Section 4.1 presents a short review of various
concepts of diffusion and sorption of radioactive nuclides in crystalline rock. As a result
of this process a two-zone approach is used for modelling the transport of four different
tracers in Task 9b of the SKB Task Force on Groundwater Flow and Transport of So-

lutes.

A demonstration of the capability and efficiency of d3f++ in regional-scale modelling in
sedimental as well as crystalline rock of is important for a broad acceptance and appli-
cation of the code. Section 4 outlines the application of d3f++ to three groundwater flow

models at regional scale, in porous media as well as in crystalline rock, the Aspé Site



Descriptive Model, the WIPP site in New Mexico and the candidate site Cihadlo in the

Czech Republic.

Section 2.1 describes the extension of the flow equation by a storage term. This exten-
sion enables the utilization of d3f++ for the modelling of short-term field-scale experi-

ments.

At least, user interfaces are an essential factor for the usability and the application of a
code. Their importance is growing with extent and complexity of the models. Section 2.2
outlines the enhancement of the preprocessor ProMesh to facilitate model set-up, to im-
prove grid properties the representation of complex geological structures or the digital

elevation model avoiding high element numbers in the coarse grid.
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2 Extension and improvement of the applicability of d3f++

2.1 Utilization of d3f++ for the modelling of field-scale experiments: exten-
sion of the flow equation by a storage term

211 Balance equation

The general balance equation for the mass of groundwater leads to the continuity equa-

tion which can be written as (e. g. /KRO 91/)

a(pq))+div(pvf)=o (2.1)
ot

p - fluid density [kg m=]

® - porosity [-]

t - time]s]

v, - filter velocity [m s7]

or

op oD .
L+ op—+divipv, )]=0 #2
o Yo p (P f) ( )

With the goal of writing equation ( 2.2 ) in terms of the hydraulic pressure as the only

independent variable, the time derivatives are modified to

() a_p@+a_p£+a_p@ +pa£@+diV(pr)=0 (23)
opot OT ot oc ot op ot

assuming a dependence of the density on pressure p, temperature T and solute con-

centration ¢ and a dependence of the porosity on the hydraulic pressure:

p=p(p,T.c) (2.4)

p - hydraulic pressure [Pa]
T - temperature [K]
C

- mass fraction [-]



®=a(p)

(2.5)

Rearranging ( 2.3) makes clear that the effect from temperature or concentration

changes are formally handled like source terms in the flow equation.

(Da—p+p82 @+div(pvf)=— (8_pﬂ+6_p@)
op op ) ot JT ot oc ot

With the definition of the compressibility of the rock (see /DAV 66/)

1 00
o6 =—-—
1-® op

a - compressibility of the rock [1/Pa]

equation ( 2.6) yields

d)a—p+pa(1—d)) @+div(pvf)=—®(a—pﬂ+a—p@j
op ot oT ot oc ot

Introducing a general Darcy’s law

K
v, =——(Vp-pg)
n

k - permeability [m?]

n - fluid viscosity [Pa s]

Z - vertical coordinate [m]

g - vector of the gravitational acceleration [m s7?] (g =—g Vz)
leads to

(@‘2—p+p a (1—@)}%—&{

p n

Introducing the bulk modulus for water

_1lop
b=

k p op 0T 0Op oc
ppova) |- o R 2%

(2.6)

(2.7)

(2.8)

(2.9)

j (2.10)

(2.11)



B, - bulk modulus for water [Pal]

the thermal expansion coefficient for water

_Laop

P 5 aT

p- - thermal expansion coefficient for water [K™]

and the gain of density by solute concentration

_1op

ﬁc_pac

L. - gain of density by solute concentration [-]

simplifies (2.10) to

p

o g, - a) 2

(2.12)

(2.13)

ke .
dlv( ; (Vp+ngz)J_ @p[ﬂT P +,866J (2.14)

Note that up to this point neither simplifying assumption concerning the balance equation

nor assumptions concerning the function p = p(p, T, C) have been introduced.

In order to identify the relation between ( 2.10 ) and the specific storage, eq. (2.10 ) must

be transformed even further since specific storage refers to the continuity equation for-

mulated in terms of hydraulic head instead of hydraulic pressure. In case of negligible

density variations the hydraulic pressure can be substituted by the hydraulic head using

h=—P_1;
Py
h - hydraulic head [m]
g - Qgravitational acceleration [m s?|
z - reference horizon [m]
r°g (q) b, +a (l—d)))a—h—div —=
P ot n

K2 (pg Vh)jZ—p®(ﬂT%+ﬁc%j

(2.15)

(2.16)



In case of strongly varying density the hydraulic pressure would have to be evaluated

pointwise by the integral

p:pref—’_jp(z)gdz (2.17)

Zyef

which is highly unpractical. However, assuming that only limited density variations are

considered, ( 2.16 ) can simply be divided by p leading to

oh . (kpg _ T ac
pg((D,Bp+a(1—®))a—dlv(TVh]— GD(,BT P atj (2.18)

where the final substitutions

Se=pgl® B, +1-0)a) (2.19)
S, - specific storage [1/m]
and
K-krg (2.20)
n
K - hydraulic conductivity [m s?]

eventually yield the well-known simple form of the continuity equation

So%h—div(K Vh)=0. (2.21)

Data from the field are usually given in terms of specific storageS,. In the pressure-

dependent formulation ( 2.14 ) it would thus be incorporated as

S,op . [ K ( oT 6c)
== _div| p—(Vp- =-® —+ 2.22
. (pn( p pg)j Pl B (2.22)



21.2 Notes about specific storage

Generally, the specific storage quantifies changes of fluid mass in a control volume. In
the derivation above, changes of the pore volume as well as changes in the fluid density
are considered. Conceivable but not easily quantified is also the effect of entrapped air
bubbles in the pore space that would contribute to the fluid compressibility which is not

considered here.

Even assuming a perfectly rigid matrix whose pores are fully filled with water, the density
changing influence of the hydraulic pressure on water is always present and thus poses
a lower limit for the specific storage. The bulk modulus of water for pressure induced

volumetric changes amounts to 4.81:10° Pa® (at 10 °C) which is very low but finite.

Finally, because of the assumption of negligible density variations, the continuity equa-

tion ( 2.21 ) may take eventually the form of Fick’s second law

a—h—oliv(£ th:o. (2.23)
at

0

where the ratio K/Sy is often referred to with a term containing “diffusivity” like “aquifer
hydraulic diffusivity” in /SIN 17/. The equivalent formulation in terms of pressure and

permeability can be found by inserting egs. (2.15) and (2.20) in ( 2.23):

a_p_div[ﬂlvp}o_ (2.24)
ot n S

2.1.3 Pressure dependent density

The dependence of density on hydraulic pressure is usually given as

p — po eﬁr(p—Pu) ( 2.25 )
p, - reference hydraulic pressure [Pa]
p, - reference fluid density [kg m]

which, according to /BEA 87/, can be used “for all practical purposes” in its linearized

form

p=p, 1+ B,(p—py)) (2.26)



A more complex formulation covering additionally the influence of temperature and so-

lute concentration is given in /KRO 91/.

214 Pressure dependent porosity

In the same way in which the pressure-dependent density can be derived (see above)

the dependence of the porosity on hydraulic pressure can be determined as

O=1-(1-D,)e ) (2.27)

2.1.5 Comparison with an analytical solution

Due to the similarity of equation ( 2.23) to the heat equation i. e. the law of heat conduc-

tion in materials

%—div(DT VT)=0 (2.28)

D; - thermal diffusivity [m2 s]

the abundance of analytical solutions to equation ( 2.28 ) as compiled in /CAR 59/ can
be used to qualify the implementation of the storage term in d3f++. For this purpose the

temperature T has to be exchanged with the hydraulic head h and the thermal diffusiv-

ity D; with the ratio K/So.

Used here is the one-dimensional solution for a slab of the length 21 (-I < x < +l) to the
instantaneous drop of temperature/hydraulic pressure at both ends from the initial value

to zero (/CAR 59/, eq. (9), page 97, using the original notation):

2 2n+1)l —x (2n+1)|+x}
v(x,t) =v, —v, > (-1 erfc( +erfc (2.29)
(x) =% 4,35 (-1 ferte 7L 2
vV, - initial temperature [K]

| - half length of slab [m]
kK - thermal diffusivity [m2 s?]
- spatial coordinate [m]

t - time[s]

10



This solution describes the temperature evolution in a slab of the initial temperature v,
where the boundary temperature is spontaneously changed to v(x=%l,t)=0 at t =0.
With a few simple modifications this solution can be used to solve the problem of a slab
of the length | (0 < x <I) where the boundary temperature is spontaneously increased

from an arbitrary initial value v, to an arbitrary boundary valueVv(x=0,t) =V, .

As atest case, a basically one-dimensional model, realised with 3D elements, according

to the following specifications has been used:

— length: 100 m

— cross-section: 2 m?

— permeability: 1012 m2

— porosity: 0.10

— rock compressibility: 2:10% Pa!

— initial hydraulic pressure: 0 Pa

— boundary pressure: 1000 Pa

— gravitational acceleration: 10 m2 st
— fluid density: 1000 kg m™

— viscosity: 102 Pas

From these data follows a thermal/hydraulic diffusion coefficient of 0.05 m?/s. The re-
sults from d3++ and the analytical solution are depicted in Fig. 2.1. The fit is satisfying

and thus qualifying the implementation of the storage term in df++.

11



p[Pa]

Fig. 2.1

analytical solution
t= 10000 s
t= 50000 s
t =100000 s
d3f++

t= 10000 s
t= 50000 s
t =100000 s

Comparison of results from d3++ and a referring analytical solution
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2.2 Enhancement of the preprocessor ProMesh

2.2.1 General Remarks

Meshing of complex geometries for the purpose of scientific computing can be a chal-
lenging and time-consuming task. Not only the shape of modelled objects but also the
quality of individual elements play an important role for the applicability and efficiency of
different discretisation and solution strategies. Both commercial and open source pack-
ages exist that allow users to generate grids for simulations. Some are executed from
the com-mand line and others feature extensive graphical user interfaces. While open
source packages typically focus on specific features of grid generation and therefore are
often are restricted to specific use cases, commercial products tend to obfuscate the
algorithms involved and limit the user in-fluence on the generation process. This may be
beneficial for typical use cases in industry and production environments, however, it is
not satisfying for the specific needs of scientists who develop new discretisation or solu-
tion strategies or which address uncommon or new problems from other fields (e. g.

fractured flow in porous media, signal propagation in neural cells, etc.).

Current developments in high performance computing have highlighted the importance
of hierarchical multigrid approaches as an efficient strategy for massively parallel solvers
on distributed grids, /REI 14/. In those studies, it was shown that both algebraic and
geometric multigrid approaches were able to handle billions of unknowns on hundred
thousands of processes. One of the difficulties in such massively parallel applications is
the construction of the required highly detailed meshes for simulations on realistic do-
mains. Especially for geometric multigrid, a parallel grid generation approach driven by
repeated refinement and redistribution of an initially coarse mesh has been shown to be
very efficient /REI 14/. Besides efficient parallel refinement and redistribution, a coarse
grid with good element qualities is paramount for such approaches. In order to achieve
a good approximation of the original domains and to maintain good element qualities
during refinement, a transformation of newly generated vertices both on the boundary
and inside a refined grid may be necessary. ProMesh features tools to generate such
coarse grids and to define projectors on those grids which transform refined grids to
improve geometric approximation while maintaining good element qualities. Those pro-
jectors are exported and can be used by simulation environments to construct distributed
grid hierarchies consisting of billions of elements, as required by massively parallel sim-

ulation setups.

13



In section 2.2.2 some basic definitions and notation are given that is used throughout the
article. In section 2.2.3 the most important concepts of ProMesh are described which
serve as the foundation for the interplay of the various algorithms. A selection of com-
monly used meshing algorithms is given in section 2.2.4. Finally, different applications
are presented in section 2.2.5, which underline the applicability of the presented ap-

proach to relevant scientific problems.

2.2.2 Overview and notation

2.2.2.1 Grid structure

The basic structure on which ProMesh operates is the grid. In ProMesh, a grid G is a

collection of vertex (£2), edge (&;), face (€Z), and volume elements (£2):

3
G = U gd (2.30)
d=0

For 83, d denotes the dimension of the respective elements of that set, as detailed be-

low. In order to keep the definitions simple, yet accurate, only very basic assumptions

on the shape of the individual elements are made.
Topology
Vertices (&)

Vertices are the most basic element type of a grid. All other elements are defined by

specifying the set of their corner vertices. For each vertex v € V; is called
®, € R3 (2.31)
the geometric representation (or simply position) of v.

Edges, faces, and volumes

The properties of edges, faces, and volumes of a grid G can be defined recursively as

follows. For d = 1,2,3 and for all e € Sg a mapping

14



[ erla > EE (2.32)
associates the element e with its corner vertices v, ..., v,,, € 83:

e =[vy, vy ., Vmla = [Un(1);77n(2); "':Un(m)]d (2.33)

for each permutation = on {1,2,...,m}, where m=2ford =land m>d+ 1 ford > 1.

Furthermore, for each e € 83, e = [vq, ., Uplg With v4, ..., v, € Eg € a homomorphism
Pe: {x € Re| ||lz|| < 1} > Q, € R® (2.34)

and elements s, ..., s € Uf‘;ll 6&, k € N exist, such that

k m
90, = U 0, U U ®,, (2.35)
. |

and

ﬁﬂsi n ﬁ ®y; =0 (2.36)

i=1 j=1
Q, € R3 is then called the geometric representation of e. An overview over the special-

ised element types used in ProMesh is given in Tab. 2.1.

As a consequence of the postulated properties for the geometric representation of indi-
vidual elements, sides and sides of sides are contained in a grid as elements themselves.
The following operations allow to easily access associated element sides and to define

element neighbourhoods.

For two elements e; € £Z, e, € £¢ is written
(elesgez fordz_d1=1,

o1 €y | 3e’ €S2 €SE ford, —d; = 2, (2.37)
Je' € Sgez:e” € Sge':el € Sge" ford, —d; = 3.
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Tab. 2.1  Element types available in ProMesh

#vertices #edges #triangles #quadrilaterals

vertex

edge

triangle

1
=

quadrilateral

tetrahedron

pyramid

N b~ b

prism

[EEN
N
1
o W P

hexahedron

o 0 o o MM O[NP

octahedron

Element connectivity

Sides
For d > 0 the set of sides of an element ¢ € 83 is denoted by

8¢ = {se 83_1|s = [y, e, Vilg—1 and € = [vy, .., Vg, Vis 1, o, V] a} (2.38)
withk,l e Nk <[, v4,..,v, € 88 andv = [v]y Vv € 88.

2.2.3 Concepts

2.2.3.1 Selections

A central part of ProMesh’s user interactions are element selections. At any time, ele-
ments of a grid are considered to be either selected or unselected. Formally, a mapping

selg:G - {0,1} is defined, so that for each e € G:

(1, e is selected, (2.39)
selg(e) = {0, e is not selected.
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Elements can be freely marked as selected or unselected. Most algorithms in ProMesh
operate on selected elements only. Selections are especially useful during adaptive re-
finement, where only selected elements will be refined, during vertex transformations,

like translations, rotations or scaling, or when it comes to assigning elements to subsets.

Selections are most often performed through direct user input. The user selects elements
in the grid visualisation widget by simply clicking on them or by dragging the mouse, thus

performing a rectangular selection.

Many algorithms exist, which assist in performing selections on complicated geometries,
e. g. algorithms which extend the selection to a neighbourhood of the current selection
or which select areas of the grid with specific geometric or topological properties. Some

examples of such algorithms can be found in section 2.2.3.2.

2.2.3.2 Subsets

Partitioning a grid into subsets has many benefits when it comes to using a grid in a
simulation. The concept of subsets is used with differing names by several simulation
packages (c.f. /BAS 94a/, /REI 14/) It is possible to assign different material properties
to different subsets, like different permeabilities of different soil types in groundwater flow
problems. Of course, one also could define entirely different problems on different sub-
sets of a grid. Subsets are also very useful for defining boundary sections and interior
low dimensional interfaces, where special processes have to be modelled or boundary

conditions are to be set.

A grid element e € G is assigned to at most one subset. Subsets are identified by an
index. If an element is not assigned to a subset, the pseudo-index 1 is assigned. Formally

the mapping subg: G - {—1} U Ny is defined, so that

_ (L ENp eisassigned to subset i (2.40)
subg(e) = {—1 e is not assigned to a subset

Algorithms exist, which assist in assigning elements to subsets. Most commonly, one
simply assigns the current selection to a subset. However, automated algorithms exist,

which e. g. separate groups of volumes into different subsets, e. g. by assigning two
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volumes to the same subset, if a path between them exists, which only traverses faces
f € &¢ with subg(f) = —1.

A path Dbetween volumes va,vbeeg is thereby a sequence p:=v,.., Uy,
with  v; € E3,v9 = v, vm =v, , SO that faces fy,..,fn1 €EE; exist with

fi=viNnvi,,i=0,..,m— 1. Those faces f; are then said to be crossed by the path p.

2.2.3.3 Projectors

The generation of multi-grid hierarchies by repeated refinement is a powerful tool to con-
struct highly detailed meshes with adapted resolution. Especially when considering the
mesh detail typically found in massively parallel computations of numerical PDE based
simulations. Using this technique has the advantage that a relatively coarse mesh can
be the starting point for a simulation. Besides reducing the hardware requirements for

mesh generation, this significantly eases parallel loading and distribution.

During refinement, however, one has to make sure that the sequence of generated grids
converges towards the underlying original domain. To this end, ProMesh allows to spec-
ify so called projectors for each subset. Whenever a vertex is generated during refine-
ment, the appropriate projector is called to compute the coordinate at which the vertex

should be placed, based on the vertices of the new vertex’s parent element.

The difficulty hereby lies in maintaining a good element quality. To this end not only
vertices on the boundary of a grid are relocated but also relocate inner vertices. This

may in effect even lead to improved element ratios during refinement, /STE 11/.

To allow different projectors to operate on the same mesh, each projector not only cal-
culates a new position for newly generated vertices, but also computes a weight with
which the new position shall be weighted with a common underlying projector (e. g. clas-
sical linear interpolation). Using this weight, one could also specify multiple projectors for

a single subset. This may be explored in future revisions of the software.

2.2.3.4 Marks

Similarly to selections, element marks provide a way to mark parts of a grid for special

treatment for various algorithms. During remeshing, marks can for example be used, to
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define crease-edges or fixed-vertices, which have to be treated with special care. Again

a mapping markg: G - {0,1,2} is defined, so that for each e € G:

0, eisnotmarked,
markg(e) =11, eisacrease element, (2.41)
2, eis fixed.

Let M¢ = {e € G|markg(e) = 1} be the set consisting of all crease elements in g, and

M¢ = {e € Glmarkg(e) = 2} be the set consisting of all fixed elements in g.

Marks are either created manually from the current selection or can be assigned auto-
matically based on features of the geometry. One could for example mark all edges, at

which triangles meet in a given angle.

224 Meshing

Meshes are either imported into ProMesh through various interchange formats (e. g. 'stl’,
‘exodus’, 'vtu’) or are generated directly in ProMesh. Besides free-form line drawing,
ProMesh features several basic parameterised geometric primitives, e. g., circles, boxes,
spheres, etc. Those can be combined to meshes using either manual or automated in-
tersection algorithms. Through several remeshing algorithms, triangle qualities can be

improved and meshes can be coarsened or refined.

Once a hull is generated, 2d or 3d triangulation algorithms can be employed to automat-

ically generate volume meshes using, e. g., constrained Delaunay triangulation.

By extrusion, it is furthermore possible to generate prism- and hexahedra-based
meshes. A combination of extrusion and triangulation algorithms allows for the creation

of hybrid meshes.

2.2.4.1 Basic Operations

Edge-Split

During an Edge-Split an edge e € 83, e = vy, v,] is replaced by a vertex v*and two new

edges [vy,v*] and [v*, v,], with p(v*) = w. Each adjacent triangle [v,v,,vi] €
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85 ,i = 1,..,k is replaced by two triangles [v,,v*,vi] and [v*, v,, vi ]. Furthermore, new

edges [v*,v}],i = 1,...,k are introduced (cf. Fig. 2.2).

Fig. 2.2 Edge operations

Left: Original geometry with selected edge (red). Middle left: Edge-Swap. Middle right: Edge-
Split. Right: New Edges

Face-Split
During a Face-Split a face f € 8g2,f = [vy,..., V] IS replaced by a new vertex v*, with

p(v?) :=%Z{-‘=1p(vi), triangles [v;,v;41,v*],i = 1,...,k, and edges [v*,v;],i = 1,..,k

as shown in Fig. 2.3.

Fig. 2.3 Face-Split executed on the left triangle
The resulting triangulation (right) features one new vertex, three new edges and two new

triangles.

2.2.5 Visualisation

Visualisation is a crucial part of each interactive meshing software. Besides allowing us-
ers to manually select elements of the grid for further processing, visualisation helps in

quickly spotting problematic geometrical or topological issues in a grid.

Especially in 3d volume meshes, important inner structures in a grid are often obscured
by surrounding elements. In order to inspect and modify those structures, it is crucial to

provide techniques to visualise them.
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In the following section, a short overview is given over the terminology and techniques
used for 3d volume mesh visualisation with customisable element visibilities at interac-

tive rates.

2.2.5.1 Element visibilities

Since element visibilities are most important for 3d volume meshes, considerations will
be focussed on this special case. However, the concepts are also valid for 3d manifold

meshes or any mesh of lower dimension.
An element e € G is considered visible, if all of the following conditions are met:

1. The associated subset is set to “visible”. Individual subsets can be toggled be-
tween visible and invisible by the user.

2. The element is not in front of any active clipping plane. Clipping Planes are de-
fined by the user by specifying a point on the plane and the planes normal. They
allow to easily hide large parts of a geometry. They do not depend on the current
camera or world transform and should not be confused with OpenGL'’s near- and
far-clipping-planes.

3. The element has not been assigned to the set of hidden elements H; =
{e € Gle is hidden}. ProMesh provides commands to hide all selected elements

and to reveal all hidden elements.

2.2.5.2 Rendering

Hardware accelerated rendering of vertices, edges, and faces (triangles and quadrilat-
erals) is accomplished through the cross platform OpenGL library. However, no hard-
ware accelerated rendering is available for volume elements. Instead of drawing all visi-
ble volume elements, thus only the shell of the set of visible volume elements is drawn,
together with visible lower dimensional elements which are not enclosed by hidden vol-

umes. More precisely, let

VISE = {f € EZ|Avy, v, € EQ\HG, vy # vy, f (2.42)

€ sidesg(v1) N sidesg(v,)}

be the set of potentially visible faces. Furthermore, let
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V18 = {v € E\Hg|3f € VISL:f € v} (2.43)

be the set of potentially visible volumes, i. e., all volumes which are contained in the set
of visible volumes and have a potentially visible side. Analogously, the set of potentially
visible edges is then given by

VIS = {n€ E\Hg|av € E:n e v}u{v € E2|Te € VISE:n € e} (2.44)
Finally, the set of potentially visible nodes is given by
VISE = {n e EN\Hg|Av € Ed:e e viufe € EL|Af € VIS]:e € f} (2.45)

Visualization is now performed by drawing the nodes, edges, and faces from the sets
VIS¢, V1sZ’, and VIS¢ using OpenGl. As long as the camera stays outside of the visu-

alised object, the resulting image from the outlined algorithm is the same as if all sides
of all visible volume elements were rendered. However, the amount of rendered ele-

ments is drastically reduced by the chosen approach.

Since the conditions for element visibility are independent of the current camera orien-
tation, those elements can be efficiently cached and rendered at interactive rates, even
if the camera is moved or rotated. The lists have to be refreshed after operations have

been performed on the mesh which altered the geometry or topology.

Fig. 2.4 Several visibility configurations for a tetrahedrization of the Stanford Bunny

in a box
Left: Clip-plane; Middle: Clip-plane and hidden subset; Right: Hidden elements
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2.2.6 Implementation

The concepts given above have been implemented in the grid library libGrid, which is
part of the ug4 simulation framework (cf. /VOG 14/, /REI 14/). Implementing those con-
cepts seems rather straight forward on first sight. However, a straight forward implemen-
tation, which e. g. simply stores a subset index in each element, has the great disad-
vantage, that the burden of handling and maintaining selections or subsets would be on
the implementor of each individual algorithm which adds/deletes elements to/from a grid.
This is not only cumbersome and prone to error, it furthermore severely restricts the
usage of the introduced concepts. For example, an actual implementation should allow
programmers to construct several independent partitions of a domain into subsets, e. g.,
to define a process map during parallelisation. However, an algorithm which, e. g., re-
fines elements of a grid shouldn’t have to worry about potentially existing subset parti-

tions, let alone having to assign new elements to those subsets.

Grid Observers

Therefore it was decided to introduce an abstract grid observer class, modelled after the
observer pattern given in /W3S 19/. Instances of derived classes of those observers can
be registered at instances of the grid class and are from then on informed about changes
to the grid’s elements, including the creation of new elements, or an issued deletion or

merge of existing elements.

When a new element in a grid is created, a parent element can optionally be specified.
When the grid informs associated observers on the creation of an element, it then passes
the specified parent element as a parameter to the corresponding callback. Observers
use this parent parameter to, e. g., assign child elements to the same subset as their
parent element or to copy the selection state from a parent element to a child element.
Several different observers exist in libGrid, most notably the Selector and the Sub-
setHandler, which manage selections and subsets respectively. One SubsetHandler
thereby provides one partitioning of a grid into subsets, as defined in section 2.2.3.2.
Multiple SubsetHandlers may however exist at the same time, thus allowing to create
different co-existing partitions.
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Attachments

Data has to be associated with the elements of a grid, e. g., coordinates with vertices or
a flag with all elements, that indicates whether an element is selected or not. While one
could add member variables directly to the C++ classes which represent vertices, edges,
faces or volume elements, this would result in a rather rigid setup. Another option in C++
could be template arguments to the different element types, defining the data that shall
be stored in the elements. This data-template however would have to be a superset of
all the data that any algorithm which potentially might be executed accesses. This would
lead to bloated element types, and to the danger that unrelated algorithms corrupt the
data on which other algorithms rely. Instead it was chosen to use a very flexible, yet

efficient mechanism to associate arbitrary data with grid elements at runtime.

Through so called attachments an identifier is described, associated with a given data
type. By attaching such attachments to, e. g., vertices of a grid, the grid is caused to
provide instances of the attachments data type for all vertices of the grid. Attachments
are present either for all elements of a given type (vertices, edges, faces or volumes) or
for none. If new elements are created or deleted, the attached data will automatically be
adjusted. This allows for a very efficient and cache friendly implementation using one

consecutive array for each attachment.

Data associated with an attachment can then be accessed through so called attachment
accessors. Those accessors are light weight classes which store a reference to the data
which a grid provides for a given attachment and which feature methods to return the
corresponding data entry for a given element. This abstraction allows fast, secure, and
type safe access to attached data entries.

Attachments can, e. g., be used by algorithms to store temporary data in the elements
of a grid. The Selector attaches a selection state and linked list entries to the grids ele-
ments, thus providing an efficient way to iterate over all selected elements and to query
their selection state. Since each instance of a Selector defines its own attachment iden-

tifiers, multiple selectors can operate on a given grid at the same time.

Similarly, the SubsetHandler attaches a subset index and linked list entries to the grids
elements. Furthermore, it stores a list of subset descriptors, which provide begin and end

iterators to the elements in the different subsets. Again, by using separate attachment
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identifiers for each instance of a SubsetHandler, it can be allowed for multiple Sub-
setHandlers to operate on a given grid at the same time. Element marks, as introduced

in section 2.2.3.4, are for example simply maintained by an additional SubsetHandler.

Performance Considerations

The described implementation of course introduces a slight overhead on the element
creation and removal process, as well as during data access. While the overhead for
data access is a simple array lookup and therefore very small, a slightly higher overhead
is introduced for the element creation and removal process, since for each element cre-
ated in a grid, callbacks in associated observers have to be executed. While the func-
tionality in those callbacks can not be considered as overhead, since it represents a part
of the functionality of the whole program, the function call itself can be. However, the
overhead of such a virtual method call is rather small, too, especially if one considers
other task like neighbourhood information updates, boundary projections etc., which po-

tentially also are executed during element creation.

In any case, the provided tools allow programmers to write clean and modular code, in
which algorithms don’t have to care about data concerning other algorithms, since ob-
servers can do this instead. In the grand scheme this is a crucial aspect in writing a
comprehensive and extendible software framework, which here more than justifies the

small overhead.
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3 Advancement of the solvers in d3f++

3.1 Adaption of the LIMEX method to thermohaline groundwater flow to
speed-up the nonlinear solvers

The governing equations for density driven flow are the conservation of salt mass and

fluid, which read

%(qbpw) + V- [wpgd — pDVw] = wpQ (3.1)

] .
53¢ (@) + V- [pdl = pQ (3-2)

where w denotes the salt-mass-fraction, and ¢ and Q denote spatially dependent
porosity and fluid sources and sinks respectively. The system is closed by constitutive

laws for the Darcy flow

k
q= — P — pg) (33)

which introduces the gradient of the pressure p as the second unknown into the system.

Moreover, mechanical dispersion (Scheidegger-type) is given by

> ST
- q : (3'4)
D = ¢Dyor + arlql + (o, — “T)W

Here, D,,,; is the molecular diffusion coefficient, while a; and a; denote the dispersion

lengths in transversal and lateral direction, respectively.

The density p and the viscosity 4 depend on the salt mass fraction w and are given by

empirical relations. For the density this work considers the linear relationship

w (3.5)

max

p(w) = po+ (p1 — Po) >

where w,,,, denotes the salt mass fraction of a saturated haline solution. The viscosity

is given by either of the following:
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Heonst(@) = Ko (3.6)
Ureal(@) = po(1 + 1.85w — 4.1w? + 44.503) (3.7)

Upon combining all these relations, the PDE system (3.1), (3.2) is nonlinearly coupled.
Resulting system after spatial discretization

Due to the lack of time derivatives in the equation for the pressure p the PDE system
appears to be degenerate. After discretization of this PDE system by the method of lines

one arrives at a differential algebraic (DAE) system of the kind
M@)u' =fw), u(0)=u, (3.8)
wherein M (u) represents a solution dependent matrix, which is singular due to the fact

that the PDE system is degenerate. In view of uniqueness of the solution the matrix

pencil {M(u) — 7/ (u)} must be regular, where ] means

J) =Jr (W) — Ty, u'] (3.9)

with

Jrw):= (%) and TIu,z]:= (61\(;131) Z) (3.10)

3.1.1 Preliminary considerations

In this section, the most important algorithmic parts that are necessary to attack the chal-

lenging class of problems are shown.

3.1.1.1 Choice of Stiff Integrator

Suppose focusing on the regime where the PDE systems appear to be parabolic and
large scale. As for the choice of a stiff integrator, typically exist the following options, see,
e. g., the textbooks by Hairer/Wanner /HAI 02/ or Deuflhard/Bornemann /DEU 02/.
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o Implicit one-step or multistep methods:

This class of algorithms covers the BDF method as a multistep method or the Radau
method as a one-step method. In both cases, the realization of three nested loops
is needed: the outer discretization loop (adaptive time step), the medium-level
Newton-like iteration loop for the solution of the nonlinear system, and the inner loop

for solving the linear equations to compute the Newton corrections.

o Implicit Euler discretization:

In an earlier algorithmic approach /NAE 15/, the problem class of interest here had
been attacked by the simplest implicit one-step method, an implicit Euler
discretization. That approach had been combined with extrapolation of order 2 and
a heuristic time step control. In passing note that with that version of stiff integrator

the Gorleben problem addressed in Section 3.1.2.4 could not be solved.

In contrast, the code IMPEX included in the numerical experiments in Section 3.1.2
below uses the same implicit discretization, but an adaptive order and time step control
based on extrapolation, see, e. g. /DEU 02/. Convergence of the Newton-type iteration
in each discretization step has been assumed, as soon as the outer residual has been

reduced by 7 orders of magnitude.

e Linearly implicit methods of Rosenbrock-Wanner type (ROW):

This class of algorithms only requires two loops, the outer loop for an (adaptive) time
step discretization and the inner loop for the numerical solution of the arising linear
systems. An exact Jacobian matrix is required, an information that enters into the

derivation of the algebraic equations for the coefficients.

e Linearly implicit W-methods:

This class of algorithms also only requires two loops, the outer loop for an (adaptive)
time step discretization and the inner loop for the numerical solution of the arising
linear systems. In contrast to the ROW class above, only a reasonable
approximation of the Jacobian is needed. Unfortunately, the construction of this class
of methods leads to a blow-up in the number of the arising algebraic conditions for
the coefficients. For this reason, only low orders have been developed by the

scientific community.
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o Linearly implicit extrapolation methods:

These algorithms can be formally subsumed under W-methods, but do not require
any algebraic conditions for coefficients. They, too, realize a certain freedom of

choice of the Jacobian approximation.
Specification of the integrator LIMEX

In view of the challenging differential-algebraic problem class (3.8), the popular integrator
LIMEX is selected here, based on a linearly implicit Euler method with adaptive time step
and order control. The corresponding discretization has been worked out in detail in
/DEU 87/ and /DEU 02/. In the numerical experiments below, the notation LIMEX ,  'is
used to indicate the maximum permitted number g,,.x Of columns in the extrapolation
table. Throughout the paper, the error tolerance for time integration has been set to
TOL = 0.001. All of the LIMEX variants feature the usual sub-diagonal error criterion (see
/DEU 02/). In order to estimate the error of the variable u(t) = (w,p)”(t), the scaled

norm
K -
1, PINIZ =1 = V(o) 1+l k(@) 1, (3.11)
0

is used, where || 7 [I5: = fQ p*12 measures the kinetic energy of a velocity field 7 w.r.t a

reference density p*. The scaling in the second term is provided by the filter velocity

k(x) (3.12)

Ex:= ag,
(x) e g

where a = Z—Z. This choice can be motivated by the Darcy velocity (3.3): For the linear

density (3.6) and constant viscosity (3.7) one readily verifies

P1— Po

g1 — Gz < \/Emax(l, " (3.13)

Jllws = wops = p2 111

max

Thus convergence w.r.t. ||| ||| directly induces convergence of the Darcy velocity.
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Order reduction

As theoretically analyzed by Lubich/Ostermann /LUB 95/, LIMEX as a W-method will
exhibit an order reduction to an “effective” order p* = 2, as soon as the quasi-stationary
solution has been reached, for more details see also Section 9.3.1 in the textbook /DEU
12/. It is not that easy to algorithmically identify the neighborhood of the quasi-stationary
solution in a nonlinear PDE system. In view of this feature, the following heuristic strategy
has been implemented: As soon as the suggested order g has been successfully
reduced for consecutive two (or three) time steps to g = 2, the future order is fixed to

q = p* = 2. For step size selection

q+1| TOL
Tnew = pﬁ‘[old

Is used, where p = 0.25 is a safety factor, TOL is a user-provided tolerance, and [[€]] is
the estimate for the relative error w. r. t. (3.11). Note that this is a classic proportional
controller. Experiments with controllers considering a longer time history (see, e.g.,
/GUS 88/, /LAN 01/) turned out to be less successful in the tests.

3.1.1.2 Computation of full and reduced Jacobian

For the DAE system (3.8) Deuflhard/Nowak /DEU 87/suggest the following step:
My — o) (g1 — wg) = 7f (u) (3.14)
where M;, = M(u;) and J, = J(uy) according to (3.9).

In the PDE context, the Jacobian J, will be most easily computed via solving the

linearized perturbation equations. Upon inserting

(@,p)":= (wo,P)" + (6w, 5p)"

and considering the linearization of equations (3.1), (3.2), a system for the increment
(6w, 6p)T is obtained that reads
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d d d
52 (o + w0p0)50) + V- | oio)éw + v {7 (S0 + 3 s} 1)
d d
~ (PoDo)V8w — {=— (pD)ow + - (pD)3p} Voo |
B d d . d R
= (o + @opo QS 7 (pordw) + V- [% (pq)dw + o (pq)f?p]
= (P'Q)sw (3.16)

The system decouples in the variables w and p whenever

o aq
wo%(pqu = ﬂ)opo%&? =0
and

0 oD(q) 04
%(PD)(SPV(UO = Po a—q—Spro =0.

dp
Analogously, one can expect a block decoupling in the arising matrix after discretization,
which will be beneficial for the linear solver. For a W-method like LIMEX, this can be
achieved by using an inexact Jacobian J equced- Jreducea 1S cOnstructed as follows: While

assembling (3.15), it is assumpted that

G q (3.17)
% = 0and % = 0.

Note that, formally, the previous condition would be sufficient for the decoupling.
However (3.17) proved to be more stable experimentally. In the remainder, a superscript
indicates, how the Jacobian is approximated. LIMEX full refers to an exact Jacobian,

whereas LIMEX reduced refers to an inexact Jacobian.

3.1.2 Numerical experiments

In this section, comparative numerical results are presented, obtained with the

algorithms IMPEX and LIMEX. First three problems with homogeneous permeability
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coefficients are considered, i. e. diffusion from a salt dome in 2D, as well as the Elder
benchmark /VOS 87/ in slightly modified form, and the saltpool benchmark /OSW 04/
/JOH 02/ in 3D. The underlying geometry is given by rectangular quadrilateral and
hexahedral grids respectively. These basic tests, which are documented in Subsections
3.1.2.1-3.1.2.3, were performed on a single cluster node of Intel Xeon Prozessor E5-
2660 v2 @ 2200 MHz. As a final step, a complicated field test is considerd with variable
permeability on unstructured grids in 2D. The simulations were performed on the Hazel
Hen supercomputer. For all problems, reasonable combinations of g < g,,,, are

explored. Consistent velocity approximation has been used in all experiments.

3.1.2.1 Diffusion from salt dome (2D)

For this problem, the domain is given by Q,:= (0,600) x (0,150) c R2. The Dirichlet

condition w(X) = 1 for X € IF°T is exploited on the part of the bottom boundary given by
FggT: = {(xl,xz) € d0:150 < X, < 450’x2 =0 }

The initial condition is w = 0. For this setup, time-stepping strategies and two different
preconditioners are compared. The geometry is given by 128 x 512 = 65,536 square

elements, corresponding to 132,354 degrees of freedom.
SuperLU preconditioner

The time stepping history is provided in Fig. 3.1: The methods IMPEX, LIMEX 4 and
LIMEX %educed gyggest similar time step sizes (Fig. 3.1) and thus require almost identical
number of time steps (Tab. 3.1). As can be expected, the SuperLU preconditioner is
always convergent. Since LIMEX avoids an additional linearization loop, its
computational effort is reduced. The factor is slightly larger than the factor = 0.5 that can
be deduced from the number of iteration calls. This is due to additional assembly calls
for the Jacobian. LIMEX 2 and LIMEX ¢ are efficient over the whole time interval,
which may be an indicator for the high regularity of the regularity of the problem. The
algorithms with reduced Jacobian perform slightly worse: LIMEX ke4uced takes slightly
smaller time steps than LIMEX . Similarly, LIMEX f¢44ced js almost on par with
LIMEX f“ initially. However, within a few time steps after t = 10a, the order first
degradates to g = 3, and then to g = 2, even before the asymptotic order reduction

phase (cf. Fig. 3.1c).
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Multigrid preconditioner

Employing multigrid yields almost identical results (Fig. 3.2). Only in two instances for
LIMEX % the multigrid solver does not converge. Note that even for this small number
of degrees of freedom, the multigrid solver is 3-4 times faster than SuperLU w. r. t. wall

clock timing in the experiments.
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Fig. 3.1 Diffusion from salt dome (2D) with SuperLU preconditioner:

Time step size [yrs] vs. simulated time [yrs] for IMPEX, LIMEX fé¢ and LIMEX [educed The
reference line is a continuous representation of IMPEX. It is identical in all figures to provide
a guide to the eye. For LIMEX , the dashed lines represent steps with order g = 2, whereas

symbols with different sizes indicate steps with order 2 < q < ¢nax-
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Fig. 3.2 Diffusion from salt dome (2D) with multigrid preconditioner:

Time step size [yrs] vs. simulated time [yrs] for IMPEX, LIMEX £ - and LIMEX jeduced The
reference line is a continuous representation of IMPEX. It is identical in all figures to provide
a guide to the eye. For LIMEX , the dashed lines represent steps with order g = 2, whereas

symbols with different sizes indicate steps with order 2 < q < @max
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Tab. 3.1  Diffusion from salt dome (2D):

Iteration counts (for time stepping and linear solver), and CPU wall clock time when using (a)
SuperLU or (b) Multigrid as a preconditioner.
(a) SuperLU

Method Time steps Linear solver | Timing

g=2 |g=3 | g=4 |reject |success |fail | CPU][s] | Effort
IMPEX 322 | — — 2 2094 0 18977,11 | 1
LIMEX ;"” 311 | — — 2 941 0 8798,4 0,46
LIMEX full 0 68 — 4 434 0 4009,62 | 0,21
LIMEX f;‘” 0 0 33 5 382 0 3500,73 | 0,18
LIMEX ged"“d 320 | — — 2 968 0 9275,06 | 0,49
LIMEX §educed | 22 70 — 10 548 0 5003,89 | 0,26
LIMEX ffd"“’d 68 2 24 7 528 0 4888,33 | 0,26

(b) Multigrid

Method Time steps Linear solver Timing

g=2 |qg=3 | gq=4 |reject |success |fail |CPU][s] | Effort
IMPEX 322 | — — 2 2094 0 4937,6 1
LIMEX ;"” 311 | — — 2 941 0 2657,97 | 0,54
LIMEX g"” 0 68 — 4 434 0 1138,44 | 0,23
LIMEX f;‘” 0 0 34 7 392 2 1020,37 | 0,21
LIMEX ged"“d 320 | — — 2 968 0 2649,58 | 0,54
LIMEX ged"“d 5 80 — 8 545 0 1416,93 | 0,29
LIMEX feduced | 55 3 27 5 505 0 1323.16 | 0,27

3.1.2.2 Modified Elder (3D)

The next test is a variation of the Elder problem /VOS 87/ in the three-dimensional
domain Q5: = (0,600) x (0,600) x (0,150) c R3. The transient solution is sensitive w. . t.
the grid and discretisation (see, €. g., /JOH 03/). Following Schwarz /SCH 99/ modified
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boundary and initial conditions are used: Dirichlet boundary conditions are provided on

the upper part
Fgop = {(xl,xz,X3)T (S aﬂ | 150 < xl,xZ < 450,X3 = 0}
with values given by w (x4, X3, x3): = wo@(x1)P(x,) where

9

1
o(x):= 10 + Ecos (571

x— 300)
150

For the initial value w = 0, this provides an array of initially 25 fingers that collapses
rapidly. Due to this convection induced fingering the problem is more challenging than
the previous problem. This will be observed in the convergence of the linear solver. The
geometry is given by 64 X 64 x 16 = 65,536 cubic elements, corresponding to 143,650

degrees of freedom.
SuperLU preconditioner

The time stepping history shown in Fig. 3.3 illustrates a very smooth behavior for
LIMEX ™ An order reduction is only observed in the very last steps of the highest order
method LIMEX [, This is also reflected by Tab. 3.2a. As in the previous results,
LIMEX reduced gelects smaller time steps and the order reduction is activated earlier. In
this sense, the results are similar to those from the previous section in Fig. 3.1. Note that
the SuperLU preconditioner did not obtain a solution for IMPEX within 30 days. Hence,
the computation was interrupted at this point. In all plots, LIMEX ! is used as a

reference to provide a guide to the eye.
Multigrid preconditioner

When switching to the multigrid preconditioner, the methods using an exact Jacobian
(IMPEX and LIMEX reduced) gyffer from a severe drawback. As is illustrated in Fig. 3.4
and Tab. 3.2b both methods are now limited by lack of convergence convergence of the
iterative method, which leads to reduction time step. Although LIMEX réd“ced tends to
select smaller time steps, it essentially revocers the results obtained with the SuperLU
solver. As a consequence, the method provides greater robustness in particular towards

the end of the simulation.
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With respect to the total timings in Tab. 3.2b, the LIMEX-variants outperform IMPEX and
are essentially on par with each other. Considering the asymptotic behavior, however,
LIMEX reduced ghould be preferred.

Tab. 3.2  Modified Elder (3D):

Iteration counts (for time stepping and linear solver), and CPU time when using (a) SuperLU,
or (b) Multigrid as preconditioner for the linear problems.
(a) SuperLU

Method Time steps Linear solver Timing

g=2 g=3 g=4 reject | success | fail CPU [s]
IMPEX (Aborted after 1 month.)
LIMEX ;"” 408 — — 1 1230 0 1508625,38
LIMEX g"” 0 98 0 0 591 0 732320,94
LIMEX f;‘” 0 3 50 3 551 2 680860,07
LIMEX Eeduced 578 0 0 1 1742 0 2164447,66
LIMEX §educed | 3 159 0 0 968 0 1212680,52
LIMEX ffd"“d 35 2 63 4 785 0 981973,82

(a) Multigrid

Method Time steps Linear solver Timing

g=2 | q=3 | q=4 | reject | success | falil CPU [s] Effort
IMPEX 461 | — |— |37 3075 36 21228,19 |1
LIMEX g"” 455 | — | — | 130 1371 129 13564,55 | 0,64
LIMEXf |75 |90 |— |131 |768 131 | 7984,37 |0,38
LIMEX f}u” 81 7 40 | 136 708 134 7510,61 0,35
LIMEX Eeduced 578 | — |— |1 1742 0 14375,54 | 0,68
LIMEX ged"“d 3 159 | — |0 968 0 7464,05 0,35
LIMEX f}educed 35 2 63 |4 785 0 6115,75 0,29
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Fig. 3.3 Modified Elder (3D) with SuperLU:

Time step size [yrs] vs. simulated time [yrs] for IMPEX, LIMEX 2 and LIMEX feduced
The reference line is a continuous representation of LIMEX ¢ | It is identical in all figures to
provide a guide to the eye. For LIMEX , the dashed lines represent steps with order g = 2,

whereas symbols with different sizes indicate steps with order 2 < ¢ < qax-
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Fig. 3.4 Modified Elder (3D) with multi-grid:

Time step size [yrs] vs. simulated time [yrs] for IMPEX, LIMEXf and LIMEX reduced

qmax ' dmax

The reference line is a continuous representation of LIMEX ¢ | It is identical in all figures to
provide a guide to the eye. For LIMEX , the dashed lines represent steps with order g = 2,

whereas symbols with different sizes indicate steps with order 2 < ¢ < qax-

3.1.2.3 Saltpool Problem (3D)

The saltpool problem, suggested by Oswald and Kinzelbach /OSW 04/ is an
experimental benchmark for an upcoming process. In this laboratory scale experiment,
a cubic box containing homogeneously shaped and distributed glass beads is filled with
water. A stable brine layer with a given salt mass fraction is placed at the bottom. By
injecting fresh water in one corner and simultanaeously extracting fluid in the opposite
corner, an upconing of the brine is induced. Injection and extraction occur with a
controlled rate and the breakthrough curves, i. e., the salinity of the extracted brine at

the outlet, were monitored.
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Fig. 3.5 Saltpool problem (3D): Simulated results for (a) the solution at the end of

experiment; (b) breakthrough curve at outlet (for all simulations).

This problem imposes a challenge to time integration, as identified by Johannsen and
coworkers /JOH 02/. In this work is focussed in particular on the low concentration case
with only 1% salt mass fraction in the brine. In this case, the salinity at the outlet first
rises rapidly to a peak 20min, before the system relaxes towards the end of the
experiment. Of course, these dynamics must be captured correctly. Fig. 3.5 shows the
salt distribution at the end of the experiments as well as the breakthrough curves
computed by all methods.

Treatment of the dispersive terms

Unfortunately, the dispersion (3.4) leads to undesired properties of the discrete linear
systems. As a consequence LIMEX ! is inefficient, as the multi-grid method is not
converging properly with the consequence that time steps must be reduced. The same
holds for LIMEX réduced \when only the derivatives w. r. t. convection are neglected.

However, disabling derivatives w. r. t. dispersion as well mitigates this problem.

Iteration statistics and time-stepping history for a uniform refinement with 2,097,152
hexahedral fine grid elements (4,293,378 degrees of freedom) are shown in Tab. 3.3 and
Fig. 3.6, respectively. Timings are for a parallel multigrid solver executed on 20 cores.
Due to the problem size, the problem could not be solved by SuperLU. The IMPEX
scheme failed after 38 steps (corresponding to 30 min simulated), with a time step

contracting to zero. For LIMEX 4, the time step is restricted by the linear solver.
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LIMEX reduced permits larger time steps. In all cases the nuber of stages is rapidly

reduced to g = 2, however.
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Fig. 3.6 Saltpool problem (3D) with multi-grid:

Time step size [yrs] vs. simulated time [yrs] for LIMEX {4 and LIMEX jeduced - |IMPEX
failed for non-obvious reasons. The dashed lines represent steps with order g = 2, whereas

symbols with different sizes indicate steps with order 2 < q < ¢nax-
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Tab. 3.3  Saltpool problem (3D) with multigrid: Iteration counts (for time stepping and

linear solver), and CPU time.

Method Time steps Linear solver Timing
g=2 g=3 g=4 reject | success | fail CPU [s]
IMPEX (Failed after 38 steps.)
LIMEX 5"” 157 0 0 318 478 316 39135,5
LIMEX full 148 97 0 323 487 323 39924,5
LIMEX f;‘” 146 3 4 320 497 320 39877,0
LIMEX gedufed 49 0 0 5 163 0 3674,7
LIMEX gedufed 34 8 0 7 181 0 4028,6
LIMEX feduced | 35 3 2 7 169 0 3757,5

3.1.2.4 Gorleben problem (2D)

The last problem is taken from a field test first suggested in /KEE 05/. The task is to
compute the ground water flow over a saltdome in the North German Plain, close to the
village of Gorleben. The computational domain is a 2D cross section from geological
data taken in north-south direction. It is given by an elongated strip with physical
dimensions 16,370 in horizontal direction and 395 in vertical direction. The domain
including the coarse grid triangulation is shown in Fig. 3.7. Mesh statistics are provided
in Tab. 3.4.

Tab. 3.4  Gorleben problem (2D): Mesh statistics after uniform refinement.
Refinement level # Elements # Degrees of freedom
Base 4,924 8,506
3 315,136 498,954
4 1, 260,544 1,982,866
5 5,042,176 7,905,570
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Fig. 3.7 Gorleben problem (2D):

Permeability distribution in the computational domain indicated by colors ( cyan : high
permeability; magenta : medium permeability; yellow : low permeability). For the ease of
presentation, the domain is presented broken into sections A (horizontal extension: 0 — 4.4)
B (4.4 —9.3), C (9.3 — 14.3), and D (14.3 — 19.8). The saltdome is located under Section C as
indicated.

For the sake of simplification, the illustration is broken into four sections shown from top
to bottom, that can be aligned from left to right. The shading of the elements indicates
zones with three different permeabilities (cyan : high permeability, k = 1072 ; magenta
: medium permeability, k = 10~1*; yellow : low permeability, x = 1071¢). The saltdome
is in contact with the domain in the middle of section C. In this region, a constant mass
fraction w = w4, = 0.26 is assumed as a boundary condition. The boundary conditions
on the upper part of the domain are given by the fresh water condition w = 0. Moreover,
the pressure is given as a piecewise linear function derived from experiments. It starts
from 173 on the southernmost tip (left) and decreases to 100 in the northernmost tip
(right). The linear density function (5) is used (with p, = 998.23, p; = 1197.23 and

Wy = 0.26), and the real viscosity model (7) (with g, =x 10~3 ~17"). Diffusion and
dispersion are characterized by porosity ¢ = 0.2, molecular diffusion D, = 107° ,

dispersion lengths a; = 10, and a; = 1. Initally, no salt is present in the domain (v = 0).

The scientific interest for the problem is in particular the long term evolution. Based on
the experience from the previous tests, in particular from the saltpool benchmark, the
number of stages shall be limited to g,,,, = 2. This is consistent with the low regularity,

e. g., since D(q) is not differentiable at ¢ = 0, and jumping permeability coefficients.
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Performance of the different solvers

As a preliminary step, solver performance is investigated in the small time interval of the
first 10 years only on the rather coarse mesh at refinement level 3. The linear system for
the corresponding 498,954 degrees of freedom is still small enough for the (serial)
SuperLU solver. Results are provided in Fig. 3.8 and Tab. 3.5. After 12 of wall clock time

unfinished jobs were terminated by the scheduler.
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Fig. 3.8 Gorleben problem (2D) — initial phase:

Time stepping history for the first 10 years with both preconditioners. Due to the interest in
long term behavior, results are provided for g,,,, = 2 stages only. Wall clock time was
restricted to 12. IMPEX (both preconditioners) and LIMEX 4 (with multi-grid) did not finish

within this limit. For these instances, data is provided until termination.
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Tab. 3.5  Gorleben problem (2D) — initial phase:

Iteration counts (for time stepping and linear solver), and CPU time when using (a) SuperLU,

or (b) Multigrid as preconditioner for the linear problems.

(a) SuperLU

Method Time steps Linear solver Timing
g=2 g=3 g=4 reject | success fail CPU [s]
id not terminate within
IMPEX (Did [ ithin 12h)
LIMEX futt 36 0 0 3 122 0 2447.12
LIMEX Seduced 60 0 0 0 185 0 3766,7
(b) Multigrid
Method Time steps Linear solver Timing
g=2 g=3 q=4 reject | success | fail CPU [s]
IMPEX (Did not terminate within 12h)
LIMEX futt (Did not terminate within 12h)
LIMEX Leduced | 60 0 0 0 185 0 2250,1

For this problem, IMPEX showed unexpected behavior, since the the method did not
suceed to compute the solution at t = 10 within the wall-clock time limit of twelve hours.
For large time steps, only linear convergence of the Newton method was observed, and
the desired tolerance was not achieved within the prescribed maximum number of
n = 10 iterations. As a result, the time stap had to be recomputed with bisected step

size. At the end, the computational cost for this strategy turned out to be too high.

LIMEX % succesfully computed a solution using the SuperLU preconditioner. However,
when switching to multigrid, linear solver turned out to be the limiting factor. Again, this
could be avoided using LIMEX réduced ‘which generated identical time stepping histories
indepdendent of the preconditioner. In passing note that even for this small problem size,

using multigrid resulted in smaller wall clock times.
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Computational results

Results computed with LIMEX Led#ced gyer 10.000 years are shown in Fig. 3.9 and Fig.
3.10. The illustration is centered around region 3 above the salt dome. The grid has been
obtained by 4 uniform refined steps, which is accurate enough for this purposes. The
brine distribution far away from the salt dome is almost independent of the grid size h
(data not shown). The pressure distribution at the top surface induces a flow from left to
right, which is observed in the highly conductive layers close to the surface. The solution
was obtained within = 12 wall clock time on HazelHen using 192 cores in 9885 time

steps (and corresponding 29656 calls of a parallel multgrid solver).
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Fig. 3.9 Gorleben problem (2D):

Results at t = 10,000 years. Top: Salt mass distribution. The white line indicates the isoline

for w = 0.1. Bottom: Magnitude of ¢. All results are at refinement level 4.
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(a) Refinement level 3 (b) Refinement level 4
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(c) Refinement level 5

Fig. 3.10

Gorleben problem:

Magnification of the bidirectional flow pattern in the channel region in section 3 left of the salt
dome (t = 1,000 years; refinement levels 3-5): Brine with high density is removed from the
saltdome on the bottom, whereas fluid with lower density is transported towards the salt dome
in the upper region of the channel. This gives rise to convective cells. Their size depends on

the mesh size.
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Fig. 3.11  Gorleben problem (2D): Time step size [yrs] vs. time [yrs] for LIMEX educed

(omitting derivatives w. r. t. convection and diffusion).
Mesh size dependent time stepping

In the deeper strata in proximity of the saltdome a bidirectional flow pattern is observed:
In the upper region of these strata, fresh water flows towards the salt dome, while brine
is transported away from the saltdome at the bottom of the strata. Both regions are well
separated by a region of small velocity, giving rise to transient convective cells. This
depends on the mesh size h is visualized in Fig. 30 for t = 1,000 years in a magnified
region at the southern (left) end of the aquifer above the salt dome. The mesh size
dependence is also reflected in the corresponding LIMEX time stepping history in Fig.
3.11.

3.1.3 Conclusion

For density-driven flow problems LIMEX -methods have been demonstrated as an at-
tractive and efficient alternative to standard time-stepping strategy. To that end, two ver-

sions were devised, differing in the approximation of the Jacobian:

In principle, the basic version LIMEX % with an exact Jacobian is the method of choice.
It is the most efficient method w.r.t. time stepping. In some cases, however,
convergence of the linear multi-grid solver may be poor, and thus total efficiency is

deterioriating.

50



When this happens, the version LIMEX T?%ced may be an attractive alternative. This is
constructed based on an inexact Jacobian. As demonstrated theoretically, neglecting
certain terms of the Jacobian, leads to a linear system, where the variables w and p
decouple. This can be achieved by treating the partial derivatives of Darcy velocity g in
the transport equation explicitly. Even though the time steps turn out to be smaller than
with LIMEX 4% it was demonstrated that convergence problems of the linear solver can
be avoided. With LIMEX reduced the field test for the Gorleben problem could be solved
robustly.

3.2 Robust smoothers for the geometric multigrid solver

Multigrid methods are fast solvers of optimal complexity, however, like sensible race
horses, they require certain prerequisites. This is in particular the adequate resolution of
the relevant scales. If, e. g., with highly anisotropic problems the anisotropy is not re-
solved by the grid, multigrid convergence will slow down a lot. Analogous problems exist
with dominating convection and strong heterogeneities. There are workarounds for all

these cases, however, they have to be used adequately, which is not easy in practice.

With anisotropic coefficients, asymptotically only resolving the scales will help. Often an-
isotropies are due to the geometry or the grid /HEI 95/, /HEI 96/. This is a particular prob-
lem on coarse grids, which can not resolve the scales by construction. Thus, special

tools are necessary to handle this situation.

To that end robust multigrid methods are needed. Robustness refers to convergence
behaviour, which is independent of critical model parameters, such as anisotropy, con-
vection and heterogeneity. To that end, special components must be used in the algo-

rithm.

One such tool is robust smoothing. The smoother is an essential part of a multigrid algo-
rithm. It is designed to reduce the error of the high-frequency components and project it
to a lower dimensional space. In case of singularly perturbed problem, i. e., e. g., aniso-
tropies or convection, it is possible to devise smoothers which are exact in the limit case
for model problems /WIT 89/, /BEY 95/, /BEY 97/. In some cases, e. g. for dominating

convection, this can be transferred to the general case as explained below.
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Applied are the smoothers, ILUg for anisoptropic diffusion and downwind numbering ILU
for partially convection dominated problems mainly within a collective relaxation frame-
work and optimised the parameters. It became soon clear that the smoother alone is not
capable of solving the robustness problem, however, it proved to be a valuable compo-

nent of an overall robustness strategy.

3.3 Improvement of the coarse-grid correction

The other approach to achieve robustness is to improve the coarse-grid correction. Multi-
grid methods combine two algorithms, smoother and coarse-grid correction. If the
smoother can not cover all the high-frequency error components, it is possible to apply
coarse-grid corrections, catching the part not covered by the smoother. This is done by
so-called semi-coarsening. Semi-coarsening works with an increased number of un-
knowns on the coarse grid, but it must still satisfy geometric reduction of the humber of
unknowns. For an anisotropic problem, semi coarsening means coarsening only the non-
anisotropic directions. This is easy for model problems, however, not so easily accom-
plished for unstructured grids or highly varying coefficients. This was one of the main

reasons leading to the development of Algebraic Multi-Grid Methods (AMG).

Other means to improve the coarse-grid correction are to modify the coarse grid operator
and the grid-transfer functions. Usually, as coarse-grid operator just the differential equa-
tions are discretised on a coarse grid. However, without a reasonable resolution of the
relevant scales on the coarse levels, this may not be appropriate. Instead the Galerkin

projection can be used:
Al—l = T'Alp (318)
where A; and 4,_, are fine and coarse-grid operator resp., r and p are the grid-transfer

operators mapping coarse-grid functions to fine-grid ones or vice versa. This is typically
used in AMG methods.

As grid-transfer functions r and p usually interpolation is taken and r = p*, where p*

denotes the adjoint operator of p w. r. t. the underlying scalar product:

(up pui—1) = @, up—1) = (rug, ug—q) (3.19)
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where u;and ur; are fine and coarse-grid functions resp. and (.,.) is the underlying scalar
product in the resp. Hilbert spaces. For p typically a geometric interpolation (e. g. linear)
is used. To improve that, however, matrix dependent interpolation can be used, which

uses the matrix stencil rather than the geometry to construct interpolation /ALC 81/.

In the project, both are implemented, the Galerkin projection and the matrix dependent
grid transfers as part of the AMG methods. This is helpful as an additional tool together
with special smoothers to develop a robustness strategy, however, just by themselves

these methods are not sufficient to obtain a robust method.

34 Adapting the FAMG method to thermohaline groundwater flow, parallel
scalability

The Filtering Algebraic Multi-Grid Method (FAMG) is an AMG method introduced by
Wagner /WAG 00/ The main idea is to construct the prolongation such that it is exact on

a small subspace spanned by some test or filter vectors, i. e.,

Construct p such that
AT'S[t, = pAT 2 p*Sit, for p=1,..,7 (3.20)

where the coarse grid matrix A;_; is defined by the Galerkin projection, S’ is a smoother

and 7, are the test or filter vectors resp. spanning the filter space of dimension 7. If the

smoother S satisfies corresponding conditions:
Sity = A,‘ltﬂ foru=1,..,t (3.21)

FAMG is an improved Algebraic Multigrid Method. It is exact on the filter space. Thus,
the method allows for a (small) subspace to be treated exactly. Applying this method,
this filter space is chosen as the span of the first eigenvectors of 4;, since this is the
space causing problems in solving the linear system. In /WAG 97/ an algorithm to pick

the filter vectors is given.

INAE 07/ continued the development of the method and /RUP 20/ investigated it more
thoroughly, modified it and generalised it for relevant applications. His results help the

generalisation to the problem of density driven flow.
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3.5 Parallel adaptive algorithms and appropriate grid structures

For challenging non-linear problems like thermohaline groundwater flow and transport
considered here, the ability to solve with very fine resolution is decisive in order to
achieve a correct description of the non-linear behaviour of the problem /JOH 04/. Talk-
ing about a time-dependent and non-linear problem in three space dimensions, one has
to care about robust solvers in parallel. Further, the studies in Section 3.2-3.4 resulted
in the insight, that it is decisive to tailor the grid tree in an appropriate way, in order to
obtain a robust method. That is the reason for working on adaptive anisotropic refine-

ment.

351 Adaptive anisotropic refinement

Adaptive anisotropic refinement is what is finally necessary to cope with critical problem
phenomena due to unresolved scales. This needs to be combined with robust smoothing
and improved coarse-grid corrections in order to form a robustness strategy. The con-

struction of a sensible grid tree is the backbone of this strategy.

To that end, a special way to deal with the robustness problem is developed. The idea
comes from computer graphics. There, people use the so-called subdivision-surfaces
method to obtain gradually improving and smooth approximation of structures. This is
achieved by specially constructed splines, see Fig. 3.12.

Fig. 3.12 Repeated refinements of an initial set of control vertices x° (far left) yields
a sample subdivision surface x* := lim;_,,x/* = lim;_,.,(Sx’) of a recon-

structed 3D nucleus geometry (far right), /STE 20/
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Due to geometric convergence speed subdivision schemes provide a fast and reasona-
ble piecewise linear approximation of the actual smooth limit subdivision curve, surface
or volume resp. by the sequence of polytope complexes consisting of the control vertices
xJ after only a few refinement steps featuring a high element regularity. This inherent
hierarchical property makes the application of subdivision schemes particularly interest-
ing in a multigrid setting. B: Given a domain @ < R?, a piecewise linear representation

9Qn, of the boundary 9« is derived. C: Subsequent to (B), an initial triangulation is ge-

nerated in such a manner that the triangulation boundary matches the polytope complex

describing aQn. For a GMG solver, this triangulation can be used as base volume grid
Q0. D: Given the base volume grid o° generated in (C), successive linear refinement
steps using edge bisection allow for the generation of a nested multigrid hierarchy

Qhy © Qn, © ... C On (exemplary illustration of Qn,).

This technigue is not only able to obtain a successively better approximation of a com-
plicated geometric surface, a problem, with which one has to fight many times in past
application projects, but moreover, it is able to smooth the volume grids and adaptively

change grids according to given criteria, e. g., a objective function.

/STE 20/ developed this technique to be used as solvers for partial differential equations
mainly with the example of modelling neurons, which have complex cell structures, e. g.
neuron nuclei, see Fig. 3.13. Now this method is applied to the density driven flow prob-

lem and the structures typically obtained here in large application computations.

I.NeuRA 2. Surface Optimizer

3. volUtil

Fig. 3.13 Reconstruction of a neuron nucleus using subdivision surfaces using the
subdivision surface method /STE 14/.
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In /STE 20/ the authors introduced the Subdivision based Geometric Multi-Grid Method
(SGMG) and showed that this technique is capable of generating robust multi-grid meth-
ods, just by modifying the grid in a systematic way according to subdivision surfaces.
There, they applied the method to model problems. This step is absolutely necessary to
fully understand the method, before applying it to very complex non-linear problems like
the thermohaline flow. The generalisation to thermohaline flow will be done in the follow-
ing project HYMNE (FKZ 02E11809A-B).

3.5.2 Adjusted load balancing for convection-dominated problems and ILU-T

For convection dominated problems developed the Downwind Numbering strategy (DN)
for robust smoothing was developed /BEY 95/, /FRI 17/. This strategy is available in
d3f++, but only for serial computations. It works fine there. However, a parallel version is
not available up to now, since this requires special load balancing techniques, which still

have to developed. That is the issue of the current work item.

The idea of Downwind Numbering is that convection is typically discretised by an up-
winding method, which is one sided. The upwind side is preferred vs. the downwind one.
This makes perfect sense, since convective transport is coming from a source and going

to a sink. There is ho symmetry in convective transport.

The convection-diffusion equation

—eMu+7V -Vu=f (3.22)

Is considered with 77 - 7 = 0 and ¢ > 0. For discretisation a finite volume box method is

used as described below.

A finite volume method (also called box method) is used for the discretisation of the
convection diffusion equation, which can be interpreted as a conservation law. See e. g.
the papers of /[HAC 89/, for a detailed description in the 2d case, and /BEY 95/ for three

dimensions. The 3d case is explained below.
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Fig. 3.14 Box portion of an elements corner.

For every triangulation T = ;. , a dual box mesh Bis defined, consisting of boxes b, for
every node x; of T in such a way that x; € b; and the boxes b; c B cover Q and have
pairwise empty inner intersection. The three-dimensional box mesh is constructed by
connecting the center of mass of every element to the center of mass of all its faces and
these again to the midpoints of their edges. Thus, four portions of the element are ob-
tained, each of the same volume and one for each vertex. The box b; belonging to x; is
then defined to be the union of all portions containing x; in a tetrahedron which has x; as

corner.

According to /HAC 89/, the following second-order discretisation can be constructed un-
der usual finite element assumptions. Using piecewise linear ansatz functions on < rep-
resented in terms of the corresponding nodal basis {¢;,i = 1...,n}, integration of the

convection-diffusion equation over the box b; and Gauss’ Theorem lead us to
> op,(—€Ve; + ¢ - dp)do = [, f(x)dx (3.23)
J

This is the discrete linear system with respect to ¥, and the discrete solution « is given

by

u(x) = %:ujq,')j(x). (3.24)

Unfortunately, finite volume as well as finite element discretisations are known to be
unstable in the case of dominating convection, which is observable in strong oscillations

in the discrete solution. These are explained by the fact that the stiffness matrix is nearly
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skew symmetric and not an M-matrix. In special cases, the linear system can even be

singular.

To avoid those stability problems, a first-order upwind scheme is used (see e.g.
IBAS 94/), resulting in an O(A)-discretization. In one dimension, this upwind method can
be interpreted as the substitution of central by upstream differences or as introducing an

artificial diffusion. In the following this 3d upwinding is described in detail.

The integrals along the boundary 0db; are calculated as follows: Let T; be the set of
tetrahedra 7€ T with corner x;. Then b; is a subset of the union of the elements 7€ T;

and the integrals can be splitted into

fabi(—chi)j +cpj)-do= Tg:z'anabi(—chf)j +cpj)-do (3.25)

On account of the Dirichlet boundary conditions, it is sufficient to consider interior points
x;- Inthis case T N db; consists of three plane segments that are located in the interior
of T, as can be seen from Fig. 3.14. Thus, each integral over a boundary portion T N
db; can be split again into a sum of three integrals running over the three plane seg-
ments. For simplicity assume that the corners of T are numbered as in Fig. 3.15.To each
pair (i, k) satisfying 0 <i # k < 3 a vector §;}, is associated with the following proper-

ties:

0] The length of S;;, is given by the area of the plane segment between b; and b,
(i) Sik/ISik| coincides with the outer normal of b; at the plane segment between
b; and b, .

X3

Fig. 3.15 Segment vector and center of mass.
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Denoting by s; the center of mass of the segment between b; and by, the quadrature

formula
anabj(—sV(l)j +cpj)-do= kZi'(—ssikV(i)j + csikdjSix -Sik,) (3.26)
L

Is obtained. The vectors S;;, and the integration points s;, can be computed as follows:

Let 0 < ¢,¢' < 3 be the remaining corner subscripts not equal to i, k . Then follows

17 7 3.27
Sik = E(xi +xx) + E(xe + xp1) 3.27)
and
1 /x; +xp X; + X (3.28)
Si"zﬁ(lz _x*’)x(Lz _xf’)

where x denotes the usual vector product in R? and the direction of Sk is chosen such

that S;;. (xj,—x;) > 0. In addition holds

g,forj=i orj=k (3.29)

d)j(sik) =37 . .
E,for] #i,k

After computing these values the quadrature formula (3.26) is easily applied to evaluate

the integrals over the boundary of a box b;.

The numbering process described below is based on the directed graph generated by
upwinding. The application of the same process to higher order upwind schemes is

straightforward.

This method is used to discretise the convective term and then downwind numbering is

applied as follows.

Let the convection-diffusion equation be given as described above and be discretised
by a finite volume method using an upwinding technique for the convective part as de-

scribed above. By A = (aij),ij € :t, N denoting the set of nodes, where the unknowns
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are localised. By A.,,,,, the part of A corresponding to the discretisation of the convective

term v - V is denoted and by & = {(K,L):K,L € N, dconyx;, # 0} the matrix graph.

The main aim of the ordering process is to bring the stiffness matrix for the convective
terms in triangular form. This can be performed easily, provided the flow field is vortex-

free.

When the convective part is discretised by the upwind scheme mentioned before, each
edge in the matrix graph is assigned a direction. If the graph generated this way is cycle-
free, it defines a partial ordering of the unknowns. This partial ordering can be used to
number the unknowns in streamwise direction. In the following, two algorithms are dis-

cussed which order the cycle-free part of ©.

Algorithm 1: Downwind_numbering_1

1. Assign the downwind direction from the discretisation of the convective term to each

link in the stiffness matrix graph. Indifferent links are marked by 0.
2. Set n = Number of unknowns;
3. Compute I(K ), the number of inflow edges of node K for all K € 9t.

4. Find all minimal elements K € 9t with respect to the number of inflow edges I (K )
and put them into a fifo .

5. Loop:
While & not empty repeat: Get E from §.
1. PutIndex(E) := 1. Put E into a fifo B. Leti:= 1.

2. Loop:
While 8 not empty and i < n : Get K from 5.
Loop:
For all neighbours L of K do:
If (L is downwind from K) and (Index(L) <= Index(K)), then
i :=Index(L) :=Index(K) + 1,
Put L into B.

Sort the vertex list such that Index(L) < Index(K) => L < K.

6. Output: Ordered vertex list.
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Remark

— If the edge graph is cycle-free, loop (5.1) terminates in O(n) steps with ¢ # @.
Loop (5) has complexity O(q - n) where q is the number of minimal elements in the

edge graph, which is small.

— In step 6. nodes with the same index may be numbered in arbitrary order, caring
that the number of a node with higher index is increased at the same time. This is
possible with 0(n) complexity. Using quicksort for this purpose would spoil the opti-

mal complexity.

— Ifloop (5.2) terminates with B = @ and i > n , then the edge graph contains a cy-

cle.

The complexity of Algorithm 1 may be improved by the following algorithm. For the de-

scription, it is assumed that the matrix graph & does not contain cycles.

Algorithm 2: Downwind_Numbering_2
Downwind_Numbering_2 (matrix graph &) begin

1. Assign the downwind direction from the discretisation of the convective term to each

link in the stiffness matrix graph. Indifferent links are marked by O.
2. Compute I(K), the number of inflow edges of node K for all nodes of matrix graph ®.
3. m:=0; /* global counter */

4. Foreach K € %t do: u(K) :=-1;
/* u(K) contains the number of node K .

U(K) = =1 means node not yet numbered */

5. For each K € 9t do:
if (1I(K) =0 and u(K) = —1) Number(K);
end;
Number(node K);
begin
H(K) == m;
m:=m+1;
for all neighbours L of K do:
if (L is downwind from K') then
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begin

I(L) :=1(L) - 1;
if (I(L) =0) Number(L);
end,

end;

This algorithm is of optimal complexity, since each edge and each node is processed
only once. The correctness follows directly from the depth search applied here. In the
case of cycles, one may use the algorithm described by /TAR 72/, to determine the
strongly connected components containing cycles. Then apply the above algorithm to
the cycle-free graph of the components. Using a block Gauss-Seidel smoother with
blocks corresponding to the components, a robust smoother is obtained. This is reason-

able for small cycles. The treatment of large cycles is discussed in /[HAC 96/.

These algorithms have been applied very successfully for serial computations also in
d3f++. Using them in parallel, however, requires a special type of load balancing. The
partitioning has to follow the streamlines. Otherwise, the exactness in the limit case
would be lost. If the grid is partitioned just perpendicular to the convection, the number

of steps simply increases with the number of partitions, see Fig. 3.16.

BisecTiONX

P Tter.  quist Partitioning
2 2 wo [

1+ 4 10 1N

s s 10 [IB

6 16 10 [I§

Fig. 3.16 Dependence of the number of iteration steps on the number of partitions
due to wrong partitioning. The colours show the domains given to the pro-

cessors. The parallelisation then has no gain /FEH 18/.

The correct partitioning along the streamlines delivers the following results, see Fig. 3.17.
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STREAMLINEPARTITIONER METIS(sTR) METIS

P Iter. qg Level (Target) Iter Qdist Iter  quis
75 1.00 18 (17) 75 1.00 40 1.00
78 0.59 17 (16) 79 1.00 42 1.00
84  0.82 16 (15) 81 0.99 64 0.99
16 103 0.71 15 (14) 87 0.96 63  0.98

Fig. 3.17 Number of iteration steps for different partitioners of the 2d channel,
/FEH 18/

STREAMLINE-

METIS(sTR) METIS
PARTITIONER

= o

(o]

16

Fig. 3.18 Partitions used for the results from Fig. 3.17 /FEH 18/; The colours show

the domains given to the processors.

The Streamline partitioner is visibly best, however, it still needs to be improved, so that

also flow fields with cycles can be treated.

3.5.3 General parallel-adaptive strategy

In total, a strategy allowing for robust parallel adaptive computations is derived. Several
components of the strategy, however, are still to be optimised in detail as well as their
interplay. This remains as task of future projects.

3.6 Stable modelling of free groundwater surfaces

In nature, not the entire porous matrix of an aquifer is saturated with the fluid phase.
Normally, the upper part is unsaturated, so that the density-driven flow model can be
applied only to the lower, saturated part. The parts are separated by a transition zone.
Due to the geological length and time scales, it is assumed that this zone is very narrow
and its thickness may be neglected. Then it can be approximated by the so-called phre-
atic surface, a free upper boundary of the saturated zone, which is moving according to

precipitation and other environmental conditions. Capturing its dynamics is important for



prediction of the correct water balance and planning the pumping strategies of water

works with several wells.

Two approaches can be used for the simulation of the phreatic surface. One can consider
the saturation as a variable and formulate the PDEs in the whole domain of the aquifer.
This leads to the Richards equation /NUE 16/. The other approach is to represent the
phreatic surface as a moving boundary of the subdomain 2, where the density-driven

flow model is applied for the simulation of the groundwater flow.

Fig. 3.19 Scheme of the domain of a partially saturated aquifer: 2, is the unsaturated
and 0, the saturated parts separated by the phreatic surface I" (blue line);
the dotted lines are the boundaries of the geological layers.

Here, the latter method is followed and the original domain 2 of the aquifer is separated
into two parts (cf. Fig. 3.19): 2 = 2, U 12,, where 2; denotes the upper unsaturated part
and 2, the lower saturated one. In £2,, the fluid phase is described by the pressure p and
the mass fraction w of the salt. (The implementation of d3f++ supports the thermohaline
flow. But as the treatment of the temperature is analogous to the mass fraction, therefore
it is omitted here.) These fields satisfy the density-driven flow model:

0t (Prpw) +V - (pwq — pDyVw) = 0}

0x(Pkp) +V - (pq) = 0 (3.30)

- Ly — pg)

i p—rg
where p = p(w) and u = u(w) are the density and the viscosity of the fluid phase, and k
is the index of the geological layer. System (3.30) is extended with the boundary condi-

tions on d12,. For 002, n 40, these are the typical boundary conditions imposed for the

aquifer. On I, the “no stress” condition for the pressure

p=0onTlT
(3.31)
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Is imposed as well one of conditions

w
a—Oorw—OonF (3.32)

for the mass fraction of the salt (n being the outer normal for £2,). Initial conditions should

be imposed only on the mass fraction w.

To close the system (3.30)-(3.32), the dynamics of the moving boundary should be mod-
elled. There are two factors determining the motion of the phreatic surface: The flow of
the fluid phase in 2, and the groundwater recharge through 2. The linear velocity of the
fluid phase in 0, is q(w, p)/®; and it depends on the fields w and p in some neighbor-
hood of I'. The groundwater recharge r arises due to precipitation etc. that depends only
on the geometric coordinates. The contribution of the recharge to the velocity of I' is
re,/®, where e, is the normalized z-direction. Furthermore, the motion of I' is also in-
fluenced by the surficial channels and rivers. Their intensity ¢ depends on the depth of
I' but the contribution to the velocity can be described by the same expression ce,/®;,.

The entire velocity of the moving boundary is therefore

1
U g, (q +re; +cey). (3.33)

Note that (3.33) defines v only on I'.

The implementation of d3f allows to take into account the surficial channels whose thick-
ness is negligible w. r. t. the length scales of the aquifer. They are represented by a
separate low-dimensional grid. At every point of this channel, the intensity is computed

by the formula

Kefr perc- g
C=——Sf Pt T h)ew
£ - ﬂeff S fs (334)

where g is the gravity, w is the width of the channel, K¢ and ¢ are the effective perme-
ability and the thickness of the bottom of the channel, p.rr and p.sr are the effective

density and viscosity of the water in the channel, h; is the specified water level in the

channel, whereas h, is the depth of the groundwater table. For the numerical treatment,
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the intensity (3.34) is smoothed in the xy-plane using a mollifier with a support of a pre-
scribed radius. Note that the channels are often thought as sinks, and d3f++ may option-

ally cut positive values of C off.

The phreatic surface is often almost horizontal and near the top of 2. It motivates the
application of the “moving grids” technique for £2,. However, the fine layered structure of
the aquifer requires good resolution of the geological layers with the grid. This could be

also important for the convergence of the iterative linear solvers.

velocity of the interface | Representation &

Discretization of

the density-driven tl‘a(-‘km?,..o?
flow the |‘nllc| Iac‘c
(FV, FE, FD, ...) (LSF, VoF,

moving grids, ...)

\ Discretization of /
0. the interface e :
contributions to . position of
conditions

. discretize the interface
the discretized (GE, XFEM, ...)
system

Fig. 3.20 Schematic numerical treatment of the free surface.

There are two basic approaches for the treatment of such free surface problems in the
formulation give above, the level-set method and the volume of fluid method. Via (3.34),
they are coupled to the flow in 0,. Fig. 3.20 presents the general scheme of numerical
treatment of this coupling. To compute the saline and thermohaline groundwater flow,
unstructured grids are used to accommodate for complicated domain geometries and
local solution behavior. Spatial discretization is accomplished by a vertex-centered col-
located Finite Volume scheme, using linear and multi-linear shape functions. For time
stepping, a number of implicit methods were implemented like implicit Euler scheme,
diagonally implicit Runge-Kutta, fractional-step theta schemes and the LIMEX method
described above (cf. also /INAE 19/). Besides Newton’s method, the LIMEX scheme also
helps to solve the non-linearity in the problem. For solving the linearized systems, geo-
metric and algebraic multi-grid methods are used, with Gaul3-Seidel and ILU methods

as smoothers. These solvers are typically accelerated with BIiCGStab.
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Fig. 3.21  Simulated position of the phreatic surface in the Cihadlo problem at
t = 1.5 years; color: z-coordinate; white lines: channels; green points:

measurements. The plot is scaled by 10 in z-direction.

Fig. 3.21 and Fig. 3.22 present results of the numerical experiments with this technique.
The Cihadlo problem shown in Fig. 3.21 assumes w = 0 in the whole domain and has a
very dense network of the 1d channels. The model is discretized on the grid with
1,352,295 vertices and computed on 32 cores. The WIPP problem presented in Fig. 3.21
is characterized by the strong anisotropy of the domain. It is discretized on the grid with

279,325 vertices and computed on 128 cores.
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Fig. 3.22 Simulated position of the phreatic surface and the salt mass fraction field in
the WIPP problem at t = 453.3 years; the upper isosurface presents the
phreatic surface (color: z-coordinate); the lower ones correspond to
w = 0.01,0.25,0.5,0.75,0.99. The plot is scaled by 100 in z-direction.

3.6.1 Virtual elements for free surfaces at thermohaline flow

Besides the level-set method used to approximate the free surface, a novel method for
the treatment of free surfaces was developed. The idea goes back to /HOE 16/,

/HOE 19a/ who developed it for the discretisation of particulate flows.

The basic idea is to discretise the flow using finite-volume methods, yielding balance
equations of surface integrals, i. e. fluxes. This is the approach used for thermohaline
groundwater flow too. Across the free surface, surfaces integrals are used to express
the forces. This goes well with the finite-volume approach. Thus, the same approach is
used here.

To describe the free surface, virtual elements are introduced by enriching the ansatz

space with special flat-top basis functions
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Fig. 3.23  Construction of the flat top basis functions

First, the elements, which are cut by the free surface, are selected. Then the points are
used, where the free surface cuts the edges as additional points. By means of those, the
additional basis functions are constructed, which approximate the free surfaces very well

as shown in Fig. 3.24.

Fig. 3.24  Approximation of the free surface by the flat-top basis functions for a test

problem

The method works as well in three dimensions. On tetrahedral grids, the tetrahedra is
just cut analogously and introduce the additional basis functions. More details can be
found in /HOE 19b/ and /HOE 20/. Enriching the ansatz spaces with these adapted basis
functions, allows to include the free surface directly into the finite-volume formulation

without moving grids.

3.6.2 Improved PLIC-reconstruction for free surfaces

This method relies on a reconstruction of the free surface. To accomplish that, the usual
so-called PLIC method is used, where the interface is reconstructed using piecewise

linear functions applying the conditions
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1. The ratio of the two phases in each element shall be conserved.

2. The surface in each element is orthogonal to the gradient of the saturation.

Fig. 3.25 PLIC reconstruction (grey) and subsequent spline reconstruction

(smooth line)

In /GIN 01/ the PLIC reconstruction was improved using cubic splines for a 2d problem.
In three dimensions, however, such an opportunity does not exist for unstructured grids.
Therefore higher order polynomials are used and some reasonable conditions are added
like continuity or smoothness of the interface in order to close the reconstruction prob-

lem.

This method shows nice properties and will be refined further in future projects.
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4 Applications and benchmarks

4.1 SKB Task Force on Groundwater Flow and Transport of Solutes,
Task 9b

4.1.1 The LTDE experiment

The Long-Term Diffusion Experiment (LTDE) — a sketch is shown in Fig. 4.1 — had been
carried out at the Hard Rock Laboratory (HRL) Asp6 in Sweden. Objective of the exper-
iment was to check the concepts of diffusion and sorption of radioactive nuclides in crys-
talline rock. By a complex set of drilling stages and instrumentation (see Fig. 4.2 and Fig.
4.3), a solution containing 22 different solutes® was circulated across a circular part of a
fracture surface as well as in a cylindrical borehole beyond the fracture. The cylindrically
encased piece of rock at the fracture is called “stub”.

\‘._.
- KA30EBA

e KA30B7A
gy

———— — ™

Fig. 4.1 Location of the LTDE-Experiment; from /WID 10a/

1 22Na+, 355042-, Sec|-, 57C02+, 63Ni2+, 7556042', 855r2+, 95Nb02+, 952,«(|V), 99TCO4', 102Pd2+, 109Cd2+, 110mAg+,
13gn(1V), 1383Ba?*, 137Cs*, 153Gd(lIl), 17°Hf(1V), 2?°Ra?*, 223Pa0(0OH)s, 2%6U02", and *¥’NpOz2*. The tracer
names written in bold were considered in Task 9b. Data relevant for modelling can be found in Appendix
A, section A.1.
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Borehole instrumentation and test section design; from /WID 10b/
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Fig. 4.3

Test sections, close-up from Fig. 4.2; modified from /WID 10b/

The tracer concentration in the test sections was monitored during the experiment. As

the tracers were not replenished a decline in the concentration over time was expected.

As it turned out, the concentration of the tracers °’Co?*, 11'™Ag*, and 1°3Gd(lll) decreased

by several orders of magnitude while the concentration of the other tracers can reason-

ably well be approximated by a constant even if not necessarily the initial value. For

details see Appendix A, section A.2.
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When the experiment was terminated the inflow reservoir was filled with resin in order
avoid further diffusion of tracers into the rock. Borehole and stub were overcored. After
a certain delay small cylindrical cores were drilled according to the pattern depicted in
Fig. 4.4 and sealed. Relevant for the task at hand were the A-cores that were drilled
through the fracture surface and were therefore arranged in parallel as well as the D-

cores taken in radial direction from the borehole axis.

Fig. 4.4 Drill pattern of the overcored inflow reservoir

After another delay period the cores were sliced following a complex procedure which
led to subsamples as illustrated in Fig. 4.5. The thickness of the slices varied and is listed
in Tab. 4.1. The tracer concentrations were then determined in the subsamples by means
of a number of analysis methods. These include autoradiography on intact samples, di-
rect activity measurements on intact as well as crushed samples, and leaching or disso-

lution of intact and crushed samples, followed by water phase measurements.

The timeline of events that are relevant for modelling is given in Tab. 4.2 together with
the duration of the periods and a related model time.
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Fig. 4.5 Slicing pattern of the drill cores
Tab. 4.1  Thickness of slices according to slicing plan
Slice # 12| 2| 3| 4| 5 6 8 9110|1112
Thickness >1 1 1| 3| 3 3 5 5(10| 10|10
[mm]
Data alloca-|(>)05(15(25(45|75|105|145|195|245|32|42|52
tion [mm]
Tab. 4.2  Timeline of the experiment, period lengths and resulting model times
date action duration [d] | model time [d]
27.09.2006
27.09.2006 | begin of LTDE 0
LTDE 197
12.04.2007 | end of LTDE 197
delay until drilling 120
10.08.2007 | middle of drilling 317
delay until slicing 76
25.10.2007 | begin of slicing 393
slicing 128
01.03.2008 | end of slicing 521

2 Includes the rough core face surface
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The resulting concentration profiles had not the anticipated shape. Up to three different
characteristic parts of the curve were found. Mostly, the concentration decreased from
the rock surface with a steep gradient over the first few millimetres into the rock. Subse-
quently, the gradient changed quite suddenly to a much lower slope followed eventually
by a more or less horizontal plateau. A typical result is shown in Fig. 4.6 for ?2Ra?",

However, not all of the three parts could be observed in all activity curves.
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Fig. 4.6 226Ra?* tracer profile found to be characteristic for the LTDE

41.2 Motivation

The reason for setting up the LTDE as Task 9b in the framework of the Task Force on
Groundwater Flow and Transport of Solutes (TF GWFTS) of the Svensk Karnbréans-
lehantering (SKB) was that no obvious and convincing mechanism had been found to
explain the curious concentration curves. The interest of GRS in joining Task 9b had
been to check the own d3f++ code using real data of advanced hydrochemical processes.
In the run-up to Task 9 it had for instance been speculated that interaction of tracers
might have played a role thus calling for a smart Kg-approach which is actually realised
in the d3f++ code. As it turned out, though, there was not enough data available to run
the smart Kg-option. Apart from that there was a general bafflement about the physical
explanation of the curious tracer profiles. The focus of GRS thus shifted towards finding

a plausible mechanism.
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41.3 Explanations for the data

Over time, many different approaches have been brought forward by the participants of

the TF GWFTS. They are shortly described in the following to illustrate the great uncer-

tainty that the LTDE-results had caused. The sequence in which the approaches are

listed is not prioritising their credibility or their success. The suggesting party is labelled

in brackets.

Homogeneous matrix with kinetic sorption (KTH)

Multi-zone models, optionally including the reservoir. Intuitively, one can assume
that the tracers pass sequentially through two zones with different transport param-
eters. These zones could be interpreted as a skin zone and the undisturbed rock.
The skin zone would have to show a much less apparent diffusivity than the neigh-
bouring zone (see section 4.1.4) (TUL, KTH, JAEA, KAERI, LANL)

An interesting refinement has been brought forward by KAERI who combined the
multi-zone model with a detailed description of the rock — including the disturbed
zone — on the micro-scale (see also mineralogical heterogeneities on micro-scale)

and above that with an additional microfracture.

By contrast, LANL postulated a disturbed zone represented by a micro-DFN (see

below) in a continuous matrix, followed by a homogeneous matrix.

Double continuum models. It has been speculated that there could be two parallel
domains with different transport parameters that might be constituted by channels or
fractures with different channel widths / fracture apertures as this would mathemati-
cally explain the concentration curves (HY, TUL)

Mineralogical heterogeneities on micro-scale. These are grain scale models
where the grains had been located and identified by X-ray tomography and each
type of grain has a different sorption capacity. (CFE, AMPHOS, TUL, HYRL, KAERI

(see also multi-scale models))
Micro-DFN (ProGeo, LANL (see also multi-scale models))
Advection towards the borehole (GRS)

Degassing. Evolution of dissolved gases under decreasing hydraulic pressure (SU,
GRS)
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— Artefacts
e Capillary transport during drying of the overcored rock sample (KTH)

e Contamination by drilling and sawing. May have happened if drilling or sawing

was done from high to low tracer concentrations (GeoSigma)

o Challenge of the dispersion concept. Applying Taylor-diffusion thus including

effects on pore scale was suggested (KTH)

o Electromigration. Movement of ions along an electrical potential gradient like
the one produced by the High Voltage Direct Current (HVDC) transmission be-

tween Gotland and the main land just 16 km away from Asp6 (Niressa)

Abbreviations for the contributing teams

AMPHOS- AMPHOS?, Barcelona
CFE — Computer-aided Fluid Engineering (CFE) AB, Lyckeby

Geosigma - Geosigma AB, Uppsala

GRS — Gesellschaft fur Anlagen- und Reaktorsicherheit gGmbH, Braunschweig
HY — Helsingin Yliopista — Universitat Helsinki

JAEA — Japan Atomic Energy Agency, Tokyo

KAERI — Korea Atomic Energy Research Institute, Daejeon

LANL — Los Alamos National Laboratory, Los Alamos

Niressa — Niressa AB, Norsborg

PROGEO - ProGeo, s.r.0., Prag

TUL — Technische Universitéat Liberec

4.1.4 Workshop on the skin-effect

In the framework of Task 8 GRS had used a narrow and flow impeding zone around
geotechnical openings in order to explain the comparatively low outflow from the rock
/IKRO 18a/. This effect was included ad-hoc as it had already been observed during the
Two-Phase Flow Project at the HRL Aspo /KUL 02/. The observation could not be ex-

plained but was later commonly referred to as the “skin-effect”.

Incorporating a skin in the GRS flow models for the BRIE and the Prototype Repository

intrigued the participants of the TF GWFTS. Since a similar effect was suspected to in-
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fluence the results from the LTDE in the parallel running Task 9b it was decided to or-
ganise a separate workshop on the skin-effect during the meeting in Prague in 2016 in
order to benefit from the gathered knowledge among the TF participants. 13 contributions
covered 20 examples from 7 underground laboratories (URL) in 5 countries worldwide,
from laboratories and modelling exercises. The presentations were evaluated and the

abstracts together with the results compiled in /KRO 18b/.

In the report the contents are divided according to the affected repository-relevant pro-
cesses, namely groundwater flow and solute transport, because the spatial scale of the
related observations is quite different. While a flow skin, as a general rule, appears to be
associated with scales on the order of a metre, the observed transport skins have a

thickness on the mm- to cm-scale.

From the compiled observations it is believed that no single cause explains all the ob-
servations and that in some cases it is possible that multiple processes and features of
the flow system interact to cause observed skin effects. Unfortunately, the proposed ex-
planations for skin can in many cases not be quantified for a specific situation. Often
crucial information is missing, even in well-controlled environments. For these reasons
typically only qualitative descriptions of the observed effects could be given and predic-
tive models are (still) absent entirely. Spending a lot of effort, the workshop had thus
brought forward valuable insight into the possibly “significantly under-reported” skin-ef-
fect(s) but not the much hoped-for conclusive explanation for the curious concentration
profiles in the LTDE.

4.1.5 Approach

Left with no clear concept after some time of Task 9b had already elapsed and with the
notion that sheer data fitting to an abstract model appeared to be pointless, it was no
longer looked for a single convincing explanation of the tracer profiles. GRS therefore
shifted the focus of the work towards a model that was potentially viable from an engi-

neering point of view in order to check stringently the viability with the available data.

The skin-workshop had made clear that a transport skin might be caused by the drilling
of the test borehole. The cooling fluid containing fine particles might have superficially
clogged the pore space in the rock at the borehole wall. Also a borehole disturbed zone
(BDZ) might have developed causing a larger surface area for sorption. The fracture
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surface could clearly not have been affected by drilling but showed a coating from min-
eralisation. These considerations suggest a two-zone model with a narrow zone at the
contact of rock and solution and an undisturbed matrix beyond as an appropriate repre-

sentation of the situation at the LTDE. Further work is based on this assumption.

The strategy of choice was to fit the model results to the data and then to check if the
resulting parameters make sense. The result of this exercise is obviously the more mean-
ingful the less parameters are be used for the fitting, meaning that the number of fitting
parameters for the model should be as much as possible. It helped therefore that the
properties of the undisturbed matrix are comparatively well-known thus leaving little lee-

way for fitting in this part of the model.

The envisaged modelling procedure was kept straightforward and thereby hopefully ro-
bust. It took place in a two steps. In the first step transport of a non-sorbing tracer was
to be modelled in order to find out about the pore space topology. The only candidate
was the anion 3CI-. All other tracers were cations that are prone to sorption because of
the negative surface charge density of the crystalline rock. However, an effect from anion

exclusion in narrow pore channels on the 3¢Cl—tracer could not be ruled out entirely.

Without sorption, the only transport-relevant mechanism is diffusion. Fick’s second law

could therefore be applied in case of *¢Cl-:

@%—cp " V-(DVc)=0 (4.1)

® - porosity [-]

c - tracer concentration [-]

t - time]s]

tt - factor comprising diffusion limiting influences (tortuosity, costrictivity etc.) [-]
D - diffusion coefficient [m?/s]

Assuming a homogeneous domain, only the diffusion limiting factor " remains for fitting
since the diffusion coefficient is well-known and the porosity cancels out. Note that all
activity data are given as decay corrected. Meaning and purpose are that the measured
data was transformed to values as if no decay had taken place to allow for including

codes that do not consider radioactive decay.
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Adding a disturbed zone to the model increases the number of fitting parameters be-
cause the factor z* cannot be expected to be the same in both parts of the model. The
same applies to the porosity meaning that the porosity does not cancel out of the diffu-
sion equation anymore. Two more parameters concern the disturbed zone. First, there
is the unknown depth of the disturbed zone. Thinking of clogging from drilling fluid fines
and/or mechanical disturbances from drilling, it appears to be highly improbable that the
pore space geometry in disturbed zone is constant all over this zone and just simply
switching at the zone boundary. Rather a transition of the parameters from the sample
surface to the not affected matrix is expected. This transition can be formulated as a

factor that depends on the distance from the surface and the depth of the disturbed zone:

O+ ("ij AD =0 (4.2)

| - depth of the disturbed zone [m]
m - exponent [-]
Ad - maximum difference of the porosity between BDZ and matrix [-]

x - distance tot he sample surface [m]

The same can analogously be formulated for the parameter ¢* . Different shapes of the
transition function can be achieved by varying the exponent m. Examples for a normal-
ised depth are given in Fig. 4.7.
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Fig. 4.7 Examples for the transition function for a normalised depth
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Calibrating the model for **Cl--migration with respect to these six parameters takes care
of the geometrical aspect of the porous transport system. Modelling migration of the cat-

ions should therefore add only sorption to the problem:

(®+[l—®]pst)%—CDT+V-(DVC)=O (4.3)
K, - distribution coefficient for equilibrium sorption [m3/kg]

Step 2 is thus concerned with the cations thereby including sorption. As the Kq-value for
all tracers has been determined in the laboratory this should not add a new fitting param-
eter. In an ideal case, the models for anion transport should immediately work with the
known parameters from the calibrated model for *6Cl-. Note that the topological parame-

ters for the matrix should be the same for the models of the A-cores and the D-cores.

41.6 Data analysis

Activity data for the eleven tracers chosen for investigation in Task 9b had been provided.
A detailed and in-depth analysis of the data is given in Appendix A, section A.4. The

main observations and conclusions from that analysis are:

(1): The detection limits are related to the subsample sizes as indicated in Fig. 4.8. If the
activity values are in the same range and show the same trend as the detection limits as
in case of 225Ra?* the activity data becomes meaningless. Concentration values that lie
at the detection limits must therefore be considered to be at least comparatively badly

known.

As scatter in the data at the detection limits might indicate an indeterminable continuation
of the concentration distribution below the detection limits it is no use to discuss model
results in the range of such data. This applies even more so to domain sections where
all concentration values lie below the detection limits because they are entirely unknown

and could even be zero if no tracer material has reached the particular position at all.
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Fig. 4.8 226Ra?* tracer profile, detection limits and subsample partitioning

(2): Only the activity data for 22Na*, 3ClI-, and 3’Cs" are entirely and for *’Co?* and
133Ba?* at least partially relevant in that the data points lie clearly above the detection
limits. All others show significant values only within a few millimeters from the borehole

wall/fracture surface and are therefore not used for modelling.

(3): Data for **CI- and ?2Na* from the D-cores do not show the steep concentration gra-
dient in the immediate vicinity of the former reservoir. This observation is most significant
as it indicates a principal difference between the fracture surface and the borehole wall

and thus calls for different models for A- and D-cores.

(4): There is much less data uncertainty within a drill core than scatter between the cores.
Apparently, there is already considerable local variation of material properties in the ma-
trix on the scale of the LTDE. Fitting model results to the data can therefore not be done

as stringent as it had been hoped for.

41.7 Homogeneous model

The attempt to fit model results and tracer data with a homogeneous model failed as in
earlier modelling exercises (e. g. /NIL 10/). The only available fitting factor z* (see sec-

tion 4.1.5) just changes the curvature of the calculated curves and particularly not the

82



starting point at the sample surface, so the result shown in Fig. 4.9 is close to the best
fit. Note that the tracer concentrations depicted in Fig. 4.9 to Fig. 4.18 as well as Fig. A.5
to Fig. A.14 in Appendix A are given in Bq per gram of rock.
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Fig. 4.9 Best model fit of a homogeneous model to the *Cl-data from the D-cores

4.1.8 Fitting results for A-cores

Since structural differences between the A-cores and the D-cores were suspected (see
section 4.1.5) fitting was done for the A-cores and later separately for the D-cores.

Step 1 — fitting the results for *Cl- — resulted in the fit shown in Fig. 4.10.

As it turned out, though, this particular data set was the only one suggesting a disturbed
zone as large as 5 mm. Moreover, the matrix porosity and tortuosity were extremely low
(0.0004 and 0.005, respectively) which seems to indicate that there is actually some
anion exclusion having effect in the matrix. What this means for the disturbed zone is not
clear. For the fitting strategy, however, it means that the data for *ClI- cannot be used as

a basis for fitting the profiles for the cations.
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Fig. 4.10 Fit of the two-zone model to *Cl-data from the A-cores; initial fit

Since the goal was to use one and the same parameter set for all data, the models for
the three cations in the A-cores were fitted next and then reconciled with the 3Cl—profile.
Fitting the results for the three cations (see Fig. 4.12 to Fig. 4.14) worked out well. In
case of ¥¥’Cs* (see Fig. 4.13) re-evaluation of the data determination by Geosigma led
to an increase of the detection limits as indicated by a dashed blue line which made the
fitting a much better one. The topological parameters from the fitting exercise remained
to be quite different for *°CI- and the three cations as the compilation in Tab. 4.3 shows,
confirming the suspicion of anion exclusion. The good fit for **CI- as in Fig. 4.10 could
not be achieved after applying a data set common for all tracers even allowing for differ-

ences in the matrix as shown in Fig. 4.11.

Nevertheless, the data in Tab. 4.3 show reasonable values for matrix porosity and tortu-
osity (0.004 and 0.4, respectively). In comparison, the data for the disturbed zone a
slightly decreased porosity (0.003) and a strongly decreased tortuosity (0.0006) which

underpins the notion of a pore space filled with fines.
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Tab. 4.3  Fitting parameters for the model results depicted in Fig. 4.10 to Fig. 4.143

A'Cores 36cl- 22Na+ 137CS+ 1338a2+
®ppz [] 0,003 | 0,003 | 0,003| 0,003
tspz [-] | 0,0006 | 0,0006 | 0,0006 | 0,0006
lepz [mm] 1 1 1 1
®nmarix [] | 0,0008 | 0,004 | 0,004 | 0,004
Trmarix [-] | 0,005 0,4 0,4 0,4
m [-] 2 2 2 2

ClI-36 [Ba/g]
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A-cores (measurement)
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Fig. 4.11  Fit of the two-zone model to **Cl-data from the A-cores

3 The index “BDZ" denotes the narrow zone at the rock surface while the index “matrix* stands for the
undisturbed matrix.
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Fig. 4.13  Fit of the two-zone model to **’Cs*-data from the A-cores
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Fig. 4.14  Fit of the two-zone model to **Ba?*-data from the A-cores

4.1.9 Fitting results for D-cores

The procedure described in the previous section was repeated for the D-cores. However,
the results and conclusions are in principle the same as illustrated by Tab. 4.4 and Fig.
4.15 to Fig. 4.18. Note that the approach is more or less able also to account for the
tracer profiles that do not show the initial steep concentration gradient as for *CI- and
22Na* (see Fig. 4.15 and Fig. 4.16).

Tab. 4.4  Fitting parameters for the model results depicted in Fig. 4.15 to Fig. 4.18

D-cores BCl | 22Ng* | 137Cs* | 133Ba2*
®ppz [-] 0,001 | 0,001 | 0,001 | 0,001
teoz [] | 0,001 | 0,001 | 0,001 | 0,001
lepz [mm] 1 1 1 1
Dmarix [-] | 0,0008 | 0,004 | 0,004 | 0,004
T matrix [-] 0,005 0,4 0,4 0,4
m [-] 2 2 2 2
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Fig. 4.17  Fit of the two-zone model to *’Cs*-data from the D-cores
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Fig. 4.18 Fit of the two-zone model to ***Ba?*-data from the D-cores
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4.1.10 Summary and conclusions

The Long-Term Diffusion Experiment (LTDE) has been carried out at the Hard Rock
Laboratory (HRL) Aspé in Sweden in order to check the concepts of diffusion and sorp-
tion of radioactive nuclides in crystalline rock. The test set-up was designed in such a
way that 22 different solutes could enter the rock via a test borehole or from a controlled

section of a natural fracture wall.

Tracer profiles were determined after the end of the test. They showed a peculiar shape,
basically a steep gradient close to the rock surface followed by a subsequently much
lower gradient without a significant transition zone. Task 9b of the Task Force on Ground-
water Flow and Transport of Solutes (TF GWFTS) of the Svensk Karnbranslehantering

(SKB) had therefore become engaged in reproducing the curious concentration curves.

Initially, this had been considered to be a complex chemical problem, drawing the atten-
tion of GRS to a potential qualification of the referring options in d*f++. However, despite
the gathered expertise among the participants of Task 9b explanation attempts went into
numerous entirely different directions. The focus of GRS thus shifted towards finding a
plausible mechanism. A major attempt had been the co-organising of a workshop on the
so-called “skin-effect”. The results encouraged GRS to check the plausibility of a two-
zone model with a disturbed zone close to the rock surface and the undisturbed matrix

beyond that.

A preceding data analysis provided valuable insight into reliability of the data as well as

into the general structure of granite:

— In some cases the detection limits for the tracers appear to be related to the sub-

sample sizes as indicated in Fig. 4.8.

— Ifthe activity values are in the same range and show the same trend as the detection
limits as in case of ?°Ra?* the activity data becomes meaningless. Concentration
values that lie at the detection limits or below must be considered to be at least
comparatively badly known and should thus not be used for a comparison with model

results.

—  Only the activity data for 22Na*, 3Cl, 13’Cs*, ’Co?*, and **Ba?* are entirely or at least

partially relevant in that the data points lie clearly above the detection limits.
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— Data for %Cl- and ?2Na* from the D-cores do not show the steep concentration gra-

dient in the immediate vicinity of the former reservoir.

— Due to the different nature of the disturbed zones for A- and D-cores namely fracture
coating and a BDZ, respectively, a principal difference is expected for A- and D-

cores.

— There is much less data uncertainty within a drill core than scatter between the cores.
This indicates considerable local variation of material properties in the matrix on the
scale of the LTDE. Fitting model results to the data can therefore not be done as

stringent as it had been hoped for.

As few parameters as possible were used to fit numerical results to the measurements.
The fitting procedure was subject to several restrictions that followed from the approach

of the two-zone model:

— The geometric parameters @ and ¢* for the undisturbed matrix should be the same
for all eight models. A possible exception could be lower values for **Cl- in case of

anion exclusion. These would have to be the same for A- and D-cores, though.

— For the disturbed zone, these parameters should be equal for the A-cores as well as
for the D-cores but may be different for A- and D-cores due to the different nature of

the disturbed zone (fracture coating or BDZ).

— The same applies to the extension of the disturbed zone and the shape of the tran-

sition function for ® and z* across the disturbed zone.

Six parameters are thus required for each transport model. As four tracers are investi-
gated here and since different models were used for the A- and for the D-cores, all in all
eight models have been set up for the fitting procedure. The model parameters resulting
from the fitting procedure are listed in Tab. 4.3 for the A-core models and in Tab. 4.4 for

the D-core models.

All six models for the cations could be fit in such way that @, and t,,,4:ix are the
same (0.004 and 0.4, respectively). Moreover, the porosity derived for the cations as well

as the tortuosity-value is reasonably close to expectations for the undisturbed matrix.
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For 3CI-, however, both parameters are considerably lower but nevertheless the same
for A- and D-cores (0.0008 and 0.005, respectively). This observation indicates that the
anions experienced anion exclusion by very narrow pore channels, indeed. Unfortu-
nately, this means also that **CI- cannot be taken as an ideal tracer for deriving the top-
ological parameters of the pore space. The parameters for the cations thus could not be
confirmed by the fitting exercise in step 1 as planned. However, the resulting parameters

concerning the undisturbed matrix obey the first condition listed above.

The four parameters concerning the disturbed zone ®zp,, 7*5pz, lgpz, and m satisfy the
second and the third condition listed above as well. They show different values for
dgpzand Tt g, between the A-cores (0.003 and 0.0006, respectively) and the D-cores
(0.001 and 0.001, respectively) as expected from the different nature of the disturbed
zone. Noteworthy are these parameters also since they seem to be reduced in compar-

ison to the ones for the undisturbed matrix.

A bit unexpected, though, is the observation that Iz, and m are the same for all eight
models (1 mm and exponent 2). Additionally, it has to be conceded that the *¢Cl-profile
from the A-cores indicates rather a depth of 5 mm for the disturbed zone which is unique
among the data sets investigated here. No explanation could be found for this observa-

tion.

By and large, the parameters derived from the fitting procedure explain the tracer profiles
reasonably well, particularly considering that the tracer profiles for *Cl-and #Na* in the
D-cores do not show the characteristic steep concentration gradient at the sample sur-
face at all. At that, the results confirm the plausibility of the two-zone approach with a
narrow disturbed zone and an undisturbed matrix. However, this cannot be mistaken for
a proof of concept as there are many other explanations for the curious tracer profiles
that may prove to viable as well. As long as the true reasons behind the strange tracer
profiles are not known, correctness cannot be stated and the relevance for long-term

safety cannot be evaluated.

What remains to be noted is certainly the surprisingly high degree of inhomogeneity
among the drill cores that led to nice individual tracer profiles but a quite broad band
when all data points were put together. It might be worthwhile to fit the curve parameters
to each individual curve and to derive the uncertainty that is the consequence of the local

inhomogeneity. Qualitatively, the data scatter between the different curves should also
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be taken as a warning to be careful if using a homogeneous model for transport phe-

nomena in crystalline rock.

93



4.2 Aspo Site Descriptive Model (SDM)

42.1 Background and motivation

The Hard Rock Laboratory (HRL) Aspé is in south-eastern Sweden and has operated
since 1995. Local groundwater flow has an immediate impact on running the HRL in
terms of mine drainage and the hydraulic conditions at the location of in-situ experiments.
It is, however, only a comparatively small part of a much larger groundwater flow system
that controls the local flow. Understanding of the local groundwater thus requires under-

standing flow on a regional scale and was sought from the beginning on.

A lot of effort in that direction has again been spent during the first decade of the third
millennium when the nearby Laxemar region had been one of the two potential sites for
the Swedish high-level waste repository. The work reported here can be seen as a rerun
of these models with up-to-date methods, tools, and new aspects like thermally driven

flow.

The work presented here is focused on establishing pre-excavation flow conditions as a
prerequisite for a hydrogeologic description of the flow system during the operational
phase of the HRL. It is divided into three parts, a review of approaches and data from
the earlier exercises, 2-D pre-studies on the flow field to sharpen the view for possible

problems and the 3-D regional scale model.

4.2.2 Review of approaches and data
Model domain

Previous studies have been considering different scales. Among them are
— the supra-regional models (SM) on the scale of 100 km by /ERI 06/, /ERI 10/ and
— regional scale models with a length of about

e 50 km (RM1) by /HOL 08/

e 20 km (RM2) by /RHE 08/, /RHE 09a/, /RHE 09b/ with focus on Laxemar

e 20 km (AM) by /SVE 08/ with focus on Aspoé.
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Fig. 4.19 Model areas for SM (top left), RM1 (top right), RM2 (lower left) and AM
(lower right); from /ERI 06/, /[HOL 08/, /RHE 09a/, and /SVE 08/

Generally, it has been tried to align the horizontal model boundaries with the known
catchment areas. The work from /ERI 06/ shows that the catchment area Eman (see top
left map in Fig. 4.19 is hydraulically separated from the neighbouring areas Viran and
Oskarshamn because the water divide between these areas reaches even down to the
deep groundwater. Contrary to this, the divide between the coastal catchment area and
the Viran and the Mastrommen basin works only down to a certain depth. It appears that
there is a hydraulic connection in the deep groundwater /HOL 08/. However, assuming
a complete water divide for RM2 leads to longer travel times by a factor of 1.3 for the
groundwater in comparison to RM1 with deep groundwater crossing this divide
/RHE 09a/. RM2 does therefore not contain the Viran and the Mastrdmmen basin and

only a part of the coastal catchment area. Note that the horizontal model boundary of
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RM2 is basically identical to that of the AM. An even slightly smaller regional catchment
area as shown in Fig. 4.20 is suggested by /WER 05/ and confirmed by /MOR 17/.
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Fig. 4.20 Overlay of catchment areas in the coastal region; from /WER 05/ and
/IMOR 17/

A general impression of the surface topography is given by /RHE 09a/ for the RM2 as
shown in Fig. 4.21. Later on, a very detailed Digital Elevation Model (DEM) has been
provided by SKB.

There is no obvious known feature suggesting a possible position of the lower model
boundary. The models are therefore simply horizontally cut at the bottom. The chosen

depth varies from model to model, though:

— Supraregional models (SM): 2500 m and 6000 m, respectively
— Regional model 1 (RM1): depth: 2500 m

— Regional model 2 (RM2): depth: 2160 m

— Aspo regional model (AM): depth: 2100 m
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Fig.4.21  Map of ground-surface topography in the area of RM2; from /RHE 09a/

The results from the model by /ERI 10/ with a depth of 6000 m confirmed the suspicion
that considering a greater depth in the flow model would not change the outcome of the

transport simulations considerably.

Upconing of salt water from a depth of 1,000 m to 1,200 m has been observed at Aspo
/MOR 17/.

Basically, there are three hydrogeological features: the regolith on top, the bedrock below
and fractures as well as fault zones in the rock. This generally accepted model concept
is nicely illustrated in /RHE 09b/ by a 3D-graphic (see Fig. 4.22) and associated vertical
cross-sections (Fig. 4.23).
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Fig. 4.22 Conceptual understanding of the underground at a typical valley at Laxemar;
from /RHE 09b/
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Fig. 4.23  North-west and west-east cross-section through the valley in Fig. 4.22, the
graphics are exaggerated by a factor of 20 in the vertical direction;
from /RHE 09b/

Regolith

The regolith consists of different kinds of unconsolidated quarternary deposits, such as

till, clay and peat, together with artificial filling material /NYM 08/. They were formed dur-
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ing the Quaternary period which is why the regolith is sometimes called Quaternary de-
posits in the reports. Generally, distribution and thickness of the regolith layer depends

on the topography of the underlying bedrock (for details see /RHE 09a/).

The thickness of the regolith does not appear to be an entirely settled matter as reports
addressing this property in the framework of the RM1 /HOL 08/ and the RM2 /RHE 09a/
are a bit contradictory. In general, the thickness can be expected to reach several meters
only except for local “low-altitude ‘valley’ type areas” where the thickness might reach
even 50 m /RHE 09a/ (cp. Fig. 4.23). Note, that Quaternary deposits have also been

identified offshore.

For modelling, the regolith layer creates issues particularly in areas with little thickness.
Several strategies for representing this layer have been adopted:

— Representation by a uniform 3 m thick layer of silty till (/HAR 06a/)

— Representation by a three layers model of varying vertical thickness and spatial var-
iations in the soil types within each layer based on the Quaternary deposits (QD)
model of /INYM 08/ (/HAR 07/).

— Representation by a layer with a uniform thickness but elementwise adapted effec-
tive hydraulic conductivity according to the spatial variability and anisotropy of the
models of Quaternary deposits, as specified in /WER 08/ or /SOH 08/ (/FOL 07c/).

— Representation by an artificial layer whose hydraulic conductivity decreases with
depth until the “bedrock characteristics” are reached at 20 m depth (/SVE 08/).

Hydraulic conductivity at the surface is dependent on the material and supposed to be in
the range of 10 to 10* m s /ERI 06/, /HOL 08/. In the model of /SVE 08/ even a local

value of 10 m s can be found.

The infiltration capacity of the Quaternary deposits in Laxemar is generally considered

to exceed the rainfall intensity and the snowmelt intensity /WER 08/.
Bedrock

While a map of lithological units for SM looks quite complex (see /ERI 06/, /BER 03/) the

situation appears to be much simpler when the view is restricted to the coastal areas as
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shown exemplarily in Fig. 4.24. For all models except one it is assumed that the litholog-
ical units found at the surface are vertically extending to the bottom, see for instance
Fig. 4.25. In case of the RM2 a true 3D-distribution by /WAH 08/ depicted in Fig. 4.26
has been used. This has been the only model with such a feature but, unfortunately, it
could not be reproduced based on the published data.
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Figure 3-2. Combination of the bedrock geological map from the model version 0 /SKB 2002/ and the detailed bedrock geological map of the Laxemar-Simpevarp area.

Fig. 4.24 Map of lithological units from /WAH 10/

Also the task of assigning the hydraulic properties to the lithological units has been han-
dled differently in different models. /ERI 06/ (SM) and /HOL 08/ (RM1) use a continuum
where the permeability is determined stochastically for several cells of each rock unit. A
depth-dependence of the permeability is considered in RM1 /HOL 08/ as well as in all
other models. For RM2 /RHE 09a/ derive permeabilities for an equivalent porous medium
based on a DFN.

The hydraulic conductivity data for these models appear to be somewhat high. By con-
trast, background information for modelling groundwater flow at Aspé in the framework
of Task 8 of the Task Force on Groundwater Flow and Transport of Solutes of SKB indi-
cate very low hydraulic conductivities, e. g. 10! to 10°** m s for granodiorite. According
to on-site experience at Aspd, though, the rock at Asp6 should be more permeable than

the rock in the surrounding areas /MOR 17/.
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Fig. 4.25 3D-view of lithological units in the SM; from /ERI 10/

Fig. 4.26 Lithological units in the model for RM2; from /WAH 08/
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This seeming contradiction has motivated an extensive study of the SKB-literature. Con-
sidered is as much material as possible concerning the general area of Aspd, Simpevarp
and Laxemar (see appendix A). What is found is a vast amount of conductivity data cov-
ering an astonishing range of values, indeed. If applicable, the related data about loca-
tion, borehole depth, depth of measurements, and length of test interval in the borehole
(test-scale) are compiled as well. Subsequent analyses are performed with the help of

Microsoft Excel.

The data has been divided into data sets for the locations of Aspo, Simpevarp and Laxe-
mar. For each of the three data sets the test-scale is related to the determined hydraulic
conductivity by defining length ranges (classes) according to the different test set-ups.
All related conductivity values are geometrically averaged, first within each class for each

site, then between the related classes for the three sites, if applicable.

The result is compiled in Tab. 4.5 showing the classes of test-scales and the resulting
conductivity values. There is a clear trend to lower conductivities with decreasing test-
scale except for a slight deviation for the scale 300 m. This data point is rather uncertain,
though, as it is derived from eleven measurements between 600 m and 2000 m depth.
Only one of these was done at Aspd. The origin of the other ten remains to be unclear.
Included are also data from the Geological Survey of Sweden (SGU) Well Archive lead-
ing to the conclusion that the cited value might be biased /RHE 97c/.

Tab. 4.5 Relation of test-scales and the resulting hydraulic conductivity

Test-scale Hydraulic conductivity [m s]
300 m 4,7E-08
125 m 9,0E-08
100 m 6,0E-09
10-30m 1,5E-09
0.5-10m 7,1E-11
0.02-0.20 m 1,9E-12
0.005m 4,7E-14
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This result confirms the notion that an increasing test-scale would not only include an
increasing number of fractures in the test but also increasing the chance of including the

comparatively scarce fractures with high transmissivities.

The hydraulic conductivity data have also been examined with a view to depth depend-
ence, ignoring all data with a test-scale of less than 100 m in order to avoid a bias from
lower conductivity values. Note that in case of Simpevarp there were actually no tests
below a test-scale of 100 m so that there is no change in the results from this restriction.
In case of Aspd and Laxemar, though, where small-scale tests comprise more than the
half of all tests, the mean hydraulic conductivity increases by a factor of 65 and 144,

respectively, due to excluding the smaller test ranges from consideration.

The remaining data are depicted in Fig. 4.27. As the data appear to be a bit confusing,
they are shown also in Fig. 4.28 separated according to their location. It becomes appar-
ent that there is a clear distinction between the data for Asp6 and the data for Laxemar
and Simpevarp. While the plots for Laxemar and Simpevarp indicate a significant depth-
dependence of the hydraulic conductivity this seems to be very slight at Aspd if there is
such dependence at all.
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Fig. 4.27 Depth-dependent hydraulic conductivities for all three locations
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Fig. 4.28 Depth-dependent hydraulic conductivities separately for the three locations

For each of the three data sets a function is fitted to the data according to the approach

that the permeability at the ground surface decreases by one order of magnitude over a

depth of ¢ [m]:

K=K, -10[Ej (4.4)
K - hydraulic conductivity [m s?]
K, - reference hydraulic conductivity at z=0 m [m s?]
z - Vvertical coordinate (upwards positive) [m]
¢ - depth over which a decrease of a factor of 10 in K occurs [m]

The results are shown in Fig. 4.29 to Fig. 4.31. The underlying parameters are compiled
in Tab. 4.6. Since the data as well as the fitted functions for Laxemar and Simpevarp
seem to be similar, a function for the combined data sets is eventually developed. The
parameters are also included in Tab. 4.6 and a comparison of data sets and functions

for these two sites are depicted in Fig. 4.32.

Tab. 4.6 Parameters for the fitted functions for the three locations

Location Ko [m s C[m]
Aspo 1.7 107 3000
Laxemar 1.0 107 400
Simpevarp 0.5 107 300
Laxemar and Simpevarp 1.0 107 330
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Generally, there is a huge scatter in the conductivity data which excludes the possibility
of a identifying a differentiated hydraulic conductivity field. The data just allow to differ-
entiate between the larger areas at Aspd, Laxemar and Simpevarp even more so as
most of the data has already been processed beforehand by other authors. At all steps
from measurement to published data, some kind of averaging was involved where it is
not clear if the single data points in a borehole were equally distanced or which kind of
average (arithmetic or geometric) has been used. The results derived from the published

data have therefore to be considered with due care.

From a geohydrologic point of view the underground of Laxemar and Simpevarp is quite
similar regarding the absolute conductivity value as well as its clear depth-dependence.
This relation is only seriously defied by three data points. The two high values at Laxemar
are related to measurements in boreholes of great depth, 0-1700 m and 1000-1700 m
(see Fig. 4.33), where the value in the second case is additionally based on two locations
only. The process of deriving the related mean for each of these two tests would there-
fore require closer inspection. The very low value at Simpevarp can only be explained
by missing by chance any seriously conducting fracture network over the whole test sec-
tion of 100 m.
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Fig. 4.33 Hydraulic conductivities and related test sections at Laxemar
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The depth-dependence as quantified with eq. (4.4) together with the parameters in
Tab. 4.6 and as illustrated in Fig. 4.32 appears to be a good approximation for Laxemar
and Simpevarp. At Aspo, by contrast, the hydraulic conductivity does only change slightly
with depth, if at all.

Fig. 4.24 shows that three different rock types dominate the Simpevarp and Laxemar
area: Fine-grained dioritoid, Quartz monzodiorite and Avré granite. This could indicate
that different hydraulic properties should be set for each unit. However, the conductivity
values as listed in /RHE 06/ differ only about one order of magnitude between these
three lithological units. Thus, the effect of depth on the hydraulic conductivity seems to

be greater than the variability due to the rock type.

The values used for the analysis of conductivity mentioned above come from all three
units e. g. /RHE 06/ and it is therefore assumed that the derived mean value and depth

trend is applicable to the whole area around Simpevarp and Laxemar.

Contrary to Simpevarp and Laxemar, the geology of Aspé is dominated by Aspo diorite.
According to Fig. 4.24 the spatial distribution at the surface of Aspo diorite is restricted
to Aspo island. Data from boreholes show that also fine-grained granite and gabbro-
diroitoid play an inferior role /CAR 17a/, ICAR 17b/, /ICAR 17c/, /PET 17/. In some bore-
holes, Avro granodiorite is found as dominating rock type either in the upper part (e. g.
in KAS03 /PET 17/) or in the bottom part (e. g. in KAS02 /CAR 17a/, KAS09, KAS12
IPET 17/). Avrd granodiorite is not explicitely addressed in /RHE 06/ as an own rock type
but seems to be subsumed under the rock type Avro granite. This corresponds to the
information from /WAH 10/ that the term Avrd granite is a loose field term used for a
variety of rocks that vary in composition from granite to granodiorite and quartz monzo-

diorite.

The borehole data in /CAR 17a/, /ICAR 17b/, ICAR 17c/, /[PET 17/ do not reveal a clear
picture about the geology at Aspd at great depth. In borehole KASO3 alternating se-
quences of Asp6 diorite, fine-grained granite, gabbroid-dioritoid, and — above 303 m — of
Avro granodiorite are found down to a borehole length of 900 m. The last 24 m, however,
consist of Avrd granodiorite. On the other hand, in KAS02 Avro granodiorite, gabbroid-
dioritoid, and fine-grained granite are found in the upper 966 m and Aspé diorite is ob-
served in the bottom 38 m. These findings leave open whether Aspd diorite continues in
its spatial extent down to greater depth or whether the main diorite body is found in the

upper 1,000 m. Many porosity data can be found in /RHE 08/.
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Deformation zones

Deformation zones, also called fault zones, are defined in /RHE 06/ as deterministic large
planar fracture zones that are generally, but not always, more conductive than the sur-

rounding rock.

Apparently, deformation zones come in different sizes so that the choice of a relevant
system of such zones depends among other things on the model size. For the SM it is

exemplarily depicted in Fig. 4.34.
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Fig. 4.34 Location of fault zones in the SM; from /ERI 10/

The also quite large RM1 has been treated like the SM except for a part of particular
interest. Here, a much more detailed fault system has been incorporated which requires
a certain adaption in order to accommodate a plausible transition from the coarse to the
finer resolved fault system. The difficulties comprised the different density of fault zones
in the two parts of the model as well as the fact that the fault zones had been treated as
strictly vertical in SM but included subvertical to subhorizontal structures in the more
detailed part of the model. Both fault systems are depicted in Fig. 4.35 and Fig. 4.36,

respectively.
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Fig. 4.35 Supra-regional fault zones in the RM1 and local zone of interest;
from /HOL 08/

Fig. 4.36 Local fault zones in the RM1; from /HOL 08/

Major fault zones for the RM2 (and thus also for the AM) are depicted in /RHE 09a/ (see
Fig. 4.37).
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Fig. 4.37 Perspective view of some major fault zones; from /RHE 09a/

The thicknesses of the deformation zones inside the focused volume of RM1 are up to a
few tens of metres. Since this focused volume coincides rather well with the RM2 and
the AM, this information also applies to the RM2 and the AM. The thickness may vary,
but it is judged to be of minor importance since transmissivity controls the flow in the
deformation zones /RHE 09a/.

It has been shown that the hydraulic conductivity was about 100 times less in vertical
boreholes compared to horizontal boreholes, indicating that subvertical fractures are the
dominant conductive fractures at Aspd /RHE 09a/.

Mostly, the conductivity/transmissivity has been considered to decrease with depth but
being constant in the horizontal direction. For the AM, however, the transmissivity has
been treated as a lognormal distribution /SVE 08/ based on information from /VID 03/.
Hydraulic conductivity decreases by a factor of 10 for every 400 metres and porosity and
specific storage decrease by a factor 10 for every 800 metres.

/RHE 08/ lists in Appendix 3 site specific data for the deformation zones employed in the
models for the Laxemar Site. Here, best choice transmissivity values are given as well
as the estimated true thickness of the deformation zones (“Zone thickness”), elevation
of the test section and mean values for the transmissivity. The evaluation methodology
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with the principles for the choice of the best transmissivity values is explained in Section
7.1.2 in /RHE 08/.

/RHE 08/ derived deformation zone specific depth trends but also depth trends for groups

of deformation zones depending on their orientation and size according to

T = 10(a+Bz) (45)
T - transmissivity [m2 s?]
z - depth [m]
a,B - parameters

Most deformation zone specific depth trends are considered uncertain due to lack of
data. In these cases, the use of the depth trends for groups of deformation zones are

advised by /RHE 08/. The corresponding parameters are compiled in Tab. 4.7.

Tab. 4.7 Depth dependence of fault zones according to /RHE 08/
Model ID Data type Coeff. a Coeff. B Corr. coeff. r?
Dz-R-19 T(1). Regional data, -4.665 0.00263 0.95
Zone E-W size < 2 km

DZ-R-20 T(1). Regional data, -4.091 0.00187 0.773
Zone E-W size > 2 km

Dz-R-21 T(1). Regional data, -4.997 0.00250 0.83
Zone NW-SE, N-S, NE-
SW size < 2 km

DZ-R-22 T(1). Regional data, -4.070 0.00274 0.83
Zone NW-SE, N-S, NE-
SW size > 2 km

T(1): Total transmissivity within a HCD. Regression based on mean values of 1og10(T) for depth zones
(4 data points)

/RHE 08/ suggests a lower limit for deformation zone transmissivity of 10° m? s to
avoid unrealistically low transmissivity values at great depths compared to the surround-

ing rock.
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Boundary conditions

Different types of boundary conditions can be envisaged for the top boundary:

Fig.

Pressure boundary conditions that prescribe atmospheric pressure at the top of the
model can be applied in a confined model if the position of the water table is known.
However, the resulting groundwater recharge must be consistent with measured
data (see next bullet point). /ERI 06/ and /HOL 08/ use a pressure boundary condi-
tion at the upper boundary of the model according to Fig. 4.38. Note that Eskers are
highly permeable and are therefore removed from the topography by interpolation to
estimate the groundwater surface. In /[SVE 08/ the head is fixed at the ground sur-
face as set by the numerical grid or at the sea bottom the head is fixed to the eleva-

tion of the sea at the time.

In a more sophisticated approach the difference in height between the top surface
of a Digital Elevation Model (DEM) and the water table was used to calculate a
modified pressure head /RHE 06/, /[HAR 06/.

Inflowing water is fresh water.

Quaternary deposits Below the Sea:
Specified pressure at Sea floor.

= | Salinity varies with time.
o
=N IR /r b ¢
z \

|
é | | \ v Decreasing
= | N\ Sea water levels
=} \ with time.
=
o
2 -

No flow boundary with specified salinity

4.38 Principal sketch of the boundary condition in SM and RM1;
from /HOL 08/ after /ERI 06/

Alternatively, a flux boundary condition can be used. Then the resulting pressure at
the top of the model must be reasonably close to atmospheric pressure. The site-
average long-term annual precipitation at the Laxemar site can be approximated to
c. 600 mm/year /RHE 09a/. However, the precipitation is somewhat higher inland
compared to coastal sites /WER 08/. Groundwater recharge is estimated to be in the
order of 160-170 mm/year /WER 08/. The regional estimate is 150-180 mm/year
/LAR 02/. For the AM 165 mm/year is specified /SVE 08/.
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— In an unconfined model the position of the water table is calculated according to the
measured groundwater recharge (see previous bullet point). In that case, the calcu-
lated position of the water table must reasonably well relate to measured data (see

below).

Each of these approaches requires knowledge about the position of the water table. The
relation of the water table to the surface topography as well as to the bedrock surface
has been investigated by /WER 08/. The results show a strong correlation between the
groundwater level and the ground-surface elevation while no relation of water table and
rock surface depth could be shown (see Fig. 4.40). However, the elevation of the rock
surface seems to be somewhat related to groundwater level / the ground-surface eleva-
tion “indicating that the ground-surface topography is a suitable indicator not only of
groundwater levels in the QD but also of the topography of the rock surface”. It has to be
mentioned, though, that elsewhere the water table has been found as deep as about 5 m
below the rock surface /RHE 09a/. An example from /WER 05/ showing the water table
elevation is shown in Fig. 4.39.

1540000 1545000 1550000 1555000 1560000
1 L

6373000
6373000

6368000

6368000

6363000

6363000

—— Coastal line o -4 [ 151-20 & 4 3 4km
) e —
D Regional model area - 4,1-8 ﬁ 20,1 -25
Points, used by the interpolation [ 8.1-12 [ 25.1 -32 s
Interpolated ground water table (m) 215 [ 21-37
.2 -0
| ALY

Fig. 4.39 Groundwater surface interpolated from measurements /WER 05/
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Fig. 4.40 Hydraulic heads used for calibration of the RM2; from /RHE 09a/

The position of rivers and lakes on top of the model are required as boundary conditions
for confined models or as plausibility check for an unconfined model with a free water
table. The required number of these features depends on the spatial resolution of the
model. Fig. 4.41 for instance shows the rivers and lakes included in the SM /ERI 06/. The
catchment area outlined top right in Fig. 4.41 is the relevant catchment area for lower
scale models and shows just one river and one lake. BY contrast, many rivers and lakes
appear in a finer resolved map of that area as depicted in Fig. 4.42. The relevance of

these features thus depends on the actual model.

0 5 20
I Kilometer

Fig. 4.41 Location of rivers and lakes for the SM; from /ERI 06/
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Fig. 4.42 Map of rivers and lakes; from /MOR 17/

As the lateral domain boundaries are chosen to coincide with water divides, a no-flow
boundary condition can be assumed here. They can also be assigned the bottom as

mentioned earlier.

At present, the shoreline displacement in the area is about +1.5 mm/year relative to mean
sea level /PAS 96/. As the simulation times will be in the range of years or maybe tens

of years, the sea level will be assumed to be constant over the simulation period.
Initial conditions

It is commonly assumed that the flow field at Aspo was at steady state before the tunnels

were drilled /MOR 17/. It is not entirely clear, though, if this also applies to the salinity.
Salinity

The salinity of the Baltic Sea at Aspé changes slowly with time (e. g. /ERI 06/). However,
for the purpose at hand a constant value suffices. Generally, the salinity distribution in
the Baltic Sea is characterized by horizontal as well as vertical gradients. As a compari-
son of maps from /ENG 15/ (Fig. 4.43) and /MOM 18/ (Fig. 4.44) shows, the salinity in
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the surface waters (depth < 5 m) is in the same range (6.45 PSU) as the salinity at the
sea bottom (5-7.5 PSU).
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Fig. 4.43 Salinity at the surface (depth < 5 m) of the Baltic Sea; from /ENG 15/
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Fig. 4.44 Salinity in the deep waters in the Baltic Sea; from /MOM 18/

The results of an early investigation of the salinity in the groundwater from borehole tests
are presented in /RHE 97/. The graphic in Fig. 4.45 depicting the salinity distribution
below the island of Asp6 shows a clear increase of salinity with depth. It also suggests
upconing caused by the construction of the HRL. Finally, the effect of rainfall on the
island of Aspt can clearly be observed in form of a freshwater lense. Note that salinity in
Fig. 4.45 actually means the chloride content of the solution.

CHEMISTRY

E

Salinity (mg/1)
0-2000
2000-4000
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8000-10000
> 10000

BERRO00

Fig. 4.45 Salinity in the Asp6 area; from /RHE 97/

Data from Laxemar reaching deeper into the underground indicate that the salinity can
be much higher than the range of 10 g/l indicated in Fig. 4.45. The profile for chloride
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derived from the borehole KLX02, depicted in Fig. 4.46, shows a chloride concentration

of about 50 g/I. It indicates the possibility of further increase of salinity at greater depths.
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Fig. 4.46  Chloride profile along borehole KLX02 at Laxemar; from /RHE 97/

4.2.3 Pre-studies in a vertical cross-section for a regional-scale model

Section 4.2.1 and 4.2.2 offer background information on approaches to develop Asp6
site descriptive models (SDMs). In the following, detailed information on and results of
2D pre-studies for regional-scale models (RMs) are illustrated and discussed which form
the basis for 3D model approaches and set-ups presented in Section 4.2.4. 2D RMs
were used to gain fundamental system and process understanding of the model area
whereat valuable insight was collected which could be directly applied to 3D model de-
velopment (cf. Sec. 4.2.4). In this study, the identifier RM refers to the catchments as

illustrated in Fig. 4.20 including basin 12 and 13.

Model domain

The model domain as presented in Section 4.2.4, Fig. 4.58 also forms the basis for the
2D pre-studies. This approach offers the possibility to at least qualitatively compare re-

sults between 2D and 3D models eliminating the influence of differently set-up model
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domains. Nevertheless, special attention has to be paid to hydrogeological parameteri-
zation and boundary conditions (BCs) when comparing model results.

The 2D model set up passed four steps of development (Fig. 4.47, Fig. 4.48). All 2D
cross sections start in the far most NW corner of the domain running in SE-ward direction
(Fig. 4.47). The cross sections originate directly at the boarder of the catchment area,
cut through the island Asp6 and, hence, the hard rock laboratory (HRL), to finally end at
the shoreline (Fig. 4.47 B) or in the Baltic (Fig. 4.47 C — D). Cross section A as presented
in Fig. 4.48 represents a generic model domain and is not related to geographic refer-

ences.

¢ 2 Dcrosssection B
A @ 2D cross section C
e 2 Dcross section D
Aspo HRL
e _" 3D model domain
¢ Catchments

- 60 m AMSL
- -43.5 m BMSL
Coordinate System: RT 90 25 gon V

Projection: Transverse Mercator
Datum: RT 1990

- O O N O O O .

B W <ilometers
01 2 4 6 8

Fig. 4.47 2D cross sections B, C, D (dotted lines, cf. Fig. 4.48) in relation to the 3D
model domain using a digital elevation model (DEM) as presented in detail
in Section 4.2.4. Cross sections B — D illustrate different steps of develop-
ment of the 2D RM, cf. Fig. 4.48. For orientation, the background map was
obtained from google maps (https://goo.gl/maps/UffPHGR9bZQSw23fA)

HRL — hard rock laboratory, Aspo
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Smoothed free groundwater surface (LSF)
Seafloor, p = hydrostatic pressure, p = 1000 kg m-3
p = hydrostatic pressure, p = 1025 kg m3
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Fig. 4.48 A — D present the development of the 2D RMs to reach as close to nature
conditions as possible but still being simplified enough to a manageable de-

gree of complexity resulting in feasible computing times

BC - boundary condition, p — hydrostatic pressure (cf. Eq. (4.3), p — density [kg m™],

LSF — level set function to define a free groundwater surface /SCH 12/

Each 2D RM is a further development of the previous one where each step is a more
precise description of natural conditions of the area (cf. Fig. 4.48). While the model do-
main presented Fig. 4.48 A was set up as a “box” and was only used for first scoping
calculations, the model domain in Fig. 4.48 B already comprised information on the land
surface topography. The next step was to also include an approximation of the seafloor
topography and a generic regolith layer to account for a higher permeability close to the
land surface compared to the bedrock matrix beneath (cf. Fig. 4.48 C, Sec. 4.2.2). This
set up was, e. g., used for first simulations with generic equidimensional deformation
zones (DZ) to evaluate the influence of varying hydrogeological characteristics on the
flow field. Furthermore, a free groundwater surface in the regolith layer (LSF) and a vir-
tual surface layer were implemented where the latter one was only necessary for numer-

ical reasons and does not influence results of model simulations in any way.
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The last development of the model domain (cf. Fig. 4.48 D) included

e rivers,

e a more realistic implementation of the free groundwater surface (interrupted by,
e. g., the archipelago),

e the island Aspo with its natural bedrock matrix conductivities that differ from the
surrounding rock (cf. Sec. 4.2.2),

¢ and some refinements of the model set-up to reduce computing time.

Rivers were extracted from the DEM and included using geographic coordinates (east-
ing, northing). The 2D model domains in Fig. 4.48 were triangulated where higher refine-
ment was used for areas of high interest such as the regolith layer (Fig. 4.48 C and D)
and, e. g., the transition zone between the land surface and the seafloor. Overall, simu-
lation runs were based on 3'260 — 2'765’000 elements (cf. Tab. 4.8) for model domains
illustrated in Fig. 4.48 whereat the number of elements increased with increasing degree

of complexity.

Regolith

The regolith layer which was incorporated in the more sophisticated 2D RMs (Fig. 4.48)
represents Quaternary deposits (QD) that are mainly located along topographical de-
pressions and are often interrupted by outcrops of bedrock /VID 03/. The deposits are
described to mainly consist of sandy to gravelly till /WER 05/. The thickness of the QDs
vary from a few centimeters /RHE 08/ to up to 3 m /HOL 08/. For detailed information on
QDs see Section 4.2.2.

Different approaches were followed to incorporate a thickness of the regolith layer being
as close to nature as possible in this study. However, due to numerical difficulties the
thickness of the regolith layer had to be defined to be at least 25 m in the RMs. For
reasons of simplicity, the QD was defined to be evenly spread over the 2D model domain.
This approach is comparable to /HOL 08/ who included QDs in their models using a
thickness of 10 m for a RM (cf. Fig. 4.1). It is obvious that for both model approaches a
highly overestimated value for the QD thickness was used. /HOL 08/ also justified this
approach with numerical reasons. For pre-studies, the permeability of the QD was varied
between 10** m? and 102 m? following /ERI 06/, /HOL 08/ and /KAR 02/ (cf. Tab. 4.8,
also Sec. 4.2.4).
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Bedrock and deformation zones

Detailed information on bedrock characteristics, hydrogeological properties, and litera-
ture are provided in Sections 4.2.2 and 4.2.4. In Tab. 4.8 a summary of 2D RM simula-
tions is presented including hydrogeological properties and model settings of relevant
model features such as the bedrock (also referred to as matrix) and DZs which were

considered as equidimensional features.

In agreement with the 3D model (Sec. 4.2.4), hydrogeological features of the bedrock
were vertically extended from the land surface to the bottom of the model domain at
-2100 m BMSL (cf. Fig. 4.48). Hydrogeological features in the RMs (e. g. DZs) have a
generic character and do not necessarily correspond to geographic locations in nature.
It was the aim to gain system and process understanding using 2D RMs. Therefore,

generic approaches of model features seem feasible.

For generic simulations a permeability of 4.4E-16 m? was assumed for the bedrock
matrix. This value represents a mean value over all areas (Aspd, Laxemar, Simpevarp)
and bore whole depths up to 1700 m which resulted from an in-house permeability data
compilation based on /RHE 06/. Since the model domain covers up to -2100 m BMSL
and all areas are at least partly considered in the domain this value seemed reasonable
for generic 2D RM studies. Permeabilities for DZs were obtained from /RHE 09/
(kpz = 1.7E-13 m?).

Precipitation

Precipitation was considered as groundwater recharge values in the current 2D simula-
tions. For RM Xl (cf. Tab. 4.8) groundwater recharge was derived from mean monthly
precipitation time lines collected over 30 years at Oskarshamn (1961 — 1990, Fig. 4.49)
/INYB 05/. In Fig. 4.49 a comparison between 30 year mean values and monthly mean
annual precipitation 2004 is presented (from /NYB 05/). Groundwater was calculated
from these values assuming a groundwater recharge rate of 1/10 with respect to precip-
itation. This assumption for 2D model simulations was agreed on by SKB during several

discussions and workshops.
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Fig. 4.49 Precipitation at Oskarshamn: Monthly values 2004 and monthly means from
1961 to 1990 /NYB 05/.

Boundary conditions and Salinity

In Tab. 4.8 a summary of boundary conditions and model settings for each simulation is
provided. Together with Fig. 4.48, Tab. 4.8 shows the development of model approaches
as well as the development of the complexity of model domains, and boundary condi-

tions.

For all simulations, the left and the bottom boundary (cf. Fig. 4.48) were defined to be
no-flow boundaries, hence, closed boundaries. The left boundary was chosen to be sit-
uated at the boarder of the catchment area allowing the latter assumption. Since
/HOL 08/ assumed an upconing of salt water under the island Asp6 which was described
more precisely by /IMOR 17/ to occur from about -1000 m BMSL the chosen conditions
of a no-flow boundary at -2100 m BMSL seemed reasonable and also agree well with

other literature as was shown in Section 4.2.2.
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For most model runs the boundaries “seafloor” and “right” boundary (cf. Fig. 4.48) were

defined using Equation (4.6)
(4.6)
h(x,y,t) =g-p-(=y)
h  hydrostatic pressure
g gravitational acceleration (g = 9.81 m s)
y depth (z) [m]
p

density of water [kg m=]

Equation (4.6) allows to define a hydrostatic pressure at the boundaries corresponding
to the hight BMSL and salt content of the considered water in the system. To account for
brackish saltwater conditions similar to the Baltic a density of p = 1025 kg m= was used,
for model set-ups that focused on freshwater systems in the aquifer a water density of p
= 1000 kg m was applied. To simulate the influence of deep groundwater which is re-
ported to have a higher salt concentration compared to the Baltic Sea a density of
p = 1100 kg m3 was assumed /ERI 06/. To implement deep saline groundwater algo-

rithm (4.7) was used.
c(x,y,t) =if x = 13450, thenreturn1, else return0 (4.7)

c(x,y,t) =if Y =1900, then return 2, else return 0 (4.8)

x distance [m] (here, “bottom” boundary, cf. Fig. 4.48)
1 p=1025kg/m32 ce=1
2 p=1100kg/mi2ce=1
0 p=1000kg/m32ce=0
Crel relative concentration
(4.7) ascribes saline conditions to selected parts of the grid, here, to the area where

x 2 13450 m applies. Whereas, (4.8) defines saltwater conditions with elevated salt con-

centrations for the region of the grid where y < -1900 m is valid (cf. Fig. 4.48).

For most simulations the land surface was defined as a zero-pressure boundary (Di-
richlet, BCp = 0, cf. Tab. 4.8) allowing in and outflow of groundwater. For selected runs

in and outflow of salt transport was also simulated (cf. Tab. 4.8, RM V, VI). The level set
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function (LSF) simulates a free groundwater table in the model area. The free ground-
water surface was defined to be situated -12.5 m beneath the boundary “land surface”
(cf. Fig. 4.48) in the regolith layer. The initial position of the LSF (-12.5 m below land
surface) represents a generic approach due to reasons of simplicity since the actual
groundwater surface position varies with season and climate/weather conditions. Simu-
lation results RM VII — RM Xl (cf. Tab. 4.8) show the development of the application of

the free groundwater surface with different model approaches (cf. Fig. 4.56).

Simulation runs

In Tab. 4.8 a summary of relevant development steps, simulations and hydrogeological
parameters as well as boundary conditions is presented. Different generic approaches
were developed to gain system and process understanding. Comparisons between
cross-sections (RM | - RM IlI; RM VII, VIII, X; RM IX, VI), the influence of the topography
(RM | and 1), the free groundwater table (RM VII — RM X), different geological features
(RM 111, 1V, IX), the influence of precipitation (RM XI), and salt transport were investigated
(RM V and VI). To get an impression of the different geological units and the impact on
the flow field permeabilities of typical rock matrices of Aspo, Laxemar, and Simpevarp
were used (RM IlI).
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Tab. 4.8 Summary of regional-scale model (RM) simulations including model settings and relevant hydrogeological settings

For RM IV and V the following porosities (8 [ - ]) were applied: Biv = 1.0E-04, 6v = 5.0E-03. The following parameters are applicable to all simulations: longitudinal
(Dv) and transversal (Dr) dispersivity: DL=60 m, Dr = 20 m following /RHE 09/; molecular diffusivity: Dm = 1.0E-09 m?/s after /KRO 10/, tortuosity [ - ]: T = 1, gravity

acceleration: g = 9.81 m s. LSF — level set function, k - permeability [m?]

cross Hydrogeologi- | LSF? Rivers Precipitation o] 2 .
RM D section? cal features (y/n) (y/n) (y/n) [kg/m3] K [m?] HEEL 13 ety
A left, bottom - closed;
RMI 3'264 matrix n n n 1000 4.4E-16 3 right, seafloor - type: Dirichlet® (BCp = cf. Eq. 1.3);
elements land surface - type: Dirichlet® (BCp = 0)
B left, bottom - closed;
RM I 29'440 matrix n n n 1000 4.4E-16 3 right, seafloor - type: Dirichlet® (BCp = cf. Eq. 1.3);
elements land surface - type: Dirichlet® (BCp = 0)
Aspd 3 1.7E-14;
B 4 different be- L:)I(oeomar 31 OEl-14' left, bottom - closed;
RM III 18'832 : n n n 1000 ) 3 ! right, seafloor - type: Dirichlet® (BCp = cf. Eq. 1.3);
elements drock matrices Simpevarp ° 0.5E-14; land surface - type: Dirichlet® (BCp = 0)
matrix 3 4.4E-16 ype: P=
B left, bottom - closed;
RM IV 94'016 matrix, DZ n n n 1000 4.4E-16 %, 1.7E-13 1 | right, seafloor - type: Dirichlet® (BC, = cf. Eq. 1.3);
elements land surface - type: Dirichlet® (BCp = 0)
right, left, bottom - closed;
B seafloor - type: Dirichlet® (BCcrei=17);
RM V 29'440 matrix n n n 1025 | 4.4E-162 e ’
clements seafloor - type: Dirichlet® (BCp = cf. Eq. 1.3);
land surface - type: Dirichlet® (BCp = 0, BCc rel = 0)
right, left - closed;
B bottom - type: Dirichlet® (BC¢ rel = 18, cf. Eq. 1.5);
RM VI 29'440 matrix n n n 11004 4.4E-16 3 bottom - type: Dirichlet® (BCp = 0);
elements seafloor - type: Dirichlet® (BCp = cf. Eq. 1.3);
seafloor - type: in/out® (BCc=0);




8¢T

cross Hydrogeologi- | LSF? Rivers Precipitation p .
RM ID 2 BC (cf. Fig. 1.
section? cal features (y/n) (y/n) (y/n) [kg/m3] K [m?] SlGalA R
land surface - type: Dirichlet® (BC, = 0);
land surface - type: in/out® (BC¢ 2 Cin = 0)
C . left, bottom - closed;
, matrix, rego- 3 5 . . 4 _
RM VII 140'288 . y n n 1000 4.4E-16 °, 1.0E-14 right, seafloor - type: Dirichlet* (BCp = cf. Eq. 1.3);
lith . 4
elements land surface - type: Dirichlet* (BCp = 0)
C . 2 o | left, bottom - closed;
RMVII | 27657 | Matrix rego- y n n 1000 | H4E18 % LOED2 S 1 ioht, seafloor - type: Dirichlet® (BC = cf. Eq. 1.3);
lith, DZ 1.7€-13 e
elements land surface - type: Dirichlet> (BCp = 0)
D . left, bottom - closed;
; matrix, rego- 3 5 . N 5 _
RM IX 294'016 lith v n n 1000 4.4E-16°, 1.0E-12 right, seafloor, land surface - type: Dirichlet® (BCp =
elements cf. Eq. 1.3);
D . left, bottom - closed;
| matrix, rego- 3 5 . . S _
RM X 294'016 lith y y n 1000 4.4E-16°, 1.0E-12 right, seafloor, land surface - type: Dirichlet> (BCp, =
elements cf. Eq. 1.3);
D . left, bottom - closed;
: matrix, rego- 3 5 . N 5 _
RM XI 294'016 lith v y y 1000 4.4E-16 °, 1.0E-12 right, seafloor, land surface - type: Dirichlet® (BCp =
elements cf. Eq. 1.3);
D left, bottom - closed;
, matrix, rego- 4.4E-163,1.0E-12 °, | ’ - _
RM XII 300'416 lith, Aspo, DZ v y n 1000 1.76-14 * 6.7E-20 1 right, seafloor, land surface - type: Dirichlet® (BC, =
elements cf. Eq. 1.3);
' cf. Fig. 4.48 7BCcrel = 1 = 1025 kg/m3, brackish salt concentration related to the Baltic
2 /SCH 12/ 8 BCcrel =1=1100 kg/m3

3 in house data compilation (cf. Sec. Tab. 4.6)
4 /ERI 06/

> /SCH 16/

6in/out BC /FEI 99/

9 cf. Sec. 4.2.3 (Regolith), /ERI 06/, /HOL 08/, /KAR 02/
10 /RHE 09/




Simulation results and discussion

For reasons of comparability, the presentation of flow fields were normalized to identical
velocity ranges [m s?] if reasonable. Results of RMs are referred to as presented in
Tab. 4.8.

A comparison of flow field simulations with different model approaches illustrates the
development of the 2D RMs (Fig. 4.50). It was shown that due to the topography con-
vections cells as presented in /HOL 08/ could also be observed in RMs of this study
(Fig. 4.50 a) and b)). As expected, the main flow field followed the topographical gradient
from the left (NW) to the right (SE) of the model domain. Within the regolith layer which
was characterized by higher permeabilities compared to the bedrock matrix (Tab. 4.8)
increased flow velocities were observed (Fig. 4.50 c)). Simulation RM IX (Fig. 4.50 c))
also showed that due to the free groundwater surface convection cells of the groundwa-
ter flow field that were mainly attributed to the topography levelled off. The archipelago
which was represented by means of a fragmented free groundwater surface
(cf. Fig. 4.48 D) allowed water to infiltrate without disturbing the main topographical
driven flow direction. However, it should be mentioned that flow velocities at y < -40 m
BMSL are extremely small with less than 1 mm a* (Fig. 4.50 c)). A detailed view of the

regolith’ layer flow field and its geographical orientation is provided in Fig. 4.56.

-1
g[ms?] p [Pa]
1.500e-13  &.7e-11 1.2e-10 2e-10 2.700e-10 6.500e+03 5.5e+d 1.1e+7 1.6e+7 2.200e+07
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- E— e R vy

Fig. 4.50 Comparison of RM |, II, and VII to show the impact of topography (RM II)

and a free groundwater surface in a 25 m regolith layer (RM VII)

Results of RM IX correspond to 260 d simulation time. Details on model domains and settings

are provided in Fig. 4.48, Tab. 4.8. q — Darcy velocity [m s1], p — pressure [Pa]
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From Fig. 4.50 b), c) it was also concluded that at approximately -1620 m BMSL the flow
field started to level off following the bottom boundary in a parallel manner which
reinforced the definition of the lower boundary at -2100 m BMSL. Additionally, flow
velocities (q) were relatively slow at y < 1620 m BMSL beneath the land surface with q
ranging between 6.5E-13 — 1.4E-11 m s (Fig. 4.51 b)). In comparison, flow velocities at
y > - 430 m BMSL ranged between 6E-11 — 4E-10 m s (Fig. 4.51 a)). Hence, it can be
assumed that the bottom boundary did not influence simulation results in the upper parts

of the model domain which were of higher interest, here.

y >-430 m

qlms?]
3.96-12 4e-11 6e-11 8e-11 le-10 1.26-101.4e-101.6e-10  1.9e-10
' —— 4

—
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6.5e-13 de-12 be-12 8e-12 le-11 1.4e-11

Do ot —
Fig.4.51 Flow velocities of RM Il with focus ony > - 430 m BMSL (a) andy < 1620 m
BMSL (b).

Details on model domains and settings are provided in Fig. 4.48, Tab. 4.8.

q — Darcy velocity [m s1], p — pressure [Pa]

In Fig. 4.52 the influence of different permeabilities on the flow field is illustrated. It is
obvious that the higher the permeability, the faster the groundwater flows. Furthermore,
it was shown that the transition between higher permeabilities to lower ones resulted in
an upconing of water due to the higher flow resistance (cf. Fig. 4.52 b), Simpevarp ->
Laxemar - matrix). The comparison with a flow field simulation based on a uniform per-
meability (Fig. 4.52 a)) underlines this observation.
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Fig. 4.52 Influence of permeabilities on the flow field (generic study)

Permeabilities typically found in the Aspd (green), Simpevarp (orange), and Laxemar (red)
area and a mean value obtained from an in-house data compilation for matrix permeability (k
- purple) were used (cf. Sec. 4.2.3, Bedrock and deformation zones, also cf. Tab. 4.6). Color
coding at the bottom of a) and b) illustrate permeability values. Details on model domains and

settings are provided in Fig. 4.48, Tab. 4.8. q — Darcy velocity [m s], p — pressure [Pa]

Considering DZs in RM 1V yielded similar results compared to observations made with
RM Il (cf. Fig. 4.52 and Fig. 4.54): Due to the heterogeneities of permeabilities in the
hydraulically active DZs (higher permeabilities, hydraulic conductor domains) flow
velocities increased and an upward flow direction was observed (upconing of
groundwater). The change of flow direction in the flow field was induced due to the
change of permeabilities from low permeabilities in the bedrock matrix (K mavix = 4.4E-
16 m?) to higher ones in the DZs (kpz = 1.7E-13 m?) and back to low k-values in the

matrix.

¢ [ms?]
1500e-13  6.7e-11 1.3e-10 2e-10 2.700e-10
I
p[Pa]

6.500e+03 5.5+ 1.7e+7 1.6e+7  2.200e+07
LILLELILLLLPLEELELE L]

Fig. 4.53 Flow field simulation including equidimensional generic DZs.

Details provided in Fig. 4.47, Fig. 4.48, Tab. 4.8. q — Darcy velocity [m s], p — pressure [Pa]
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The influence of density-driven flow conditions on the flow field, hence, the transport of
salt in the model area was investigated with two different generic model approaches
based on model domain B (Fig. 4.48): The first approach started out with initial brackish
water conditions (initial condition p = 1025 kg m) distributed over the right part of the
model domain. Therefore (4.7) and (4.8) were used to define brackish water conditions
for x > 13'450 m and hydrostatic pressure conditions for the seafloor and the right bound-
ary. Boundary conditions were accordingly adapted (cf. Tab. 4.8). The transition between
freshwater and saltwater conditions was defined at the shoreline in the model domain
where x = 13'450 m applied. As illustrated in Fig. 4.54 the flow path of the saltwater con-
ditions (red) was inverted compared to prior flow field simulations (cf. Fig. 4.52). The
saltwater was transported from SE to NW of the model area which was based on the
higher density of the brackish water. A dilution front occurred whereat a steady state
between fresh- and saltwater conditions was approximately reached after 5,000 a simu-

lation time.

RM V

t=5'000a
A q [m 5_1] Crel [']

1500e-13  6.7e-11 1.3e-10 2e-10 2.700e-10 0.0e+00 0.25 0.5 0.75 1.0e+00
. Wlll]lllllllll\ M‘HIHIIHHIIHIHIH[HM

Fig. 4.54 Density-driven flow field simulation after 5’000 a simulation time.

Details on model domains and settings are provided in Fig. 4.48, Tab. 4.8. Porosity 6 = 0.05,
viscosity 1.3E-03-1.75E-03 kg m* s /KRO 10/, q — Darcy velocity [m s2], cre — relative

concentration [ - ], crei= 1 & 1’025 kg m™3

The second approach to investigate saltwater transport in the model area followed
suggestions from /ERI06/. In /ERI 06/ saline deep groundwater compositions are
postulated which were here applied in a generic approach with p=1'100 kg m (Tab. 4.8,
RM VI). The bottom boundary was implemented as a closed boundary; where
y < -1'900 m was valid a defined saltwater concentration was applied (cre« = 1 2 1100
kg m). As shown in Fig. 4.55 the main flow field in the model domain was not influenced:
Convections cells which were triggered by the topography were observed and the main
flow field followed the topographical gradient from the left (NW) to right (SE) of the model
domain. However, Fig. 4.55 also shows that the salt distribution stayed below
y <-1'500 m and did not distribute over the entire domain which could be expected after

20’000 a simulation time. In Fig. 4.55 it is also illustrated that the salt distribution seems
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to be depleted in the NW part of the model domain and accumulated in SE. This salt
distribution can be explained with parallel flow paths at the bottom of the model domain
as had already been observed in prior flow field simulations (cf. Fig. 4.50). Furthermore,
since lateral dispersivities were defined to be larger compared to transversal dispersion
lengths (cf. Tab. 4.8, where D, > Dr) the density driven flow was rather orientated from
NW-SW direction than from the bottom to the top of the model domain. In addition,
realistic but small molecular diffusion coefficients (Dm = 1.0E-09 m? s /KRO 10/) and
permeabilities of the homogeneous model domain (k= 4.4E-16 m?) did not enhance the

transversal salt distribution either.

RM VI
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Fig. 4.55 Density-driven flow field simulation after 20’000 a simulation time.

Details on model domain and settings are provided in Fig. 4.48, Tab. 4.8. Porosity 6 = 0.05,
viscosity 1.3E-03-1.75E-03 kg m s** /KRO 10/, q — Darcy velocity [m s],

crel — relative concentration [ - ], cre= 1 2 1’100 kg/m® /ERI 06/

The development and approaches of the 2D model are briefly summarized in Fig. 4.56
and Fig. 4.57. In Fig. 4.56, differently implemented LSFs (RM VI, 1X), the influence of
receiving waters (RM 1X), and precipitation (RM XI) on the free groundwater surface are
illustrated by means of a close-up that is exaggerated 50 times for better visualization.
Fig. 4.57 presents variations of permeabilities as realistically expected under the island
Aspo also considering receiving waters (RM XII). The different model approaches de-
velop from a truly generic model to more and more close to nature conditions (Fig. 4.56
RM VIl - XI, Fig. 4.57 RM XIl):

RM VII  Results represent the steady state of the free groundwater surface after 500 a
simulation time without receiving waters, precipitation or permeability varia-
tions. It is shown that (as expected) the LSF levels off and equilibrates approx-
imately at sea level. Since no “disturbing” influences (e. g. precipitation, etc.)
were included in model and since results represent steady state the flow ve-

locity is orders of magnitudes smaller in the regolith layer compared to results
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RM IX

RM XI

of RM IX-XIl where steady state had not been reached within simulation time.
Flow velocities are simulated to be < 0.1 mm a indicating that no flow takes
place at steady state as expected in a generic study without driving forces
such as precipitation and/or rivers, etc. Hence, velocity values and flow direc-
tion should be interpreted as indicative rather than absolute since they might

be prone to numerical bias.

Simulation results represent t = 260 d. Due to the discontinuous LSF water is
allowed to infiltrate from the archipelago (fjord) into the regolith layer which
slightly influences the flow field. However, as has already been observed in
RM VII flow velocities are extremely low where the LSF has reached equilib-
rium at sea level as e. g. in the area of Aspd. It can be assumed that the free
groundwater surface would also level off at approximately sea level and flow
velocities would further decrease if enough simulation time was allowed. The
upward flow direction in the center of the model under the land surface is
caused by the hydrostatic pressure boundary condition which results in pres-
sure differences between the different positions of the LSF AMSL. Hence,
since the groundwater surface lies below sea level at t = 260 d groundwater
flows from regions with higher hydrostatic pressure to this area trying to reach

steady state with respect to pressure conditions.

This approach represents a high degree of model complexity: a discontinuous
LSF, receiving waters (arrows), and precipitation was included. Information on
the precipitation timeline is provided in Section 4.2.3 (Precipitation). Results
illustrate a simulation time of 42 days. It is shown that the groundwater surface
cuts the land surface where rivers were implemented which allows infiltration
as well as exfiltration (boundary condition: Eq. (4.6), /SCH 12/). The LSF has
almost levelled off at sea level at the coastline of the archipelago which is
expected since no receiving waters influence its location there. From site it is
known that the free groundwater table can be situated only a few cm below
the land surface on e. g. Asp6 which is nicely represented by model results.
Since precipitation and rivers were included the velocity field will always follow
the geographic gradient and the hydrostatic pressure and, hence, the LSF will
not level off at sea level as it did for RM VIl and 1X. The latter results also nicely
represent realistic conditions. Since water table measurements undergo long-

term climate changes as well as seasonal variations it has to be pointed out
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RM Xl

that model results have not been verified with local head measurements, yet.

This next model development step should be subject for future research.

In Fig. 4.57 RM XII (t = 12 d) is presented with and without 50 times exagger-
ation to visualize the influence of the naturally occurring Aspd permeability
heterogeneities on groundwater flow and velocity in the regolith layer (A) and
in the model domain (B). The development of the free groundwater surface,
hence, LSF is comparable to RM XI (Fig. 4.56). Beneath Asp6 the groundwa-
ter table has already reached sea level in the regolith layer after 12 d simula-
tion time. The low permeability of the DZ (cf. Tab. 4.8) results in an upconing
of groundwater as it acts as a barrier with high flow resistance. Simulated flow
velocities in the 2Dmodel are comparable to velocity ranges yielded with 3D
simulations (Sec. 4.2.4 Simulation results) considering that the 3D model did
not incorporate as complex features/influences as the 2D model (i. e. receiving
water, free groundwater surface). In the 3D model velocities vary between
1.0:108 m s? and 1.6-10° m s whereas the 2D model resulted in velocities
in the regolith layer mainly ranging between 1.0-10® m s and 1.2:107 m s?

with maximum values reaching up to 410" m s (= 13 m al).
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Fig. 4.56

Simpevarp (peninsula)

RM Vil, £=500a

RV XLE 5420

q[ms-1]
3.0e-12 5e-9 le8 1.5e-8 208 25e-8 30908

| : ' onle—
Detailed view of the flow field in the regolith layer for two different cross sec-
tions (RM VIl and RM IX, XI) and comparison of flow field simulations with a
free groundwater table (RM VI, IX, XI) with (RM XI) and without (RM VI, IX)
the influence of receiving waters, and precipitation (RM XI) 50x exaggerated

Top image offers a broad overview of the geographical location of receiving waters, the Aspd
HRL, and the cross section for RM VII. Details on cross sections, model domains and settings
are provided in Fig. 4.47, Fig. 4.48, Tab. 4.8. g — Darcy velocity [m s], p — pressure [Pa]
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Regolith

RMXIl,z=12d,
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18 m | g

K; DZ K; Aspd
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Fig. 4.57 Simulation results of RM XII, t =12 d, A) 50 times exaggerated, B) overview
of model domain. The model considers a regolith layer, rivers, and permea-
bility variations as found on site under the island Aspo. The position of re-
ceiving waters is illustrated in Fig. 4.56 RM XI.

Details on cross sections, model domains and settings are provided in Fig. 4.47, Fig. 4.48,

Tab. 4.8. g — Darcy velocity [m s1], p — pressure [Pa]

424 Regional-scale model in 3D

A confined three-dimensional regional-scale model was constructed and parameterized
based on the experience gained during the pre-studies. The model represents an interim
state to a regional model with a free groundwater surface.

Model domain

The model domain of the regional-scale model extends over about 23 km from the east
to the west and about 12 km from the north to the south (cf. Fig. 4.58). The Aspo HRL is
situated at the centre of the model and is at least 2 km off the boundary.

The horizontal model boundaries align as far as possible with catchment areas (cf. Fig.
4.20). Where not catchment areas were available, the model boundary intersects contour

lines at approximately right angles or runs — in the transition zone from land to sea — in
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the approximate middle of a bay or between islands. Offshore, no natural boundary is

available, so that the model domain is set arbitrarily about 8 km from Aspé.
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Fig. 4.58 Domain of the regional-scale model

A digital elevation model (DEM) on a 20 m x 20 m grid was provided by SKB as basis for
the model topography (see Fig. 4.60). The DEM is accurate for the land surface, but the
seafloor was only approximated. The original DEM was considered too rich in detail for
the regional model. To reduce complexity, the grid was transformed to a resolution of
50 m x 50 m and an averaging filter was applied. A further simplification took place dur-

ing the meshing process in which the element size determined the degree of smoothing.

The course of the coastline was of special interest as it is a characteristic of the model
area. Moreover, the coastline plays an important role concerning the definition of bound-
ary conditions as they differ between land surface and seafloor. It was considered es-
sential to construct a well-defined border between land and sea based on the DEM,
which is formed by raster values with z = 0 m. As the original DEM did not contain such
data points, the values of certain grid cells were changed to zero. The resulting modifi-

cation of the topography was considered acceptable.
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Fig. 4.59 shows the original DEM and the topography formed by the mesh of the model.
The comparison shows that the model surface is much less detailed than the original
DEM. However, the main characteristics — e. g. the borderline between land and sea —

are maintained in a simplified manner.

The model depth was set to 2,100 m which corresponds to the model depth of the AM.

Height
0 1 2 4 Kilomet Bl < 40m W0 <om B0 <40m
llometers
———————— Bl <20m | <20m B <62m

Fig. 4.59 Original DEM (above) and topography used in the regional model (below)
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Regolith

The regolith is represented in the model by a uniform layer with a thickness of 25 m. The
top of the regolith corresponds to the topographical surface and the layer extends over
the whole model domain (see Fig. 4.60). In most areas, the thickness of 25 m lies far
above the “true” thickness of the regolith. However, tests with the 2-dimensional model
suggested to choose this high thickness to avoid problems with the free surface.

It was decided to use a permeability of 10-*> m? which is the mean value of the two soil
types (glacifluvial deposits and glacial till) considered in /ERI 06/ and /HOL 08/.

] Regolith [[]ZSMNE004A [ Laxemar/Simpevarp

[] zsMNE0OSA [ | Aspd

Fig. 4.60 Hydrogeological units of the regional-scale model
Bedrock

After the analysis of permeability data from literature (cf. Section 4.2.2, Section “Bed-
rock”) it was decided to divide the bedrock into two units only: “Asp6” and “Laxemar/Sim-
pevarp” (see Fig. 4.60). The unit “Aspo” is almost identical to the island Aspo and corre-
sponds horizontally to the lithological unit “Asp6 diorite”. Its extent was estimated based
on Fig. 4.24 and it was assumed that the diorite stretches vertically from the regolith to
the bottom of the model. The unit “Asp6” is surrounded by the unit “Laxemar/Simpevarp”

and cut by a deformation zones as described below.

The depth-dependent permeability functions described in Section 4.2.2, Section “Bed-
rock” are used with the parameters listed in Tab. 4.6 for the hydrogeological units “Aspd”
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and “Laxemar/Simpevarp”. An overview over the depth trends for bedrock and defor-

mation zones are shown in Fig. 4.61.

Permeability [m?]

1E-21 1E-19 1E-17 1E-15 1E-13 1E-11
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3 -1100 A
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1600 - Laxemar/Simpevarp
——1zsmne004a
-2100 - zsmne005a

Fig. 4.61 Depth-dependent permeability for the hydrogeological structures used in the

regional model
Deformation zones

The two dominant ductile deformation zones in the regional model area are considered
in the model: ZSMNEOQOO04A and ZSMNEOQO05 (Aspd shear zone) /WAH 08/ (see Fig. 4.60).
The geometry of both deformation zones corresponds to /RHE 09a/ (cp. Fig. 4.37) except
for minor changes due to smoothing during the mesh generation process. Both defor-

mation zones are modelled with a vertical dip.

As the depth trends for transmissivity derived for ZSMNEOO4A and ZSMNEOO5A are
considered uncertain by /RHE 08/, equation (4.5) is used with model DZ-R-22 in
Tab. 4.7. Mean thicknesses of 150 m for ZSMNEOO4A and of 250 m for ZSMNEOO5A
(/WAH 08/) are employed to compute the depth-dependent permeabilities for the defor-

mation zones.

/RHE 08/ suggested a minimum transmissivity of 101 m?/s which corresponds to a min-
imum permeability of 6.7-102° m? for ZSMNEOO4A and 4.0-10%° m? for ZSMNEOQO5A,
respectively. The permeabilities computed for the deformation zones do not fall below

the respective minimum values within the model depth of 2,100 m (see Fig. 4.61).
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Although /RHE 08/ suggests to model ZSMNE005a with a low conductive core and per-
meable sides, no horizontal anisotropy is considered for the regional model at the current

state.
Boundary conditions

The bottom boundary and all vertical boundaries are closed except for the eastern side
where the hydrostatic gradient is set so that water can leave and enter the model volume
(see Fig. 4.62). The hydrostatic gradient was computed for fresh water as salinity is not
considered in the presented model, and the pressure is zero at sea level. The same
procedure was used to compute the pressure for the Dirichlet boundary condition at the
seafloor on the top of the model.

At the land surface, the pressure is set to zero. This is not realistic, as the model surface
is based on the topography and not on the groundwater table. However, the work pre-
sented here is only an interim step to a model with a free groundwater surface where the
upper model surface only defines the volume in which the groundwater table may move
(see Chapter 4.2.3).

Horizontal boundary conditions Vertical boundary conditions
|:| p=0 = hydrostatic pressure

. hydrostatic pressure = no flow

Fig. 4.62 Boundary conditions of the regional-scale model
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Simulation results

In different reports of SKB, measured data such as groundwater heads or the drawdown
caused by the Asp6 HRL is used to evaluate and calibrate flow models (e. g. /RHE 09a/,
/HAR 07/). This is not possible for the interim model presented here because the ground-
water surface is predefined by the boundary conditions. Instead, it is attempted to assess
the suitability of the model for the planned modelling work with a free groundwater sur-

face based on the current simulation results.

The simulations with d*f++ using the set of parameters and boundary conditions de-
scribed above yielded pressure and velocity distributions. The latter will be described

and discussed in the following.

Velocity (m/s)
1.6e-06

—— le-/
le-8

1l IIIM

?
Rel

Fig. 4.63 Flow velocity at the model surface (above) and below the regolith (below)
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Velocities at the top of the model vary from 4.0-10%* m s? at the seafloor to
1.6 10° m s* on the land surface (see Fig. 4.63, upper figure). The range of the flow
velocities shown in Fig. 4.63 was limited because here the flow patterns at the land sur-
face are in focus where the velocity varies between 1.0-108 m s* and 1.6:10° m s™. The
velocity map does not show a large-scale trend but a small-scale pattern. Between the
islands the flow velocity ranges between 1.0:10! m s and 1.0-:10° m s, and it de-

creases strongly towards the open sea.

This pattern is approximately the same below the regolith (see Fig. 4.63, bottom figure)
which has — as stated above — a uniform thickness all over the model. However, the
magnitude of the flow velocities is about two orders of magnitude smaller and the con-
trast between higher and lower velocities is less pronounced. Moreover, the deformation
zones and Aspé can be distinguished as they show higher flow velocities than the sur-
rounding unit “Laxemar/Simpevarp”. This does not apply for areas below the seafloor
where no contrasts between the deformation zone and the surrounding bedrock can be

seen.

Although flow velocities are higher in the deformation zones compared to the surrounding
rock, the flow along the structures is inferior to the flow across them (not shown). More-
over, the flow directions arising in the regolith are retained in the deformation zones, but

the flow is accelerated relative to the surrounding rock.

The flow velocity decreases strongly with depth (not shown). Thus, the main flow occurs
in the upper 500 m. The highest flow velocity at the bottom of the model is reached in
the unit “Aspd” with about 1.0-10° m s, In the surrounding unit “Laxemar/Simpevarp”

reaches a maximum velocity of 5.0-10%° m s™.

As expected, the general flow directs from the hills to the valleys and from the land to
the sea (not shown). High flow velocities occur along the valleys and at the border be-
tween land and sea. Very low flow velocities appear at the open sea. Moreover, no dis-

tinct flow direction can be distinguished in this part of the model.

A comparison with the slope of the model surface (see Fig. 4.64) shows that the magni-
tude of the flow velocity at the model surface corresponds strongly to the slope. The
steeper it is the higher is the velocity. This is because stronger pressure gradients occur

between the top boundary (where the pressure is set to zero) and the elements below.
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This rule does not apply below the seafloor because here the hydrostatic pressure was
set as boundary condition which inhibits strong pressure gradients at the top of the

model.

Frr 111711 Slope [degree]
o 1 2 4 Kilometers R <6 Bl <10
=4 =8

Fig. 4.64 Slope of the model surface in degrees

The model results show that distribution of the permeabilities has a strong influence on
the flow velocities at large. This is shown by the higher flow velocities in the regolith
compared to the bedrock or the differences in the flow velocities between the units “Aspo”
and “Laxemar/Simpevarp”. The small-scale flow patterns, however, are mainly deter-
mined by the topography. Thus, the changes of the topography that were performed to
obtain a defined coastline or the simplification and smoothing of the grid to reduce com-
plexity might have a significant impact on the model results.

However, the actual model is only an interim stage on the way to a model with a free
groundwater surface. It is not clear, how the free surface will behave in 3D, but it is sure
that the topography will have a much smaller impact than it has in the actual model.
Thus, the changes performed on the topography should be acceptable.

In the future model, also the Asp6 HRL shall be considered and its impact on the ground-

water surface and the flow field shall be analysed.
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4.3 The WIPP Site, New Mexico

The Waste Isolation Pilot Plant (WIPP) is a repository for transuranic waste situated in a
semi-arid region of southeastern New Mexico and western Texas, 42 km east of the City
of Carlsbad, USA. The repository is located in a large, thick, Permian-age deposit of
bedded salt, the Salado formation. This host rock formation is covered by flat bedded
Permian halite, dolomite, anhydrite and clastic hydrogeological units as well as Triassic

and Quaternary sandstone.

The aim of this work is examining groundwater flow in the overburden of the Salado
formation, based on various studies performed by Sandia National Laboratories (SNL)
/DAV 89/, ICOR 96/, /ICOR 00/. These SNL studies in the past were mostly restricted to
groundwater flow without regarding the density effects caused by dissolving salt. At the
other hand, previous models of GRS that were considering density effects were restricted
to 2d or small scale domains, see e. g. /IKRO 96/. The three dimensional model pre-
sented here includes the overburden in the entire basin. The model region is based on
/COR 00/ and extends to topographic features forming the boundaries of a regional
groundwater flow system. It covers an area of about 6,000 km2? and has a length of
112 km in north-south direction, a maximum width of 78 km in east-west direction and a

depth of almost 700 m. The lateral model boundary is shown in Fig. 4.65.
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Fig. 4.65 Area of the WIPP-Site basin model after /COR 00/
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431 Hydrogeological situation

The studied region is characterized by a smooth topographic relief, the elevation of the
land surface ranges from about 850 m a. s. |. at the river Pecos to 1200 m in the north-
eastern part. The geology is well documented in literature /DAV 89/. A schematic

hydrogeogical cross section of host rock and overburden is shown in Fig. 4.66.
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Fig. 4.66 WIPP-Site, schematic cross section (source: US DOE)

The lowest layer above the Salado, the Permian Rustler formation consists of anhydrite
interbedded with dolomitic limestone, interlaminated dolomite and anhydrite, muddy hal-
ite, and clastics ranging from mudstone to fine-grained sandstone. It has a thickness of
100-150 m and is divided into five layers or members, /DAV 89/, see Fig. 4.67.

The lowest of these members, Los Medanos Member, consists of basal, fine-grained
sandstone and mudstone overlain by interbeds of anhydrite, halite, and mudstone and
has a thickness of 27 — 37 m. The basal, fine-grained sandstone forms the upper part of
the Rustler-Salado contact zone. The anhydrite, halite and mudstone in the upper part
of the Los Medanos Member are relatively impermeable and act as confining beds for

the brine in the Rustler-Salado contact zone that is under artesian conditions.

The following Culebra Dolomite Member is a fine-textured, microcrystalline dolomite or

dolomitic limestone. The Culebra has a thickness of approximately 8 meters over a very
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large area, but there exist zones with a thickness of only 2 m or less. In some parts the
Culebra Dolomite is extensively fractured, and the intensity of fracturing increases from
east to west. First hydrologic field studies focused on the Culebra Dolomite. Because of
its relatively high permeability in the vicinity of the WIPP site, the Culebra is considered

an important potential pathway for the transport of radionuclides.

The Culebra Dolomite Member is overlain by the Tamarisk Member. East of the WIPP
site the Tamarisk Member consists of about 55 meters of anhydrite and muddy halite. In
the vicinity of the WIPP-Site and to the west in Nash Draw, the 20 to 30 meters of Tam-
arisk halite have been completely removed, leaving behind a 2- to 5-meter-thick mud-
stone residue, and the Tamarisk is almost impermeable. Westward toward Nash Draw,
an increased permeability was observed, possibly due to fracturing. Here the Tamarisk
is assumed to consist of two anhydrite layers, separated by a thin bedding of mudstone

and halite, respectively, see Fig. 4.67.

The overlying Magenta Dolomite Member consists of dolomite and anhydrite with a thick-
ness of about 7 m. It is partially fractured and has also relatively high permeabilities in-
creasing from east to west, even though somewhat lower than in the Culebra. The Ma-
genta is dry at several locations in central and northern Nash Draw, and it has been

completely removed by erosion in southern Nash Draw.

The Forty-Niner Member is the youngest unit in the Rustler Formation. It consists of
approximately 25 meters of low permeable anhydrite and muddy halite. In the vicinity of
the WIPP site and to the west, the halite has been completely dissolved, leaving behind
a 2- to 3-meter-thick residue of mudstone. In this basin model the Forty-niner member is
assumed to consist of two anhydrite layers, separated by a thin bedding of mudstone

and halite, respectively, see Fig. 4.67.

The Rustler Formation is overlain by the Permian Dewey Lake Red Beds, consisting of
alternating beds of siltstone and fine-grained sandstone. In the eastern part of the basin
it is 150 to 180 meters thick; whereas towards the west, it has increasingly been subject
to erosion and is completely removed by erosion in the western part of the basin
/IDAV 89/. Here, the overlying, undifferentiated Triassic Rocks including the Dockum
Group (Fig. 4.66) are combined with the Dewey Lake Red Beds to one layer of the hy-

drogeological model, see Fig. 4.67.
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Hydrostratigraphic Units

Triassic Rocks and
Dewey Lake Formation

Dewey Lake/Triassic

Forty-Niner Member

Anhydrite 5

Mudstone/Halite 4

Magenta Dolomite
Member

Anhydrite 4

Tamarisk Member

Magenta Dolomite

Anhydrite 3

Mudstone/Halite 3

Culebra Dolomite
Member

Anhydrite 2

Culebra Dolomite

Los Medanos
Member

Los Medanos
Member

Salado Formation

Fig. 4.67 Hydrostratigraphic units of the WIPP-Site basin-scale model /COR 96/

Based on geological data as well as on data from plant and animal remains, alternating
climatic conditions are assumed throughout the Pleistocene Epoch with mean precipita-
tion rates about twice that of the present /COR 00/. Up to 10,000 years in the past, pre-
cipitation is assumed to vary between 500 and 600 mm/year, decreasing rapidly to about
280 — 340 mm/year as the present values, whereas three peaks of 420 mm/a are sup-

posed to have occurred 6,000, 4,000 and 1,500 years ago.

Because of the dry climates, groundwater recharge constitutes only a small percentage
of precipitation, sinking from 2 mm/year 14,000 years ago to only 0 to 0.2 mm/year dur-
ing the last 8,000 years, with periodic fluctuations throughout the Pleistocene and Holo-
cene because following the assumption that maximum recharge occurs during cool wet
periods /COR 00/, see Fig. 4.71. It is assumed that the groundwater table was near the
land surface 14,000 years ago, while it is currently at a depth up to 150 m below espe-

cially in the north-eastern part of the model area /COR 00/.
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4.3.2 Model description

The objective of the current modelling is to enhance the understanding of the groundwa-
ter flow dynamics in the basin in a time frame of tens of thousands of years, reproducing
the development of the groundwater table from the late Pleistocene to the present and
investigating the impact of density effects. This includes varying recharge rates while
checking the position of the water table and the groundwater flow patterns. Finally, a

comparison of the d3f++ results with PFLOTRAN-simulations /LIC 14/ is planned.

The first small 3d density-driven flow model of the WIPP-Site region was presented by
Davies using SUTRA /VOS 84/, IDAV 89/. In 1996, Corbet and Knupp presented a basin-
scale groundwater model without regarding density effects, using the SNL-code
SECOFL3D /COR 96/, /COR 00/.

The d3f++ model presented here is directly based on the SECOFL3D input data provided
by SNL. The geometrical data were received as raster data describing the 10 basal sur-

faces of the hydrogeological layers as well as the land surface. These 11 raster surfaces

were converted into a 3d d3f++ numerical grid using the ProMesh preprocessing tool
(/SCH 16/, SCH 17/, www.promesh3d.com), see Fig. 4.68.

ProMesh

Fig. 4.68 Construction of the 3d d3f++ model from 11 raster surfaces
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The model domain has a depth of about 700 m and consists of 10 flat bedded layers with
contrasts in their permeabilities of up to seven orders of magnitude, where the two main
aquifers, the Culebra Dolomite and the Magenta Dolomite, have a thickness of only 2 m
over huge areas. These characteristics combined with the large horizontal extension of

the model domain evoke high numerical anisotropies.

For this reason, the d3f++ model restricts to only six layers as described on the left hand

side of Fig. 4.67. The resulting geometry model is shown in Fig. 4.69.

I:l Dewey Lake/Triassic
. Forty-Niner Member
. Magenta Dolomite
. Tamarisk Member

. Culebra Dolomite

D Los Medanos Member

Fig. 4.69 WIPP-Site: 6 layers model, 50x exaggerated in vertical direction

The permeabilities and porosities used for each hydrogeological unit are compiled in
Tab. 4.9. It has to be kept in mind that the permeabilities are not constant over the whole
basin area within one layer. They are varying from lower values in the east, where the
halite and limestone structures are still undisturbed, compared to the western, lower bed-
ded areas, where formations and members are dissolved or strongly fractured, respec-
tively. The permeability data in the d3f++ model are adopted from /COR 00/ .Fig. 4.70
illustrates exemplarily the distribution of conductivities in the Culebra Dolomite and the
formation above the Rustler. (To get the permeabilities, these values have to be multi-

plied by a factor of about 10°".)

As shown in Fig. 4.71, the recharge is assumed to decrease from 2.0 mm/year to
0.0 mm/year during the first 6000 years of model time, and during the last 8000 years
three short-term periods occur with 0.2 mm/year. In the absence of information spatial

variations of recharge are neglected.
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Tab. 4.9  WIPP-site model: permeabilities and porosities

unit permeability [m?] | porosity
Dewey Lake/Triassic 1010 0.15
Forty-Niner Member 10'17_10'16 0.14
Magenta Dolomite 10'17_10'12 0.14
Tamarisk Member 10710 0.14
Culebra Dolomite 1010 0.15

Los Medanos Member 10710 0.1

The diffusion coefficient Dy, is set to 10° m2 s and the dispersion lengths are set to
aL=10 mand ar=1 m (see equation (3.4)).

D WIPP-site boundary 1106 WIPP-site boundary

Fig. 470 WIPP-Site model: Distribution of hydraulic conductivities on example of the
Culebra Dolomite (left) and the Dewey Lake/Triassic (right) after /COR 00/

4.3.3 Numerical model

Corbet and Knupp /COR 00/ used a computational grid consisting of only 18,000 hexa-
hedrons. They started simulating groundwater flow about 14,000 years model time in the

past in order to match the present groundwater flow regime, verifying their model among
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other by pressure measurements and the current groundwater table. The objective of the

d3f++ modelling is the reproduction of their results, but using a density-driven flow model.

The first step in model set up is the construction of the model geometry and the genera-
tion of the numerical grid. For models with thin layers, d3f++ usually works on triangle

prism grids.

In former works the WIPP-Site model had provoked a lot of improvements of the prepro-
cessor and grid generator ProMesh, see /SCH 16/ and /SCH 17/. The code d3f++ is using
multigrid algorithms, see chapter 3. That means, the computational grid produced by the
grid generator is used as a coarse grid and has to be refined several times during com-
putation. To avoid high numbers of nodes in this coarse grid, a new refinement method
was developed. By construction of special projectors within the multigrid algorithm, it is
possible now to include the complete geometrical information of the original raster data
in the grid refinement process, see section 2.2. That means using a coarse grid consist-
ing of relatively few elements causes no loss of geometrical information on the finer grids
while the grid quality remains good on all grid levels. The result was a coarse grid con-
sisting of 54,200 prism elements enabling simulations up to multigrid level two. But he
levelset method (see /FRO 12/, /SCH 12/), that is used in d3f++ for the modelling of the
free groundwater surface, did not work stable on this grids for long model times. There-
fore, to get long-term results also for free-surface-flow problems, the grid had to be fur-
ther optimized. The result is the coarse grid consisting of 2,856 elements shown in
Fig. 4.71. That means, the corresponding grid at level 1 and level 2 consists of 22,848

or 182,784 elements, respectively.

The bottom of the model and the lateral boundaries are assumed to be closed for ground-
water flow. On the bottom boundary the concentration of saturated brine is prescribed
as a Dirichlet boundary condition, where a Neumann-zero-condition is set for the salt
concentration on the lateral boundaries. For the complete the upper boundary a ground-
water recharge varying from about 2 mm 14,000 years ago to 0.1 mm in the present is
defined, as shown in the upper part of Fig. 4.71, and freshwater concentration is as-
sumed except of the leakage areas, where the concentration adopts the same value as
inside the boundary. In the north-western region, the Nash Draw, a leaching boundary is
developing with time. As an initial condition the salt concentration was set to zero in the
whole model. As an initial condition the groundwater surface was placed about 10 m

below ground surface (b.g.s.) as shown at the in Fig. 4.71 (right).
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boundary condition
top boundary:

gw recharge
source: /COR 00/

Potential recharge (mm/yr)

Time (yr)

initial condition:
water table
14,000 years ago

source: /COR 96/

closed boundaries

(saturated brine)

Fig. 4.71 WIPP-Site model with coarse grid and boundary conditions, 50 times exag-

gerated in vertical direction

4.3.4 Results

The simulations were performed at grid level 1 and grid level 2, whereas a model time of
14,000 years was only reached on level 1 up to now. Fig. 4.72 shows the distribution of
the permeabilities in vertical direction and the corresponding velocities in a W-E-cutting
plane with y coordinate at the position of the repository. Itillustrates that the main ground-
water flow takes part in the two thin main aquifers culebra dolomite and magenta dolo-
mite. The flow directions are following the declining ground surface. Most of the ground-
water flow leads to the west, where a discharge into the Nash Draw is observed. In the

low permeable, central part of the model domain occur only small flow velocities.
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Fig. 4.72 Distribution of permeabilities (left) and velocity vectors (right) in a vertical
W-E-cutting plane at the repository position

Fig. 4.73 compares the Darcy velocities in the main aquifer, the culebra dolomite, at the
beginning of the simulation 14,000 years ago and today. It is obvious that the flow pat-
terns are primarily following the slope of the terrain that is identic with the slope of the
initial groundwater surface, that is shown in Fig. 4.75. The velocity values and directions
are slightly varying with time, especially in the western part of the model, caused by

smoothing and flattening of the free groundwater surface with model time.
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Fig. 4.73 Simulated velocity field in the culebra dolomite at the beginning of the sim-
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To handle free surface groundwater flow d3f++ is using a level set method, see /FRO 12/
and /SCH 12/. The implementation of this method still leads to restrictions of the time

step size.

Another result, the development of the salt concentration, is shown in Fig. 4.74. In this
graphic the variable ¢ stands for the relative salt concentration with
c =c™ =1,197.2 kg/m>. The left side shows the salt concentrations by isosurfaces.
The salt is moving very slowly upwards with time. To illustrate the salt spreading, on the
right side a logarithmic scale was chosen to show the salt spreading at a cross section.
As expected, the salt moves much faster upwards in the west part were higher permea-

bilities occur and the main aquifers are touching ground surface.

Fig. 4.74 Simulated relative salt concentration after 14,000 years;

left: isosurfaces in successive intervals of 0.1: ¢c=0 (dark blue), c=0.1
(light blue), ..., c=1 (red)

right: W-E-cutting plane, ¢ on log scale

The structure of the groundwater surface is strongly declining with time caused by de-
creasing recharge rates (see Fig. 4.71). Additionally, it is noticeably smoothed, because
at initial state it was completely following the hilly ground surface. This rough structure
disappears with advancing model time, and the water table is only following physical
conditions. The water table is sinking at its formerly highest points, while it is touching
ground surface in the lower lying areas close to the west and south-west boundary. In
the related regions of the top boundary groundwater discharge areas are establishing
and growing with time. In Fig. 4.75 (b) and (c) these areas appear as voids in the visual-

ization because the simulated groundwater level lies outside of the model domain.
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gw level (m)

Fig. 4.75 Simulated situation oft the groundwater surface at the initial state (a), after
2,000 years (b) and after 14,000 years (c)

4.3.5 Summary

The Waste Isolation Pilot Plant (WIPP) is a repository for transuranic waste situated in a
semi-arid region east of Carlsbad, New Mexico, USA, in a thick, Permian-age deposit of
bedded salt. The host rock formation is covered by flat bedded Permian halite, dolomite,
anhydrite and clastic hydrogeological units as well as Triassic and Quaternary sand-
stone. The present model covers the whole overburden in the entire basin. The model
domain has a horizontal extension of about 6,000 km?, a depth of about 700 m and con-
sists of flat-bedded layers with contrasts in their permeabilities up to seven orders of
magnitude, where the two main aquifers have a mean thickness of only 2 m. These
characteristics combined with the large horizontal extent of the model domain evoke high
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numerical anisotropies. A second challenge is the large free groundwater surface with

extremely low groundwater recharge rates as an upper boundary condition.

The objective of this work was to enhance the understanding of the groundwater flow
dynamics in the basin in a time frame of tens of thousands of years, to show and to
improve the ability of d3f++ to set-up a regional 3d model with a reasonable effort, to
simulate density-driven groundwater flow correctly and, especially, to handle a free
groundwater surface in such a big model, with density influence and over long time pe-

riods.

The d3f++ solvers work very efficient despite of the high anisotropies, but only if the free
groundwater surface is neglected. In d3f++ levelset a method is used for the modelling
of the free groundwater surface. Even though this method was substantially improved
and stabilized and an implicit solver was implemented in the scope of this work, it is still

limiting timestep length and leads to long computing times.

Modelling this strongly density-driven flow problem with high anisotropies and a large
free groundwater surface was successful, even though the time step lengths are still not
satisfying. This problem has to be overcome to get the results in reasonable computation

times.
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4.4 Cihadlo groundwater flow model, Czech Republic

In 2014, SURAO, the Czech Radioactive Waste Repository Authority launched a large-
scale project aimed at acquiring the knowledge and know-how needed both to form an
understanding of the various processes likely to occur within the repository system and
to compile conceptual, mathematical and computational models describing the disposal
system and predicting its development for safety assessment purposes. As part of this
project, nine studies were conducted which were subsequently summarised in the form
of safety reports on all candidate deep geological repository sites (Bfezovy potok, Cer-
tovka, Cihadlo, Hradek, Horka, Janoch, Kravi hora, Magdaléna and Na Skalnim). All

candidate sites are situated in a crystalline rock environment.

In 2020 it is planned to reduce the number of potential sites to 4 preferred sites for the
conducting of geological investigation work. The current schedule envisages that the
Government will select a final and a reserve site in 2025. The actual construction of the
repository will commence in 2050 with the start of operation of the facility expected in
2065 at the earliest.

In 2015, SURAO started a project in where regional geological and hydrogeological mod-
els were developed for the nine candidate sites mentioned above. Based on this a 3d
flow- and transport modelling should be performed to describe the groundwater flow in
the geosphere and to identify the main transport pathways. The Czech Geological Sur-
vey, the PROGEO consulting engineers, the Libere& Technical University, and UJV Rez
are taking part in this project. SURAO provided successively site characterizing data to
the project partners. The working groups participating build up groundwater flow and
transport models based on different numerical codes, MODFLOW /HUG 17/, FEFLOW
IWAS 10/ and FLOW123 (UJV in-house code, /JAN 19/), and they are exchanging their
results at regular meetings. In the course of the German-Czech cooperation the GRS
suggestion of setting-up a groundwater model for one of these sites also with d3f++ was
appreciated, and the Cihadlo site was selected for this purpose. Cihadlo is situated in
the south of Bohemia, about 100 km south-east of Prague, see Fig. 4.76.

159



1

-1130000

| |
Choustnik Miyny

I
o 4 Temice
sice N of N
e » X
Hagjovice - \
1132000+ -,
Bgarov #
-
- N <
1134000 # £ = Bofetin
L ~
ucapys Budislav . Bohdalin
) Ao Drunce Mnich
1136000 4 Kalov ) Brezina 7 Kafenice na
A 7
C’hmemlce Rosicka \ Y
1138000 n4 L4 8 [
nd / Vicemil,  pasia e \
T A
Trebsii Vicetinec
~1140000 Trebsjice Dm." Hormi Radoufl.. “Diyi K ‘{J B
/ Hadravova Rosikka-dar
-1142000+ { Okrguhlé Radour [
Vidhbua Pluhiv Zdar Noy'd Vicelnice
/ p .
Kostelni Radoun
1144000 i L
e .)f Lodhetov
Plede K,
-1146000 N -
Kardastva Retice
Y
1148000 ~
- 7] N Velky Ratmirov P
4
1150000 i PP il -
- bl ‘
Ratibof
-1152000 il N w1 T T ] B

T T T T T T T T T
-728000 -726000-724000 -722000-720000-718000 -71 SIDDD -714000-712000-710000 -708000

Fig.4.76 Model areas (full line: FEFFLOW/MODFLOW, dotted line: Flow123);
source: PROGEO
44.1 Hydrogeological model

The local rock units belong to the Moldanubicum of Southern Bohemia. Rocks identified
in the area of the 3D regional model include the Monotonous Group, granitoids of the
Moldanubian Plutonic Complex (Klenov Pluton) and sediments of the platform cover. The
existing fault system is in general trending NE-E to SW-W or NW-SE. In the eastern
part of the area faults and fault zones with N-S orientation are predominating. Their more
abundant occurrence in the southeast of the area is due to the more intensive exploration

works in the area.

The largest and most important fault zones occur in NW and SE parts of the model area.
This includes faults oriented NE-SW and N-S exceeding 10 km in length, corresponding
to the category 1 — regionally important fault zones (according to the SKB classification).
The majority of the faults in this area are classified in category 2 — locally important fault
zones with an extension 1 —10 km. Faults shorter than 1 km were classified as cate-
gory 3. They mainly include fault zones without a preferred orientation in the southern
part of the study area, see Fig. 4.77. Because of fault data insufficiency, an equivalent
porous media (EPM) approach was chosen by PROGEO.
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Fig. 4.77  Situation of faults in the model area; left: regional fault zones; right: regional

(coloured), major (black) and minor faults (gray)

The Cihadlo model area is part of the LuZnice River catchment area and is drained by a

huge river network. The total recharge is estimated to 100 mm a™.

The model covers an area of about 260 km? with a north-south extension of about 20 km.
Because of lack of exploration data all assumptions concerning rock permeability are
solely based on input assumptions and expert knowledge. On this base, PROGEO pro-
vided a hydrogeological structure model, consisting of 13 layers, including the conduc-
tivity values in a MODFLOW format. This model was adapted and imported to d3f++, see
Fig. 4.78. The permeabilities in the upper part of the matrix is varying between 5 -
10716 m?2 and 1 - 107> m2, the permeability of all fractures is setto 1 - 10~13 m2, The per-

meability of the covering sediment layer is setto 2 - 107> m2, s. a. Fig. 4.79.

The hydraulic conductivity is assumed to decrease with depth following

—Z
K(z) = K,-10¢ (4.9)
where K (z) is the hydraulic conductivity [m s?] at depth z and c a coefficient, c = 400 m.
Additionally, PROGEO provided a digital relief map, river network data (see Fig. 4.78)

and data of 73 groundwater gauges. Based on this data, a 3d hydrogeological model

was set-up in d3f++.
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L

Fig. 4.78 Regional model Cihadlo; left: MODFLOW model, right: d3++ model with
river network

The lateral boundaries and the bottom of the model are assumed to be closed for ground-
water flow. At the top boundary a constant groundwater recharge of 100 mm/year is
defined as the only source of groundwater inflow. The rivers allow an outflow depending
on their water level in relation to the local groundwater level. Following the suggestions

of PROGEO, the initial state for the groundwater level was setto 10 m b. s. I.
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Fig. 4.79 Cihadlo model, permeability distribution
4.4.2 Results

The d3f++ numerical coarse grid consists of 40,911 elements. For the calibration process
the grid was refined to grid level 2 with 2,618,304 elements. The groundwater model was
calibrated comparing the simulated groundwater level with the measurements in 73 wells
provided by PROGEO. Fig. 4.80 shows the differences as a diagram and their spatial
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distribution. The resulting Nash-Sutcliffe-coefficient amounts 0,957. In Fig. 4.81 the spa-
tial distribution of the deviations is illustrated.
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Fig. 4.80 Comparison of the simulated groundwater level with the measurements in

m a. s. |.; left: MODFLOW, right:d3f++, point colors corresponding river
catchment zones, s. a. Fig. 4.84
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Fig. 4.81 Location of the measuring points and difference in m

Fig. 4.82 shows the steady state of the groundwater level and the flow field at the depth
of the hypothetical repository. Obviously, near-surface groundwater flow is mainly di-
rected to the rivers and especially to the south-west of the model area. This corresponds

with the observation that the region is predominantly drained in direction of the Luznice-
river that is located there.
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Fig. 4.82 Simulated groundwater level and velocity field at 0 m a. s. |.

One of the objectives of this works was to compare the results of df++ with MODFLOW-
results provided by PROGEO. Fig. 4.83. shows the simulated groundwater heads after

calibration. The isolines are nearly identical.

Fig. 4.83 Comparison of the calibrated groundwater heads, left: MODFLOW
/PRO 20/, right: d3f++; yellow: 438 m, blue: 674 m a. s. |. (different colorbars)
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Within the scope of the benchmarking the position of the groundwater table, the results
for the groundwater discharge into the rivers were provided by PROGEO. For this pur-
pose 6 river catchment areas were distinguished, see Fig. 4.84. It is obvious that the
near-surface flow patterns are mainly directed to the rivers. Fig. 4.84 shows also that
there are some velocity vectors crossing the boundaries of the catchment areas. This
may indicate that these areas are not optimally chosen. The simulated drainage rates of
both codes as well as the corresponding groundwater recharge rates are compiled in
Tab. 4.10. The drainage rates are slightly overestimated in comparison to the recharge
rates by both codes in the same four catchment areas, while they are underestimated in

area 2 and 5. MODFLOW and d3f++ show similar deviations.

Fig. 4.84 Flow field in the upper layer and catchment areas of the rivers
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Tab. 4.10 Comparison of recharge and river drainage

catchment area river drainage [l/s] gw recharge [l/s]
d3f++ MODFLOW boundary condition
239 242 234
159 166 170

3 91 91 86

4 42 39 35

e 252 2a1
6 41 36 31
sum 806 806 797

4.4.3 Discussion

Most of the differences in the results can be led back to the huge differences in the codes.
Where d3f++ based on a Finite Volume discretisation, implemented in C++, MODFLOW
is a Finite Difference Code, implemented in FORTRAN 90. This evokes differences in
the numerical grids: The latter uses a fixed grid, consisting of 328,081 rectangular cells
with an extension of 100 m x 100 m in horizontal direction. As just mentioned above
d3f++ works with multigrid algorithms, the coarse grid consists of 40,911 triangle prism
elements, that are refined to 327,288 elements at grid level 1 and 2,618,304 elements at
grid level 2. Especially in the case of EPM modelling this different grid concepts lead to
differences in the hydraulic conductivity distribution and, consequently, in the fracture
representation. To meet the faults locations more exactly and to make the results com-

parable it would be advisable to use discrete fracture network models (DFN).

Additionally, both models provide a different interpretation of the free groundwater sur-
face. MODFLOW provides groundwater heads calculated for the centroids of each model
cell, whereas d3f++ uses a levelset method /FRO 12/, /SCH 12/ to simulate the exact

position of the moving surface.

Another important difference in the model set-up between MODFLOW and d3f++, that
can be led back to the grid resolution, is the model resolution of the DEM. d3f++ starts
with a coarse grid, only describing the hydrological structures. From the numerical point
of view it is desirable that this coarse grid is as coarse as possible. In case of the Cihadlo
model that means, that the resolution of the digital elevation model (DEM) is even worse
than in the MODFLOW grid. Though the situation of the DEM, representing the upper
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model boundary, has no physical importance for groundwater flow, there can occur some
problems if the groundwater surface is touching the model boundary. To overcome this
the recently developed raster layer projector method /REI 16/ was applied. This method
allows that the geometric approximation of individual layer improves as the grid is refined.
The grid refinement is not only restricted to the simple partition of the grid elements, it
also processes the complete geometric information available in the original raster data.

The application of this method to the Cihadlo model is illustrated in Fig. 4.85.

Fig. 4.85 Refinement of the top surface to grid level 1, 2 and 3 using the raster layer

projector method (blue: 420 m, red: 682 m a. s. I.

Finally, the main disadvantage of d3f++ with respect to the Cihadlo groundwater model
is, that there still doesn’t exist an automatic calibration. This is one of the subjects of
current works in the HYMNE-project (FKZ 02E11809A-B).

Nevertheless, at the end groundwater levels were met very well. At the other hand, river

drainage is still slightly overestimated. This can be overcome only with the help of an

automation.

167






5 Summary

The works described in this report were funded by the German Federal Ministry of Eco-
nomics and Technology (BMWi) with the objective to improve and extent the tools for
groundwater flow and transport modelling as an important element of long-term safety

assessment for radioactive waste repositories.

The growing and varying demands on groundwater flow and transport modelling, such
as growing extension and complexity of the models and the mapping of new physical
processes in the equations, evoke constantly rising requirements for code enhancement

and improvement.

With the objective to enable d3f++ for the modelling of short-term field-scale experiments
with pressure-influenced transient processes the flow equation was extended by a stor-
age term. The new feature was successfully tested by comparing the results of a small
3d test case with the analytical solution. Further test cases will have to be provided in

future projects.

3d model set-up and meshing of complex geometries for the purpose of scientific com-
puting can be a challenging and time-consuming task. The quality of each individual grid
element may be crucial for stability and efficiency of the numerical solvers especially in
the case of unstructured grids and parallel multigrid solvers. To ease model set-up and
to improve grid quality, functionality and visualisation of the interactive, graphical pre-
processor ProMesh were extended and improved and new projectors for an intelligent

grid refinement with better resolution of the model geometry were implemented.

The application of modern, parallelized numerical algorithms as well as the effective use
of high-performance computers are essential for the simulation of density-driven ground-
water flow and nuclide transport at regional scale. The growing extension and complexity
of the models require a permanent development in speed-up and robustness of the solv-
ers. For density-driven flow problems LIMEX -methods have been demonstrated as an
attractive and efficient alternative to standard time-stepping strategy. In the scope of this
works two versions of this methods were investigated, differing in the approximation of
the Jacobian. Very promising results could be achieved for a modified Elder problem, the
Saltpool problem and a vertical cross section through the Gorleben channel.
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To improve the robustness of the linear multigrid solvers, different types of smoothers
were implemented and tested, e. g. downwind numbering ILU and ILUg.The coarse grid
correction was improved by implementing a Galerkin projection and a special matrix de-
pendent interpolation. Additionally, Filtering Algebraic Multi-Grid Methods (FAMG) were

adapted to thermohaline flow and implemented in d3f++.

For non-linear problems like thermohaline groundwater flow and transport very fine grid
resolutions are decisive to achieve a correct description of the non-linear behaviour. This
implies the need for robust solvers in parallel. To obtain robust methods, an appropriate
grid tailoring and adaptive anisotropic refinement methods are decisive. Ideas from com-
puter graphics were adapted to get such an adaptive anisotropic refinement strategy.
The generalization to thermohaline flow will be completed in the following project HYMNE
(FKZ 02E11809A-B). Another field of work was the parallelization of downward number-
ing. These algorithms have been applied very successfully for serial computations also
in d3f++. Using them in parallel, requires a special type of load balancing, the partitioning
has to follow the streamlines. The algorithms for this were developed and implemented,

and first tests provided good results. This issue is to be pursued in the HYMNE project.

d3f++ was originally developed for the modelling of confined aquifers. Subsequently, lev-
elset methods were adapted and implemented to enable the code for the modelling of a
free groundwater surface. In the last years free surfaces are gaining more and more
importance, particularly in groundwater modelling at a regional scale. Therefore some
works were done for a substantially stabilization of the levelset method, and new algo-
rithms using so called virtual elements and PLIC-reconstruction for a better description
the free surface were applied. Mainly motivated by the Cihadlo test case, also the imple-

mentation of river drainage was improved and stabilized.

A short review of various concepts of diffusion and sorption of radioactive nuclides in
crystalline rock is presented. As a result of this process a two-zone approach is used for
modelling the transport of four different tracers in Task 9b of the SKB Task Force on

Groundwater Flow and Transport of Solutes.

In the scope of this work d3f++ was applied to three 3d groundwater flow models at re-
gional scale, in porous media as well as in crystalline rock. The first of them is the Aspo
Site Descriptive Model (SDM) over an area of about 250 km?, situated in fractured gran-

ite, covered by a thin sedimental layer. A lot of effort had to be spent into data enquiry,
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and a couple of 2d pre-studies were performed. Finally, a 3d model was successfully

set-up.

The second application was the Waste Isolation Pilot Plant (WIPP) site, a repository for
transuranic waste in bedded salt in New Mexico. The model covers an area of about
6,000 km? and is characterized by thin sedimental layers and high salt concentrations

strongly influencing fluid density.

As the last application the Cihadlo candidate site in the Czech Republic was modeled,
covering an area of about 260 km? in granite with a huge system of fault zones. Following
the work of the PROGEO colleagues, an equivalent porous media (EPM) approach was
chosen. The result was a well calibrated model, and groundwater heads as well as river
discharge in 6 catchment zones are corresponding very well with the results of PRO-
GEO.

In summary, the range of applications of d3f++ has been enlarged not only to pressure-
influenced transient processes but also to density-driven flow models with free ground-
water surface and river discharge at a regional scale. Efficiency, robustness and stability
of the numerical solvers could be substantially improved and the code has become more
user-friendly by advancing the preprocessor and the grid generator. Finally, the applica-
tion of d3f++ to three regional-scale models from the field of radioactive waste disposal,
in sedimentary as well as crystalline rock, contributes to the qualification of the code and
to a growing confidence in groundwater modelling as part of long-term safety assess-

ment.

Generally, the increasing capability of the code opens up doors to an increasing variety
of applications on all scales of research for radioactive waste repositories. The scope
begins at the centimeter to decimeter scale of laboratory tests, continues to the meter to
tens of meter scale of in-situ experiments, up to the repository scale for predictions of
the long-term performance, and further up to the scale of tens of kilometers for site se-
lection purposes. This work thus contributes in various ways substantially to the ongoing
development of tools for the assessment of long-term safety of geological repositories

for radioactive waste for all three potential host rocks presently considered in Germany.
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A Appendix: Data for modelling the LTDE

A.l Tracer data

Tab. A.1  Grouping of tracer materials according to sorption mechanisms

lon appearance an-/cationic | comments

non-sorbing

36CI- | predominately as anionic CI- v anion exclusion?

ion exchange

2Na* | predominately as cationic Na* v
133Ba2+ ?

137Cs* | predominately in cationic form v
226Ra?* | totally as cationic Ra?* v
surface complexation

5’Co?* | both anionic and cationic )

&Ni2* | predominately as cationic Ni?* v
109Cd2?* | Only 3% as cationic Cd?* v Heavy metal

11omAg* | Only 4% as non-charged AgCl
153Gd3* | complex speciation chemistry

electrochemical reduction dependent

ZINp3* | sensitive to the redox potential

Note the comment in /WID 10a/ with respect to elements sorbing by surface complexa-

tion: “These elements show a tendency not to reach sorption equilibrium after 186 days
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Tab. A.2  Tracer half-lifes

lon Half-life
s6Cl- 301 000 a
2ZNa* 2.602 a
133Bg2* 1051 a
187Cst 30.17 a
226Ra?* 1602 a
S'Co?* 271.79d
B3N;j2* 100.1 a
109C g2+ 462.6 d
Lomp g+ 249.79 d
153G g3 241.6d
BINp3* | 2.144 - 10% a

Tab. A.3  Kg-values evaluated in batch experiments; from /WID 10a/

Sorted by sorption categories | Sorted by Kq-values
lon Ka [m3/kg] lon Ka [m3/kg]
36CI- ~0 36CI- ~0
2ZNa* 2.90 10 2ZNa* | 2.9010%
133Bg2* 2.10 10| 2%'Np**| 8.2010%
187Cst 2.20 1002 | ¢Ba?*| 2.1010°
226Ra?* 7.50 1093 | 1%°Cd* | 5.07 1003
S'Co% 4.97 10%2 | #?°Ra?* | 7.50 10
B3INj2* 1.54 102 BNi2* | 1.54 10
109Cd2 5.07 109 | ¥¥Cs*| 2.20 1072
110mAg+ 57COZ+ 4.97 10—02
153G 3+ 110mAg+
237Np3+ 8.20 10-04 153Gd3+

198



Data for diffusion coefficients had to be compiled and processed. Details are given right
after Tab. A.4.

Tab. A.4 Diffusion coefficients

lon appearance an-/cationic | Self-diffusion
coefficient
at 15 °C
[102° m¥/s]
36CI- | predominately as anionic CI- v 15,8
2Na* | predominately as cationic Na* v 10,3
133gg2+ | 2 6.5
187Cs* | predominately in cationic form v 16,4
226Ra?* | totally as cationic Ra?* v 6,8
5’Co?* | both anionic and cationic ) 5.2
8Ni?* | predominately as cationic Ni?* v 5,3
109Cd?* | Only 3% as cationic Cd?* v 5,5
HomAg* | Only 4% as non-charged AgCl 13,0

153Gd3* | complex speciation chemistry

ZINp3* | sensitive to the redox potential

Starting point for deriving the diffusion coefficients is the Nernst expression /ROB 59/:

Do RT A (A1)
i |Zj | F2

D? - limiting tracer- or self-diffusion coefficient of ion j

/1? - limiting equivalent conductivity of ion j

Zj - absolute value of charge of ion |

R - gas constant

T - absolute temperature

F - Faraday constant

An estimation of ﬁ? at 25 °C can be given by an empirical formula after /NIG 70/ (for

temperatures between 60° and 300 °C another formula is proposed by /NIG 70/.):
20 =10.56 +90.72l0g Z, +42.95% (A2)
i

Vi - crystalionic radius of ion j
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Stokes-Einstein relation for self-diffusion of water reads

Do 770 ] [ Do 770 j
= (A.3)
( T . T L

0 , .
- - viscosity of water

and has been shown to hold for a temperature range of 0-100 °C /SIM 58/. For ions
.diffusing slower than the fluoride ion*, this equation holds also ,fairly well in the temper-
ature range relevant to the ocean" /Li 74/. For faster diffusing ions another equation is
proposed by /Li 74/

(DOUO) =(D0770) (A.4)

T Tz

The diffusion coefficients as a function of ionic potential at 25 °C are depicted in Fig. A.1
and compiled in Tab. A.5. The higher the ionic potential, the larger is the hydration shell,
and the lower is the diffusion coefficient. The data given in Tab. A.4 are linearly interpo-
lated from the data in Tab. A.5 assuming an ambient temperature of 15 °C. Note that the

diffusion coefficients differ by less than a factor of 4.

[+] |

N
H
[4 ] S
)

Izl /r
Fig. A.1  Tracer- or self-diffusion coefficient as a function of ionic potential at 25 °C;
from /Li 74/
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Tab. A.5 Diffusion coefficients after /Li 74/

o Self-diffusion coefficient [107° m2/s]
0°C 18 °C 25 °C
3%CI- 10,1 17,1 20,3
2Na* 6,27 11,3 13,3
187Cs* 10,6 17,7 20,7
133Ba?* 4,04 7,13 8,48
226Ra?* 4,02 7,45 9,89
109C g2+ 3,41 6,03 7,17
237N 3+
S'Co?* 3,41 5,72 6,99
B3IN;j2* 3,11 5,81 6,79
1oAg* 8,5 14 16,6
153Gd3+
19F | | 12,1 | 14,6
A.2 Experimental data during the tests

The tracer concentration in the injection volume for the solution containing the tracers
was monitored over time. The data are visualized in Fig. A.2. Note that the units in which

the concentrations for the tracers are given vary.

While some of the tracer concentrations are more or less constant over the whole active
period of the experiment, some show a dramatic decrease. In Tab. A.6 the tracers to-
gether with minimum and maximum concentration value are listed. Looking at the ratio
between maximum and minimum concentration, the tracers can be divided into 3 groups:
ratio < 2 (%CI, 22Na*, 13%Ba?*, *’"Np®"), ratio between 2 and 5 (***Ra?*, ¥’Cs*, 53Ni?*,
109Cd?%), and ratio > 100 (**°*mAg*, 5’Co?*, 153Gd?®*). The temporal development of concen-
trations in the reservoir is depicted in Fig. A.3 where the activity is plotted over time in a

logarithmic and a linear scale.

While the tracers from the first group qualify for approximating the initial value in the
reservoir by a constant (with a view to boundary conditions of a numerical model) it ap-
pears to be less justifiable in case of the second and to be certainly not appropriate for
the third group. However, a significant loss in concentration can be observed over the
first ten days. Therefore also the concentration after this time and the related ratio are

listed in Tab. A.6. These ratios are significantly smaller and should allow for using these
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reduced values as a constant boundary condition in case of the second group of tracers.
But a large error is possibly related to applying this procedure to the third group since a

large amount of tracer would be lost in the numerical model.
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Fig. A.2  Tracer concentrations in the injection volume over time

Tab. A.6  Characteristic data on tracer concentrations in the injection volume

lon Maximum Minimum Ratio | Concentration | Ratio | Unit
concentration | concentration after 10 days

36CI- 5350 4980 1.1 5009 1.0 | Ba/mL
2ZNa* 3200 2600 1.2 3025 1.2 | Ba/mL
133Bg2* 1450 960 15 1220 1.3 | Bg/mL
187Cst 7070 2680 2.6 4360 1.7 | Bg/mL
226Ra?* 103 51.3 2.0 70.85 14| Bqglg
S'Co? 13600 87.0 | 156.3 210.7 2.4 | Ba/mL
B3INj2* 22200 7900 2.8 13635 1.7 | Bg/mL
109Cd2+ 21524 4310 5.0 8312 19| Bdaglg
HomAg* 235 1.98 | 118.7 - -| Balg
183G 3" 3084 11.3 | 272.0 18.88 1.7 | Baqglg
23TNp3* 272 168 1.6 218.3 1.3 ng/g
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Fig. A.3  Tracer concentrations in the injection volume over time sorted after ratio;
a) ratio < 2; b) ratio between 2 and 5; c) ratio > 100; time on the x-axis in a

logarithmic scale on the left hand side, linear on the right hand side

A.3 Conversion of tracer concentration units

While the tracer concentration in the injection volume is measured in Becquerel per vol-
ume of solution or per mass of solution, the concentration profiles in the samples are
given in Becquerel per mass of rock. This is a practical unit as determination of tracer
mass is done on the rock sample. Input for the numerical transport model can only be
the monitored solution based concentrations. As a result the model provides the tracer
concentrations related to the groundwater in the pore space of the rock. In order to com-

pare model results with the measurements, the groundwater related concentration must
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be transformed into a rock related concentration. This situation is sketched in Fig. A.4
together with the symbols for the different concentrations. In terms of Fig. A.4 the task is

to derive c{,; from the numerically calculated concentration cy in the rock.

Cvo - tracer concentration of the solution in the injection volume [ Bq / ml]

ciot - activity measured in the rock after termination of the test [ Bq / g_rock]

¢y - tracer concentration of the solution in the rock [ Bq / ml]

Fig. A.4 Relevant concentrations in the experiment

The basic relation between solute concentration and sorbed solute mass reads

c'=Kyp;c (A.5)
¢ - Solute concentration related to mass of solution [ gc/ gi]
pr - Solution density [ gi/ ml]

K; - Distribution coefficient [mli/ g_rock]
¢’ - Solute concentration related to solid mass [gc/ g_rock]

The distribution coefficient in (A.5) is defined as

K; = Z_ (A.6)
¢, - Solute concentration related to the volume of the solution [ gc/ mli]
with
Cy = p1 € (A.7)
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The total activity as measured in the laboratory is the sum of solute in the water and
adsorbed solute mass. While the sorbed mass concentration ¢’ is already given in [ Bq /
g_rock], the unit for the tracer concentration c, still in the solution must be transformed
to the same dimensions. For this purpose, c, is multiplied by the porosity in order to
relate the solute mass to the bulk volume of the rock and then divided by the bulk rock

density to relate the resulting expression to the rock mass:
Cp = Cp— (A.8)

¢, - Equivalent sorbed solute mass [gc/ gs]
Rock bulk density [gs/ mls]

i)
)

® - Porosity [ml/mls]

The total activity is then calculated as

Cior = C' + ), (A.9)
which can be expressed as a function of the solute concentration c,, with the help of eq.

(A.6) and (A.8) as

Clot = Cv (Kd + ;2) (A.10)

S

Explanation of indices:

¢ - solute
[ - solution (liquid)
s - solid
A4 Experimental data after the tests

The activity data of the determined profiles for the drill cores that were provided with the
task description included many entries like “< X". These entries were interpreted as a
detection limit for a specific subsample. The detection limits thus formed a distribution
by themselves. Evaluation of these distributions alone as well as investigating their rela-

tion to the activity distributions proved to be quite revealing.

A characteristic example is given by the data for 22°Ra ?*. Fig. A.5 shows the detection
limits for 2°°Ra 2* which seem — on a closer look — to form sections at different levels. In

Fig. A.6 a dashed line is added to visualise the levels. Only in the first 5 mm there might
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be rather a gradient than a level. The subsample sizes are indicated as well by short
vertical blue lines. The long vertical red lines, by contrast, separate sections of different
subsample sizes showing clearly that the detection limits are correlated with the sample
sizes. Similar observations even if not always as conclusive as in the case of ?°Ra?

were made in case of the other tracers as well.
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Fig. A5  Detection limits for 22°Ra?* from A- and D-cores
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Fig. A.6  Detection limits for 2?°Ra?* from A- and D-cores and subsample sizes
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The relation of detection limits and sample sizes cannot come as a total surprise. It
proves to become important, though, in the comparison of activity data and detection
limits. Exemplarily, the activity data for 2Ra?* together with the related detection limits
are shown in Fig. A.7. In this case there is no difference between data and detection
limits beyond a depth of 2.5 mm into the drill core. Consequently, the activity data shows
a certain drop in level at about 30 mm which coincides with the drop in detection limits
and the increase in sample size. Interpretation of activity data thus requires in general

close inspection of the relation to the detection limits.
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Fig. A.7  Activity data and detection limits for 2°Ra?* from A- and D-cores

Activity data and detection limits were thus compared for all tracers that are relevant for
Task 9b. In general, all tracer data are clearly above the detection limits within the first
few millimeters into the drill core. However, only few tracer data proved to be significant
beyond this margin. The comparison allowed for discriminating four groups of tracers

(examples for each group are given in Fig. A.8):

(1) Data points clearly above the cloud of detection limits (*Na*, *CI-, 1¥’Cs?*)

(2) Data points “swimming” on top of the cloud of detection limits (°*’Co?*, 1**Ba?*)

(3) Data points inside the cloud of detection limits (1°°Cd?*, 11mAg*, 153Gd?**, 2°Ra?")

(4) Data points just for the first few millimeters (3Ni2*, 22’Np®*)
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Fig. A.8  Activity and detection limits; groups (1) to (4) from top left to bottom right

It appears that only data from group (1) is entirely and only data from group (2) at least
partly reliable and useful. Therefore only the tracers 22Na*, *Cl, ¥'Cs*, and *Ba?* will

be addressed further on. Work on 5’Co?" was dropped due to time limitations.

Separating the data for the A-cores from the data for the D-cores reveals a striking dif-
ference in the concentration distributions for **CI- and 2Na* as illustrated in Fig. A.9 to
Fig. A.12. While most concentration distributions show a knee at about 5 mm this is not
the case for *°Cl- and #2Na*-data from the D-cores. There is no curious change in the
profiles and the boundary concentration is considerably lower in case of *ClI- and notice-
ably lower in case of 22Na*. This observation alone seems to call for different models for
A- and D-cores. Additionally, it should be kept in mind that the surfaces of the A-cores
are in principle different from those of the D-cores as they show a fracture coating while
the surface of the D-cores may have been influenced by a borehole disturbed zone
(BDZ). Be that as it may, the matrix parameters for A- and D-cores should nevertheless

be the same and relate basically to undisturbed conditions.
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Fig. A.12 Activity and detection limits for 1*3Ba?*; A-cores (top) and D-cores (bottom)

Examining Fig. A.9 to Fig. A.12 more closely, an interesting visualisation artefact has
been discovered. Looking for instance at the **Cl--data in Fig. A.9, the data for both core
types (A and D) have a comparatively broad bandwidth thereby provoking the impression

of a large uncertainty in the individual data points. However, Fig. A.13 shows the same
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data as Fig. A.9 but the data from the different drill cores are marked with different col-
ours. This results in the quite different impression that the curves from specific drill cores
show quite clear trends but the trends differ from each other, in other words, there is
much less data scatter within a drill core than between the cores. This is illustrated by
Fig. A.14 where the coloured symbols are connected with thick lines of the same colour.
Apparently, there is already considerable local variation of material properties in the ma-

trix on the scale of the LTDE.
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Fig. A.13 Activity distributions in individual drill cores for 3CI;
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