6. ROLE OF SECONDARY FRACTURES FOR SOLUTE TRANSPORT IN EN ECHELON FAULT ZONES

Abstract

Solute transport in hierarchicd fradure networks associated with en échelon structuresis
investigated using a numericd model for network flow and advedive-diff usive transport.
Results are presented for cases that account for diffusioninto bah stagnant branch fradures
and maaoscopicdly unfradured matrix. Cases that are analyzed include both a deterministic
geometry taken diredly from a detail ed fracture map from a site in southern Sweden, and a
synthetic geometry based onstatistics of maps.

For bath cases, diffusioninto stagnant branches increases retardation d solute,
relative to simple advedive-diffusive transport through the main en échelon segmentsin the
absenceof matrix diffusion. The retardationis lessthan for an equivalent two-domain model
with equili brium masstransfer between flowing and stagnant domains. Branch fradures thus
may ad as an additional type of immobile domain, beyond dher hypothesized types of
domains such as gagnant podsin channelized fradures or stagnant zones in gouge.

In cases with uriform fradure properties, stagnant branches increase the retardation
of solute due to matrix diff usion, and the degreeof late-time taili ng. However, matrix
diffusionis the dominant effed in terms of median arrival times for solute mass for
conditi ons representative of arepository in graniti c rock. When fradure properties are
heterogeneous, branch fradures can in some caes yield dlightly lower net retardation when
combined with matrix diffusion. This surprising result is interpreted as due to the interadion
of flow-field heterogeneity and through-diff usion acossfradure blocks. Where through-
diffusion cceurs, in some instances branch fradures may ad as relatively rapid paths for
solute to return to the flowing fradures.

From apradicd standpdnt in the context of a radioadive-waste repository, these
results suggest that secondary fraduresin en échelon structures are of net benefit in terms of
radionuclide retention, bu naot sufficiently so to miti gate the otherwise poa retention
charaaeristics of these structures. The dfead of branch fradures ontaili ng of bresthrough
curves may be important to recognize in analysis of in-situ trace experiments, to avoid
incorred assesament of parameters for matrix diff usion models that will be gplied over

longer time scdes.
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6.1 1ntroduction

Groundwater flow in granitic rock istypicdly restricted to discrete fradures and fault zones.
The flow and transport properties of these feaures are of concern, given proposalsin several
courtriesto buld high-level radioadive-waste repasitories in graniti c rock (McCombie,
1997).

A generaly understood ginciple of repository design in granitic rock isto avoid the
fault zones onthe larger scdeslikely to be encourtered at a site (1 kmto 10km), which are
likely to carry relatively high flows andto pese engineeing difficulties for the underground
construction process The largest such zones are usually detedable by geophysicd methods
and baehde investigations, and hencethey can usualy be acourted for in the design
process However, blocks between such zones are ommonly foundto contain lesser-order
fault zones, which are more difficult to deted prior to undergroundinvestigations, and which
may therefore need to be acourted for in repository designs.

In this paper we cnsider the transport properties of a particular type of fault zone,
which consists of discrete fradures arranged en échelon with linking fradures at stepovers.
En échelon zones are of interest as one of the main types of hydrauli cdly transmissve
fedures that might be expeded in arock volume mnsidered for arepaository.

Field investigations (Martel et al., 1988 indicate that en échelon zones represent an
ealy stage of fault zone development, for low degrees of regional strain. Such a situation may
be expeded for rock volumes which are bounded by larger-scde fault zones that
acommodate the major portion d regiona strain. Thus en échelon zones are expeded in
volumes of sparsely fracured rock with alow degreeof brittl e deformation, which are sought
asrepository locaions.

Field investigations at graniti ¢ sites in Sweden, including the present study, confirm
that en échelon zones are foundin rock volumes bounded by fault zones with more extensive
brittl e deformation, and that these en échelon zones can betraced over distances of upto tens
of meters. Some of these zones are digned nealy normal to the minimum principal
compresgve stress and are hencelikely to be transmisgve in the present time.

En échelon zones may also have arelatively low potential for retardation o
radionuclides le&king from arepository, in comparison with more extensively sheared fault

zones. Matrix diffusionisthe most significant mechanism for retention o radionucli des
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leaking from arepaository in granitic rock (Jakob, 2004, andis controlled by the interfadal
area In comparison with zones of more extensive brittl e deformation, en échelon zones have
relatively small interfadal areafor matrix diffusion over most of their length (i.e. within the
discrete en échelon segments).

However, detail ed mapping of en échelon zones (Chapter 4) reveds alarge number of
small secondary fradures branching from the main en échelon segments, aswell asintense
fracuring within stepover zones. Thisis also predicted by theoreticd models of compressve
shea fault development (e.g., Schulson et al., 1999. These secondary fradures provide
additional interfadal areaviawhich dff usioninto the matrix can take place In this paper we
explore the quantitative significance of seandary fradures for increasing the degreeof

radionuclide retardation along en échelon zones.
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6.2.Method

To evaluate the patentia eff eds of seaondary fradures on solute transport through en échelon
zones, we simulate flow and transport through deterministic and statisticd, two-dimensional
models. Stealy-state flow through the models is computed by the finite-element method.
Solute transport, including diff usioninto stagnant branches and/or the rock matrix, is modeled
by an advedive-diff usive particle tracing algorithm described below. Comparison o cases
with and withou diff usion into stagnant secondary fradures, and cases with and withou
matrix diffusion, are used to evaluate the relative significance of these phenomena, as well as
their combined effeds.

Deterministic and statisticad models of en échelon zones

The deterministic and statisticd models are both based on detail ed mapping of en échelon
structures in graniti ¢ sites. The deterministic 2-D models are produced dredly from a detail ed
map of an en échelon zone a the Aspd site in SE Sweden, as described by Geier et al. (2004).
The statisticadl models were based onstatistics from the Aspd site maps.

The deterministic model based onthe Asp6 map reproduces a15m long portion d a
N-striking en échelon zone, in haizontal sedion. The map is adapted for numericd
simulations (to simplify cdculations of matrix diffusion) by conversionto a network of
redili nea segments (Figure 6-1). The model thus obtained has the advantage of nat being
filtered by any particular statisticd model, and preserving detail s of architedure which may
be overlooked in formulating a conceptual model for such zones.

The deterministic model has two main drawbadks for understanding the large-scde
behavior of single en échelon zones. First it spans sdes of only 15m, andincludes only a
few stepovers, so dees not represent averaging eff eds over longer transport distances
involving multi ple stepovers. Second,interpretation d the model results is complicaed by the
particular feaures such asthe intersedion with an ENE-striking feaure of comparable order
(betweeny =5 mandy =6 min Figure 6-1). A model that represents asingle en échelon zone
inisolation,and at a higher level of abstradion, may be helpful for clarification d the main
effeds.
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A statisticd model was therefore mnstructed by statisticd simulation d a40mlong
en échelon zone based onanalysis of branching and stepover statistics from the Aspd site,
including observations from the zone mapped in detail aswell as gmilar structuresin the
vicinity. Key comporents of the model which are described in terms of probability
distributionsinclude: length of en échelon segments, the length of the stepovers, block size
distribution within stepovers, and frequency and length of branch fradures of diff erent orders
(using the definition d branch order given in Sedion 3.9.

Outcrop mapping does not yield data on hydrologic properties (transmisgvity or
effedive transport aperture). Whil e gertures could be observed in afew of the fradures, here
we take the view that apertures measured under stressreli eved and weahered condtions on
bedrock outcrops are not areliable indicaor of apertures at depth. Instead, representative
transmissvity values are chosen based on pevious analyses of borehole data from Aspo
(Geler et al., 1995 Geier and Thomas 1996).

Uniform transmissviti es are used for a given arder of fradures. Field evidence
suggests that the most redi stic model would be one that includes variability of transmisgvity
both between and within individual fradures. However, variable-transmissvity models add
additional degrees of complexity and urcertainty in the parameters, apart from the geometric
properties which are the main focus of this gudy. Therefore we use asimplified
representation o transmisgvity in these models, recognizing that thisis an idedi zation the
impli cations of which could be explored through further analysis.

Effedive gertures for transport are dso assgned based on uriform, representative
values for a given classof fradures. Aswith transmisgvity, eff edive transport aperture ae
likely to be variable. The nature of this variation und in situ condtionsis poaly known, due
to the difficulty of performing in situ transport experiments with urequivocd interpretations.
For the present study, representative values were dhosen based onresults of past
investigations of single-fracture transport properties in simil ar geologic settings, as reviewed
in Chapter 2.

The statisticd distributions used to generate the network models are summarized in
Table 6-1. Examples of stochastic redi zations are shown in Figure 6-2, which may be
compared with the adual outcrop map in Figure 6-1.

The simulated en échelon zone in Figure 6-2 is an abstradion in several respeds. A

redili nea configuration d segmentsis used to simplify the problem of computing fracure
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intersedions, and to reducethe dance of the numericd difficultiesin the flow and solute
transport computations due to an ill -condti oned finite-element mesh. The mmplex
architecure of fraduring within the stepovers between en échelon segmentsisidedized asa
simple, hierarchicd fragmentation process Interseding fradure zones such asthaose seen on
the outcrop are excluded, to focus on the transport properties of asingle en échelon zone.
Despite these idedi zations, the model s reproduce gproximately the geometric
properties observed onthe outcrop that were anticipated to be key for transport, as discussed
in the foregoing paper. These apeds are (1) the length dstribution o the main en échelon
segments, (2) the frequency of branching secondary fradures (such as glays or pinnate
fracures) of various orders, (3) the length dstributions for diff erent orders of branches, and
(4) the block size distribution and fracture intensity within the stepovers between en échelon

segments.
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Figure 6-1 Redili nea network model for flow and transport simulations, based on cetailed en
échelon zone map from Aspo site, using a discretization level of 2 cm.
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Figure 6-2. A singleredization d a40m long sedion d en édhelon zone simulated based on
aredili nea statisticd model (revised version)for stepovers and kranch fracturesin en échelon
zones on Aspd, shown (a) with equal scdesin haizontal (E-W) and verticd (N-S) diredions,
and (b) with haizontal (E-W) scde exaggerated by afador of 5 to show frequency of small
wing/pinnate fradures.

187



Table 6-1: Parameters and statisticd models for en échelon fradure zones

1. Deterministic model;

Segment transmissvity T,

Segment transport aperture by,

2. Stochastic geometric model

Length of en échelon segments L

Length of en échelon segment overlaps (stepovers):

Asped ratio of stepovers:
Sense of step-overs:

Branch fracture frequency f; (I = order of branch):

Branch length distributionL; (I = order of branch):

Stepover fragmentation fractal dimension
Transmisgvity (heterogeneous case)
(T; 1 =order of branch)

Transmisgvity (uniform case)

Transport aperture (heterogeneous case)

Transport aperture (uniform case)

1x107 né/s

0.5mm

U[5m, 15m]

U[0.5m, 2.5m]
U[3,9)
P[right-stepping] = 0.8,
P[left-stepping] = 0.2
f, 36.3@®rm

f, 7.53 @rm
f, 242 @rm
L, P.(2.75,0.02m)
L, P (2.55,0.02m)
L, P.(2.75,0.02m)

D,=1.5

T, 1x10" m?/s

\ 2x10% m%/s
1x10® m?/s
1x10° m?/s
1x10" m?/s

b, 0.5mm

0.2mm

T
T

ca s Bl

iy

0.1mm
0.05mm

o O T
N

w

0.5mm

o

U[Xin Xmed = Uniform distribution o the parameter x in the range X, < X < Xy

P.[D, Xin] = power-law distribution d the parameter x with exporent D and minimum value

Xrin-
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Simulation d groundwvater flow

Steady-state flow of groundwvater through the en échelon-zone modelsis cdculated using the
dfimfinite-element code & described by Geier (2004). The steady-state flow isafunction d
the fradure transmisgviti es and the impased head gradient between the end padnts along
strike.

Vaues of transmisgvity are asdgned choasing representative values of single-fracure
transmissvity based on fast analyses of hydraulic test data & Asp6 (Geier et al. 1995 Geier
and Thomas 1996. For the deterministic case, the same uniform value was assgned to all
fradure segments. For the synthetic model, two separate cases were used, ore with uriform
hydrauli c properties and the other with heterogeneous properties (values depending on the
order of branch fraduresin the mode!).

A hydraulic gradient of 0.025was imposed by assgning ahead dfferentia of 0.375
m aaossthe 15-m length of the Aspé map. A 1 m head dfferential was applied to the 40m
long synthetic model, to give the same hydraulic gradient for all cases. A hydraulic gradient of
0.025is at the high end d the range of gradients that can reassonably be expeded for a
repository in granitic rock in Sweden (Dverstorp et al., 1996.

Gradients of this magnitude ae of pradicd concern for a high-level radioadive-waste
repository in granitic rock. In low-reli ef regions of graniti c bedrock such as uthern Sweden,
head dfferentials onthe order of 1 m over a40 m scade ae most likely to occur in relatively
“good’ rock which has low fradure intensity and low eff edive hydraulic conductivity.
Current repository siting concepts for graniti c rocks favor locating radioadive wastes in such
blocks (e.g., SKB, 1999. In such ablock, an en échelon zone mnsisting of asmall number of
favorably conreded fradures could aa as a discrete flow path through an atherwise low-
conductivity block of rock.

The variation d hydraulic head and groundvater flow ratesin the deterministic
network and in the synthetic network model areill ustrated in Figures 6-3 and 64,
respedively. The synthetic zone caries a groundwvater flow per 1 m thickness(in the verticd
diredion) of 5.3x10™ m*s (1.92ml/hr or 16.8liters per yea). The wmrrespondng advedive
velocity in the main en échelon segments, for an asaumed mean aperture of 0.2mm, is2.7x10
® m/s (9.6 mnvhr or 84 m/yr). The mean advedive velocity along the entire zone, based onthe

median water-residencetime determined by advedive-diffusive particle tracking, is 1.95x1°
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m/s (7.0mnvhr or 61 m/yr). The mean velocity islower than the vel ocity within the main en
échelon segments, due to slower passage through the stepover zones, where the high fradure
intensity implies larger pore volumes per unit distance dong strike.

The mean velocity of 61 m/yr isonthe high end o what istypicaly considered a

reasonable range for repository condtions, but probably onthe low end for in-situ trace tests.
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Figure 6-3. Head and flow field caculated for 2-D fracture network defined by Aspden
édhelon zone map, for 1 m gradient applied south to nath. Head in fraduresisindicated by
color scde. Flow rate is propartional to line width (except for stagnant fradures which are
represented by the narrowest lines). A digital version d this plot which can be viewed at
higher resolutionis provided in the dedronic supdement.
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Figure 6-4. Head and flow field cdculated for 2-D synthetic en échelon zone, for 1 m
gradient applied south to nath. Heal in fraduresisindicaed by color scde. Flow rateis
propartional to line width (except for stagnant fradures which are represented by the

narrowest lines). Note the plot has been split i nto two sedions to al ow plotting at a
larger scde onthe page. A digital version d this plot which can be viewed at higher
resolutionis provided in the dedronic supdement.
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Simulation d advedive-diff usive transport in fradure segments

Transport of solute through the fradure network and in the aljoining rock (matrix) is
simulated by an advedive-diff usive particle-tradking method. The methodfor tracking
particles through fradure intersedionsisinspired by the conceptuali zation d Park et al.
(1999, bu the dgorithm used here permits diff usion into stagnant branches. The following is
abrief summary; full detail s of the methodare given in Chapter 3.

Within agiven 1-D fradure segment, advedive-dispersive transport is modeled by a
discrete-parcd randam walk algorithm (Ahlstrom et al., 1977, following the suggestion o
Detwiler et al. (2000 and Bruderer and Bernabé (2001 to acourt for Taylor dispersion
resulting from diff usionin combination with velocity variations aaossthe gerture, by
tracking particles in this dimension (here dencted 2).

Each dscrete parce or “particle” represents a fixed massm, of solute, which moves
through the network and/or matrix as arandam walk. A particle's displacanent during asingle
step of the random walk, representing a small time interval At, isthe sum of arandam,
diffusive comporent (Ax,,Az,) and an advedive mmporent Ax, whichisequal to At times
the average velocity over the diff usive trajedory during the timeinterval, taking into acourt
possble “bources’ off the fracure wall as described below.

If the Az, comporent islarge enough to cause the particle to move beyondthe
boundiries of the fradure segment (i.e. the fracure wall s), the particle may either enter the
adjoining matrix with probability P, or else “bource” off the fracdure wall with refleded
motion. The locd velocity v(2) at agiven height z above the median surfacewithin agiven
fradure segment is asaumed to foll ow the parabdli ¢ velocity profil e for Poiseuill e flow with

no-slip condtions at the fradure wall s:

v(z) = Q|3 _ 6L2] (6-1)

b |2 b2

where Q is the flow through the fradure segment per unit thickness(obtained from the finite-

element solution) and b isthe locd value of fradure gerture.
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Routing and mixing of solute & junctions between fradure segments

Routing of solute & junctions between fradure segments is modeled by an explicit algorithm
for diffusion acoss sreamli nes within the junctions, with the simplifying assumption o an
idedi zed junction geometry as suggested by Park and Lee(1999.

Models of solute transport in fradure networks have mmmonly been based oneither
of two end-member assumptions for routing of solute & intersedions: streamline routing with
no mixing aaoss $reamlines or complete mixing. Detail ed modeling of flow and transport
through fradure intersedions (Berkowitz et al., 1994 Park et al., 200 has sown that the
degreeof mixing isrelated to the Pedet number Pe = av/D,,, where v is the fluid velocity and a
isa dharaderistic length for the intersedion. For high Pe the rate of diffusionaaoss
streamlinesis gnall relative to the advedive velocity, and streamline routing may be abetter
approximation. For low Pe the rate of diff usive transport acoss sreamlinesislarge relativeto
the rate of advedion, and complete mixing may be agoodapproximation. At intermediate
values of Pe, intermediate forms of routing may occur. Thus for a fixed geometry, the degree
of mixing for flow through the intersedion varies with the fluid vel ocity.

We mnsider partitioning of solute & junctions with threg four, or more branches. For
brevity, we use the natation J, to denate the dassof junctions with | branches, so a J; junction
has threebranches, a J, junction has four branches, etc.

If one fradture terminates at its intersedion against ancther fradure ( a common case
in natural fradure networks as pointed ou by Dershowitz 1984), the junctionis of type J,.
The distinction between streamline-routing and complete-mixing rulesisirrelevant for a J,
junction, if all threebranches are nonstagnant and if the branches are longer than mixing
length L;.ng @ Which fully mixing acossthe gerture can be sssumed. Either the solute flux
from one well -mixed inlet branch is divided acarding to the flow ratio between two outlet
branches, or the solute fluxes from two inlet branches are mmbined in ore outlet branch, and
become well-mixed at distance Ly, along that branch. However, when ore branch of a J;
jurctionis gagnant, solute enters and exits that branch ony by diffusion, and this process
must be acourted for in the mixing rule for the junction.

A J, junction results whenever two fradures intersed ead ather and bah fradures
are through-going. Junctions of higher order (Js, J,, €tc.) require alarger number of fradures

to share a ommon intersedion, bu are occasionaly foundin nature aswell asin synthetic,
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stochasticdly generated fradure networks.

When al branches of a J, or higher-order junction are non-stagnant, the entry and exit
points of streamlines from ajunction can be defined by considering the branchesin cyclic
order (either clockwise or courterclockwise). Topdogicd constraints in a two-dimensional
network model, where flow is driven by patential gradients, ensure that all branches of a
junctionwith pasitive inflow lie to ore side of al brancheswith pgsitive outflow, when the
branches are placal thusin cyclic order (Bruderer and Bernabé, 200)). Finding theinlet and
outlet streamline locaionsis then straightforward: starting from aneighbaring pair of inlet
and oulet branches, the streamlines must passthrough pdnts that boundan equal fradion o

the inflow and ouflow.

a) Streamline routing

0 Simplified geometry Downstream concentrations
A
0, >_ > 0 ;=[O Qu)ey + 016,105
0> % >0, o > > 0, 676
A
0,
b) Advective-diffusive routing with partial mixing
0
A
|
| 0, 3 KT ; 0, ;= [0, ¢ 9 0s 6:)10s
> 2, = [P0y ¢pu0s 610,
oM S0 0> | T30 arhoanee
x=0 x=L, Py =P, Vpvsv,.L.D,)
A
0,
c¢) Complete mixing
0
A
0> > 0 ,
= 6= ¢,= (0 ¢, +0,6)/(05+0,)
0> % >0, 0> > 0
A
0,

Figure 6-5. Alternative rules for routing of solute & four-branch junctionsin a2-D fradure
network.
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The pasition d the streamlines within the intersedion are needed in order to model
solute transfer due to dffusion aaoss $reamlines within the junctions. In detail ed studies of
individual junctions this problem has been addressed by numericd solution d the Navier-
Stokes equation (Berkowitz et al., 1994 or lattice-gas smulation (Stockman et al. 1997), but
such detail ed sub-models are nat pradica for the network-scd e problems we aldresshere.

Park and Lee(1999 propacsed modeli ng advedive-diff usive transport through
junctions based onasimplified, “folded-up’ geometry, as depicted in the right-hand side of
Figure 6-4. Park and Leegave analytica solutions for the probabiliti es p; for a particle to pass
frominlet branch | to oulet branch j, as functions of the inlet/outlet flow rates and vel ociti es
J,. These solutions are singular for the case of stagnant branches, so na applicable for the
general case we aonsider, bu they are useful for verifying the particle-tracking algorithm for
non-stagnant cases.

Here we follow the conceptual approach o Park & Lee(1999 by modeling transport
through an idedized junction d simplified geometry, bu in placeof their analyticd solutions
we use explicit advedive-diff usive particle-trading through the simplified junctions, in order

to addressthe alditional complicaion d diffusioninto and ou of stagnant branches.

Representation d stagnant branches

We represent the interfacebetween a stagnant branch and a junction as an interfaceof
infinitesimal thickness with pasition depending onthe oyclic pasition d the stagnant branch
relative to the flowing branches (Figure 6-6athrough 6-6d). In ared junction, the mouth of
ead stagnant branch is a zone of interadion with flowing water. Diffusive transfer takes
place acoss ®me arved surfacewhich spans the gerture of the stagnant branch. For a
viscous fluid and laminar-regime flow, in redity thisis a gradational rather than distinct
interface Asakey approximationin ou idedized model for junctions with stagnant branches,
we idedi ze this zone of interadion as an abrupt interface with length equal to the gerture of
the stagnant branch.

If the trajedory of asolute particle undergoing advedive-diff usive motionin the
flowing part of the junction heppensto intersed this interface the particle entersthe
correspondng stagnant branch with residual motion equal to the residual comporent of

transverse diffusion.
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Within the stagnant branch, the particle is postulated to move by purely diff usive
motion as described above until it either interads with the matrix or returnsto the mouth of
the stagnant branch. In the latter case, the particle will re-enter the flowing portion d the
jurction, viathe same interfacebut in the reverse diredion. The mordinates of the particle &
it re-enters the junction are obtained by mapping its pasiti on within the stagnant-branch
aperture onto the arrespondng paosition onthe interfacerepresenting the branch in the

idedized junction.

Simulation d diffusive transport in the matrix

An explicit particle-tracing algorithm is used to represent diff usion in the matrix. More
efficient methods of simulating matrix diffusionwith particle-trackers have been presented,
for example, by Dershowitz and Mill er (1995, Delay and Bodin (2001), and Tsang and Tsang
(2001). All of these make use of idedi zations regarding the geometry and extent of the matrix
volume into which solute diff uses, and assume that solute eventually returnsto the same
fradure from which it enters the matrix. Delay and Bodin (2001) also nae that their methodis
singular for the case of stagnant fluid in the fracture.

Here we use an computationally expensive but explicit method,which acourts for
baoth the finite depth of matrix avail able for diff usion (depending on fragment size), and the
posshility that solute may diff use from one fradure to ancther. For the results presented here,
over 10% of solute diff using into the matrix from a given fradure was foundto re-emergein a
different fracdure. Thisindicates that transfer of massby diffusion between fracures may be
significant for the network geometries and time scdes considered here.

The probability P,, of a particle entering the matrix pore spaceonagiven collision
with afradure wall i s assumed to be equal to the locd matrix parosity 6,,. Matrix porosity is
asumed to be uniform andisotropic. Thisidedizationis adopted in order to focus ontherole
of en échelon zone and secondary fradure geometry, as the main topic of investigation for this
study. Experimental data exist to suppat more heterogeneous models of matrix porosity (Xu
et al., 2002 which could be cnsidered with minor modifications of the dgorithm.

Transport for particlesin the matrix is Smulated in the same way as transport in the
fradure, except that randam diff usive motions are propartional to the square roct of effedive

matrix diffusivity D,, rather than of the moleaular diffusion coefficient D,,. Advedionin the
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matrix isasaumed to be negligible, so orly the diffusive mmporent of particle motionis
modeled. In the type of rocks considered here, the hydraulic condctivity of maaoscopicdly
unfradured matrix is onthe order of 10 m/s, and die to the well-conreded nature of the en
échelon fradure system, locd hydrauli c gradients are onthe order of 1 or less For a matrix
porosity 0,,= 0.005as used here, thisimplies advedive vel ociti es through the matrix onthe
order of 2x10** m/s, as compared with advedive velocities on the order of 10° m/sin the
fradures.

At ead time step for a particle in the matrix, a ched is made of whether the particle
motioninterseds the wall of any fradure segment. If so the particle motion through the matrix
istruncated at the fracture wall, and the particle moves into the fradure segment. This
segment need na belong to the same fracture or fradure segment from which the particle
initially entered the matrix.

Thus the method expli citly acaurts for the variable, finite size of matrix blocks
within the en échelon zone, and al ows through-diffusion d particles from one fradureto
ancther, even if the fradures are nat diredly conreaed. This contrasts with algorithms of
Dershowitz and Mill er (1995 and d Tsang & Tsang ( 2001) which trea diffusion as an
effedively 1-D processout of and badk into a single given fracure.
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Figure 6-6. Examples of junctions with stagnant branches, and their simplified geometric
representation.
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Simulations of network-scde transport

For the present study, the dgorithms described above have been implemented in a C language
program, meshtrak2d, and verified with respea to a set of simple test networks for which the
results could be predicted analyticdly. Further documentation d this program including
source ®de and results of verificaion cases are provided as an eledronic gopendix by Geier
(2009.

Simulations of the foll owing cases were conducted to assessthe relative dfeds of

stagnant branches and matrix diffusionin terms of solute break-through:

Case AD: Advedive-diffusive transport in the flowing fradures (the network
badkbore), with no dffusioninto stagnant branches or into the matrix.

Case ADB: Advedive-diffusive transport in flowing fradures and dffusioninto stagnant
branches, bu no matrix diffusion.

Case ADM:  Advedive-diffusive transport in flowing fradures and matrix diffusion, bu
no dffusioninto stagnant branches.

Case ADBM: Advedive-diffusive transport in flowing fradures with diffusioninto bah

stagnant branches and the matrix.

For the last two cases matrix properties were assumed to be uniform. Sorptionwas not
included in any of the runs, na was radioadive deca. For the caes with matrix diffusion,
values of matrix diffusivity D, = 2x10™* m*/s and matrix porosity 6, = 0.005were asumed
based onrecommended values for Swedish graniti ¢ rock from Ohlson & Neretnieks (1995.

For ead case, 1000 [@rticles, ead representing an arbitrary fixed massof solute m,,
were released at the inflowing edge of the network (the southern end) at time t=0 and tracked
urtil they emerged at the outflowing edge (the northern end). Thus the inpu wasin the form
of a Diracdelta pulse of mass1000m,,.

At eat end, orly one fradture (a main en échelon segment) interseded the boundary,
so nealy all particles entered and left the simulated network via these fradtures. For the cases
that included matrix diffusion,asmall number of particles (lessthan 1%) exited the 40 m long
sedionwhil e diff using through matrix adjacent to the main en échelon segment, after entering

the matrix afew milli meters from the upstream or downstrean boundary.
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6.3Resultsand Analysis

Figure 6-7 through 6-9 show the solute bregkthrough curves for the deterministic and
synthetic cases, ead comparing the four cases of smple avedion-diffusion withou and with
diffusioninto stagnant branches (Cases AD and AD+B, respedively), and the same caes
including matrix diffusion (Cases AD+M and AD+B+M). The acompanying tables (Tables
6-2 through 6-4) give transport statisticsin terms of the temporal moments at the outlet
defined as (e.g., Cunningham and Roberts, 1998:

m, =J’0 t"c, (t)dt (6-2)

where c (t) isthe mncentration at the outlet as afunction d timet, andin terms of the
percentil es t, representing the times at which p percent of the masshas arrived at the outlet,
for aDiracdeltapulserelease & theinlet.

Comparison d thefirst two cases (AD and AD+B) shows that the dfed of branch
fraduresin retarding solute transport is lessthan would be expeded from simple
consideration d the ratios of stagnant to mobil e water volumes along the en échelon zones.

To quantify this effed, we define the retardation fador due to branch fradures as:

Vo My ap +8) /mO(AD+B)
Rg = = (6-3)
Vap+s M ap) /mO(AD)

where v,p isthe mean naminal velocity of solute (transport distance divided by the mean
transport time which is equal to m,/my) in Case AD, and vy, g iSsthe arrespondng mean
nominal velocity for Case AD+B.

If the branch fradures aded as gagnant volumes in equili brium with the flowing
water, we would exped the value of R to be simply theratio of the total pore volume
(flowing fradures and stagnant branches) to the flowing fradure volume. For the
deterministic case, thisratio is 6.6 kased onthe valuesin Table 6-1. For the synthetic case,
thisratiois 3.4.
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The adual values of R; obtained from the solute transport modeling are lower for the
cases with uniform fradure hydrauli c properties, with R; = 1.44in the deterministic case and
R; = 2.2in the synthetic case. A higher retardation R; = 4.0is ohtained for the heterogeneous
case of the synthetic model.

In bah hamogeneous cases, the retardation in the modelsislessthan the estimate
from asimple cdculation d the volume ratios. Thisis expeded since agiven first-order
branch is guaranteed to be in equili brium with the mohil e water only at the end conreding
from the fracture. Other portions of the branch (aswell as higher-order branches) have atime-
dependent resporse, so the adual R; isonly afradion d the patential R; as estimated from
the volume ratios. The diff erence between adtual and pdential R; can be expeded to deaease
with deaeasing v,p, asthe time scde for advedion along the flowing fracures approaches the
time scde for diffusioninto the branches.

Stagnant volumes conreded to flowing areas of fradures have been invoked as an
explanation for trace residencetimes longer than expeded based onaperture measurements,
inin-situ experiments in granitic rock (Abelin et al., 1985 Abelin et al., 199Q Poteri et al.,
20032. Hypotheses have included stagnant “pods’ within channeli zed fradures (Abelin et al .,
1990 aswell asimmohil e water within gouge and krecdasin complex fradures (Mazurek et
al., 2003 Poteri et al., 2009. The results given hereindicate passhble significance of an
additional type of immobile domain dueto secondary (branch) fradures, suppated by
geometric evidencefrom detail ed mapping. This additional type of immohile domain need na
predude other hypotheses that have been propaosed, and indeed may well occur alongside of

the other types of domains which have not been considered here.
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Figure 6-7 Solute breakthrough curves at north end o deterministic model with D, = 2x10**
m?/s, 0, = 0.005,N,, = 1000.Cases as defined in text.

Table 6-2. Moments and percentil es of solute bregkthroughtimes for deterministic model. Statistics are
givenfor t' =t/(1x10’ s) wheret is the breskthroughtime for a given massof solute. Moments M,, M,,
and M, are normalized with resped to M,, the total solute mass(equal to the number of particles N times

the solute massper particle, which is arbitrary).

C& N MllMO MZ/MO M3/M0 t’ 05 t’ 10 t’ 25 t’ 50 t’ 75 t’ 90 t’ 95
AD 1000 119 219 0122 080 083 090 103 123 156 179
AD+B 1000 171 603 62 093 100 115 138 175 22 27
AD+M 996 27 560  24x10° 157 21 35 75 19 52 120
AD+BM 997 60 21x10° 2.0x10° 23 3.0 5.1 112 33 99 193
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Figure 6-8 Solute breakthrough curves at north end d synthetic model (uniform hydraulic
propertiesin all fradure segments) with D, = 2x10™ m?/s, 6,,= 0.005,N, = 1000.

Table 6-3. Moments and percentil es of solute bresthroughtimes for synthetic model (uniform hydraulic
properties). Statistics are given for t' = t/(1x10’ s) wheret is the breskthroughtime for a given massof
solute. Moments M,, M,, and M, are normali zed with resped to M,, the total solute massasin Table 6-
2.

Case N MllMO MZIMO MSIMO t 05 t 10 t 25 t 50 t 75 t 90 t 95
AD 1000 167 29 55 145 149 156 164 174 184 190
AD+B 1000 37 139 55 25 2.7 31 36 41 46 49
AD+M 991 177  35x10° 1.70x1C° 5.1 8.1 166 49 129 320 590
AD+BM 997 184  17%10° 5.13x10° 155 23 42 80 181 390 580
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Figure 6-9 Solute breakthrough curves at north end d synthetic model (heterogeneous
hydrauli c properties) with D, = 2x10** m/s, 8,,= 0.005,N, = 100 (Cases AD+M and
AD+B+M) to 1000(Cases AD and AD+B).

Table 6-4. Moments and percentil es of solute breskthroughtimes for synthetic model (heterogeneous
hydraulic properties). Statistics are given for t' =t/(1x10" s) where t is the breskthroughtime for a given
massof solute. Moments M,, M,, and M, are normali zed with resped to M,, the total solute massasin
Tables6-2 & 6-3.

Case N MJ/M, M,/My; MM, tg t' 10 t' 5 t'5 s 9 t'gs
AD 1000 23 54 134 21 21 21 22 23 25 27
AD+B 1000 9.2 86 830 7.0 74 81 9.0 100 110 116

AD+M 93 2200 8.0x1(f 3.7x10" 360 600 870 1870 3000 4600 6200
AD+BM 111 1990 6.7x10° 3.7x10“ 670 860 1030 1400 2300 3900 5100
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Non-equili bration between branch fradures and the mobil e fraduresis aso indicated
by skewed bregthrough curves, with heavier late-time tail s than the Gausdan curve expeded
for simple alvedionwith Taylor dispersionthrough the flowing fradures. In terms of the
randam-walk model of diff usion processes, this may be understoodas longer residencetimes
for the fradion o particles that happen to enter stagnant fradures, with variable stagnant-
fradure residencetimes related to the length o the stagnant branches and depth of the
stagnant network.

Matrix diffusion either withou or withou stagnant branches (Cases AD+M and
AD+B+M) produced a much larger retardation than stagnant branches alone. We define

retardation fadors for these two cases as:

~ Vao _ Myap+my /mO(AD+M)
Ry = = / (64
VD +m My apy / Mo ap)
(6-5)
R - Vao  _ Miyap+s+m) /mO(AD+B+M)
BM =
VAD+B+M My ap) /mO(AD)

where V,p.y and Vap, s are the median naminal velociti es of solute for Cases AD+M and
AD+B+M respedively.

For the cae of matrix diffusion from flowing fradures withou stagnant branches
(Case AD+M), the values of R, are 23 and 106for the deterministic and synthetic (uniform)
cases, respedively, and R, = 960for the synthetic, heterogeneous case. Thus the retardation
due to ordinary matrix diffusion, ignoring the branches, is much greaer than that due to
stagnant branches, for the representative val ues of heal gradient, matrix porosity, and matrix

diffusivity considered here. The breakthrough curves for these caes are dso skewed.
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When dffusioninto stagnant branchesisincluded along with matrix diffusion (Case
AD+B+M), the values of Ry, are 50 and 110for the deterministic and synthetic (uniform)
cases, respedively, and R, = 865for the synthetic, heterogeneous case. Thusin the
deterministic case, the additional accessto the matrix provided by the stagnant branches
enhances the retardation dwe to matrix diffusion by roughly afaaor of two. For the synthetic
model, the relative significance of the branch fraduresis lower, evenin the cae with uriform
hydraulic properties.

The dfeds of stagnant branches and heterogeneity on retardationin the respedive
cases areill ustrated by the plots of solute distribution in Figures 6-10through 6-14. All of
these plots represent cases in which matrix diffusionisincluded. In the pairs of synthetic-
model figures representing the uniform case (6-11 & 6-12) and heterogeneous case (6-13 & 6-
14), the secondfigure pair includes diff usioninto stagnant branches. The synthetic model
results are plotted for longer time scdes to show the late-time behavior, particularly for the
heterogeneous case which produces markedly greder retardation.

Theresults at late time show that the solute diff using into the matrix adjacent to the
flowing fradures (Figures 6-11 & 6-13) penetrates only a short distance a the main solute
pulse passes. Therefore this lute returns to the flowing fradures relatively rapidly. Solute
that enters the stagnant branches (Figure 6-12 & 6-14) and then diff usesinto the aljoining
matrix takes longer to return to the flowing fracures.

In the synthetic case with heterogeneous properties, the network with stagnant branch
fradures adtual produces lessnet retardation, when matrix diffusionisincluded, than when
branch fradures are excluded. The percentil esin Table 6-4 show that the ealiest 25% of mass
arrival is retarded relative to the same massfradionin the cae withou stagnant branches.
However, later-arriving fradions of the massare gparently less srongly retarded in the cae
that includes gagnant branches. This aurprising behavior may be explained by the role of
heterogeneity and its interadion with matrix diffusion.

In the heterogeneous version d the synthetic model that the fraduresin the en
échelon steps have lower transmissvity than the en échelon segments, but the pore volume
per transport distanceis higher than in en échelon segments. The result isthat the stepovers
bemme low-velocity zones relative to the en échelon segments.

The lower advedive velocity implies more time for interadion with the matrix, and

hence greaer depths of matrix diffusion accur adjacent to these segments. Thisis ®ein
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Figures 6-13 and 614 as clouds of red das representing solute in the matrix adjoining the
stepovers. In Case AD+M (no kranch fradures), this lute only returns to the flowing
fradures by badkward dff usion. However, in Case AD+B+M (with branch fradures),
favorably positioned branch fradures provide alditional pathways by which solute can return
to the flowing fradures, downstream of the low-velocity steps.

These branch fradures are stagnant but have large pore volumes and high dff usivities
relative to the matrix. Hencethey can ad as additional low-concentration boundries for
leadhing of solute from the matrix just downstream of echelon steps, after the peak
concentration has passed via the mobhil e water (flowing fradures). Sincethe flow past these
branchesis relatively rapid, they have lessimpad as paths for diff usion into the matrix, than
as paths for release of solute that entered the matrix from adjoining, low-velocity portions of
the network.

The net effed ismarginal, sincein either case retardationis dominated by the slow
rate of diffusioninto and ou of matrix adjoining low-velocity portions of the network.
However, for some fradion d the mass this can reducethe delay due to matrix diffusion.
Short-circuiting of the network by through-diffusion oy occurs for the massfradion o
solute that experiencesrelatively large diffusion depths, and hencelarger retention times.
Hencethe "accéerating” effed of through-diffusionto favorably located branch fraduresis
only seen in the later-arriving massfradion (exemplified by t, and Hgher percentiles). The
massfradion that experiences small er diff usion depthsis not subjed to through-diffusion.
Hencethe main effed of the branch fradures for this fradion (exemplified by t,; and lower
percentil es) is additi onal retardation as expeded in view of the alditional porosity.

The longest-retained massfradion refleds the largest diffusion depths. These depths
are atained by diffusion naminally perpendicular to the strike of the edelon zone, since
solute can diffusefor effedively unbounad dstancesin this diredion, withou encourtering
branch fradures of the flowing network. Long branch fracures perpendicular to the strike of
the zone can accentuate the retardation d the longest-retained massfradion, by ading, in
effed, as ourcesfor radial-geometry diff usioninto the matrix far from the main echelon
segments.  In contrast, solute traveling through a network withou such fradures can ony
read thisregion by slab-geometry diffusion. Thus the tail s of the brekthrough curve
(represented by tys and higher percentil es) are retarded more for the case with branches than
withou.
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A corollary to the éove isthat densely spaced, short "comb" crads adjoining
relatively high-velocity flowing fradures have only minor eff eds on the breakthrough curve
(for the case of asolute pulse a considered here). Diffusion depths associated with such
fradures are, onaverage, relatively small dueto rapid passage of the cmncentration peek in the
flowing fradures. The main expeded effed isasmall delay at ealy times. At longer time
scdes, interference between adjacent comb cradks results leads to slab-geometry diffusion
similar to that from a simple fracure withou comb cracs; the only diff erenceis the increased
pore volume.

The stagnant branches may be viewed as contributing a awmporent of porosity
additi onal to that considered as part of the matrix porosity 0,,. For the synthetic model, the
effedive porosity of the first-order stagnant branches at their intersedion with the flowing
fraduresis 05 = P,y b, where P, is the one-dimensional intensity measure of branch fracures
and b isthe mean aperture. For these simulations P,, = 36 m * and b = 2x10* m, giving 6 =
0.0072.Thetotal effedive matrix parosity seen by solute passng through the flowing
fradures 0,,+0; = 0.0122, o0 afador of 2.44times the value of 0,, that was assumed for the
matrix alone.

The gplicability of standard values of matrix porosity for amodel that includes
centimeter-scde branch fradures might be questioned, sincethe length of these fradures
approadhes the dimension d samples used in through-diff usion experiments (e.g., as reviewed
by Ohlsson and Neretnieks, 1995. Conceivably some fradion d 0; might be included in
estimates of intadt matrix porosity 0,,,. However, core samples taken from rock that is freeof
through-going fracures sroud be mostly freeof secondary fradures (given the gpproximately
exporential deaease of secondary fradure intensity with distancefrom primary fradures, as
noted in this reseach). Estimates of 0,, obtained by fitting data to in-situ tracer experimentsin

natural fractures are more likely to include porosity belonging to 6.
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Figure 6-10. Solute distribution along 15 m long en échelon zone map at times ranging from
1x10 sto 8x10 s, Case ADBM (matrix diffusionwith dffusioninto stagnant branches). Red
symbalsindicate locations of particles, eat representing a fixed massof solute, at the
indicaed times.
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Figure 6-11. Solute distribution along 40 m long synthetic en échelon zone (uniform case) at
times ranging from 1x10’ sto 8x10 s, Case ADM (matrix diff usion withou diffusioninto
stagnant branches). Red symbalsindicate locaions of particles, eat representing a fixed
massof solute, at the indicated times.
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Figure 6-12. Solute distribution along 40 m long synthetic en échelon zone (uniform case) at
times ranging from 1x10' sto 8x1¢ s, Case ADBM (matrix diffusionwith dffusioninto
stagnant branches). Red symbalsindicate locaions of particles, eat representing a fixed
massof solute, at the indicated times.
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Figure 6-13. Solute distribution along 40 m long synthetic en échelon zone (heterogeneous
case) at times ranging from 1x10' sto 8x1¢ s, Case ADM (matrix diffusion without diffusion
into stagnant branches). Red symbadsindicate locations of particles, eat representing a fixed
massof solute, at the indicated times. Note that the number of particlesin this smulation was
abou afador of ten lower than for the arrespondng (uniform) casein Figure 6-11.
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Figure 6-14. Solute distribution along 40 m long synthetic en échelon zone & times ranging
from 1x10' sto 8x1G s, Case ADBM (matrix diffusionwith dffusioninto stagnant
branches). Red symbdsindicae locdions of particles, ead representing a fixed massof
solute, at the indicaed times. Note that the number of particlesin this smulation was abou a
fador of ten lower than for the correspondng (uniform) case in Figure 6-12.
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6.4 Conclusions

Results are presented for models of advedive-diffusive transport through en échelon fault
zones, taking into acourt diffusioninto bah stagnant branch fracures and maaoscopicdly
unfractured matrix. Models analyzed include both a deterministic model based onan acual
fradure map, and a synthetic model based onstatistics of the 2-D geometry of en échelon
zones observed at the Aspo site. The deterministic model assumes uniform hydraulic
propertiesin al fradure segments. Two diff erent cases of the synthetic model are analyzed,
one with uniform hydrauli ¢ properties as in the deterministic model, and the secondwith
heterogeneous properties, by which is meant lower values of transmisgvity and aperture in
higher-order branches.

For bath models, diffusioninto stagnant branches of the main en échelon segmentsis
shown to produce up to afaaor-of-two retardation o solute, relative to simple alvedive-
diff usive transport through the main en échelon segmentsin the ésence of matrix diffusion.
The retardationislessthan would be predicted by atwo-domain model with equili brium mass
transfer between the flowing and stagnant domains, based ontheratio of the total pore
volumes of the stagnant branch fradures and the main en échelon segments. Taili ng of the
simulated breakthrough curves a so indicates nonequili brium masstransfer.

The stagnant domain associated with branch fracures amourts to an additional type
of immobile domain, beyond dher hypaothesized immobil e zones (including stagnant podsin
channeli zed fradures and stagnant fluid in gouge or brecda) which have been suggested to
explain results of in situ trace experiments. The patential for such adomainis suppated by
geometric evidenceobserved dredly on oucrops.

When eff eds of matrix diff usion are included in the models, staghant branches are
demonstrated to enhancethe retardation d solute due to matrix diffusion (in the caes with
uniform hydrauli ¢ properties), and to increase the degreeof late-time taili ng. However, matrix
diffusionis the dominant effed in terms of median arrival times for solute mass at least for
the head gradients, matrix porosities, and matrix diff usiviti es representative of arepository in
graniti ¢ host rock that were considered in these cdculations cases.

In the cae with heterogeneous fradure properties, a surprising result is obtained, with
branch fradures leading to dlightly lower net retardation when combined with matrix

diffusion. Inspedion d the resultsindicates this may be explained as a combination d the
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influence of flow-field heterogeneity onthe depth of matrix diff usion, together with through-
diffusion aadossfradure blocks. Where through-diffusion accurs, in some instances branch
fradures may ad asrelatively rapid paths for solute to return to the flowing fradures.

From apradicd standpdnt in the context of aradioadive-waste repasitory, the
principal concern with en échelon zones is that they pose arelatively well-conneded, |ow-
porosity, and pdentially high-transmisgvity type of pathway for transport of radionucli des,
with relatively littl e interfadal areafor exchange of solute with the matrix rock. The results
presented here suggest that secondary fradures associated with such feaures are of net
benefit in terms of radionucli de retention, bu are not sufficient to miti gate thase concerns
significantly, either direaly by providing additional immohil e pore volume, or indiredly by
improving accessof solute to the matrix. For flow in heterogeneous networks, secndary
fradures may in some drcumstances acceerate breskthrough of afradion d the solute mass
by enhancing through-diffusion, although this effed is minor in the one cdculation case
whereit is een.

Branch fradures do apparently have the potential to affed taili ng of breskthrough
curves, which may be important to recognize in the interpretation o in-situ tracer
experiments. If not recognized, taili ng behavior due to branch fradures and branching
networks of finite extent could conceivably lead to incorred assesament of parameters for

matrix diff usion models based onmore simpli stic diff usion geometries.
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7. SIGNIFICANCE OF EN ECHELON-ZONE ARCHITECTURE FOR RADIOACTIVE WASTE DISPOSAL

Previous research reviewed here (Chapter 2) indicates that en échelonfault zones are a
potentially important classof geologic feaures for radioadive waste disposal. As discrete
structures that are well conreded via more highly fradured zones at en échelon steps, they
form patential flow paths over distances of tensto pasdgbly hundeds of meters. Asthe en
échelon segments have relatively low interfadal areg en échelon zones also have low
cgpadty for exchange of radionucli des with the rock matrix (protolith), viamatrix diffusion
with or withou sorption. These ae the most important processes for retention o
radionuclides in graniti c bedrock, in the event that engineered barriersin arepository begin to
lesk.

The significance of en échelon zonesis nat strictly limited to the function d the
bedrock as a barrier for radionuclides released from fail ed engineeed barriers. A low
patential for radionucli de retention die to interadions with the rock matrix also implies a
relatively low potential for buffering and mixing of infiltrating groundvater of undesirable
chemistry, e.g. oxygenated gladal meltwaters as proposed by Glynnand Voss(1996), and/or
other types of groundwvater that may have deleterious eff eds on engineered barriers such as
the bentonite buffer and badkfill used in the Swedish and Finnish repository concepts. These
aspeds have not been explored in the aurrent dissertation. However, they may be equally
important, or more important, than the properties of en échelon zones for radionuclide
migration, given the importance acribed to geochemicd stability and engineered barrier
longevity in recent safety assesaments (SKB, 1999.

The discrete nature of en échelon segments also makes en échelon zones difficult to
deted in the vicinity of a radioadive-waste repository. The anomalies for geophysicd
methods such as sismic refledion/refradion, magnetic, resistivity, or elearomagnetic
methods are likely to be lesspronourced than the wrrespondng anomalies for distributed-
deformation fault zones with high degrees of ateration. When interseded in an exploration
borehad e, an en échelon zone may appea to be merely asingle fradure. As such it may not be
reaognized as a significant hydrologicd feaure, particularly if the borehdeintersedsitina
relatively low-transmisgvity portion d the zone.

Thefield investigations and analysis described in Chapters 3 and 4 povide new

information onthe heterogeneity of en échelon zones in granitic rock. Results suggest that a
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geostatisticd model may be alequate for describing the patentia variation o hydraulic
properties (here inferred from fradure intensity data) on scdes of upto 10m, similar to the
spadng and length of en échelon steps. However, onlarger scdes of 50mto 150m, this gudy
did na find evidence of spatial correlations in the geostatisticd sense.

Systematic variations in fradure intensity correlated to structure dong en échelon
zones may be obscured in ageostatisticd analysis, if the spadng and length of en échelon
steps are variable. Asasimpleill ustration, we may consider an ided case in which the
spadng and length of en échelon steps are constant with resped to pasition along strike, and
fradure intensity takes on either of two values: P; if within ore of the steps, or P, if between
the steps. Such amodel has periodic variation d fradure intensity, with period correspondng
to the step spadng S, and correspondngly a deaeased variogram at separation dstances equal
tointegral multiples of S i.e. what isreferred to asa “hole dfed” in geostatisticd analysis.
Next, if we consider a mmbined analysis of several such zones, ead with a diff erent step
spadng S, we nate that the variogram obtained by superpositionwill refled interfering “hale
effeds’ at the different values of S. Thus adual correlations of fradure intensity to structural
fedures can be obscured in a mnventional geostatistica analysis, if the scdes of these
feaures are variable.

To explore the consequences of systematic variationsin fradure intensity correlated
to structure dong en échelon zones, which might not be fully charaderized by a geostatisticd
analysis, simulations of solute transport have been performed using both acdual maps and a
synthetic structural model of en édchelon zones. The results of these simulations are givenin
Chapter 6.

Analysis of detail ed maps in Chapters 4 and 5 pant to several charaderistics that may
be significant for flow and transport modeling. Fradure frequency generally deaeases with
distance from the median surfacedefined by the main en échelon segments, a charaderistic
commonto ather types of fault zones as reviewed in Chapter 2. Thisimpliesthat eff ecive
hydraulic conductivity is not uniform aaossthe nominal thicknessof such zones. This has
potential consequences for solute transport in that zones of varying mobhility may occur in
parall el within the zone. The neal for more complex models to represent transport in such
feauresin granitic rock has been recognized in recant yeas (Poteri et al., 2002 Tsang and
Doughty, 2009.

Sewndary fradures (here treaed as a nongenetic caegory encompassng splays,
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wing cradks, pinnate fradures, comb cradks, etc.) are foundto have ahierarchicd branching
structure, which acounts for amajor portion d the devated fradure intensity nea the
median surface Thus the devated fradure frequency adjacent to the main dlip surfaces, as
noted above, is nat haphazardly randam, but rather is organized in structural patterns that may
have mnsequences for transport (as explored in Chapters 5 and 6).

In terms of repaository safety, observations of hierarchica branches of en échelon
zones pose aparticular concern with resped to the concept of “resped distances’ for waste
emplacament. Branch fradures may provide direa connedionsto flowing fault zones that
may nat readily be recognized by methods for chedking the suitabilit y of emplacanent
locations. The branching structures identified here ae of modest extent, and may nat be of
greda concern in themselves. However, in view of observations auch as by Kim et al. (2004 of
structural simil arity of fault zones over avery large range of scdes, the posshility of large-
scd e branching structures than olserved here shoud be considered.

Branch fraduresin an en échelon zone muld pdentially ad as paositive atributes for
repository safety. They patentially provide accesto amuch larger volume of rock that can
reac with radionuclides traveling along the zone, than would be the case for zone composed
only of the primary fracures. Thiswould imply a greaer cgpadty for aretardation d solutes
due to matrix diffusion and sorption.

A major aim of the numericd simulations in Chapter 6 was to evaluate the patential
significance of branch fradures in thisresped. Resultsindicate that, at best, branch fracures
provide an additional degreeof retardation which is minor relative to the dfed of matrix
diffusion. Their influencein this resped appeasto be sensitive to groundvater velocities and
heterogeneity of hydrauli c properties within the fracures comprising the en échelon zore.

A surprising result of network simulationsin Chapter 6 was that, in some
circumstances, branch fradures apparently reducethe net retardation. This appeasto be a
consequence of branch fradures, in conjunction with through-diff usion under condtions of
diff usion-dominated transport. Under these drcumstances, branch fradures may provide
relatively high-diff usivity paths by which solute can exit the immobil e zone (matrix) after
passage of the pesk concentration. This effed is, at most, aminor fador relative to the
dominant processof matrix diffusion.

The overarching conclusion, with regard to secondary fradures of en édchelon zones,

isthat these do nd provide significant additional retardation capadty, for transport scenarios
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representative of post-closure repository condtions. Branching structures do nd significantly
miti gate the mncern that en échelon zones will ad as pathways with relatively low cgpadty
for radionuclide retention in the bedrock. Thus en échelon zones must still be regarded as
feaures with paentially negative mnsequences for repository safety.

On the other hand, branching structures are shown to aff ed the shape of solute
breakthrough curves, particularly taili ng phenomena. The dfeds of en échelon zone structure
may be important for interpreting trace tests that are cmnducted as part of site charaderization
for repositories. As shown in Chapter 5, late-time tail s observed in trace testsin-situ at the
Aspo Hard Rock Laboratory can be explained in terms of diffusioninto hierarchica
branching structures, as mapped onan oucrop within half akil ometer of the in-situ
experiments.

Animportant caved onall of these wnclusionsisthat they rely primarily on fradure
geometry as observed in the plane of the given crosssedions, and onan assumption that
water and solutes have equal accessto al of the fradures. In redity some fradures may be
entirely seded by fradure minerali zation, and aher fradures are likely open to flow and
solute transport over only afradion o their extent. The threedimensional nature of en
échelon zonesis evident in some of these exposures, bu has not been addressed
guantitatively. Gouge, fradure mineralogy, microstructure, and aher properties not explored
here may also aff ed échelon-zone transport properties. This reseach eff ort has aimed to
investigate the flow and transport consequences of échelon-zone geometry, as reveded by

(mainly) 2-D exposures. Other aspeds of these structures certainly warrant further research.
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Appendix A Preparation of detailed maps of fracture zones

The detail ed-scade mapping of the fradure zones at Aspd was caried out in May, 1999as
follows. A referenceline was laid onthe outcrop by compass $ghting. A 1 m x 1 m square
frame, with 10cm x 10cm grid dvisions, waslaid over the rock in alignment with the
referenceline, and moved along the referenceline in overlapping increments. For ead frame
pasition, the inclination d the frame was measured along two orthogonal sides, and the rock
surfacewas phaographed from a height of abou 2.5m using a step ladder. To produce al:10
scdefield map of the N to NNW trending zone, the fradure configuration for ead frame
paositionwas ketched on 2mm graph paper by scding fradure traces from the 10cm x 10cm
gridto 1cm x 1 cm squares on the paper.

In thisway a continuows phaographic mosaic was produced, within which the true
coordinates of paints along fractures could be determined by comparisonto the referencegrid.
The outcrops were dso filmed with a hand-held video camera, to provide a ontinuows record
of eath oucrop. Phatographs from this work have been stored bah as the original film (slides
and rint negatives, giving maximum resolution) and as £anned, high-resolution dgital
images in JPEG format on CD-ROMSs for computer analysis.

As a dhed onthe phaographic mapping method,a 1:10 scde field map was prepared
foral mx 6 mportion d one N-striking zone, by sketching direaly from the outcrop. The
fradure onfigurationwas sketched on 2mm graph paper by scding fracure traces from the
10cmx 10cmgrid to 1cm x 1 cm squares on the paper. Fradure strikes and dps were
measured onthe outcrop for 48 d the most extensive fradures on this map.

Working with the digital images, the fracture traces were digiti zed as graphicd
overlays onthe mmputer screen. Corredion for phaographic distortion was made by use of a
digital rubber-sheding a gorithm in the splinter analysis program (on accompanying CD-
ROM), to transform the digiti zed traces and grid lines s that the quadril aterals formed by
interseding gid lines throughout the image ae restored to 10cm sguares.

At the Ekolsundsite, the phaographic mapping procedure was modified asthe 1 m
square grid was not pradicd for use onthe nea-verticd, larger-scde exposures. Instead,
reference points were marked onthe rock facewith spray paint (water-soluble so that the rock
would na be permanently defaced) prior to phdographing the outcrops with adigital camera.

Distances between pairs of reference points were measured by tape, to al ow construction d a
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Euclidean distance matrix which could be used to corred for phaographic distortion and
large-scde nongdanarity of the exposures.

The methodfor mapping individual traces was also modified to all ow better cheding
of fraduretracesin the field. The digital images were printed orto A4 (30 cm x 21.cm) paper
and laminated, to provide abase for sketching fradure traces at an approximately 1:10 scde,
diredly onthe printed images, whil e viewing the exposure.

For the detail ed mapping of fradture zones, the dm was to identify and sketch all
fradures and faults longer than 10cm, within the entire aea overed by the phaograph.
Structural detail s including splays and fragmented or brecdated zones within small faults
were mapped in this way to an estimated resolution d abou 2 cm. Fradure orientations and
diredions of linedions and gli ckensides were measured for the larger fradures and nded on
the field map.

Finally ead field map (laminated image with sketched fradure traces) was <anned
so that the fradure traces could be digitized and analyzed, by the same procedures used for
the Aspd images. With the procedure alopted at Ekolsund, the digiti zation was smplified,
and reli ability improved, by identifying and verifying ead fradure trace athe exposure,
rather than only from a digital image of limited resolution.

The graphica map analysis program splinter (included as suppdementary digital
materials), was used to cdculate the aordinates of the digitized fradure tracesin an
orthogonal coordinate system aligned with geographic north, andto corred for skewed
phaographic angles, lens distortion (convergence) andtilt of the referenceframe. After
converting the digiti zed fradture traces to red-world coordinates, the traces from ead image
were cmbined to produce asingle map of ead exposure. As afinal step, the referencegrid
lines were removed to give a ¢ean map.

The end product, for ead exposure, is asingle map that show fradure traces on
scdes from afew mmupto over 10 m. Thus the maps show structural detail s on scdesthat
range over four orders of magnitude.

Theinitia digiti zation from phaographic images was dore with a mmmercial,
computer-asssted drawing software which all owed zooming to arbitrarily fine scdes and
drawing of vedor-format lines over adigital image. The fradure trace ad grid coordinates, as
digiti zed from the images, were stored in AutoCAD (DXF) vedor format for further

processng and analysis using the program splinter. Thisis an interadive, graphicd code
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based onthe gtk free-software todkit, which is suppated onthe Linux datform. The splinter
code was developed as part of thisreseach program, and included onthe acompanying CD-
ROM.

Corredions for skewed phdographic angle, cameralens distortion, and frame tilt
were made by marking "pinpants’ of known coordinates on dots of the fradure traces and
referencegrid lines,. Given the known coordinates of these paints, and frametilt data &
measured in the field, splinter caculates arotation matrix and xy poynomial of appropriate
order, to map the plotted pdntsinto the red-world coordinate system. The order of the
polynomial isincreased when more points are spedfied, to al ow smoath, spatially variable
transformations ("rubker-sheding") which map ead pinpant to the exad, spedfied
coordinates, whil e intervening areas of the plot may be mapped norinealy, e.g. to corred for
phaographic distortion.

This method daes nat corred for all sources of error in the phatographic mapping
process Nonpanarity of the outcrop surface in combination skewed phdographic angles and
lens distortion, can result in errors in the mapped pdasiti ons of paints, even after making the
corredions described above. Such errors are minimized, bu not eliminated, by phaographing
from an angle that is close to perpendicular to the plane of the referenceframe and oucrop
surface

Comparison d correspondng poaints from overlapping pairs of images indicaes that
the magnitude of such errorsistypicdly lessthan 5 mm between adjacent, 1 m square frame
paositions. Typicd manual errorsin dgiti zation, which aff ed comparisons between fradtures
that are ajacent to ead ather onasingle image, are estimated to be 1 mmor less

A complete map of the outcrop was asseembled by combining the tracedata from
adjacent, phaographed panels. Small off sets between adjacent map panels, due to errors sich
as described above, were mrreded by applying auniform linea displacement to bring the
correspondng paints into alignment. Theresidual errors between pdnts that could na be

brought into agreement in this manner were typicdly 3 mmor less
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Appendix B Discrete Feature Model for flow and solute transport in fractured granitic

rock

A discrete-feaure modeling (DFM) code for numericd simulation d flow andtransport in a
network of discrete feaures was devel oped as one part of this research. The codeis based on
the finite-element method, and is designed for the foll owing general conceptuali zation o the
hydrogeologicd system in the bedrock.

Featuresare planar or piecewise-planar entities representing fractures, fracture
zones, disturbed zones around tunnels, or other water-conducting elements in the rock. The
geometry of the features is defined in terms of triangular elements with connections defined
by nodes (vertices) that are shared between elements.

Boundariesare defined in terms of groups of element vertices which are in contact
with a specific physical boundary or segment of a boundary, such as a section of a borehole, a
tunnel, or the ground surface. Boundary conditions are assigned to these boundary groups for
each stage of the simulation.

Fluid flow simulations are restricted to the case of a single-phase, uniform-density,
Newtonian fluid,e.g.groundwater under conditions of complete saturation and negligible
density variation.

Steady-state flow is modeled by the Galerkin finite-element method. Transient flow
may be modeled either by a backward-difference scheme, or by a Laplace-transform Galerkin
(LTG) formulation of the finite-element equations. In a given stage of a flow simulation, the
boundary conditions at a given boundary group may be specified head, specified flux, or
specified net flux.

Transport simulations are restricted to the case of a single dissolved species at dilute
concentrationsi.e. low enough to neglect the influence of concentration on fluid density
gradients), influenced by advection and diffusion (including dispersion phenomena), sorption,
and matrix diffusion.

Transport is modeled either by a discrete-parcel random-walk (particle-tracking)
method or by a LTG formulation of the finite-element equations for advection and dispersion.
Two alternative particle-tracking algorithms are supported: 2-D advective-dispersive transport
within a given element, or 3-D advective-diffusive transport with an assumed parabolic

velocity profile giving rise to Taylor dispersion. In a given stage of a transport simulation, the

253



boundary conditions at a given boundary group may be specified concentration, specified
mass flux, or specified net mass flux.

Asin an ardinary 2-D, finite-element mesh, the geometry of the mesh is encoded as
an ardered list of global coordinate vedors{x,, n=1, 2, ...,.N,;} for eah o the N, unique
nodes (element vertices) in the mesh, andas alist of N, triangular elements, ead of whichis
defined by atriplet of nodeindices{ny, Ny, N} and by avedor of parameter values{S,, T,
b.,..} which are derived from the parent feaure of the dement. The mesh differs from an
ordinary 2-D mesh in that the global coordinates x,, are necessarily spedfiedin 3-D, andin
that element nodes and edges that lie dong intersedions between two o more diff erent
fedures are shared among the dements formed from the diff erent feaures, to acourt for the
hydrologic connedions between feaures.

Four diff erent types of boundary condtions (BCs) are anployed:

Type 1: Spedfied head:

h(t) = hyx,0)| neB

= b
X X,

Type 2: Spedfied flux:

0,0 = [d5000¥5,(0)dd,  n € B
AB

Type 3: Spedfied net flux:

N

Y 00 =0,0; ht) =h ), neB

neB

Type 4: Spedfied infiltration per unit surface aea

0,0, = X [a,60¥,0d4, n € B

e.ncn,

where drcumflexes dencte spedfied (i.e. known) quantities, and where Q, and h,, are the flux
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(into the mesh) and head at a given node, Qg (t) is the spedfied influx (m?*/s) and h is the head
at agiven boundry B, and §, isthe dement basis function associated with the eth element
at nocen.

The spedfied-net-flux BC is used to acurt for the "supercondictive" conredion
that occurs where several feaures are interseded hy agiven baehade sedion. For passve
monitoring sedions, Qg is %t to zero, and for adively pumped sedions, Qg is st to the
spedfied pumping rate.

Simulation sequence®f arbitrary complexity can be constructed as a series of
stages, within each of which flow and/or transport is simulated with respect to a specified set
of boundary conditions. The results of each stage serving as the initial conditions for the next
stage.

Simulation sequences are defined in input files that specify the mesh to be used, and
for each stage, the boundary conditions, physical parameters, and solver options. Plain-text,
free-format input based on keyword recognition (rather than order of input) is supported for
straightforward checking and documentation of simulations. Boundaries can be referenced by
site-specific names(g."Borehole_KASO7" or "ground_surface" ). Physical parameters can
be specified in terms of units used in the field data; the code automatically checks for correct
dimensionality and scales the numerical values to S| units for internal calculations.

Development and documentation of the code is ongoing in relation to other projects.
A copy of the version of the source code used for this research, and current draft user
documentation, are includedsappemental eledronic materials with this dissertation. The
code is written in standard ANSI C but has only been tested on a Linux platform using the
GNU compiler.

The following sections give mathematical details of the flow and solute transport

solvers.
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Derivation of matrix equations for flow

At agiven pdnt x in amedium with transmisgvity T(x) and storativity §x), conservation o

masscombined with Darcy's law yields the transient flow equation:

oh oh
S - V(TVh) + ¢d(x-x) = ST
& (IT'Vh) + q,6(x~-x)) 5

where hishydraulic head, t istime, and g, is the influx (water entering the medium) from a

point source d X;.
Let:

N
h(x,f) = _lehj(r)wj(x)
Jj=

be adiscrete gproximation o h(x,t), where h(t) is the hydraulic head at the jth nock, j = 1, 2,

...,N, and where wi(x) is some spatial weighting function. Substituting for hiin (1) we obtain:

N, oh,
Sy —w -V
,Z:;atwf

N N oh,
T_E hVw | + gd8(x-x) = - SZ thwjo
Jj=1 Jj=1

or:

N N dh,
ZV'(Tij)hj - ;SWJE +g0x-x) = 0

j=1

Reqguiring orthogonality with respea to the weighting functions, and choosing weighting
functions that are defined piecavise onindividual element areas A°, so that w, = 0 for x; ¢ A®,

gives:
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N N dh.
Zth-(Tij) -y —ISw, + q,6 (x-x) rwdd
) Ut 1 dt

j=

o
1l

N dh,
Z:l: hjze:fwiv.(Tij)dA - thgfwiSwjdA + Zezfqié(x—xi)wldA
ac a° g

-,

where the summation over eis understoodto indicate summation over al e ementse.

If node locations are dhasen such that any source/sink term g; coincides with anoce & x;,
then:

Efqié(x—xi)wldA = q,
e Ae

sincew, = 1 at x;. Defining:

3
L\
I

fSwiwjdA
e

Q
1l

;o= [wY(Tw)dd

Ae

and defining the NxN matrices A = [} a%] and D = [} d%] and the 1xN column vedors h(t) =
[h(®)]T and q(t) = [qi(t)]", the preceling equation may be written as:

ARG - D2~ 4 + DA(O)
dt
or by rearranging we obain the general matrix equation for transient flow:

dh )
DEL - ARG = 4)
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Steady-state flow

For steady-state flow, dh/dt = 0 and the finite-element equationis smply:

Ah(t)) = -q@)

Laplace-Galerkin formulation for transient flow

In the foll owing, the Laplacetransform with resped to t of a given function f(t) will be

denoted by an overbar, i.e.:

Q] = [fyed = f(s)
0

From the properties of the Laplacetransform, £[dh/dt ] = s£[h(t)] - h(0). Substituting this
relationship into the Laplacetransform of the general matrix equation for transient flow gives:
D[sh(s) - h(0)] - Ah(s) = q(s)

or:

[sD 5 Ali(s) = q(s) + Dh(0)
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Backward-difference formulation for transient flow

The backward-diff erence gproximation d the time derivativeis:

(dh) 5 h(t,,,) - h(t) _ h,, -k,
1=t

dr St -t At

n+1 n+1

Substituting this approximation for the time derivative in the general matrix equation for

transient flow:
1
D[hn+1 - hn] _Ahn+1 = qn+1
n+l
or:
! ph.)-Alh. = q. +——Dh
At ., " " " At ., "

which can be solved stepwise for the head vedors h; = h(t), i=1,2, ...,given theinitial head
vedor hy = h(ty).
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Finite element coefficients

Case 1. §(x) and T(x) piecavise mnstant

If §(x) and T(x) are mnstant within ead element, i.e. Sx) = S, and T(x) = T,, then VT = 0 and:

d;

y

Sewiw]dA = S, f wiw]dA
¢ A4°
ij

a’ = fin(Tvej)dA = Tefin2w]dA
a° 4°

=T, f Ve (w;Vw)dA - f Vw,*Vw dA
A° A°

= T, finwj-nds - wai-ijdA
04 ¢ A

by Gauss divergence theorem.

Case 2: Sx)and T(x) piecavise linea

If S(x)and T(x) are taken to be piecavise linea within ead element:

T(x) = kz Tw(x) = kz T,w (%)
Sx) = kz Tw(x) = kz Tw (%)
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then:

e _ e e —
;D = Y Sdy, dg = fw,.ijde
kee qe

a; = Y. Tag, a5 - fwi[V-(kawj)]dA

kee
Ae

By expanding the dot product and making use of the identity V-(ww,Vw) = V(ww,) -Vw; +

ww, V’w;, the oefficients a;, can be expressed as:

Q
1l

¢ fwi(Vwk-ij)dA + fwiwkvzwjdA

A4° A4°

ik

fwi(Vwk-ij)dA + fV'(wikawj)dA - fV(wiwk)'ijdA
4° 4° A°

fwikawj'nds - f(Vwi'ij)wde
Ae

o04°
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Laplace-Galerkin formulation of transient flow problem

At agiven pdnt x in amedium with transmisgvity T(x) and storativity §x), conservation o

masscombined with Darcy's law yields the transient flow equation:

S% = V«(TVh) + q,6(x-x))

where h is hydraulic head, t istime, and g; isthe influx from apoint source d X;.
Taking the Laplacetransform with resped to t gives:

S(sh-hy) = V-(TVh) + g8(x-x)

which may be written as:

sSh+ V-(IVh) -f = 0

where:

f = gd(x-x) + Shy
and where the Laplacetransform of any given function F(x,t) isindicated by an overbar, i.e.:

[Fx, 0] = }F(x, Nes'dt = F(x,s)]
0

Let:

N
h(x,t) = Zl:hj(t)wj(x)
=

be adiscrete gproximation o h(x,t), where h(t) is the hydraulic head at the jth nock, j = 1, 2,
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., N, and where wi(x) is some spatia weighting function. Taking the Laplacetransform of
the matrix flow equation and substituting for £[h] we obtain:

hvw| -f =0

Mz

N o _
sSJZ:l:hjwj + V-

~.
1]
—

or:

N _ —
jzzl:hj[sSwj * VTW)] -f = 0

Requiring orthogonality with resped to the weighting functions, and choasing weighting
functionsthat are defined piecavise onindividual element areas A, so that w, = 0 for x; ¢ A®,

gives.

-

0 = {fj h[sSw, - V-(TVw)] - f}widA

= iﬁE[[sSww —wV(TVw) —fw]dA

-

2 zg: fsSwiw]dA - finT-VdeA - fwiTVZWJdA
e

gwdA - Eh(O)EfSwwdA

where the summation over eis understoodto indicate summation over all e ementse. If node

locaions are chosen such that any source/sink term ¢, coincides with anode & x;, then

faiwidA = g, sincew, = 1at X;.
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For constant §(x) = § and T(x) = T, over ead element, VT = 0 giving:

N _ N
Ehjz sSefwiw]dA + Tefin2deA = q,+ Ehj(O)Z SefwindA
j=1 e Jj=1 e

a° a° a°

or:

N _ X

Z;hjz(ssed; +Ta’) = q,+ _lhj(O)ESed;

Jj= e J= e

where:
dj = fwindA
Ae

J

a; fwivzwdA = fV'(inwj)dA - wai'Vw]dA
A° A° 4

finwj-Vn ds - wai'VdeA
e

04 ¢

by Gauss divergence theorem. Defining the NxN matrices A = [} T.a%] and D = [} Sd%] and
the 1xN column vedors h(t) = [h(t)]" and q(t) = [gi(t)], this may be written as:

[sD 5 Ali(s) = q(s) + Dh(0)

where overbars denate Laplacetransforms with resped to t.

The mrrespondng matrix equation for the cae of stealy-state flow isobtained in a
similar fashion bu withou using the Laplacetransform. Letting ch/ct = 0 in gives the stealy-
state flow equation:

S% + V:(TVh) = q8(x-x)
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By substituting the piecewise linea approximation for h(x), and requiring orthogonality with
resped to the weighting functions w;, the matrix equation oldained is:

Ah(t) = q() + Dh(0)

If instead of assuming constant S(x)and T(x) over ead element, these ae taken to be

piecevise linea:

N

T(x) = kz; Twx) = Y, kz Tow (%)
N

Sx) = kz; Tw(x) = Y, kz Tow (%)

then the matrices A and D arereplaced by:

D = EESkd;k’ Ay = f ww,w,dA

e kee
L 4e

e

A = E;Tka;k, ag = [w V00wl dd
€Ee
_ _ J,

By expanding the dot product in the expresion for hte matrix coefficients a;, and making use

of theidentity V-(wWw,Yw) = V(ww) Vi, + ww, V2w, the efficients a;, can be expressed as:

al.jk(x) fwi(Vwk'ij)dA + fwiwkvzwjdA

A° A°

fwi(Vwk'ij)dA + fV-(wikawj)dA - fV(wl.wk + wl.wk)-ijdA
A° A° 4°

fwikawj-nds - f(Vwi°ij)wde
AE

04°¢
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Laplace-Galerkin formulation of transport problem

At agiven pdnt x in afradure zone with effedive 2-D hydrodynamic dispersiontensor D(x),
the massbalance ejuation for a single non-sorbing solute spedes is (negleding matrix
diffusion):

oc

> +vVe - V\(DVe) + g, = 0

where v(x) isthe alvedive velocity (9/0), c isthe amncentration (averaged over the ajuifer

thicknessg, and g.(x) isthe total massinflux through the two sides of the fradure zore.

For the cae of alinealy and reversibly sorbing trace, the first termin Equation 1is modified

as:

R% +vVe - V(DVe) +¢q, = 0

where R = R(X) is aretardation coefficient aceurting for surfacesorption. Taking the

Laplacetransform with resped to t gives.

R(sc-c,) + vVc - V\(DVc) +q, = 0
Let:
N
é(x,f) = E ¢ (w,(x)

Jj=1

be adiscrete gpproximation d c(x,t), where ¢(t) isthe concentration at the jth nocg, j = 1, 2,

...,N, and where wi(x) is some spatial weighting function.
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Taking the Laplacetransform and substituting for £[c] in (4) we obtain:

N N N
EE - Y cOw,|+ Y c [vVw -V-DWw)] + g, = 0
j=1

J=1

or:

S N
j;cj [RSWJ.JFV.VWJ' -V (Dij)] tq, - Rcojzzlj Cj(O)Wj = 0

Requiring orthogonality with resped to the weighting functions, and choasing weighting

functionsthat are defined piecavise onindividual element areas A, so that w, = 0 for x; ¢ A®,

it

N
2 cjze: f [RSWin +wyVw, - in-(Dij)]dA

Aﬁ

gives:

Mz

o
1l

E [Rsw,+vVw, - V-(DVw)] + g, - RZC(O)W }'wdA

1}
—

~.

N
qg.w, - (0 Rw.w.dA
+ fechl jz:;cj( )z;i ww,

or:

N

J
j=1 e

c. Yy szwiwjdA + fwiv-ijdA - fin-(Dij)dA

= —(7.wgdd

Jj=1

N
Z cj(O)E waiwjdA
e 4e

where the summation over eis understoodto indicate summation over all elementse, and
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f aciwidA = gci
4

where summation over the douled indicesmandnisimplied.
If node locations are chasen such that any source/sink term g coincides with anode

at x;, then:

N
h(x) = kzhkwk(x) f q,wdd =3,
=1
A

sincew, =1 at x,.

Thus:
N . i
jz=1:0j Ze:Sbij + g:uy = 2 cj(O)Z‘; bij - q,
where:
b,-je = waiwjdA
Ae

u’l fwiv'ijdA - fin-(Dij)dA
Ae Ae

Theresult can also be expressed in matrix notation as:

[sB - Ule(s) = Be(0) - q,(s)
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where B and U are NxN matrices B = [} b®] and U = [y u%] and c(t) = [¢(t)]" and g (t) =
[g4(t)]" are 1xN column vedors.

Under the asumption d a steady-state flow field, vis a constant vedor satisfying v =
-(T/b;)Vh, where b, is an effedive transport aperture (pore volume per unit areg. Using the

same pieceavise-linea approximation for heal asin the finite dement flow model:

N
h(x) = kz_ljhkwk(x)

where h; are the nodal head coefficents determined from a steady-state flow caculation, this

gives.

1)y, LV, (%)

T( ) kee

v(x)

Substituting this approximationinto the previous expressons for the wefficentsb; and

gives.

S
[
1l

wal.wjdA

Ae

N3
1l

€ 2 f—w Vw ‘Vw, dA - fw V- (DVw )dA

The doveintegrals depend orly onthe weighting functions, the cdculated nodil
heads, andthe hydrologic properties D, T, and by, which are assumed to be constant with
resped to time. Typicdly the principa diredions of the dispersiontensor D will depend on
the diredion d the hydraulic gradient, and hencethe last termin the result for u; will be
related to the h,.
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Calculation of element coefficients

The principal diredions of the locd dispersiontensor D = [d;] (i,j = 1,2) need to be
determined from the locd diredion d the hydraulic gradient Vh. Let y dencte a2-D system of
Cartesian coordinates within the plane of an element, such that the aordinate y, is aligned
with -Vh andy, isin the perpendicular diredion. The dispersiontensor in they systemis

assumed to be:
D, +D, 0
0 D.+D,

where:
D, =vo, isthelongitudinal dispersion coefficient,
D; = vo; isthelongitudinal dispersion coefficient,
v = |v| = (T/b;)|Vh| is the magnitude of the fluid velocity, and
D,, = coefficient of moleaular diffusion.
For conveniencewe dso define:
D,'=D,.D,
Dy =Dy, Dy,

Let x denote asecond 2D system of Cartesian coordinates in the plane of the dement
(e.g., the mordinates used to define the dement geometry), with x = 0 located at the same
physicd paint asy = 0. The aordinate transformation from the y system to the x systemiis

defined in terms of atensor with constant coefficients:

ox;
a, = —
i %,
so that x; = a;y;. Theinversetransformationis:
r_W
a; = a_x] = a;
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It is easily confirmed that the cmporents a; are related to Vh as;

[ oh on ]
1 ox, Ox,

%) = T
" (vkl|_on on
ox, ox,

The scdar quantity V ((DVc) must be invariant with resped to coordinate transformation,

hence

Y, DV,0) = V,-(D,V,0)

where the subscripts x and y denote which coordinate system is being referred to. In tensor

notation (with the mnvention d summation on doubed indices) this can be written and

expanded as:

04 06 _ 0, O

ox; b ij Wy Ky %y,

0 oc o oc

a,—d,. a,— = —d,, —

o oc o oc

—a,d. a — = —d,, —

a‘yk ik Y, jlayl ayk kly ayl

yielding the relationship between the dispersion tensor comporentsin the x andy systems:

d, = a,d.a.
kly ik™"y, gl
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Making use of the relationship between the forward and inverse transformations as

given above, we ohtain:

dkly = aklidijxaj ;
amkdklyalin = amkak/idijxajlal:x
Ay By = 6midzjx 6jn
amkdklyanl - dmnx jn

which by repladng dummy indices yields the inverse rel ationship:

dklx = akidijy a;

Expanding the secondterm in the previously obtained result for u; in tensor notation gives:

e _ . — J
Uy = f w.V (Dij)dA W’_ax (d'”"x_ax ]dA
A¢ Ac
C—T &
- w2l (wd,, L dd
ox, Ox o * 0,0

For auniform velocity field within a given element, ordinarily auniform D will be

asaumed, so ad,,,/ox,, = 0 giving:

o*w,
e _ J
uy fwidmn 5 ox, dA

272



Theintegrandisinvariant with resped to rotation o the wordinate system, since

Pw., o
- e da = mkde nl y ay %
* Ox, 0X, ox, ax ay 8y
azw.
- a d,a,a a —
mk kly nl D q aypa‘yq
_ aZWj
mny aymayn

Inthey coordinate system, naing that d,;,, = D', d,, = D', andd,,,, = 0for m # nwe

obtain:
Fw.
uy = fw du + dyy —7 | dA
i W
Fw.  Fw,
= D}fwi r? L+ —L|dd
A® ay ay2

wherer =¥ (D' /D;").
Thisintegral can be evaluated more eaily by mapping it to a modified coordinate
systemz: {z =yy/r, z, = y,}, so r’a°wldy,” = 3°wldz,* and dA, = rdA,, giving:
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e /
u,.jH = Dwai

rDT/finz2wjdAz

A

z

\/DL/DJ{ finfwjdAZ
4;

\/DL/DT/ finzwj-ndsz - szwi°VzwjdAz

34 A

z z

Note that the quantity in square braces is equal to a;%T, as defined for the finite-element
model for flow.

Thusin the cae of uniform T, and b; within eat element, the wefficients u;° can be

cdculated as:
e e _ e
Uy Uy, 7§
where the first term:
e T .
wy, = b—Ehkfinwj Vw,dA
T kee e

contains an integral identica to the secondtermin the expressonfor a;,°, and where the

seondtermisreaily cdculated as:
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Appendix C Corre spondenceof particle radiusdistribution and penetration-distance

relationship

For amatrix composed of alarge esemblage of sphericd particles with any radius
distributionf(r) > 0 onr =[0,e], satisfying:

Let V(s) be the volume of matrix within askin depth s of the surfaceof any particle. The

complementary volume of matrix which isnot within askin depth s of the surface

V(s)=V,, -V(s)

total

isrelated to f(r) by:

~

V (s) =J’f(r)7"(r - s)%dr

Diff erentiating this with resped to the skin depth s (noting that sisin the lower limit of the

integral aswell asin the integrand) gives:

ddis = —471[ f(r)(r-s)’dr - f(r)é%n(r -5)® = —47TJS’ f(r)(r - s)’dr

r=s

Since V. IS constant, the first derivative of V(s) is smply the negative of the preceling

expresson:

v :
E—4n‘[f(r)(r s)“dr
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Exporential case

For the cae of an exporential distribution d particle radius:
f(r)=2Ae™"

the correspondng first derivative of V(s) is obtained by straightforward integration:

dV — i -Ar 2 _ —}\soo “Aty 2 — 8m -As
0 —4nJS')\e (r —s)’dr = 4mke Jo'e t2dt = e

making use of the substitutiont = r—s. Thusthis function has the same form as the exporential

distribution, bu scaed by a constant 81/A3.
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Appendix D Volume-depth relationship for aregular fractal assemblage of cubes

Consider the set of cube-shaped fragments formed by the foll owing process Beginning with
an arbitrarily large aibe of side length L,, divide the aube into 8 equal cubes of side length L,
= L/2, and chocse afradion a/8 o these aubes. For n=1,2, ...,~, take the chasen fradion o
cubes from the previous gep, and subdvide eab into 8equal cubes of sidelengthL, =L, /2,
and choose the same fradion a/8 o those.

In the assemblage of cubes resulting from this process eadt cube cntains a copies of
itself, scded by afador of ¥2. The simil arity dimension d such a set (Falconer, 1990 isthus
D =-og a/log (Y2 = log a/log 2.

The number of undvided cubes of agiven sidelength L, =2"L,isN(L,) = (8-a)a".
For large n the limiting log slope of the particle size distribution N (L,) versusL, is:

logN(L,) = loglL, +log(8-a)+nloga  loga _

- logl, “an logL, -nlog2 " log2 ~

Thus this assemblage has a (discrete) power-law size distribution with exporent —D.

We note that choosing a = lyields a constant (discrete) distribution o particle sizes
with D =0.Choasinga=2yieldsD =1,a=4yieldsD = 2,anda =8 yieldsD = 3. These
values pertain to spacefilli ng processs of dimension D.

To ill ustrate this, suppcse that at ead step of the process we dways chocse to
subdvide a = 2 cubes along amajor diagonal of the original cube. This processcondenses to
that diagonal line (a 1-D geometry). If at ead step we dways chocse to subdvide a = 4 cubes
along averticd plane that slices diagonally aaossthe original cube, this processcondenses to
that plane (a 2-D geometry). If at ead step we dhocse to subdvide dl a = 8 cubes, wefill the
entire 3-D spaceof the original cube with vanishingly small cubes. In the case a =1, the
processcondenses to asingle paint (a zero-dimensional geometry).

Thus we may regard the simil arity dimension D as representing the dimension d the
process For values of a leading to nonintegral values of D, we may regard D asthe “fradal”
dimension d this process following Mandelbrot (1982. From this we may nate the
corresponcence between the negative exporent of a power-law distribution d particle sizes,

and the fradal dimension d the resulting set of particles.
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For the present study we ae interested in the incremental volume of matrix asa
function d skin depth from the surfaceof a particle. For a given cube of side length L,,, the
volume within a skin depth s of the surfaceis:

3 3
B ELH-(LH-Zs) ,s<L, /20

[

V
0 (9) (] Li S 2 Ln/ZD

and the derivative of V, with resped to sis:

n:EyLn—zgﬁssLnlzg
ds [ 0 s=L, /20

Thetotal incremental volume function V'(s) is obtained by summing over all cubes:

Vi(s) = Y NV, (9)
n=0
Since abes of sidelength L, < 2s do nd contribute to V' (S), we may limit the summeation to:

DIog(Lols)D_

1
log?2

Vi) =Y NV, (s),  m=int
n=0
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Substituting the previous expresgon for N(L,) and nding that L, = 27"L,,, we ohtain:

'(s) = i(S—a)a” [3(2‘” L, —25)

n=0

which simplifiesto:

m ] s [
"(s) =6L,( ") - —[R"
(9 " PR

with m as defined above. For comparisonto data, we need only thelog ope of V'(s) vs. s.

Vaues of the log slope for diff erent values of a, andthe wrrespondng D, were
cdculated aslisted in Table D-1. The abitrary value of L, does nat affed the results provided

it isvery large relative to the values of s considered; for these cdculations, L, = 10" length

units was used and slopes were fitted to logarithmicaly spacel values of sin the range 10° to

17 length urits. For values of 1 < a < 4 correspondngto 0< D < 2, the absolute value of pis

close to zero; thus the incremental matrix volume with increasing skin depth is approximately

constant for D in thisrange. For 4 < a< 8 correspondngto 2< D < 3,weoltain p~ 2-D

within the gparent numericd predsion.
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Table D-1. Numericdly cdculated values of p, thelog slope of V'(s) for the fradal cube
model asafunction d a andthe wrrespondng frada dimension D of the particle size
distribution. Note the result for a/8 = 1.000” was obtained using a = 8 — 10° sincethe ebove

formula becomes indeterminate for this value,

a/8 D p
0.1250 0.000 -2.4x10°¢®
0.1875 0.585 -3.9x10°¢®
0. 2500 1.000 -1.8x10°
0. 3125 1.322 -4.2x10°
0.3750 1.585 -1.2x10*
0.4375 1.807 -2.7x103
0.5000 2.000 -0.040

0. 5625 2.170 -0.174

0. 6250 2.322 -0.322
0.6875 2.459 -0.460

0. 7500 2.585 -0.585

0. 8125 2.700 -0.701
0.8750 2.807 -0.808
0.9375 2.907 -0.908
0.9500 2.926 -0.927
0.9625 2.945 -0.946
0.9750 2.963 -0.964
0.9875 2.982 -0.983
0.9938 2.991 -0.992
0.9950 2.993 -0.994
0.9962 2.995 -0.995
0.9975 2.996 -0.997
0.9988 2.998 -0.999

1. 0000 3.000 -1.000
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