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Groundvater Flow and Radionuclide Transport in Fault Zones in Granitic Rock

1. INTRODUCTION

Granitic rock! is amajor constituent of continental crust. In geologic provinces sich asthe
Canadian Shield in North America and the Fennoscandian Shield in Europe, large expanses of
granitic rock lie dose to the groundsurface and are adominant facor in the regional
hydrology.

In hydrogeologic studies, granitic rock is sometimes treaed as impermeable or nealy
impermeeble, dueto itstypicdly low permeabilit y relative to sedimentary rock and
unconsoli dated sediments. The hydraulic condictivity of an intad pieceof granite without
maaoscopic fraduresis extremely low (on the order of 10*° m/s). Seepage of groundvater
through such rock is © slow asto be negligible for many pradicd situations, if more
permeable rocks sich as ®ediments are present.

However, at shall ow depths of lessthan afew km, graniti c rock acoommodates grain
primarily by brittl e processes including brittl e fracture, shea displacements along fradures,
and catadasis. The fradures (joints or simple faults) may conred to form networks with
discrete paths viawhich advedive transport israpid. The small amount of contad areawith
the rock, per unit volume of flowing water, limits the posshility for transport of disslved

spedesto be retarded by sorptionto the rock surface or diffusioninto the rock.

! In this disertation, the term “granitic rock” is used in the sense of the broader
definition o granite & “any hoocrystalli ne quartz-beaing plutonic rock” (Bates and Jadkson,
1984), versus more spedfic petrologic definiti ons. The bedrock of the first site from which
new data ae presented here is mainly monzonite to quartz monzonite, with some diorite,
granodorite, and granite, based on getrologic analyses discussed in Sedion 2.2.The bedrock
at the seoondsiteis mainly granodorite to dorite based onfield examination. In thefield of
radioadive-waste repository design and safety assesanent, the term “crystalli ne rock” is often
used as a norspedfic term for granitic (in this broad sense) and gneissc rocks, excluding
crystalli ne salt which poses adistinct set of geoscientific problems, along with ather types of
crystalli ne rock which are not currently under consideration as host rock for repasitories. The
term “granitic” is adopted here & amore spedfic, athough still general term for the
geologicd setting that this work is concerned with. When more spedfic lithology is meant,
terms guch as “granite,™ granodorite” etc. are used.



Fradure zones, defined as zones within which the fradure intensity exceels that of
the surroundng rock by more than an order of magnitude (Gustafson, 1990, may include
adive andrelict fault zones, and can be important condits for groundwvater flow and
contaminant transport in graniti ¢ rock. Fradure zones often have complex internal structures
in which fradure intensity and conredivity vary from placeto pace(Committeeon Fradure
Charaderization and Fluid Flow et al., 1996, p. 58 Field studies show that transmisgvity
and paosity can vary by orders of magnitude dong an individual fracure zone (e.g.,
Andersonet al., 198%b).

Flow properties may vary within a fracture zone due to large-scde structural trends,
locd variations in fraduring patterns and intensity, or even the detail s of pore-spacevariation
within individual fradures (Mazurek et al., 1996 Tsang and Tsang, 1987. Transport may be
affeaed by additional types of heterogeneity, such as gatial variability in the eoundance of
minerals aff eding sorption, a locd variation d fragment size in fault brecda, leading to
locd variability in dffusive eguili bration between the relatively mobil e water that flows
between brecda fragments and the relatively immobil e water within brecda fragments
(Mazurek et al., 1996 Poteri et al., 2002).

Fradured graniti c rock is heterogeneous with resped to groundvater flow and solute
transport, over awide range of scdes. Groundvater flow tends to be concentrated in zones of
relatively high fradure intensity, manifested onlength scaes ranging from more than 10km
down to the outcrop scde (Tirén et al., 1999. These zones of high fradure intensity are
considered to be formed by brittl e faulting, often along zones of ductil e deformation which
serve & preaursors, and dten showing evidence of multi ple stages of readivationin the
brittl e regime, including evidence of fracture mineral predpitation under diff erent presaure,
temperature, and chemicd regimes (Tullborg et al., 1996 Tirén et al., 1996. These fradured
zones combine in larger-scd e networks in which the df edive flow and transport properties

vary bath between and within the individual zones.
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Figure 1-1. A typicd view of sparsely fradured bedrock outcrops, onislets along the Baltic
coast of SE Sweden nea the Aspd study site. The Oskarshamn niclea power plant onthe

Simpevarp peninsulaisvisiblein the badground.




1.1 Motivation: Why are we mncemed with fracture zonesin granitic rock?

The hydrologic charaderistics of fault zonesin granitic rock are of concern for several
reasons. In shield settings, fradure zones often serve a aquifers for domestic and municipal
water supgies. The dharaderistics of groundvater flow and contaminant transport in fault
zones are esential for monitoring and remediation d contaminated fradure-zone aquifers.

Water flow and solute transport through fault zones are dso of fundamental interest
for geologic isauesincluding fault medhanics, hydrothermal system evolution, and secondary
minerali zation.

A particular concern that motivates the present study is the potential for radionucli des
(nuclides of radioadive dements) to contaminate the surface @vironment, if they are relessed
from an undergroundrepasitory for radioadive waste. Granitic rock is under consideration as
an opgtion for permanent disposal of high-level radioadive waste (i.e., spent nuclea fuel) in at
least nine wurtries, andis the primary optionin Sweden, Canada, Finland, Japan and
Argentina (McCombie, 19979.

High-level radioadive-waste disposal concepts for this geologic setting are based ona
multi ple-barrier principle, in which the waste is encased in ametal canister whichisin turn
encased in low-permedbility buffer materials such as bentonite, when placel in a depaosition
hoe dee in the bedrock. The metal canister is designed to withstand medhanicd stresses and
corrosion over periods of thousands of yeas or more, uncer hydrologicd and chemicd
condtions that are expeded to be maintained by the surroundng bedrock and bufer material
(McCombie, 1997.

If and when le&ks eventually developin the engineered barriers (canister and bufer),
release of radionuclides into the surroundng groundvater is expeded to be limited and
delayed by fuel dislutionrates as well as aslow rate of transport through the legking
barriers. From that point, the typicdly very low permeability of intad granitic rock implies
that transport of radionuclides via groundvater shoud be very slow. Hence graniti c rock has
been propaosed to constitute anatural barrier that would impede the release of radiation to the
surface evironment,

In assesgng the risk of radionuclide migration from arepository in granitic rock, a
key question is how the multi ple scaes of heterogeneity interad to control groundvater flow
and radionucli de transport. Models which have been developed for sediments or sedimentary
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rock may be unreliable, as the basic assumption that an equivalent permeabilit y tensor exists
(the continuum assumption) might not be valid at any scde of pradicd relevance A scientific
consensus has developed over several decales of research, that the discrete nature of fracured
crystalli ne rock such as granite neads to be represented (Committeeon Fradure
Charaderization and Fluid Flow et al., 1996. The work presented in this dissertation aims to
further that understanding, by examining how the detail ed geometry of fraduresin a
particular classof discrete structures, en échelon fault zones, can affed groundwvater flow and

radionuclide transport.



1.2Objedives of this gudy

The general aim of this dudy isto investigate the role of fault-zone achitedure for fluid flow
and solute transport in granitic rock. Thisis done by means of a descriptive, statistica
approad, in which fault-zone achitedure is described in terms of statistics obtained from
field mapping, and the statistics thus obtained are used to construct models with the same
statistica properties.

An alternative gproad isto model the development of fault zones by a medanistic,
genetic gpproad, using knowledge of the tedonic history and medanicd properties of the
rock in combination with rock medhanics models to simulate the sequence of fradure system
evolution. This approadh has been applied to model fradure system development in relatively
young rocks with simple deformational histories (e.g., Hestir et al. 2001). However, for sites
with along and complex structural history, espedally the Precanbrian rocks of the Canadian
Shield or Fennoscandian Shield, modeli ng of fault-zone structure from a medanistic, genetic
perspediveislikely to be neither tradtable nor fruitful. In many cases, the sense, amourt, and
sequence of off set along these structures are difficult to ascertain, even if field evidence (e.g.
presence of brecdas) indicaes they were & some point fault zones.

In this gudy, the descriptive, statistica approad is the main line of investigation.
However, results of medhanistic models and past experimental studies are used to guide the
formulation o descriptive models. The spedfic goals are:

. Examine field evidencefor variability and herarchica aspeds of fault-zone

architedure onscdesfrom 1 cmto 1km,

. Formulate models to describe spatial variation and herarchicd aspeds of

fault-zone achitedure.

. Evaluate the hydrologic and transport consequences of fradure-zone

structural variability and hHerarchicd structure.

. Assessthe implications for large-scde modeling of flow and solute transport

in graniti c rock.

These goals are aldressed as a series of scientific papers, which form Chapters 4 through 7 d
thisdissertation. Thiswork is sippdementary to previous reseach onstatisticd description o
joint setsin crystalli ne rock (e.g. Dershowitz, 1984, which describes the badkgroundfradure
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systems within which fault zones (or fradure zones, in more generic terms) are distinguished

by amuch higher intensity of fracuring.



2 BACKGROUND

2.1 Site Descriptions

Detail ed maps of fradure geometry were developed from two sites in Sweden. The first of
these sites, ontheisland o Aspoin coastal Ostergétiand (Figures 2-1 and 22), is the site of
the Aspd Hard Rock Laboratory, a450m deep undergroundlaboratory (Bédkblom and
Karlson, 1990. Geologic, geophysicd, and hydrologic data ae avail able from more than 15
yeas of intensive investigations at thislocaion, duing investigations prior to and duing the
construction d the undergroundlaboratory (Stanfors et al., 1991 Geier et al., 19961, as well
as more recent data from the laboratory construction. Two areas of the mainland adjacent to
Aspo are presently under investigation as two of the three cadidate sites in Sweden for
proposed construction d a high-level radioadive-waste repaository.

The semndsite, nea the vill age of Ekolsundin southern Uppland (Figure 2-3) has
been the focus of a study of lineament-interpretation methoddogy, sponsored by the Swedish
Nuclea Power Inspedorate since 2001.Detail ed mapping of fradure zone internal
architedure, including results for the en échelon zone presented in this dissertation, was
performed as one comporent of that study. The siteisnot a candidate repository site, in the
Swedish radioadive-waste disposal program.

The differencein level of investigation for the two sites resultsin a disparity in the
level of information avail able on the geologic history and structural development in the two
areas. Thisjustifies arelatively extensive acourt of the geologic history of the Aspd site,
relative to the Ekolsundsite. However, bah sites are simil arly positioned with resped to the
main tedonic events that aff eated the brittle-deformation history of thisregion, and therefore

comparable types of structures are to be expeded at the two sites.

2.1.1Aspo, eastern Smaland

Aspbisal.5km? islandin the castal archipelago along Sweden's southeastern Baltic coast
(Figure 2-1). The dominant lithology ontheislandis a suite of Lower Proterozoic igneous
rocks of variable compasition (mainly quartz syenite and granite grading to granodorite and

quartz monzodiorite), nea the boundiry of the Sveafennian and Gothian provinces of the



0 100 200 km \
\ * Luled -~
dotemar -7
* Umea M-
. Sundsvall / -
§ = /
‘{jj} q;% tockholm
f 6370}
Giteborg,
Oskarsham g
Malmi# —
°
~
<
S ~
~
g
- >
S ~
S ~
S ~
S
0 S km
l—l—l—l S ~
6360 T T -
CHC DWG0142WPG 1646 1666

Figure 2-1. Locaion and regional structural setting of Aspo, Sweden. Aspoisthe
islandin the center of the inset box. Lines how the pattern of regional lineaments
interpreted as fradure zones, based onelevation, geophysica and remote-sensing data
(Tirénetal., 1999.

Baltic Shield (Anderson, 1978 Gorbatschev, 1980Q. As summarized below, these rocks have
been subjed to along history of ductile and lrittle deformation, leading to multi ple sets of
fault zones, including the en échelon fault zones considered in this gudy.

The gladated upper surfaceof the bedrock iswell exposed on oucrops, and has been
mapped in terms of bedrock lithology and trittl e deformation feaures. The subsurfacehas
been studied to depthsin excessof 1 km by geologic, geophysicd, hydrologic, and
geochemicd methods, in more than 20shall ow (lessthan 200m deep) percusson-drill ed
holesand 16 @& core-drilled hdes (upto 1000m deep) that were drill ed from the surface
and from more than 4 km of mapped tunrels and shafts, extending to a depth of 450m.
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Mapping for the present study (Figure 2-2) was performed onaN striking en échelon
fracture zone, exposed onthe shoreline @out 50 m south of the reference paint P47 onAspd
Trench 3,as described by Kornfélt and Wikman (1988.

Brief geologic history of Aspé vicinity focusing on major_tedonic events

The oldest rocks exposed in the vicinity of Asp6 are metamorphaosed sedimentary and
volcanic rocks in the Blankahom area20 km to the north. The metasedimentary rocks have
been constrained to 1.871.86Ga (Sultan et al., 2009. Approximately 1.81Gato 1.76Ga,
these oldest rocks were intruded by an igneous slite belonging to alate stage of the Trans-
Scandinavian Igneous Belt (Kornfélt et al., 1997. These igneous rocks range in composition
from granite and quartz syenite to granodorite and monzodiorite (Bergman et al., 199§, and
acourt for the dominant lithology of the bedrock at the present-day erosional level on Aspo
(Kornfélt and Wikman, 1987 Kornfélt and Wikman, 1988. A modal analysis of these rocks
from the nearby Simpevarp peninsula (Wahlgren et al., 2003, shows compasitions from
monzodiorite to quartz monzodiorite, quartz monzonite, monzogranite and granite. Corntads
between these rock types are localy gradational or migmatiti c, and are not always discernible
inthefield (Tirénet al., 1996, and by traditi on these rocks are referred to coll edively as
“Smaland granites’ (e.g. Anderson, 1978. Minor shed-like inclusions of other igneous rock
(basalti c to andesitic and later aplite dikes) occurring in the aea ae interpreted as being
approximately coeval with thisigneous aiite based onmagma-mingling and badk-veining
relationships (Kornfalt and Wikman, 1987 Talbot and Munier, 1989. These rocks are
interpreted as having formed nea a cntinental margin with the present-day groundsurface &
adepth of 10to 15kmin the inferred mountains that had their rootsin the Trans-
Scandinavian Igneous Belt (Tullborg et al., 1996. Paleomagnetic reconstructions placethis
area athe margin of the Proterozoic supercontinent (Piper, 1987.

Y ourger granite bodes were intruded ona small er scde in the Gétemar and
Uthammar areas (3 km NW and 6km SW of Aspo, respedively), aswell as at the off shore
Balticisland o Bla Jungfrun, 20km SSE, around 1.4Gawhen the present-day ground
surfaceis interpreted as having been at adepth of about 7 km (Tullborg et al., 1999. Tirén et
al. (1999 suggest that isostatic uplift acampanying the mid-Proterozoic erosional unroafing

of the Trans-Scandinavian Igneous Belt mourtains was accompanied by faulting with relative



Figure 2-2. View of N striking en échelon fault on Aspo (view looking northward
along strike).
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verticd displacements onthe order of afew kil ometers. Ductile and dictil e-brittle
deformation duing the 1.8to 1.4Ga period gave rise to threedistinct foli ations and two sets
of mylonite zones in the Aspd/Simpevarp area

The Svemnawegian/Grenvill ean arogeny aff eded southwestern Baltical.25t0 1.0
GaBP. Thetedonics and consequential state of stressand deformationsin this period are
complicaed, with apparent ealy Grenvill ean rifting between Laurentia and Balti cafoll owed
by rotation d Baltica and re-docking with Laurentia (Larssonand Tullborg, 1993 expressed
aslarge-scde shea zones including the Protogine Zone and Mylonite Zone in south-central
Sweden, to the west of Aspd. Thrust-faulting in association with the Protogine Zone may be
locdly expressed by SW dipping thrust faults just west of Asp6 (Nordenskjold, 1944 Tirén et
al., 1999.

The yourgest igneous rocks in the Aspd area ae sub-vertica, N-S striking dderite
dikes 1.0to 0.9Ga(Tirén et al., 1999 Larsonand Tullborg, 1993. The aye of these dikes
coincides with rifting and opening of the lapetus Ocean between Laurentia and Baltica dong
aline eat of modern-day Greenland (Anderson, 1978 Larsonand Tullborg, 1993, which
continued into the Lower Cambrian.

For the last part of Proterozoic (Precanbrian) time the region was on a passve
margin o the Balti capaleocontinent as the lapetus Ocean continued to open. Erosion during
thistime led to formation o a sub-Cambrian peneplain with arelief of only afew tens of
meters (Rudberg, 1959, close to the modern bedrock surface

A switch from divergenceto convergence between Laurentia and Balticain the Late
Cambrian (ca 510MaBP) and continuing through the Ordovician (430MaBP) ledto
obduction d lapetus oceanic arust and several island-arc or microcontinental terranes onthe
western margin of Baltica, culminating in the Caledonian arogeny and continental collisionin
the Silurian ca 425Ma BP, with extensive eatward thrusting (Stephens, 1988 Larsonand
Tullborg, 1993. During much of this time the sub-Cambrian peneplain was below sealevel,
as marine sediments including Ordovician limestones acaimulated in the foredeep over the
western margin of Baltica The mmpressonal stressregime (E-W in the modern
configuration) in this period may have led to readivation d thrust faults and NE and NW
striking, strike-sli p fault zonesin the Asp6 areaduring this period.

The Silurian dacking of Laurentia and Balticawas foll owed by a period o

intracontinental extension in the resulting paleocontinent of Laurasia, which is manifested as
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badksliding in the aceetional wedge in the western Scandinavian Caledonides and westward-
dipping normal faults in the southwestern part (Fossen and Rykkelid, 1992).

Uplift and an estimated 5km of erosion d the Caledorides during the late Devonian
and ealy Carboriferous (390Mato 306MaBP) led to further depaosition d sedimentsin
what is now the eatern part of Sweden, with acamulations of 2 to 3km of sediments atop
the sub-Cambrian peneplain indicaed by fissontrad dating of fradure minerals (Larsson
and Tullborg, 1993. The extensional tedonics (E-W with resped to the modern locaion o
Aspd) and subsequent isostatic compensation in resporse to the eatward transport of
sediments from the Caledornides were acommodated by verticd displacaments of tens of
meters along verticd faultsin the Aspo region (Tirén et al., 1999.

During the middle to late Carboriferous (ca 325MaBP), the awnvergence of
Laurasia and Gondwana is represented by the Hercynian/Appalachian orogeny in abroad belt
aaosswhat is now southern Europe and eastern North America This orogeny would have led
to compressonal stresses direded roughly NNW with resped to the present location o Aspo.
Thelate Carboriferous and ealy Permian were atime of adive volcanism in southernmost
Sweden, represented by dike injedions within the NW-trending Tornguist Zone which bound
the modern Balti ¢ Shield, and N-Srifting in the Oslo region (Larsson and Tullborg, 1993.
Correspondng crustal movementsin the Aspé region presumably led to further tilti ng and
differential uplift of the sub-Cambrian peneplain (Tirén et al., 1999.

Thelate Carboriferous and Permian rifting at the end o the Paleozoic was foll owed
by the Mesozoic bresk-up d the Pangeasupercortinent. In the Balti c region, the main
consequences of this bre&k-up were readivation d the Tornquist Zone on the south boundry
of the Baltic Shield, during the opening of the Tethys Sea & Gondwana and Laurasia
separated , and the opening of the Norwegian-Greenland SeaRift and subsequent seafloor
spreading, forming a passve margin (Keaey andVine, 199Q Larssonand Tullborg, 1993.
Effeds of these erents interior to the Baltic Shield appea to have been minor away from the
Tornqguist Zone, with erosion d Paleozoic sediments and deep weahering of basement by the
late Cretaceous, about 80 Ma (Larsonand Tullborg, 1993 Tirén et al., 1999.

Crustal uplift in the Sméland Hghlandsinland (west) of Aspd duing the late
Cretaceous and ealy Tertiary led to further denudation and some downcutting into the sub-
Cambrian basement. These events are indicated by erosional scarps outh of the Smaland

highlands, and verticd relative displacanents along faults in neighbaring portions of southern
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Sweden (Lidmar-Bergstrém, 1991). However, over the main part of southeastern Sweden, the
present groundsurface oincides with the sub-Cambrian peneplain (Tirén et al., 1999.

Repeaed gladationsin Quaternary time, culminating with the Wechselian gladation
20,000to 18,000yeas BP, produced lithospheric loading by icethicknesses of upto 2.5km.
Striations showing the last diredion d ice movement are visible onthe expasure that was
mapped in thisresearch. The Wechselian ice cg melted approximately 12,000yeas ago,
leaving Asp6 below sealevel. Post-gladal isostatic rebound d the lithosphere is ongoing at a
rate of approximately 1 cm/yea (Larssonand Tullborg, 1993. Post-gladal neotedonic
feaures assciated with this uplift, with displacanents of upto 25m, have been dacumented
in nathern Sweden (Lagerbad and Witschard, 1983. Nordenskjdld (1944 foundevidence
of lesser displacanents along faults in the vicinity of Aspo.

The net result of thislong and complex tedonic history has been the formation and
repeaed adivation d multi ple sets of fradure zones, including a steeply dipping NE-striking
set that formed by readivation d the ealy mylonites, as well as geeply-dipping NW-striking
and NNW-striking fault zones, and gently dipping to sub-horizontal fradure zones of variable
strike. The later deformations tend to be taken upalong existing fault zones boundng rock
blocks. Many of these fault zones have been readivated in a diff erent sense of shea in the
later deformation episodes, in response to changes in the diredion d maximum compressve
stress(Tirén and Bedkhamen, 1990 Tirén et al., 1996.

The aurrent diredion d the regional maximum compressve stressin southern
Sweden is interpreted from overcoring and hydrauli ¢ fraduring stressmeasurementsto be
NW and realy horizontal. Thisdiredion d the maximum compresgve stressis attributed to
ridge-push forces from continued spreading on the Norwegian-Greenland Searidge.

Hydrauli ¢ fradturing stresses measurements at the Finngdn site in nathern Upplandindicate
that the verticd stressis the minimum principal stressdown to depths of abou 500m
(Bjarnasson and Stephanson, 1988 Stephanson et al., 199)). Hencesubhaizontal fradures
may tend to be more cnductive than subverticd fradures at shall ow depth, bu at greaer
depths subverticd fradures griking NW may be more condctive.

Hydromecdhanicd modeling by Min (2004 indicates that maximum permeability in
fracured granitic rock shoud bein adiredion parall el to planes of incipient slip, which are
conjugate to the maximum principal stressdiredion, at an angle of abou 33" for fradture

friction properties typicd of Swedish granitic sites. Thus at depths of 500m (atypicd design



depth for high-level radioadive waste repositories) or degoer, the expeded dredions of
maximum fradure permeability are expeded to be dou 33" to either side of the NW
diredion,i.e. W to WNW or N to NNW.

15
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2.1.2Ekolsund, southern Uppland

The Ekolsundsiteisin southern Uppland, onthe west side of Ekolsundsvik, aninlet (vik) of
Lake Médaren, between Stockhaolm and Enképing (Figure 2-3). A unigue set of four nealy
parallel exposures upto 15m high and 500m long are provided by the roadcuts for the two
roadways of the E-18 motorway adjacent to the bridges over Ekolsundsviken. The study site
is named for the neaby vill age of Ekolsund.

The Ekolsundsite was sleded for a method study sporsored by the Swedish Nuclea
Power Inspedorate, primarily to ched lineaments identified from prior agia phaos,
topagraphic and remote sensing data by dired mapping onthe relatively recent (1987 road
cuts for the motorway. The two road cuts are eath 30mto 40mwide and 5to 10m deep, and
are separated by adistance of 30 mto 80m within the aeastudied.

The aitsthus provide four nea-vertica exposures of the bedrock, with a separation
of roughly 50 m between exposures. An example of one of these exposuresis sown in Figure
2-4. Figure 2-5 shows a doser view of the same expasure, with field annaations from the
mapping which is described in Chapter 3. Adjoining horizontal exposures where soil cover
was removed (or was absent) along the tops of the road cut provide further insight into the
3-D charader of the fradture zones.

This configuration provides an excdlent oppatunity, in the present study, to evaluate
fracduring on scaes of 30to 150m, which are difficult to investigate on oucrops or tunrels
dueto the typicdly more limited scd e of exposure. The interpretations of lineaments at
Ekolsundalso provide alarger-scde cmntext for interpretation o individual fracture zones.

Therock is garsely to moderately fractured, similar to candidate sites under
consideration for a high-level radioadive waste repository in Sweden.

In additi on to the fresh exposures along the road cuts, the bedrock is exposed on
scatered natural outcrops (pavements and minor scarps or benches of uncertain arigin and
age). The study siteisinterpreted from topographic and remote sensing data & being within a
block of severa square km which is uplifted relative to surroundng blocks, with an elevation
of 35to 50m above sealevel (Tirén et al., 2005. Most of the aeaof thisblock is forested,
with mossy groundcover and thin soil development asistypicd of other uplifted bocksin
the aea Adjacent down-thrown blocks are mostly covered with lacustrine sediments and

arable soil s, with sparse outcrops. The bottom of the aljacent Ekolsundvik (narrow inlet) is
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20-30 m below the present sealevel.

Therock is granodoritic to doriti ¢ based onfield exposures (personal
communication, Sven A. Tirén, 2003. Over most of the study site (including the aeas of the
detail ed mapping presented here), the rock iswedkly foliated. More gneissc rocks and
mylonites are foundat the eatern edge of the study site, adjacent to Ekolsundsviken.

Geologic history of Ekolsundstudy areafocusing on major teadonic events

Thelithdogy and age of the bedrock at Ekolsund hes nat yet been analyzed (pending
investigations at the University of Uppsala), but by regional association, these rocks are
asumed to belong to the ealy Svefennian granitoids of the Trans-Scandinavian Igneous
Belt, emplacal 1.9 — 1.865a (Larson and Tullborg, 1993. Thus these rocks are likely to be
dlightly older than the granitoids in the Aspd region.

The Ekolsundareawas smil arly situated with resped to most of the major events
described for Aspd. The ealy eventsinclude isostatic uplift accompanying the mid-
Proterozoic erosional unrocofing of the Trans-Scandinavian Igneous Belt, the Sveconarwegian
orogeny 1.25t0 1.0Ga, and emplacament of ddlerite dikes during rifting and opening of the
lapetus Ocean, 1.0to 0.9Ga. Theregional diredion d these dikes (the Blekinge-Daarna dike
swarm) is NNW in the Ekolsundregion, vs. N-S near Aspd (Gorbatschev et al., 1987, but
Ekolsundis at asimil ar distance from the eatern boundry of the dike swarm.

Ekolsundwas closer to the late Cambrian to Sil urian convergence between Baltica
and Laurentia, and therefore may have experienced a diff erent depth of foredeegp
sedimentation. Effeds of Devonian to ealy Carboriferous extension and the subsequent
Hercynian orogeny were likely simil ar between the two sites.

The modern bedrock surface & Ekolsundisinterpreted as being close to the level of
the sub-Cambrian peneplain. This surfacemay have been distorted by block movements and
tilti ng simil ar to that seen elsewhere in southern Sweden. Based onan evaluation d digital
topagraphic data, tilted blocks and relative verticd displacanents; the block containing the
Ekolsundsite gpeasto be upthrown relative to surroundng blocks (personal
communication, Sven A. Tirén, 2003. Erosional feaures suggestive of degp weahering

consistent with warm, humid climate such asin the Mesozoic were noted during the field

mapping.
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Figure 2-3. Locaion d the Ekolsundsite, southern Uppland, Sweden.

Icestriaefrom Quaternary gladation are evident on many of the exposed bedrock
surfaces, showing ice movement in a SSE diredion, which correlates to the diredion d low
ridges. One example was found d a pothole gproximately 50 cm in dameter on an inclined,
gladally pdlished bedrock surface tentatively interpreted as having been eroded by a
meltwater stream below the glader. The Ekolsund Hock is 30to 50m higher in elevation than
Aspo, so has been subjed to subagial processes for alonger period than the latter site. Based
ontypicd uplift rates of 0.006m/yr for this part of Sweden (Passe, 2001, the period o
subagial exposure may have be 5000yeas or more.

No stressmeasurements have been performed at Ekolsund, bu the regional stress
field described by Stephanson et al. (1991 is expeded to apply here. Hence subhaizontal
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Figure 2-4. Photograph d aportion d the northern road cut, south side & Ekolsund
showing expasure forming part of detail ed mapping of Zone MY -1 (to right of
center), in areawhich is wet due to groundvater segoage running down faceof
exposure (apparently mainly from one of the subhaizontal joints). The pattern of
jointsvisiblein this phao istypicd of the aeg ouside of zones of more intense
fraduring such as Zone MY-1.View is outhward, prior to cleaing brush for detail ed
mapping. Note guard rail i n foregroundfor sense of scde. Photo by Sven A. Tirén.

fradures may tendto be more conductive than subverticd fracures at shall ow depth, bu at
greder depths subverticd fradures griking at diredions 33’ to either side of NW ,i.e,, W to
WNW or N to NNW, may be more mndLictive.
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Flgure 2-5. Scanned phdograph with fleld annatations from detail ed mapping of
EkolsundZone MY-1, nathernroad cut, south side. Scdeisindicated by the 1.5m
high stakes. Note that adjacent joints as well as fradures within the more intensely
fradured areawithin the zone ae mapped. Original phao by Sven A. Tirén.
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2.2Literature review

The following literature review summarizes past reseach onfault-zone achitedure and
fracdured-rock hydrogeology, focusing on aspeds relevant to flow and transport in fault zones
in crystalli ne-rock settings smilar to the granitic sites considered in thisreseach. The
approad taken in this gudy foll ows the general approach of Caine (1999, starting from the
viewpoint that faults are made up d certain architecural elements, and endeavoring to
understand fault zone hydrologic behavior in terms of thase dements.

This literature survey begins with reseach onfault-zone achitedure, starting with
observations from field and laboratory studies which lead to basic conceptual models for
fault-zone evolution and scding relationships. Key architedural elements that emerge from
this survey are en échelon fradures and échelon steps, splays and aher secondary fradures,
fault brecdas, and fault gouge.

Next we review previous reseach onthe relationships between fault-zone
architecure and groundvater flow and solute transport. The key architedural elements of
fault zones, fradures and fault brecdas, appea to be particularly important elements of
pathways for fluid flow and solute transport in graniti c rock. The flow and transport
properties of individual fracures (including hydromechanicd eff eds) and their aggregate
behavior in networks has been the focus of alarge body of research over the past three
decales. Key developments from that research are reviewed here, with afocus on findings of
significancefor fault zones in the geologic setting considered here.

A brief review isaso given o matrix diffusion, the term used to describe diffusion
into the protolith and/or brecda fragments adjoining fradures. Matrix diffusionis considered
to be aprincipal mechanism by which transported radionucli des may be delayed in their
passage through afault zone. Finally we review past eff orts to model fault zonesin terms of

their discrete achitedural comporents.
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2.2.1Fault zone architedure

Structural types that have been identified by investigations at research sites in shield settings
in Sweden and Canada include simple and compoundfradure zones, diff use fradure swarms,
en échelon fradures, and readivated mylonite zones charaderized by anastomosing fradures
(Tirénet al., 1996 Martel, 199Q Anderson et al., 1989h Davison and Kozak, 1988 Brown
etal., 1995. Thiswork iscomplemented by alarge body of field reseach onfault-zone
architedure in sedimentary rocks (e.g., Aydin, 1978 Chester and Logan, 1986 Schulz and
Evans, 1998& 2000 and by laboratory studies of fault fabric development (Logan et al.,
1992.

Detail ed studies of fault zones reved a heterogeneous fabric with an intensely
comminuted fault core, ouside of which the fault zone extends as afradured "halo" or
“damage zone” (Smith et al., 1989 Logan, 1992 Antonellini and Aydin, 1994. The wre
commonly consists of amaaoscopicdly fradured brecda zone bounded by apair of intensely
comminuted gouge zones along which shea strain islocdized (Logan, 1993.

The dcharader of the fault core may vary depending on the lithology of the wurtry
rock, amourt of displacanent aaossthe fault, and secondary minerali zation. Fault cores may
be present as dngle dlip surfaces (Caine et al., 1991 ,as cited by Caine et al., 1996,
unconsoli dated clay-rich gouge zones (Anderson et al., 1983,as cited by Caine et al., 1996,
brecdated and geochemicadly altered zones (Sibson, 1977 as cited by Caine et al., 1996, or
highly indurated catadasite zones (Chester and Logan, 1986.

In sedimentary rocks, fault cores show areductionin grain size, which is
acompanied by reductionsin paosity and permeability, particularly when accompanied by
mineral predpitation (research as summarized by Caine et al., 1996. Laboratory and field
studies (Logan, 1992 Logan et al., 1992 show that further grain size reduction accurs along
aregular array of dip surfaces and fractures within the gouge or caadasite.

In higher-strength graniti ¢ rocks such as granite subjeded to krittl e deformationin the
shall ow crust, the fault core commonly devel ops as a brecda zone which may be highly
conductive to fluids. For example, at the Aspo research site in Sweden, baehole
investigations show a strong correlation ketween high-flow zones and krecdated zones (V oss
et al., 1999. However, with sufficient displacement, shea locdi zation may lead to bands of

brecda fragment-size reduction and low-porosity bands smilar to that seen in sedimentary
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rocks.

The damage zone ajacant to the core may show avariety of fault-related subsidiary
structures including small er faults, veins, fradures, cleavage, andfolds (Bruhnet al. 19949,
al of which may contribute to heterogeneity in the permeability structure and elastic
properties of the fault zone (Caine et al., 1999. Modeling studies using a distributed damage
evolution model predicts development of damage zones as processzones and kranching faults
along incipient faults (Lyakhovsky et al., 1997%. Given that similar processes can be expeded
to occur along branching faults, this points toward a passghble hierarchicd structure within
damage zones, a passhility which is considered further in the present study.

Kimet al. (2004 have proposed a unified classficaion system for fault damage
zones into threebasic caegories: tip damage zones (which form arounda propagating fault
tip), wall damage zones (which may form by the propagation o fault tips and the asciated
tip damage zones, or with increased dlip along a fault), and linking damage zones which form
between overlapping échelon fault segments, and which may be dther extensional (if the
sense of dlip isthe same & the sense of steps), or contradional (if the sense of dlip isoppaite

to the sense of steps).
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Conceptua models for fault-zone evolution

Conceptual models for fault-zone evolutionin graniti c rock begin with Griffith crad theory
(Brace 196Q Jaeger and Cook, 1979. By thisit is assumed that granitic rock contains a large
array of pre-existing, minute flaws sich as grain boundries, referred to as Griffith flaws or
Griffith cradks. The largest of these flaws may propagate due to stressconcentrations at their
tips, if they are favorably ali gned with resped to the stresses. When all principal comporents
of stressare compressve (astypicd of rock at depth), cradksin naminally isotropic rock tend
to propagate in a plane perpendicular to the minimum principal stress

As cradk growth progresses, isolated clusters of fradures coalescein a processof
shea locdization (e.g., Menendez et al., 1996. Peng and Johnson (1972 and Schulson et al.
(21999 proposed mechanisms for shea initiation, whereby growth of closely spaced cradks
leads to shea fail ure by buckling-mode fail ure androtation o the intervening, slender
columns of rock. Shea surfaces may also develop by linkage of cradksin en échelon arrays.
Modeling studies (Du and Aydin, 1991 Renshaw and Pollard, 1994 aswell asfield
observations (Olson and Pollard, 1992 suggest that en échelon arrays can develop dieto the
influence of stressconcentrations around popagating cradks on the initiation and propagation
of neighbaing Griffith flaws. These studies and further research onshea fault locdization
are summarized in the second chapter of Committeeon Fradure Charaderization and Fluid
Flow et al. (1996.

Based onfield olservationsin the Sierra Nevada granite bathadlith, Martel et al.
(1988, Martel and Pollard (1989 and Martel (1990 proposed amodel for formation o fault
zones by linkage between adjacent faults which begin as gnall er, noncoplanar, ssmple strike-
dlip faults. Dil atant fracturing between zones of overlap between neighbaring simple faults
developsinto fault zones that accommodate strain by distributed krittl e deformation,
bewming the focus of continued deformation whil e the rock outside the boundng faults gays
relatively unfradured. Kim et al. (2004 pointed ou the simil arity of damage-zone structural
feaures formed aaossawide range of scdesin strike-dlip, namal, and thrust faulting
environments, despite the diff erent orientation d these feaures with resped to verticd.

Childs et al. (1996a,b) proposed amodel for the evolution d segmented fault traces,
wherein the fault is segmented into a set of en échelon fradures formed by bifurcaions nea

the tip of the propagating fault, bu these ae progressvely eliminated by a processof “off set
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destruction” leading to a more planar fault with awell-developed core of fault rock (brecda
and gouge) in the older portions of the fault closer to the fault center, where the fault has been
subjed to greder displacement over time. The off sets formed by theinitial bifurcaion o
fraduretip lines arefirst linked by the growth o relay structures and then, with continued
fault growth, rejoining of the en échelon fradures to enclose lenses of deformed rock.

The progressve bypasgng and sheaing of asperities along afault result in the
generation d additional slip surfaces and an approximately linea incressein fault zone
thicknesswith displacament. At intermediate stagesin this development, bath fault rock
(core) thicknessand overall fault zone thicknessare increased within and around df sets, but
remain small onthe intervening segments, leading to a heterogeneous distribution o fault
rock. At progressvely larger displacaements, progressvely larger off sets are destroyed and the
material transport of fault rock by displacanent leads to more uniform distributions of fault

rock.

Semndary fradures and splays

Schulson et al. (1999 suggest that wing crads (developing from thetip of sliding cradks and
propagating parall €l to the maximum principal stresg and splay crads (developing from the
sides of such cracs) are significant for the devel opment of compressve shea faults.

Although linea elastic fradure medhanics predicts only a single opening-mode
fradure & afault tip, multi ple splays or joint clusters are mommonly observed (Cooke, 1997.
Opening-mode splay fradtures at fault tips can be produced by stressgradients due to slip
gradients, pcsshbly dueto spatial variationin frictional properties (Martel, 1997 Cooke,
1997). Cruikshank et al. (19914) advocated the use of kinks and splays (horsetail s) at faulted
joint tips as indicators of the sense of faulting and state of stress However, Will emse and
Pollard (1998 suggest that the kink angle can be anbiguous depending on effeds of cohesive
end zones, and suggest that kink angles neal to be considered alongside evidence from
solution surfaces.

Martel and Boger (1998 have presented results of 3-D elastic modeling which
predicts the wnfiguration o wing cradks arounda growing fault. Among the impli cations of
thiswork is a prediction that secondary fradures are likely to be longer nea the ends of small

strike-dli p faults than at their tops and bdtoms, so faults are more likely to link end-to-end
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than top to batom, where dipis gnall.

Field observations of hydrothermal minerali zation and alteration along secondary
fradures nea the ends of faultsindicate that these function as very effedive fluid condlits, at
least during the period when the faults are adive (Sibson, 1981 Segall and Pollard, 1983
Martel, 1997%. Even when these fradtures appea to be ‘seded, hydrauli c tests and in some
cases direa observations of fluid flow show these seds are incomplete; thus scondary
fradures are aiticdly important to the hydraulic condictivity of faults systems (Martel,
1997).

En édchelon fradures

The noncolineaity of fault traces was recognized by Wallace(1973. Segall and Pollard
(1980 investigated theoreticd stressand dsplacenent fields at dupdexes formed by the
overlap between fault segmentsin en échelon arrangements. Aydin and Nur (1985 observed
that steps and kends are afundamental feaure of strike-dli p faults.

Aydin and Schultz (1990 presented overlap and separation data for 120 exampl es of
en échelon strike-dlip faults, and nded an approximately linea correlation over scdes of
overlap ranging from 10 m to 1¢ m. Based on numerica modeling they suggested fault
interacdion enhances growth as the inner tips approach ore anather, but impedes growth after
the tips pass

Cruikshank et al. (1991 described en échelon band faults that propagated toward
ead ather in the Entrada sandstone & Arches National Park. The faults propagated toward
ead ather regardliessof the sense of shea or fault step diredion.

Based on numericd fradure-medhanics modeling, Du and Aydin (1993 argued that
en échelon fradures propagating as Mode | (tensil€) fradures converge only if the sense of
the step is the same & the sense of displacanent along the fault band. Thus Mode | fradures
shoud converge a extensional steps, bu diverge & contradional steps. In contrast, Du and
Aydin's modd results show that en échelon segments propagating as Mode Il (shea) cradks
converge regardlessof whether the sense of a step is the same or oppdsite to the sense of
off set.

Laboratory testing of sandstone samples under triaxial compresson stresses and pae

presaure (Lin and Logan, 1991 showed that in arock sample with heterogeneity,
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development of secondary fradures in stepovers between en échelon fraduresislargely
dependent on the geometry of preexisting fradures. Thiswork showed dfferencesin
sendary fradure geometries depending on whether the sense of stepping was s/n- or
antithetic to the sense of shea aaossthe en édhelon fradures.

Robeson and Evans (1997 observed that most faultsin a system they studied
terminated as lays. They aso naed that the dip dredion d conreding fraduresin anen
échelon system could be antithetic to the main fradtures or unconstrained, depending on
whether the step is extensional or contradional.

Myers and Aydin (1997 described faults that develop by slip along preexisting en
échelonjoint zones and propased threediff erent styles of development which depend upon
the original joint zone step/shea sense. They used numericd modeling to explore the

consequences of these diff erent faulting styles for fluid flow.

Fault gouge properties and fabric

The properties of fault gouge have been studied primarily with regard to medanicad
properties of faults. Field studiesinclude investigations of catadasite structure and spatial
variability along the Punchbow! fault, interpreted as an exhumed strand d the San Andreas
fault in California (Chester and Logan, 1986 Schulz and Evans, 1998 Chester and Chester,
1998. Switek (1994 examined the role of fault gouge for fault-seding behavior at the Arroyo
Grande sitein southern California, where aroad cut exposes tar-impregnated sands on ore
side of an anastomosing fault, and tar-freesands on the other side.

Experimental studiesinclude studies of gouge permeability under compresson, and
the dfeds of dilation and fabric development during frictional sliding (Morrow et al., 1981,
1984 Morrow and Byerleg 1989 Switek,19949.

Particle-size distributions within fault gouge have often been charaderized as power-
law or fradal. Laboratory experiments by Marone and Scholz (1989 showed that synthetic
fault gouges subjeded to shea tend to stabili ze with this type of distribution. A fradal
charaderization has been used as the basis for recent numerica modeling of shea
locdization andfrictional flow in caadasites using micromechanicd particle-flow models
(e.g., Morgan and Boettcher, 1999 Morgan, 1999 Hazzard and Mair, 2003.

Thefine grain sizes as well as the wide range of particle sizesimplied by afradal
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distribution can lead to low permeability in fault gouge. Permeability of fault gouges from
locaions along the San Andreas fault in Californiaranged from around 16> m? to 10 m?
Permeability of comminuted rock flours did na differ significantly from that of clay-rich
samples, and grain size gpeaed to be the main determinant of permeability (Morrow et al.,
1981 Morrow et al., 19849. In sedimentary rocks such permeability values are low enough
relative to the protolith that gouge bands can ad as flow barriers (Logan, 1992.

Fischer et al. (1998 presented a methodfor charaderization o gas/water relative
permeability and cetailed pare structures in undsturbed fradure zone samples with
cohesionlessfault gouge layers under confining presaure, and presented results from
mylonitesin granodorite a the Grimsel site in Switzerland. Permeability of the gouge was
foundto bein the range 4x10™ m? to 1x10" m?, as compared with 3x10™ m? in the protolith.
Resin-impregnated sedions through the samples reveded a mesh of fraduresfill ed by gouge.
In thin sedion the gouge showed a porous-medium appearance with large rock fragmentsin a
fine-grained matrix, and littl e goparent fabric development. The relative permeability
measurements $rowed charaderistics smilar to a porous medium, which the authors
attributed to the porous-medium charader of the gouge and its elevated permedbility relative
to the protalith.

Scding relationships for fault zones and fault zone networks

Numerous recent studies suppat aview of faults as showing simil ariti es describable in terms
of scding laws that apply acossbroad scdes. A few examples are mentioned here to

ill ustrate the broad range of properties for which scding of fault zone properties has been
observed.

Hull (1988 propaosed a arrelation model between thicknessand dsplacement for
fault zones. Examining normal faultsin chalk, Childs et al. (1996a) foundthat fault rock
(gouge and krecda) thicknessappeasto scde linealy with fault displacement, in
conformancewith Hull’ s postulated correlation; however, total fault zone thicknesswas not
foundto scdelinealy.

Lee and Bruhn (1996 foundevidencefor fradal (self-affine) scding of fault-surface
topagraphy, based on pofil es of fault surfacesin the Wasatch fault zone and Oquirrh

Mountains, Utah, over scdesfrom 1 mmto 5km. Kim et al. (2004 presented examples
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pointing out qualitative structural similarity in fault damage-zone geometry, from scdes of
centimetersto hundeds of kil ometers. Scding properties sich as described in these examples
can provide arationale for extrapalating or interpalating from the scdes onwhich fault zones

can be observed, to scdes that are more difficult to olserve.
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2.2.2Relationships between fault-zone architedure and fluid flow

Recent studies of the relationships between fault-zone achitedure and fluid flow include
work by Caine (1999, Hicks et al. (2000, and Mazurek et al. (1996 2003. These studies
form the main scientific badkdrop for the present study, in terms of presenting integrated
views of fault-zone structural geology and hydrogeologica behavior.

Caineet al. (1996 as pulished in Chapter 1 of Caine, 1999 presented a general
survey of reseach onfault-related fluid flow. They described a cnceptual model for fault
zone achitedural styles and associated permeability structures, and proposed a set of “fault
zone achitedural indices” asaway of classfying fault-zone achitedure and relating the
structure to the expeded fluid-flow charaderistics.

When considering fault zones in graniti c rock, some achitedural elements may be
present which are not well described as line segments or plates, for example, volumes of fault
brecda, fault gouge, microfracduring and/or ateration along the fradures. Flow and solute
transport within architecural elements may be governed by spedfic physicd relations, bu the
condtions of continuity and massconservation between such volumes and the fradures must
gtill hald.

Caineet al. (1996 propased four end-member architedural styles of fault zones:

. Localized condut: Locdized slip along asingle aurviplanar surfaceor along

discretely segmented planes. Both fault core and damage zone ae asent to

poaly developed.

. Distributed condut: Distributed slip acaommodated along distributed
surfaces and fradtures. Fault core is absent to poaly developed; damage zone
iswell developed.

. Localized barier: Locdized slip acoommodated within catadastic zones.

Fault core iswell developed; damage zone is absent to poaly developed.

. Combined condut-barrier: Deformation accommodated within alocdized
caadastic zone and dstributed zone of subsidiary structures. Both fault core
and damage zone ae well developed.

These end-members are related to expeded hydrauli ¢ properties of the fault zones.
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Caineet al. (1996 aso proposed anumericd index to quantify a given fault zone's

position relative to the last three end members:

F, = (damage zone width)/(total fault zone width)

Theided case F, = 0 corresponds to the locdi zed barrier end-member, where the entire width
of the fault zoneis made up o fault core cdadasites. Theided case F, = 1 corresponds to the
distributed-conduit end-member, where the fault zone width is entirely made up d damage
zonre. Intermediate values of F, indicate a @ombination d strain locdi zation (to produce a
core) and dstributed deformation (to produce adamage zone) which yields a combined
condut-barrier permeability structure.

Caineet al. (1996 further defined measures of the mean and variation o F, aswell

as a symmetry index:

F.,=mean o F, values measured at diff erent points along a single fault zone.
Fy, = max(F,) — min(F,)
Fym = [(corewidth)/2 + (hanging wall damage zone width)]

[(core width)/2 + (footwall damage zone width)]

They noted that clay content in the core, or secondary minerali zation either in the wre or in
the damage zone will i nfluencethe adual hydrauli c behavior, and give examples from Traill
J, esst Greenland, where sili cification o the fault core brecdas can be interpreted as having
produced a shift from syndeformational behavior as flow condlits, to post-deformational
behavior as combined condut-barriers.

Hickset al. (2000 presented arecent review of fault-zone studies of relevancefor
investigations and modeli ng of fault-zone heterogeneity. This review gave particular attention
to radiocadive-waste disposal and hd-dry rock energy generation studies. Based ontheir
review, Hicks et al. (2000 explored several simple models of heterogeneous fault zones,
including amodel of en échelon zones modeled as smple planar fradures linked either by a
randamly fracured zone in ead fault jog, or by single fradures parall € to the diredion o the
fault jog. They presented ill ustrative cdculation cases for fault models based onthis

conceptuali zation, as discussed later in this chapter.
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On alarge scde, Sibson (1996 describes how mesh structures comprising faults
interlinked with extensional-shea and puely extensional vein fradures can be important
condutsfor large-volume flow of hydrothermal and hydrocarbonfluids. Sibson propases
these meshes may be self-generating by infiltration o fluidsinto a stressed, heterogeneous
rock, and ndes drong diredional permeability may developin the o, diredion (i.e. paralel to
fault-fradure intersedions and athogonal to fault dlip vedors).

Mazurek et al. (1996 2003 propaosed conceptual models for fault zonesin granitic
rock onthe scde of decaneters, based onmapping and cetail ed charaderization o water-
beaing fradures and faults observed in tunrels at the Aspé Hard Rock Laboratory in SE
Sweden. The authors described five types of water-condicting feaures: (1) single fault with
discrete master fault, splay cradks and dscrete steps, (2) swarm of single faults (two or more
master faults with splays, na well conreded), (3) fault zone (two or more master faults with
conreding splays), (4) fault zone with rounded geometry (two or more master faults with
conreding splays and lens-shaped geometry), and (5) fault zone with long splays (two o
more master faults with abundant, long splays forming a blocky zone). They suggested these
different types houd be viewed as representing the possble variahilit y of faults along strike,
rather than fundamentally diff erent famili es of faults.

An extensive literature has developed onthe dfeds of fluids on the medanicd
behavior, motivated in part by an interest in uncerstanding the mechanics of faults. A general
review of laboratory and field evidencefor flow in faults from this perspedive is given by
Logan (1992. A particularly adive diredion d reseach has concerned therole of fluidsin
“wed” faults, which have anomalously low ratios of shea stressto namal stressaaossthe
fault, for example the San Andreas Fault in southern California (Zobadk et al., 1987. Chester
et al. (1992 presented field evidencefor the role of fluid flow and fault-zone achitedure on
wegkening mecdhanisms of the San Andreas Fault. Byerlee(1993 propaosed a model for
episodic flow and presaurization d water in adive fault zones, due to shea deformation
generating high presauresin water trapped in compartments formed by gouge bands and
mineral predpitation; asimilar model isalso proposed by Sibson (1992). Most of thiswork
suppases arole of the fradured fault damage zone aljacent to the fault core, asa @ntributing
fador in replenishing water in the fault core foll owing major rupture. However, therole of a
fradured fault damage zone in ore intensively studied locde (Parkfield, California) along the
San Andreas Fault has recently been questioned by Park and Roberts (2003, who present
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geophysicd evidence suggesting these ae conductive sedimentary rocks.

For the present study, the main value of these studiesisthat they have advanced
understanding of condctivity aroundfault zones. Studies of adive fault zones auch asthe
San Andreas provide dso insight, as modern analogs of stages of fault-zone development in
ancient faultsin what are now more tedonicdly stable settings, such as the Fennoscandian
Shield in Europe or the Canadian Shield in North America

The studies by Caine (1999 and Hicks et al. (2000 demonstrate how diff erent forms
of hydrologic heterogeneity can occur in fault zones with dff erent structural charaderistics.
Permeability reductionin fault coresleads to atendency for fault coresto ad as barriersto
fluid flow, whil e the fradtured damage zone may enhancefluid flow (Caine et al., 1996.

Fairley et al. (2003 studied the heterogeneity of groundvater flow along an en
échelon fault system at Borax Lake in southeastern Oregon, in the Basin and Range province
of western North America Using temperature of hat springs along an en échelon fault system
as a surrogate for hydrauli c property variations, they fitted a kriging model to the temperature
datato oltain estimates of correlation length for large-scde fault permeability.

Forster et al. (2003 described the hydrologic properties and structure of the Mozumi
Fault, in central Japan. Field evidenceindicates a hydrologic structure with high-permeability
podsisolated by flow barriers, which the aithors suggest may be of significancefor the

medhanicd behavior of the fault.
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2.2.3Effeds of fault zone architedure on solute transport

Field studies of a gently-dipping fradure zone named Zone 2 at the Finnsjon study sitein
northern Uppland, Sweden (Andersonet al., 198%; Andersonet al., 1991 Gustafsson and
Nordqvist, 1993 investigated the role of fradure-zone heterogeneity for fluid flow and
transport. Andersonet al. (198%) condcted crossha e flow and trace tests at the Finngon
site. Testsincluded hydrauli c interferencetests with multi ple observationintervals, and puse
injediontrace tests. Thetest results within Zone 2 indicate strong locd heterogeneity. In
some caes, better conredions were seen between baehades for sedionsin the same horizon
of the zone, than sedions that were in the same borehole but in dff erent horizons (Andersson
etal., 199). This suggeststhat Zone 2 consists of distinct, laterally extensive subzones, as
suggested by the structural interpretation o Tirén (1989. The tests also indicated anisotropy
within the plane of the zone. The condctivity in the strike diredion appeasto be higher than
inthe dip dredion. Anderson et al. speaulate that this may be due to a semnd,interseding
zonre.

The trace test results were analyzed in terms of an equivalent, single fradure
(Andersonet al., 199)), to estimate transport parameters. The estimated zone condLctivities
from trace residencetimes were roughly 0.1to 1 m/s, several orders of magnitude higher
than the conductiviti es estimated from hydrauli ¢ tests. Comparison in terms of transmissvity
showed much better agreement. Thisindicates that the hydrauli cdly most adive part of the
zoneisonly asmall fradion d the tested thickness The trace data showed multiple arival
pedks, indicating multiple distinct flow paths.

Anderson et al. proposed that amodel of compoundfault zones as suggested by
Martel et al. (1988 could explain the observed heterogeneity. In such a structure, the
hydrologic properties could be expeded to be relatively uniform within a given segment, bu
may have mntrasting val ues between segments, and between segments and step-over zones.
Based onthis suppgasition, hydrologic parameters would be expeded to exhibit correlation
over scades lessthan the typicd fault segment length.

Mazurek et al. (1996 2003 developed amodel for fault zones onthe scde of
dedmeters based onmapping and detail ed charaderization d water-beaing fradures and
faults observed in tunnels at the Aspo Hard Rock Laboratory in SE Sweden, including thin-
sedion analysis of resin-impregnated sedions from fault strands. They developed a
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conceptual model for transport consisting of open-aperture fradures adjoined by caadasite,
fault gouge, and mylonite. This conceptual model was used as a basis for modeling a dipole
trace test conducted in situ in the laboratory (Jakob et al., 2003. The authors recognized the
variable geometry of stepped fault zones at larger scaes, bu used asimplified planar-fault
representation for predictive modeli ng and subsequent inverse modeli ng of the results.

The mmb-cradk model for compressve shea fault development proposed by
Schulson et al. (1999 implies a processzone of finite extent in the vicinity of faults. This
model implies awell-conreded paosity of finite extent in the rock adjacent to afault dlip
surface andthus afinite zone of elevated matrix conredivity and matrix diff usivity.
Furthermore it can be expeded that these properties are heterogeneous, as elevated contad
stresses at asperities could require greder shea stresses and therefore more extensive comb

cradks prior to failure.
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2.2.4Saturated fluid flow and solutetransport in single fractures

From the review of reseach onfault zone achitecure in granitic rock, fradures are dealy
important as conduits for fluid flow and solute transport. This dion summarizes major
points of relevancefrom the large and adive literature on flow and transport properties of
individual fradures.

The anphasis here is limited to flow and transport under saturated condtions (single-
phase flow, with water as the single phase). Thisisaprimary situation o concern for fault
zonesin fradured graniti c bedrock in moist temperate di mates, typicd of most courtries
(e.g., Sweden, Canada, Finland, and Japan) where graniti c rock is being considered as the
host rock for high-level radioadive waste. However it may be noted that unsaturated (two-
phase dr/water) condtions may be important for understanding nea-surfacehydrology and
the potentia for solute exchange with the surficial environment in these settings. Sincefault
zones are ommonly expressed as topographic lineamentsin these settings and may ad as the
loci for both recharge and dscharge onaregiona scde, investigation o unsaturated flow and

transport in fault zones may be afruitful topic for future reseach.

Flow in asingle fradure

The dasgcd model for fluid flow through a single fradure is the parall el-plate model, in
which the fradure is idedized as two parallel, planar surfaces sparated by a cnstant
aperture b. Asauming that the fluid is Newtonian and d uniform density, that flow islaminar
and guesi-steady or creeoing (i.e., that inertial forces due to fluid acceeration are negligible
relative to viscous and presaure forces) and that there isno slippage & the fracure walls (i.e.
the fluid velocity v(2) =0 at ¢ =+b/2, where {'isthelocd coordinate perpendicular to the
plane of the fradure), the flow rate in a parall el-plate fradure is readily derived by a static
forcebalance & (Snow, 1969:

Q _ _psb’ Ak i
w 12p Ax @D

where h =z + p/pgisthe hydraulic head, p isthefluid density, g is gravitational acceeration
p isthefluid viscosity, and Ahisthe dhangein h over adistance Ax. Thisformulaiscaled



37

the "cubic law" due to the aubic dependence of flow on aperture. The formula may be written

in dfferential form as;

_pgh® on

2-2
12p ox (2)

9
where q, isthe flowrate density [L?/T] in the x diredion.

Bea (1993 gives more general equations for 1-D flow through a fradture of variable
aperture and peshbly permeable wall s (so that the fluid velocity at the fracure wall s need na
be zero), arriving at aform similar to the aubic law after subsequent simplificaions. For an
arbitrarily oriented head gradient within the plane of the fracure, we may more generally

write the abic law in vedor form as;

b3
q = - qu Vh (2-3)

where g = (q,, g,) and V; is the two-dimensional gradient operator in the plane of the fradure,
so that V; h = (ah/dx, oh/dy), with the mordinate y being orthogonal to x in the nominal plane
of the fradure.

For steady-state flow, conservation d massleals to:

|pgb?
v, RE2v 1

-0 2-4
oM (2-4)

which isin the form of the Reynadds equation. Zimmerman and Bodvarsson (1996 showed
that this equation can be generali zed to the cae where the gerture b varies as afunction o
paositionin the nominal fradure plane, provided that the mean apertureis aufficiently large
relative to the standard deviation and correlation length of aperture. In ather words, uncer
these limiting assumptions the Reynalds equation based onlocd cubic-law behavior can

describe flow in a variable-aperture fradure.
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In the cae where the fluid happens to be water, comparing the aubic law with the 2-D

form of Darcy'slaw for alaterally isotropic aguifer:

g = -TVh (2-5)

where T isthe ayuifer transmissvity [L/T], we seethat the term pgh*12u can be viewed as
the transmissvity for a parall el -plate fracture.

The mncept of afradure transmissvity (here denated T;) is useful in considering
flow through fradure networks, espedally when considering natural fradures in which the
apertureisvariable, or if the fradureis partly or completely fill ed with permeable material
such asfault gouge, brecda, weahering products, or predpitated minerals. In such cases the
measured aperture of a fracture might nat give ameaningful prediction d the net flow
through the fradure for a given gradient. In pradice, fradure gerture andits variability can
be very difficult to measure acarately in situ, and large erors can result in predicted
flowrates due to the aubic dependence of flow on aperture. For these reasons, some
praditioners (e.g., Osnes et al. 1988 advocae etimation d T, from hydraulic testsin
borehdles, rather than from measurements of aperture.

Experimental evidence and modeling results (e.g. Matthé and Belayneh, 2004 show
that couded fradure-matrix flow can be significant in cases where theratio o fradure
permeability to matrix permeability islessthan about 10* to 1C. In granitic rocks at the
Swedish sites considered in this gudy, theratio of fradure permeability to matrix
permeability (or equivalently, the correspondng ratio of hydraulic conductivities) is 10° or
larger, so matrix flow can usually be negleaed.

In considering flow and transport through nonided fradures with a given (measured)
T,, it is metimes convenient to spedk in terms of the eguivalent hydraulic gperture. The
hydraulic goerture b, is defined with referenceto a parall el-plate fradure having the same T;

as the nonided fradure:

(2-6)
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The gerture that can plysicdly be measured, for example in a sedion perpendicular to the
plane of the fracdture, is termed the mechanicd aperture. The notation b,,, is used here when
thistype of aperture is explicitly meant. The notation b, is used to represent eff edive
apertures for transport, such as effedive gertures estimated from trace tests, as discussed

later in this dion.

Non-linea flow in single fradures

The asaumption d linea laminar flow in fractures might not always apply, particularly under
condtions such as at the start of a mnstant-presaureinjedion a withdrawal test, when steep
hydrauli c gradients close to the well bore inducerel atively high fluid vel ociti es which may
result in partly or fully turbulent flow.

Non-laminar flow of fluidsin rock fracdures was gudied by Louis (1969, who
investigated the influence of varying Reynads number Re and fracture surfaceroughnesson
the relationship between flow and presaure gradient, and by Elsworth and Doe (1986 and
Kohl et al. (1997 who considered the dfeds of turbulent flow for flow during well tests.
Whil e the phenomenonis of concern for well tests, the hydrauli c gradients under which
turbulent flow isfoundto developin natural fradures are orders of magnitude higher than
expeded gradients arounda post-closure repository.

Y eo and Ge (2007 pointed out that nortlinea laminar flow can developin variable-
aperture fradures at lower Re than the onset of turbulence, dueto inertial effeds, andthat this
situation can occur in the devated gradients used in some cntaminated-groundvater cleanup
situations. Using alattice Boltzmann simulation model based onfradure gerture profil es,
they identified the point at which flow diverge from Darcian (laminar andlinea), and showed
that this can lead to anonlinea dependence of dispersion onvelocity which has been

observed in some cases.

Inhamogeneity of flow in variable-aperture fradures

It iswidely reaognized that aperture and flow are non-uniformly distributed within individual
fradures. The use of auniform transmissvity (rather than uriform aperture) throughou the

fradure plane (e.g., Dershowitz et al., 1991 may be sufficient for flow (and some transport)
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predictions where only the arerage flow isimportant. However, theoreticad cdculations and
experimental observations (Gelhar, 1987 indicate that the inhamogeneous distribution o
flow within a single fracture may be significant for radionucli de transport.

Experimental evidence of inhamogeneous flow within a single fradure includes both
laboratory studies andin situ experiments. Early laboratory studies using natural fracures
(Sharp, 197Q Iwai, 1976 were mncerned mainly with the dfedive transmissvity of
fracures with variable gerture, and dd na explicitly consider the distribution o flow within
the fradure. Witherspoonet al. (1979 1980 analyzed the experimental data of lwai (1976
and confirmed that deviations fromided parall el-plate geometry caused areductionin fluid
flux through natural fracturesin rock. Schrauf and Evans (1986 used a roughnessindex to
explain dscrepancy between cubic law and experimental gas flow measurementsin a natural
fradurein granodorite.

Later experiments focused onthe distribution d flow and transport within the
fradures. Neretnieks et al. (1982 performed trace testsin anatural fracture from the Stripa
mine. The aeaof fracdure tested was roughly 0.06 7. The breakthrough curves for two non
sorbing trace's sowed plateaus, which were interpreted as the superposed effed of two
distinct transport paths with dfferent flow velociti es.

Hakami (1989 produced clea plastic replicas of five fradures, and mapped the flow
velocity distribution by injeding colored dye to indicate the streamlines. The aeas of the
fractures tested ranged from 0.008to 0.03m?. The channeling charader diff ered among
samples. The fradion d fradure aeathrough which 75% of the flow passed ranged from
roughly 30to 70% of the total fradure surface aea Estimated velociti es varied within a
single sample by upto afaaor of 20.

Piggott and Elsworth (1990 measured pae volume, preumatic, hydraulic, and
eledricad conductivity, and tracer transport charaderistics of a0.06m? natural fracturein
granite, first in amated configuration, and then after shifting one surfaceof the fradure
dlightly to produce adilation d 1 mm. A grid of probes measured variationsin the induced
fields, and showed that these were more uniform for the fracture dter "sheaing." This
suggests that a small shea displacement and dlation may produce areduction in aperture
variance. However, the variation within the fradure tested was very small, and effedive

apertures from all measurement techniques were within afador of 4 o b,
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Keller et al. (1999 used computer tomography X-ray scanning to measure the
aperturein a0.008n? (5 cm x 16 cm) redangular areaof a natural fradurein ajadeted
granite mre sample, under atmospheric confining presaure. They also used the same
technigue to measure wncentrations of a potassum iodide solution which wasinjeded at one
end, for runs with dfferent hydraulic gradients to produceflow velocities in the range 1.53 x
10° m/sto 4.74 x 10 m/s.

Detwiler et al. (2000 performed flow visuali zation and solute transport experiments
in textured-glassanal og fradures with aperture statistics and correlation lengths gmilar to
those obtained measurements on retural fradures. They used these models to charaderize the
flow velocity ranges within which single-fradure dispersionis dominated by moleaular
diffusion, maarodispersion die to velocity variations in the plane of the fracture, or Taylor
dispersion dwe to the velocity profile acossthe gerture.

Applicability of laboratory resultsis limited by two considerations:

. Thescdeis snall relative to fradures onthe scae of 1-100m? areaor larger,
which are of pradicd concern for modelli ng flow and transport around
undergroundexcavations.

. The goerture distribution may be different from in situ, dueto pcsshble
disturbance of the fradure in the sample wlledion and peparation process
leading to passble mismatch of the fradure surfaces, as well as dressrelief
(including hysteresis effeds even if confining presaures are subsequently
applied), and dsruption d infilli ng in weekly seded parts of the fradures.

Depending onthe experimental technique, concerns abou sample disturbance and
mismatches can be minimized. However, the problems of scde and stressrelief are difficult to
avoid in the laboratory.

In situ experiments give data on alarger scae, with lessdisturbance of the fradures.
Novakowski et al. (1989 anayzed injedion-withdrawal flow andtrace testsin asingle
fradure in monzaniti c gneissat the Chalk River site in Canada. The interpreted b, was 60
pm, compared with an estimated eff etive goerture for transport of 510 pm. This diff erence
seansto indicéae the presence of stagnant zones of water adjacent to the flow paths.

Raven et al. (1988 analyzed four injedion-withdrawal tests and ore radially
converging test in asingle fradure & the same site. A transient “solute storage” model was

used to analyze the results. For the tests with adistanceof 12.7m from injedionto
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withdrawal paint, goodfits were obtained by assuming there was no stagnant water. For tests
over alonger distanceof 29.8m and much longer residencetimes, goodfits were obtained by
asuming that 35to 65% of the water volume was gagnant.

Shapiro (1988 conducted radially convergent trace testsin an aredly extensive,
horizontal fracture in ddomite. The scde of the tests was abou 20m. Transmissvity and
storativity for the fradure tested by Shapiro (1988 were estimated as 1.9x10% m?s and
2.7x10°to 9.710°. The product b,¢ and longitudinal dispersivity a were estimated by
fitting to the first and seaond moments of the massarrival curves. Estimated values of b,¢$
were 8.5mm, 8.7mm, and 10.1mmin threetests. Effedive longitudinal dispersivity
estimateswere 2.0m, 2.7m, and 11.0m. Different values of longitudinal dispersivity were
measured in dfferent diredions, athowh hydraulic tests snowed noanisotropy in the
horizontal plane. Simulations of the trace test using these parameters and afinite-diff erence
approximation gave massarrival curves that had much aless seep initial risein the mass
arrival curves.

The posshiliti es of correlations between fradure planes, or distinct channels at the
intersedions between fradures, have been investigated in only afew instances (Abelin et al.
1985, 199D Abelin et al. (1985 describe trace migration experiments over distances of 5to
10minasinglefradurein the Stripamine. Based on pesdaire pulse testing in ore
interseding borehdle, H2, they estimate T, = 2.8-6.5x10*° m¥s and S= 3.6-7.5x10® m?¥s for
the fracture. Testing in four other boreholes that interseated the fradure gave T, < 4x10™*
m?s. Thustherangein T, was at least an arder of magnitude. Hydrauli c diff usivities
estimated from small-scde aosshole tests ranged from 1.3x10*to 6.1x102 m?/s (Abelin et al.
suggest that these may be underestimated due to pasgbly high wellbore storage dfeds). More
than 90% of the water flowing into the drift from the fradure cane in through 5 d 27
measurement sedions. The four highest-flow sedions were locdized in ore side of the drift
crosssedion. However, high head gradientsin the rock aroundthe drift, due to neaby mine
openings, compli cate interpretation d the observed irregularity in the inflow distribution.

Experiments by Abelin et al. (1990 to investigate dhanneling in asingle fradure
provided more detail ed information regarding distribution d flow and h, in asingle fradure
in situ. In these experiments, pairs of boreholes were drill ed along the planes of single
fradures. Detail ed observations of b, and fradure infilli ng thicknessvariation were made.

Multiple acosshde flow and trace tests were performed, using multi-port padkersto isolate
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multiple 5 cm sedions of the fradures. The aosshae flow tests showed an ureven
distribution d resporses along the length of the monitoring holes. Trace tests between hdes
yielded an even more uneven distribution d resporses for transport. Some trace disappeaed
into the fracure or posgbly into ather, interseding fradures. Abelin et al. concluded that
there were stagnant volumes which they interpreted as dead-end channels, in the fradures
studied.

Other experiments in granitic rock at Cornwall, England (Heah, 1984 Bourke, 1987
showed highly variable dosshde mnredions for borehales interseding single fradures at
different paints. In the single-fradure experiment described by Bourke (1987, the flow was
interpreted as being restricted to afew channels occupying approximately 10% of the fradure
area

Taken together, the results of the in situ experiments indicate that:

. The transmisgvity (or eff edive hydraulic goerture by) is not uniform within

fracure planes, over a scde of milli metersto dedmeters.

. The flow distributionin single fraduresis not uniform.

. The main pathways for flow may occupy asmall fradion (lessthan 20

percent) of the fracure plane.

. There ae stagnant volumes of water associated with single fradures, evenin

fradures subjeded to high gradients.

. Hydraulic conredions between dfferent parts of afradure aeirregular.
Beyondthese basic observations, avariety of interpretations are posgble for any givenin situ
experiment. Sincethe locd aperture within the fraduresis known at only afew points or
along afew profil es, the observed flow and transport respornses do nd yield urique
interpretations of how aperture variesin the remainder of the fradure.

Animportant point of uncertainty for in-situ single-fradure experimentsisthe
possble of additional fradures that intersed the tested fracure. The passhility of flow along
such fradures canna be excluded. In the case of the Stripa dhanneling experiment (Abelin et
al., 1990 two transport paths identified by use of the multi-port packer system apparently
crossed; thiscan orly be explained if there ae transport channels that make excursions
outside of the tested fracure plane.
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Estimation d medanicd aperture from surfaceprofil es

Dired measurements of aperture in granitic rock provide abasis for models of aperture
variationin single fradures. The ealiest effortsto oltain such were generally based on
fradture surfaceheight profiles. Bandis et al. (1981 measured fracdture surfaceprofilesin
various ®dimentary rocks. Tsang and Witherspoon (1983 used a profile from Bandis et al. to
generate synthetic b, profil es, by shifting amirror image of the profil e laterally along the
original profile. For avery small displacement, the distribution d b,, was roughly normal, but
for increasing displacements it becane multimodal.

Gentier (1989 constructed by, profiles for anatural joint in granite, by combining
surfaceprofil es from oppasite sides of the fradure. Brown and Scholz (1985 measured
fradure roughnessalong multiple, perpendicular diredions on single fradure surfacesin
sedimentary and gdutonic rock (columnar codling jointsin dabase). Measurement scaes
ranged from 1 pmto 1 m. Brown and Schalz charaderized fraduresin terms of power
spedral densities, asafunction d roughnesswavelength, and related thisto afradal
dimension for surfaceheight variation, which appeaed to vary with scde. For the larger-scde
wavelengths, they estimated an apparent frada dimensionD, = 1.181.26.Brown (1987) used
these measurements to simulate by, variation between urcorrelated frada surfaces with a
spedfied mean by,

Brown et al. (1986 investigated correlation between fradure surfaces by taking
surfaceprofil es from oppasite faces of joints in granodorite, and combining the profil es to
estimated b, after the method d Gentier (1986. The joints were well-mated (with correlation
lengths for b, from 0.5to 5mm) and were aated with chlorite and epidote.

Estimates of b,, derived from surfaceprofil es are open to certain questions. Studies of
fradures with shea displacements are ladking, although ather research (discussed below)
indicaes that small shea displacements may increase fradure transmisgvity by dilation. The
compasite-profil e measurements have been limited to very well -mated joints. Furthermore,
because uncertainties abou the predse relative position d the oppasing profil es are resol ved
by optimizing the match, the degreeof mating may be overestimated (Brown, 1987%.
Simulation d shea displacanent by shifting surfaces does not acourt for processes such as
normal stress sheaing of asperities, or predpitation d minera filli ngs. These shortcomings
can be better addressed by dired measurements of b,
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Dired measurements of fradure medanicd aperture

The simplest dired methodfor measuring b, variationisto take aprofile dong a aoss
sedion d afradure. Gale (1987 injeded epoxy resin into fractures in Stripa granite, under
normal stress After the resin hardened, the rock was sdioned and the resin thicknesswas
measured. The distribution d b, was approximately lognormal, or left-skewed, in cortrast to
the right-skewed dstributions obtained by Gentier (1986, based onsurfaceprofiles. The
mean b, was 4 to 5times b, measured under normal load.

In situ profiles of b, in Stripa granite were produced by Abelin et al. (1990, by
phaography in baehoes drill ed along fradure planes. The dosssediona areas of infilli ng
and void spacewere measured on phaographs for 5 cm sedions of the fradures. The average
b, for eat sedionwas cdculated as the void areadivided by the length.

A few reseachers have measured two-dimensional variationsin b, by producing
casts of fradures. Pyrak-Nolte et al. (1985 produced Woods metal casts of fraduresin Stripa
granite (52 mm diameter) under stress Pyrak-Nolte et al. (1988 analyzed these to determine
the pattern of contad areas and voids. The measurements were binary (corntad or void) but by
use of afradal, stratified-continuum percolation model, a distribution o b,, was produced.
Gentier et al. (1989 produwcead casts of fradures (12.5cm diameter) under normal stressusing
asili cone palymer resin which absorbs light in (noninea) propartionto its thickness Gray-
scdeimages produced by ill uminating the resin cast from below give atwo-dimensional
charaderization d b,.

Hakami (1989 produced maps of b, by pladnhg measured drops of fluid at evenly
spacal pdnts, between clea plastic replicas of fradure surfaces. The distribution d b, in
ead o the fradures was approximately lognormal. The distributions becane increasingly
left-skewed with increasing normal 1oad.

Most of these studies are based onmeasurements on scaes that are small in relation
to typicd field scdes, with the exception d thein situ profiles of Abelin et al. (1990. Asa
group, the dired measurements of by, give results smilar to data from surfaceprofil es.
However, the dired measurements show strong eff eds of normal stresson b, Thisimplies
surfaceprofil e data canna be goplied withou making atheoretica compensation for rough

fradure deformation.
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Modelsfor fradure gerture variation

Early models for variation o b,, within a single fracture were based onspatially uncorrelated,
randam distributions of b, Neuzil and Tracgy (1981) proposed alognormal distribution for by,
Tsang (1984 modeled the data of Gentier (1986 as anormal distribution, truncated at zero.
Tsang also suggested a right-skewed distributional form based on b, distributions derived
from load-displacement data for granites and hesalts, acarding to the theory of Tsang and
Witherspoon(1981). These modelstend nd to produce high-conductivity channels, due to the
absenceof spatial correlation.

Models that tend to produce dannel-like structures include 2-D stochastic-continuum
(geostatisticad) models (Tsang and Tsang, 1987 Moreno et al., 1988 Stratford et al., 1990
and two types of fradal models:; a stratified continuum percolation model (Pyrak-Nolte et al .,
1988, and compasite topagraphy models (Brown, 1987 Wang et al., 1988§.

All of these models provide methods for extrapalating from b, profilesto b, variation
within the fradure plane. None of these models acourts for posgble wrrelations between
fradure planes, or distinct channels at the intersedions between fradtures. Tsang and Tsang
(1987 discussd the posghiliti es of spatial correlation ketween planes but their mathematica
formulation dd na acourt for this.

Stratford et al. (1990 applied the model of Morenoet al. (1988 to fraduresin a
network, with nocorrelation o channels between interseding fradures. They observed that,
in thismodel, channeling isalocd effed, and persistence of dominant pathways over several
fradure planes depends mainly onthe T; of the interconreding fradures.

Simulation d variable b, fradures, based onthe various models, have been presented
by the respedive aithors. With suitable parameter values, all of the models reproducethe
qualitative charaderistics of single fradures, as deduced from the field experiments described
above. Abelin et al. (1990 compared their experimental results diredly to the model of
Moreno et al. (1988, showing reasonably good quantitative agreement.

Brown (1987 superposed two urcorrelated surfaces with the same fradal dimension

D.. Thiscan be cdculated from the fraca dimension d a surfaceprofile & (Brown, 1987:

D = Dp +1 (2-7)

s
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The surfaces were placal afixed dstance gart. For small values of this distance, the surfaces
may overlap. In these caes, Brown ignored deformation mechanisms and assumed b, =0in
the regions of overlap. Hakami (1989 compared dred flow measurements with results from
Brown's model, and reported good qulitative agreement in terms of tortuosity and vel ocity
variation. The main shortcomings of the model are the asaumption d uncorrelated surfaces,
and the simpli stic removal of overlapping regions.

Animproved version d the model (Wang et al., 1988 consists of two initially mated
surfaces, bath o fradal dimension D,. One of the surfacesis shifted by avedor displacement
of magnitude r within the plane of the fradure. The auithors derived an expresson for the
isotropic variogram of b, for agiven relative shea displacement, and nded a wrresponcdence
between their model and a geostatisticd model with isotropic covariance.

Wang and Narasimhan (1988 suggested a type-curve matching approach to estimate
the parametersr, and D from log-log variograms of b,. This model acourtsfor possble
correlation d the fradure surfaces. Sincethe parameters are obtained diredly from b,
profil es, the simplifying assumptions abou corntad regions are lessof a problem. An example
of application d this method, wsing the in-situ data of Abelin et al. (1990, isgiven by Geier
et al. (1992. Estimates of D, were in therange 2.1 and 2.5,with a median value of 2.15.

Flow modelsfor variable-aperture fragures

Zimmerman et al. (1991 and Zimmerman and Bovardsson (1996 used the Reynalds equation
to examine dfeds of surfaceroughnesson fluid flow through fradures, and derived limits on
its applicability andthe locd cubic-law assumption as mentioned above. Ge (1997) derived an
analytica model based onthis conceptuali zation which takes into acourt the gerture
variation and the tortuaosity of the fradure

Several reseach groups (Brown et al., 1995 Di Pietro, 1996 Gutfraind and Hansen,
1995 have examined the goplicability of the Reynalds equation for modeling fluid flow
between rough fradure surfaces by comparing lattice-gas automata simulation models with
computational simulations based onthis equation, bu withou comparison to experiments on
adual fradures or physica models.
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Waite et al. (1998 compared lattice-gas modeling with physicd flow experiments for
the caes of synthetic parall el-plate and sinusoidal fractures (machined in aluminum al oy
blocks). They foundclose areement between the lattice-gas model and ptysicd experiments
in terms of the permeability and eff edive gerture, for verticd separations of 0.25mmto 0.71
mm. For the sinusoidal fradure (wavelength 5.08mm, amplitude 1.02mm) the observed
permeability was lessthan predicted by the analyticd model of Ge (1997 which takesinto
acour the goerture variation and the tortuasity of the fracture. Waite et al. suggest the
discrepancy was due to momentum disgpationin regions of flow instabiliti es (Re upto 58in
the experiments), but good agreement between the physicd model and the lattice-gas model
(where Re < 5 and noflow instabiliti es were observed). An aternative explanation might be
viscous disgpationin the bends.

As described above, Detwil er et al. (2000 have used experiments in textured-glass
analog fradures with aperture statistics and geostatistics $milar to natural fradures, to
charaaerize the flow velocity ranges within which single-fradure dispersionis dominated by
moleaular diffusion, maaodispersion, a Taylor dispersion. They compared the experimental
results with theoreticd cdculations and with computations based onan advedive-diffusive
particle-trading algorithm. They foundgood agreament between theoreticd and
computational model results, but divergence of both from the physicd model, which they
attributed to deviations of the physicd flow field from the locd cubic-law behavior assumed
by the Reynalds equation.

The general picture that emerges from the theoreticd and experimental work is that
the locd-cubic-law assumption (or locd eff edive transmisgvity asaumption) as emboded in
the Reynads equation formulation for steady-state flow provides a suitable model for single-
fracure flow and mechanistic modeling of dispersion, athough the predictions of
computational models may diverge from physicd models for fractures with high variability

and/or long correlation lengths of aperture, in relation to the mean aperture.
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Hydromedanicd effedsin single fradures

The term "hydromedhanicd effeds," for asingle fradure, refers to the interrel ationships of

rock stress fluid presaure, and flow within the fradure. Principal effedsinclude:

. Reduced transmissvity due to closure under normal stress
. Changesin transmisgvity dueto shea stressand dsplacements.
. Changesin fluid storage due to changesin presaure and state of stress

These dfeds are discussed in the foll owing subsedions.

Normal stressand transmissvity

The dfedsof normal stresso, oncrossfradure transmissvity T; have been studied over a
range of measurement scaes, from laboratory studiesona0.15m scde (Iwai, 1979 to in situ
experiments on scdes above 1 m (Carlsonand Olsson, 1986 Makurat et al., 19908. From
theseit is clea that increasing o, causes fradure dosure and hencedeaeasing T,. However,
there aedifficultiesin interpreting both laboratory and field experiments, due to urcertainty
astothe mrred initial condtionsfor the tests.

In graniti c rock, tests bath onfradured core samples (Gale and Raven, 1980 andin
situ (Carlsonand Olson, 1986 Makurat et al. 1990 show hysteresis when the normal | oad
isincreased and cdeaeased in severa cycles. The strongest hysteresisis sen for theinitial
loading cycle. The later cycles usually show lesshysteresis. An interpretation o this behavior
isthat theinitial condtion d thejoint is disturbed, producing a slight shift from mated
conditions (Note that fraduresin laboratory samples are undouhtedly disturbed, but
Witherspoonet al., 1979 pont out that fracturesin situ may also be disturbed by slight shea
movements due to excavation d the site). The initial |oading cycles are presumed to corred
for this mismatch by non-elastic deformation aroundthe mntading asperities. The later

cycles are therefore mnsidered to be more similar to undsturbed in situ condtions.
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Experimental data from Carlsson and Olsson (1986 and a compil ation by Dershowitz
et al. (1997 show aroughly log-log relation ketween T, and o,

b
I ( On J "’ (2-9)
Tfo 0no
where:
Omo =referencelevel for normal stress [M/LT?]
Too = fradture transmissvity at o, = 0, [LT]
by, = empiricd constant [-]

The range of by, from experiments in Swedish granitic rock is approximately -3 < by, < -0.2
(Carlsonand Olson, 1986.

Thereisatendency for the tangent value of b, to deaease with increasing o,
Witherspoonet al. (1979 suggested that this happens because, for rough fradures, the
contaa areabetween oppaing fradure surfaces increases with o, increasing the fradure
stiffness The Barton-Bandis joint model (Bandis et al., 1983and subsequent papers) gives an
empiricd description d this behavior. The hydraulic goertureis related to medchanicd
aperture by:

b,[um] = |b,[pm]-JRC>® (2-9)

where JRC, isthe joint roughnesscoefficient (dimensionles. A hyperbalic model for the

changein e, isexpressed in terms of joint normal stiffnessxk,, as:

G -2
K& = Kno[l - —) (2-10)
6mKno+0n
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where:
Kno = tangent value of k, at start of loading cycle [M/TL]
Om = maximum joint closure, i.e. maximum b, - b, [L]
Do = initial mecdhanicd aperture [L]

Integrating 1/x,, along the loading path gives b,, asafunction d o,

(2-11)

Bandiset al. (1983 suggested empiricd relations relating x,,, and 0,,to b,,,,, JRC,,
and JCS, (the joint compressve strength), with parameters depending on the stresshistory of
thejoint. x, for mismatched joints can dffer from k,, for interlocked joints by aratio of 0.4to
0.15(Bandiset al., 1983. Thismodel isimplemented in the Universal Distinct Element
Code, UDEC (Itasca 2002 and has been used by Min (2004 for modeling couped
mechanicd and hydrologic resporsein network flow problems.

Apart from the Barton-Bandis model, there have been many attempts to develop
theoretica models of joint normal stiff ness based onfundamental rock properties and
statistica models of surfaceroughness(e.g., Tsang and Witherspoon, 1983Brown and
Scholz, 198§. Difficulti es arise from the nead to consider deformation o the rock adjacent to
the fradure and couding among asperities, as well as deformation d the asperities (Hopkins
etal., 1990. Numericd modelli ng of this behavior for an isolated crad is posgble
(Zimmerman et al., 1990 but the gpproadc is computationaly intensive for even asingle
fradure.

Eff eds of shea stressand shea displacement

The dfed of shea stresson T; has also been the subjed of |aboratory experiments, but the
results are even more complex than for o .. Apparently the dhangein T; is controlled by the
shea displacement. In shea-loading tests onfraduresin 200mm granite cores, Makurat et al.
(1990 foundthat small displacementsin an initially mated fracture produced increased T;
dueto dlation d the fradure. However more extensive shea deformation sometimes reduced
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T, due to changes in mating of the fradure surfaces, fail ure of asperiti es, and/or gouge
formation.

Thus, depending on a number of processes and the anount of displacanent during
shea deformation, T, may increase or deaease. Results of the Stripa Site Charaderization and
Vdidation projeda (Olsson, 1992 indicae that, in the highly disturbed zone ajacent to a
tunrel, shea deformation may have agreaer effed than namal stresson fradure
transmisgvity.

Based ontemperature anomaly data used to identify fractures with significant flow in
borehdes, Barton et al. (1995 foundthat 70-80% of conductive fradures were configured
such that the shea stresst > 0.6 (o,— p) where p isthe pore presaure. Transmissvity of
fradures under shea displacament is affeded by fradure roughnessor the formation o
microfradures adjacent to the sliding surface so ore aiterionfor fluid flow along faultsis
that the rock is criticdly stressed, in a state of incipient shea failure. This empiricd
observation was utili zed in fault zone hydromecdhanicd models by Hicks et al. (2000,
described later in this chapter, and also in network simulations by Min (2004).

Dispersion d solutesin asingle fradure of variable gerture

Dispersion d solutes within afradure occurs by a combination d moleaular dispersion and
fluid velocity variations within the fradure. The variation o fluid velocity aaossthe fradture
aperture givesrise to Taylor-Aris dispersion (Taylor, 1953 Aris, 1956 while variation d the
fluid velocity from paint to pant along the fracture results in maaodispersion. Roux et al.
(1998 used scding arguments to suggest that the net longitudinal dispersion coefficients can
be expressed as the sum of three @mporents:

D_ = T+ amacroPe + aTaylorPe2 (2‘12)

where a,,, and ar,,,, are dimensionlesscoefficients, Pe is the Pedet number Pe =
<v><b>/D,, <v> isthe mean solute velocity, <b> isthe mean aperture, D,, the moleaular
diffusion coefficient, and t isthe tortuasity for diffusion within the fradure (typicdly t <
1.0.
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For avariable fracure in which the logarithm of aperture p = Inbisastationary,
Gausdan variable, astochastic analysis by Gelhar (1987 assuming small variance o, leads
to expressons for the wefficients (Detwil er et al., 2000:

1
c‘Taylor - TO (2-13)
2
AB
o = 2P (2-14)
macro <b>
where A istheintegral scdeof [, and:
.
B = 3+— f{exp[Cﬁ(u)] 1}du (2-15)
TOg

where C;(u) isthe covariancefunction d § anduisthe dimensionless paration variable
equal to the separation variable divided by A.

Detwiler et al. (2000 compared theoreticd values cdculated from the dove
expressons with threedimensional particle-tracking simulations of advedionand dffusionin
variable-aperture fradures, and foundthat the results of theory and simulations agreed well
over awide range of Pe, for simulated aperture fields with o> = 0.073and A ranging from
0.035to 1.8cm. Divergence of simulations from theory was noted for high and low Pe for an
aperture field with 0,> = 0.56and A = 0.035.

Detwiler et al. (2000 also compared theoreticd dispersion coefficients with values
obtained from physicd experiments using synthetic glassanal ogues of rough-wall ed fradures.
They foundthat the theoreticd and simulated values were comparable to values observed in
the physicd experiments, bu that maaodispersion values were systematicdly underestimated
by the theory. They suggested that the diff erence was in the quasi-two-dimensional
representation d the flow field that was assumed by the theory.
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In their transport experimentsin a0.008m? redangular sedion o anatural fracurein
granite, with afixed transport distanceof 16 cm, Keller et al. (1999 observed alinea
dependence of dispersion coefficient on flow velocity for flow velocitiesin the range 1.53 x
10° m/sto 4.74 x 16 m/s. The dispersivity for this sdion o fradture was evaluated as 0.043
+ 0.003m. Keller et al. oltained a dispersivity estimate of 0.095m by numericd modeli ng of
the solute breakthrough, based onvelociti es cdculated from aflow model of the fradure s a
variable-transmissvity aquifer based onthe measured apertures, and integrating over
streamlines with an assumption o negligible longitudinal dispersion along streamlines. A
stochastic theoreticd estimate of the dispersivity based onthe geostatistics of aperture gave
an estimate of 0.078m, closer to the experimentally observed value. The transmisgvity of the
fracture was approximately 2x10* mé/s, which is high relative to typica in-situ
transmissvitiesin granite, passhbly due to the unconfined (atmospheric-presaure) condtions

of this experiment.

Matrix diffusion

Diffusion d solute moleaules into the protolit h adjoining fractures and fault zones occursin
response to concentration gradients between water in the pore spaceof the protolith and the
more mobil e water in the fradures. In granitic rock, the pore spacewithin which this process
takes placeis generally understoodto comprise microscopic transgranular fracures and
intergranular flaws.

By convention the protolith (and sometimes brecda fragments bounded by fradured
surfaces) are referred to as the “matrix” in solute-transport literature, and the processis cdled
matrix diffusion. The potential importance matrix diff usion for radionuclide transport around
arepasitory was pointed out by Neretnieks (1980, and has come to be recmgnized as a
processof fundamental importancefor repasitory safety (Jakob, 2003,
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Within an individual pore mnsidered as atortuous pipe of agiven cross ®diona area

A,, the governing principle is essentially Fick’sfirst law of diffusion:

dmIO - A dcp 216
dt ~ "PTM g

where dmy/dt is the rate & which solute masspasses through the aoss ®dion, D, isthe
coefficient of moleaular diffusionfor the given chemica spedes, ¢, isthe ancentrationin the
pore, and ( is the distance dong the pore. The word “essentialy” isused here becaise, in the
very small pores of the matrix, effeds such as eledrostatic surface tiemistry can affed the
mohility of solute moleaules, and D,,, may be an effedive wefficient for the spedfic pore
geometry, rather than the wefficient for moleaular diffusionin freewater (Ohlson and
Neretnieks, 1999.

At amesoscopic level, large enough to encompassmany tiny pores, the average
effedive pore aeaper unit areaA of a sedion through the matrix is A/A = 0/t, where 0 is
the porosity and t isthe tortuosity defined asthe adual length of the pore divided by the
nominal length per unit distance z normal to the plane (using the usual geophysicd definition
of tortuosity; note that another commonly used definition d tortuosity is the inverse square of
this quantity).
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The massflux through A (that is, the rate of masspassng through A per unit areg for
aunidiredional gradient in the z diredion perpendicular to A is then:

idmp fa) dz oc, _GDm ac,

= D — =
A dt T "d¢ oz T o2

(2-17)

Theterm (8/72)D,, is cdled the pore diff usivity. Ohlsson and Neretnieks (1995 suggest that
this may be further scded by a cnstrictivity term &, to acourt for the dfea of constrictions
along avariable-cross ®dion pae. With this modification, the dfedive pore diffusivity is:
D, = (8,0/t?D,, or D, = FD,, where F; = §,,0/t? isthe formation fador (L&fgren and
Neretnieks, 2002).

The formation fadtor may be viewed as a property of the pore geometry independent
of the chemistry of the diff using solute spedes, although Ohlson and Neretnieks (1995 nate
that ionsize and surface éedrochemistry can influencethe gparent formation fadtor. Thus

the massflux j, due to Fickian dffusionthrough pae spacein the matrix can be described as:

jp:—FfDm%:—Dp% (2-18)
where the first formulation in terms of formation fador may be useful for comparing to
eledricd condutivity/resistivity measurements (L6fgren and Neretnieks, 20029 whil e the
secondis more @nventionally used in modeling of solute transport in fractured rock (e.g.,
Jakob, 2002.

In the cae where the network of pores provides diffusion pathwaysin all diredions

isotropicdly, for an arbitrarily direded gradient Vc, the massflux vedor is.
i, =-Db,0c, (2-19
Conservation d massleads to the diff usion equation:

% b o (2-20
ot = DU,pU Gy

Boundary condtionsin applying this equation depend onthe shape of the matrix blocksinto
which the solute is considered to dffuse, and haw the solute interads with the fradure. In
typicd applicaions the matrix blocks are assumed to be of asimple geometry that permits
ready solution d the equations by choasing appropriate systems of coordinate: spheres,
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cylinders, finite slabs, or semi-infinite slabs, and solute within ead matrix block is assumed
to be & equili brium with mobil e water at every point onthe exterior of the block.

Mathematicdly, the one-dimensional form of the matrix diff usion equation arising
from Fick’s law is also satisfied by distribution d displacanents arising from the transition
frequency functionfor a particlein a Wenner-Einstein randam walk with expeded value and
variance of the displacanent x(t)—x(0) during agiven timeinterval (0, t) equal to (e.g.,
Prabhu, 196%:

E[x(t) —x(0)] =0

VX(t) - x(0)] = 2D ,t (2-21)

Thus amathematicd equivalence ca be shown between Fickian dff usion and a symmetric
random walk with a standard deviation o displacement equal to v(2D,t) for agiven timet.
This equivalence provides an aternate description d diffusion prenomenain terms of the
randam motions of an assemblage of solute particles of a given mass e.g. an assemblage of
moleaules.

The phenomenon d matrix diffusionin granitic rock has been confirmed by through-
diffusion experimentsin the laboratory as well as by in-situ experiments; athorough review
and compil ation d experimental values for the rock properties controlli ng diffusion are given
by Ohlsson and Neretnieks (1995.

Questions have been raised as to the homogeneity of the matrix pore spaceof granitic
rock onamaaoscopic scde (cm or larger), including the conredivity of the pore space &
distances of more than afew cm from fradures. Xu et al. (2007 foundevidence of
heterogeneity of matrix properties within the rock adjacent to single fradures. A few in-situ
diffusion experiments (Abelin et al., 1990 and eledricd condLctivity measurements
(Lofgren and Neretnieks, 2002 suggest that matrix diffusion may ad over penetration
distances of upto 0.4m. Maowszewski and Zuber (1985 argued that the asumption d an
infinite depth for matrix diffusionis applicable for many pradica cases where the time scde
for transport through the fradure is snall in relation to the time sca e for matrix diffusioninto
amatrix of finite depth.

Heterogeneity on mesoscopic scaes may giveriseto dffusion prenomenathat is not
well described by the diffusion equation based onFick’s law, as above. For example, if a

colledion d pores within are dead-end paths of diff erent lengths, moleaules diff using into
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pores will have different distributions of first return times (i.e. thetime & which amoleaule
passng into adead-end matrix pore will return to the mobil e water in the fracture), depending
onthe lengths of the paths they happen to enter. Fradal pore geometry with pover-law
distribution d path lengths for diffusionin the matrix a heavy-tail ed dstribution o residence
times during transport through the system, i.e. with more of the massarriving at late times
than would be expeded based onFick’slaw (Haggerty, 200J.

When dff usiontakes placeinto fragments, such asin fault brecdas, distribution o
the fragment sizes can also lead to apparently nonFickian behavior (Haggerty, 200J).
Although the diffusion into ead fragment may follow Fick’s law, the power-law size
distribution means that the diff usion depths, and hencethe residencetimes of moleaules
entering the fragments, foll ow a power-law distribution analogous to the cae where the pores
themselves are fradal.

Examples of power-law behavior at late time in bregkthrough curves have been
observed in situ, in fracdured ddomite (McKenna et al., 2001 Haggerty et al., 200)). Several
studies in Fennascandian graniti ¢ rocks have found dff usiviti es that deaease exporentially
with the scde of length in the measurement (Vakiainen et al., 1996 Hartikainen et al., 1996
Johansonet al., 199§.
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2.2.5Fluid flow in networks of fractures

Flow through fractured graniti ¢ rock is fundamentally similar to flow through more porous,
granular materials such as sandstone or unlithified sediments, in that fluid movement through
adiscrete network of voidsis governed by the laws for viscous fluid motion (the Navier-
Stokes equations), and that this flow moves around pations of the rock that are esentially
impermeable. In sandstone these impermeébl e portions are small enough that flow splits and
recombines onascde of afew milli meters or less and the voids are typicdly well conreded
in all diredions (depending of course onthe degreeof cementation). In sparsely fradured
graniti ¢ rock, the impermeabl e parts of the rock may be onthe scde of several metersor
more, and the void network isrestricted to naminally planar feaures that may be poaly
conreded or even norrconreded in some diredions.

This differencemeansthat on pradicd field scdes of afew meters to a kil ometer,
flow and transport in sparsely fradured granite can be dfeaed by individual segments of the
void network than isthe caein paous media over similar scdes. In terms of the concept of a
representative dementary volume or REV (e.g., de Marsily, 1986, the minimum scde of an
REV infradured rock (if one eists at al) istypicdly many times larger thanin paous
media. Thus, athough the fundamental processes governing flow in these two types of media,
thereisasignificant pradicd distinction in terms of the scde & which the “maaoscopic”
properties of the medium can be considered independent of irregulariti es among discrete
voids.

To addressthis pradicd distinction, a mnceptual view of sparsely fracured
crystalli ne rock in terms of discrete fradure networks has developed over recent decales
(Wilson, 1970 Endoet al., 1984 Long et al., 1985 Dershowitz et al., 1991 Clemo, 1994. In
this conceptual view, fluid flow and transport in fractured granitic rock are considered to take
placein networks of discrete fradures, usually idedized as line segmentsin 2-D models, or as
platesin 3-D models (Figure 2-6). The processes in ead fradure ae governed by the
appropriate single-fracture physica relations (as discussed in the foregoing sedions), while
certain condtions of continuity and massconservation are satisfied at the intersedions

between the line sedions or plates representing fractures.
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2-D steady-state flow model

The simplest example of the discrete-fradure network (DFN) approach isthe cae of a2-D
model compaosed o 1-D line segments representing the fradures. Steady-state groundwvater
flow in such a network is diredly analogous to the ideaof an eledricad circuit or a plumbing
network:
1 Eadh fradureisidedized as alinea conductor.
2) At any junction | between two fradures, there isa single value of hydraulic
head h, which is commonto bah fradures.
3) The flowrate Q,; (for an arbitrary thicknessw) through a fradure segment
from junction| to junctionj is given by Darcy's law as:
9, dh
w

= T2 = Th-h)L, (2-22)

where T,; isthe transmissvity of the segment and L;; is the segment length.
4) The net flowrate into any junctionis zero (except in the cae of asourceor
sink located at the junction).
5) Spedfied-head o spedfied-flux boundry condtions are imposed by fixing h
or Q, as appropriate, at fradure intersedions with the boundxry.
In the analogy to eledric drcuits composed of resistors ldered together at their junctions,
we can think of h asvoltage, Q as current through aresistor, and L/Tw as the resistance, in
which case (3) corresponds to Ohm's law whil e (2) and (4) correspondto Kirchhdf's laws.
Applying the DFN version d Kirchhdf'slawsto ead junction leads ultimately to a
set of linea equations that can be solved by matrix methods to oltain the heads at eath

junction, and from these the fluxes through ead segment of the network.

2-D transient flow model

The 2-D DFN mode is reddily extended to the case of transient flow. However, in the
transient case the flowrate can nolonger be assumed to be cnstant along ead fradure

segment. Thisis because the anourt of fluid stored at agiven pdnt along afradure depends



61

uponthe time-varying head. Incorporating conservation d masswithin ead segment leads
means that any deaease in flowrate with distance dong a segment must be balanced by an

increase in fluid storage within the fradure:

_9(2] - g, ]
GL(W) a1 (23

where g isasource/sink term equal to 0 everywhere within the fradure segment. Combined
with Darcy's law thisleals to the condtionthat:

9 (. oh) _ oh
Ofgon| _ g9 _ X
GL( aL) a ! (2249

If Tistreded as constant within ead segment, this gives the 1-D transient flow equation:

&*h oh _
TE - a q (2-25)

At the ends of the segment the Kirchhdf condtion[4] till hads, so the sum of all g's
at the endpdnts of fradure segments conreding into ajunction must equal zero (unlessthere

isasourceor sink at the junction).
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Figure 2-6. Conceptuali zation d flow in fradure networks idedized as 2-D platesin 3-D
space

3-D Steady-state and transient flow models

For the cae of a3-D model in which ead fradureisidedized as a 2-D condictive "plate”
(Figure 2-6), the goproach is smilar:
1) Eadh fradureisidedized as a ondLctive plate with either homogeneous or
heterogeneous properties.
2) At any paint alongthe line segment of intersedion between two fradures,

thereisasingle value of hydraulic head h; which is commonto bah fradures.
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3) The flowrate density vedor g at any given pant onasingle fradureisrelated

to the head gradient by Darcy's law:

q = -TVh (2-26)

where T isthe (locd) fradure transmisgvity, and where the gradient of head
istaken with resped to a 2-D coordinate system in the plane of the fracture.
Taking acaurt conservation o massasin the 1-D case leadsto:

TV’h + Sa—h =q
ot

(2-27)

where the source/sink flowrate density term ¢ = 0 at points internal to the
single fradure. In the steady-state cae ch/ct = 0, so that this reduces to the
Laplace guation:

TV’h = q (2-28)

4) The net flowrate density into any point along a line segment of intersedionis

zero (except in the cae of asourceor sink locaed at the paint).

Asinthe 2-D case, the 3-D network equations are built up by applying the Kirchhdf-type

rules to eath fradure intersedion.

Implementations of the discrete-fradure-network concept

Various computational approaches have been used to set up and solve the equations that
describe the discrete-fracdure network conceptual model, including pipe networks, semi-
analytica methods based onimage theory, the boundary element method, and the finite-
element method.

In the pipe-network approach (Caca et al., 199G; Nordgvist et al., 1992, the plate-
network flow problem is reduced to a pipe-network problem composed of 1-D li ne segments
asin the 2-D model described above, except that the pipes are mnneded in 3-D.

Using image theory, Long et al. (1985 developed an analyticd solution for the
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steady-state flow in asingle disc-shaped fradure @ afunction d the average headsalong a
set of uniform-strength li ne sources/sinks. The network massbalance (Kirchhdf-type rules)
leadsto a set of linea algebraic equations that can be solved for the average head along eath
line segment of fradure intersedion.

In the boundary-element approach (Shapiro and Andersson, 198% Andersson and
Dverstorp, 1987, the Laplace guationfor ead fradure is transformed into a boundary
integral over the line segments of intersedion and over the rim of the fradure, acosswhich a
no-flow condtionis assumed to hdd. Asin the mixed analyticd/numerica method,thisleads
to aset of linea algebraic equationsin terms of the average head along ead intersedion
segment.

The finite-element method (e.g., Robinson, 1984 has proven to be the most versatile
methodfor modeling flow in discrete-fracture networks, as it can acaommodate transient
flow, arbitrary fracture shapes (including nongdanar fradures), complicated boundry
geometries, and mixed boundry condtions. This approadch isthe basis for flow modelingin
commercial DFN software including FradMan/MAFIC (Dershowitz et al., 1996 and
NAPSAC/CONNECTFLOW (Jacksonet al., 2000Q. In this approac the fradures are divided
into triangular or quadril ateral elements, and the unknown head field is approximated
piecavise & alinea or quadratic function within ead element. These pieceavise functions
are expressd in terms of the unknown head values (usualy) at the dement corners which are
referred to as nodes. All elements adjoining a given shared edge will share the same nodes,
andthus will have mnsistent head values, whether the edge is part of afradureintersedion a
isjust aninternal, artificial division d asingle fradure.

The partial differential equation for flow as defined onthe network is transformed
into alinea algebraic equationin terms of the unknown nodil heads by an integration over
the domain, e.g. by integrating the squared approximation error over ead elements and
requiring that the sum over all elements be minimized. Other finite-element formulations such
as the Galerkin formulation may be used. For the transient case, usually the transient portion
of the problem istreaed separately by use of time-stepping methods. Alternatively, time-

cortinuows Llutions can be used as presented later in thisthesis.
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Flow through a discrete-fradure network in a permeabl e matrix

Fully couded matrix flow or matrix/fracure fluid exchange (asin the dual-porosity model of

Warren and Roat, 1963 can be built i nto the modelsin various fashions:

Full discretization o the matrix blocks as afully 3-D finite-element
submodel, which is couped to the finite-element model for the fracure
network by shared noddl heads (Mill er et al., 1994. In pradicediscretization
of 3-D matrix blocks for an arbitrary fracure network has proven to be very
difficult, bu models developed for relatively simple geometries can be used
asa ched on aher methods. Clemo (1994 and ahers have used this
approad for 2-D fradure/matrix flow problems.

Representation d matrix blocks as "storage volumes' of simple geometry
(e.g. spheres or slabs) which take up a release fluid to an adjacent fracture
but do nd ad as condctive pathways between fradures (Mill er et al., 1999.
Boundary-element formulation for flow through a homogeneous matrix
couped with afinite-element formulation d the DFN flow problem (Shapiro
and Andersson, 1985. This approach has the advantage that matrix
discretizationis not necessary, bu is restricted to the cae of steady-state

flow and a homogeneous matrix.

In pradice, the discrete goproach leads to very large computational problems involving upto

milli ons of fracdtures for large-scd e problems. Clemo (1994 and Leeet al. (2001 have

proposed approaches for upscding of fradure networks resped to flow properties. The

transport properties of these upscding methods have nat yet been fully explored.
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Stochastic fradure-network modeling

Most applications of discrete-fradure-network models have been stochastic models based on
probabili stic description d fradure popuations (Wilson, 1970 Long et al., 1982 Robinson,
1984 Endoet al., 1984 Dershowitz, 1984 Long and Witherspoon, 1985Caca et al.,
199(ab; Stratford et al., 199Q Dershowitz et al., 1991 Herbert et al., 1991 Dverstorp et al.,
1992 Geier et al., 1992 Geier, 1996 Bour and Davy, 1997. In these models, fradures are
described in terms of a stochastic processfor fradure locdion, intensity measures (e.g.,
fradure spadng), and probability distributions for fracure properties such as sze, orientation,
aperture, transmisgvity, storativity, and passbly additional mecdhanica or transport properties
depending on the spedfic type of model.

Statistics to charaderize the stochastic processfor fradure locaion and probability
distributions for fradure property are obtained by statisticd analysis of data from mapping on
outcrops and/or in undergroundtunrels, drill core or borehole mapping, and hydraulic testsin
borehdes. Statisticd methoddogies for estimation d these properties from field data have
evolved as amajor subdscipline within the field of fradured rock hydrogeology (e.g.,
Dershowitz et al., 1999.

Most network-modeli ng studies have mnsidered the behavior of randam networksin
which fradure locaionis described by a 2-D or 3-D Poison process That is, the center of
ead fradureisapoint x with uriformly randam comporent coordinates x, ~U(a;,b,), where g;
and b; are the maximum and minimum coordinates in the ith dmension. A Poison-process
model isthus a spatially homogeneous gochastic processwhich tends to produce uniformly
scattered fradures rather than clusters. Thusit does not mimic the mncentration d fradures

typicdly seen in the damage zones of fault zones.

Network models mimicking fault-zone oncentrations of fradures

A number of attempts have been made to mimic concentrations of fradures, such as occur in
proximity to fault zones, within fradure network models. The common property of these
modelsisthat fradure locaionis a spatialy heterogeneous dochastic process in contrast

with the spatially homogeneous process(i.e., simple Poison proces9 models.
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The tendency of fraduresto occur in clusters related to larger fradures was
recognized by Bill aux et al. (1989, who proposed a “parent-daughter” model to acourt for
geostatisticd correlations between secondary and grimary fradures in anetwork. The
complexity and number of parameters of this model li mited its use in site-spedfic
applicaions.

Lee(1988 proposed a set of fradure-zone mimicking models based on(1) afradal
clustering algorithm based ona L évy flight (fradional Brownian motion) processfor fradture
location, (2) a compoundPoison rocessin which the intensity of fradures in the nth set
decays exporentially with dstancefrom the “neaest neighba™” fradure in the (n—1)th set,
and (3) a compoundPoisn processin which intensity of the nth set of fraduresisincreased
within overlap zones between fradures in the (n—1)th fradure set.

The Lévy-flight model produces fradure swarms which tendto be anorphows. The
“neaest-neighba” model produces concentrations of fracures $milar to that seen in the
damage zone aoundfaults. The third model produces elevated fradure intensity in dstinct
tabular zones smilar to the stepoversin en échelon zones. Analysis of fradure data from
granitic rock at Stripa, Sweden in terms of these models was presented by Geier et al. (1988,
and subsequently these models were implemented in a ammmercial FradMan code for
modeli ng stochastic fradure popuations (Dershowitz et al., 1996.

The neaest-neighba model of Lee (1988 was appli ed to granitic rock at Finngjon,
Sweden (Geier et al., 1992. Anaysis of fradure intensity adjacent to barehole radar
refledors howed that fradure intensity deaeased exporentialy with distance from the
refledors, which Geier et al. interpreted as representing sub-kil ometer-sca e fradture zones.
The influence of these structures onthe spatial correlation o effedive permeability and
anisotropy was evaluated by simulation o flow through rock blocks on scdesof 15mto 40m
(Geier and Hasder, 1992, bu no spedfic analysis was made of the rrelation structures
within the fradure zones themselves.

A power-law distribution o fradure sizel (i.e., length in 2-D models or disc radiusin

3-D models) has a probabilit y density function d the form:
f(l)y=cl™®

where Cisa mnstant and 0< a < 3 for physicdly redistic situations (Renshaw, 2000Q. A

power-law distributionis more likely to produce etensive single fradures that conred over
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large scdes, in comparison with more cnventional distributions sich aslognormal and
exporential distributions. Thusit hasthe caadty to represent large-scde mnredions due to
fault zones which may appea as sngle lineaments in larger-scd e mapping.

Power-law scding of fradure size was reaognized in graniti c rocks in the Sierra
Nevada (Segall and Pollard, 1983 andin volcanic rocks at Thingvellir, Icdand
(Gudmundsson, 1987. The 3-D model of Geier et al. (1992 also incorporated a power-law
distributionfor fradure size, based onan integrated interpretation o fradure maps from a
range of scaes. Power-law scding was also deduced from analysis of fradure mapsin
granitic rock at Aspo, Sweden (Geier and Thomas, 1996 and in sandstones in western
Norway (Odling, 1997.

A systematic study of the mnredivity properties of fradure networks with a power-
law size distribution was condtcted by Bour and Davy (1997, using a 2-D network model in
numericd experiments. They confirmed that such networks have significantly diff erent
percolation groperties than models based onfinite-variance size distributions, and developed
rules relating network properties to the exporent of the power-law distribution. De Dreuzy et
al. (2001a,b) extended this analysis to consider power-law distribution with correlations
between fradure size and aperture. Renshaw (2000 further discusses the cnredivity
properties of power-law networks nea the percolation threshald.

For amodel of granitic rock at the Stripa site, Sweden (Dershowitz et al., 1997,
fradure zones were represented in a discrete-fracture network model as smple tabular zones
of elevated fradture intensity relative to the protolith, and with dstinct fradure popuation
statistics. The models were used for simulation d in-situ trace experiments as part of a
validation exercise for the discrete-fracure-network concept, but were not further analyzed in
terms of the role of fault-zone achitedure for flow and transport.

Fradure network models have been used more recently by Caine (1999 to explore
the flow behavior of fault-zone end members including single-fracure, distributed
deformation, locdized deformation, and composite deformation models. Hicks et al. (2000
have dso used network modelsto explore the flow behavior of en échelon zones. Findings

from thisinvestigations are discussed later in this chapter.
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2.2.6 Solutetransport in fracture networks

Solute transport in a discrete fradure network entail s at least threemain categories of
transport phenomena (Figure 2-8):

. Advedive-dispersive transport within a given fradure.

. Exchange of solute spedes with the wall rock, e.g. by sorption and/or matrix
diffusion.

. Mixing at fradure intersedions.

Thefirst two of these cdegories have been dscussed with resped to single fradures, in the

precading sedions. The third category, mixing at fradure intersedions, is unique to the

problem of network-scde transport. Relevant results of past reseacch are reviewed in this

sedion, prior to areview of how these phenomena ae combined in transport models.
Additional phenomenathat might affea particular problemsinclude:

. Solute decgy (radioadive or biologicd).
. Chemicd readions (among multi ple solute spedes and/or mineralsin the
wall rock).

These phenomena ae highly dependent on the particular chemica spedes considered and the
detail ed hydrogeochemistry. Hencethese ae mainly outside of the focus of this investigation
which isfocused onmore genera eff eds of fault-zone geometry onflow and transport.
However, radioadive decgy shoud be mentioned in ore resped important for the
pradicd significance present study: When considering safety of arepasitory, radioadive
decay can make the diff erence between retardation and retention d radionuclides within the
bedrock. The rate of decay to daughter productsis propartional to the number of atoms N of

the radionucli de present at a given time:

dN
- 2-30
m AN (2-30)

where A isthe decgy constant for the given spedes. Thisimplies an exporential reductionin

the massm(t) of agiven radioadive spedeswith timet.
m(t) = m(t,)e ™ (2-31)

transport in a network. Slower transport of radionucli des by advedion and longer retardation

by processes sich as rption and matrix diffusion lead to decay of more radionucli des before
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they discharge from the fradure network into the surface avironment. Thus the processof
radioadive decay has the posghility to increase the significance of other phenomena that

retard the transport of radionucli des.

Figure 2-8. Schematic ill ustration d processes aff eding transport in a fracure network.
Solute moves by advedion along streamlines in what may be heterogeneous flow fieldsin a
given fradure, with dspersion due to velocity variations in combination with dffusion bdah
parall el to and transverse to the locd flow diredion . Solute may interad with the aljacent
rock by sorption and/or by diffusioninto the matrix, posshbly even transferring via the matrix
between fradures that are not otherwise diredly conreded.
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Mixing of solutein fradure intersedions in a network

Mixing at fracture intersedions is unigue to the problem of network-scde transport. However
it can be viewed as analogous to a mixing processthat adsin paous media, when the porous
medium is viewed onthe pore scde & anetwork of distinct conduits (asin the model of de

Josslin de Jong, 1958. There aethreebasic posshiliti es (Figure 2-9):

. No mixing
. Perfed mixing
. Partial mixing

Asdiscussed by Endoet al. (1984, the experimental evidencefor mixing at fracture
intersedionsis mixed. An experimental study by Krizek et al. (1972 showed that complete
mixing occurs between streamlines that originate from diff erent branches of the fracure
network, even under laminar flow condtions. Other experiments by Wilson (1970, aswell as
later work by Robinson and Gale (1990 indicated the oppaite: Virtually no mixing takes
placeunder laminar condtions. To reconcil e these wntradictory conclusions, more
fundamental analysis of the processes governing mixing at intersedionsis needed.

Mixing at an idedized fradure intersedion could occur either by pure moleaular
diffusion a, if turbulenceis present, by a coombination o moleaular and turbulent diffusion
aaossthe mean streamlines. For most situations of concern in fracture networks (excepting
very high gradientsinduced at the well bore during well tests), flow is laminar so the process
of concernismoleaular diffusion as expressed by Fick’s law.

For the cae of pure moleaular diffusionin alaminar flow field, intuitively the degree
of mixing in an intersedionis governed by whether the transit time for fluid pasdng through
theintersedionislarge or small relative to the time scde of diffusion. The fluid transit timeis
onthe order of b/v, where b isthe fradure gerture andv isthe mean fluid velocity. The time
scdefor diffusion acossa distance of half the gerture, onthe other hand, is on the order of
b?/D,, where D, is the oefficient of moleaular diffusion. Theratio of diffusiontimeto fluid
transit time is thus on the order of:

b%/D y vh

= — = Pe 2-32
blv D, (2-32)
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No mixing Partial mixing Perfect mixing

Figure 2-9. Qualitative ill ustration d different types of mixing at intersedionsin afradure
network model. Size of arrows indicates magnitude of flow through ead branch; shading
indicates concentration d solute entering or leaving the intersedionin ead branch.

where PeisaPedet number. When Pe > 1 the transit of fluid israpid relative to dffusion,
and nomixing shoud be expeded. When Pe < 1, the time scde of diffusionislargerelative

to the fluid transit time, and a high degreeof mixing shoud occur.

For reasonable values of b = 0.1mm (10* m) and D4 = 10° m?/s, Pe > 1 when v > 10°
m/s, which isabou 3.6 cm/hr or about 0.3 km/yr. Thus we would exped to seelittl e or no
mixing in laboratory experiments with v onthe order of 1 cm/min or 1 cm/s. On the other
hand, for flow through fradures within a radioadive-waste repasitory, v can be on the order
of 1 m/yr or less and a significant degreeof mixing might be posshble & fradure
intersedions.

Berkowitz et al. (1994 modeled this stuation wsing an advedive-diff usive particle-
trading tedhnique in combination with an analyticd solution for streamlines through an
idedized intersedion (as given by Philip, 198§. They foundthat mixing wasin fad
negligible (lessthan 5%) for Pe> 0.1, bu increased to 34% as Pe deaeased to 0.0001 Thus
complete mixing was not obtained even for thislow Pedet number, which correspondstov =

3 cm/yrina0.1mmfradure. However, these results confirm that mixing at intersedions
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Figure 2-10. Alternative rules for routing of solute & four-branch junctionsin a2-D fradure
network, with equivalentsin terms of simplified geometry proposed by Park and Lee(1999.

would na be negligible for advedive velocities on the order of 30 m/yr or less

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%.

Park and Lee(1999 propased modeli ng advedive-diff usive transport through
junctions based ona simplified, “folded-up” geometry as depicted in Figure 2-10. With this
simplificaion, they derived an analyticd solutionfor solute transfer probabiliti es at 2-D
intersedions as afunction d the fluid vel ociti es and size of fradures entering and leaving an
intersedion. This 2-D solution daes nat easily generalize to a 3-D case, where a omporent of
flow can occur along the fradure intersedions (possbly a preferred dredionfor flow),
leading to longer distances over which solute exchange can occur aaoss $reamlines

belonging to dfferent fradures. The result is also singular for stagnant branches of
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intersedions, which will exist in networks with dead-end fradures.

Detail ed modeling of flow and transport through fradure intersedions (Berkowitz et
al., 1994 Stockman et al., 1997 Park and Lee 1999 Park et al., 200) has drown that the
degreeof mixing isrelated to the Pedet number Pe = av/D,,, where v is the fluid velocity and
aisa tharaderistic length for the intersedion. For high Pe the rate of diffusion acoss
streamlinesis gnall relative to the advedive velocity, and streamline routing (Figure 2-10a)
may be abetter approximation. For low Pe the rate of diff usive transport acoss sreamlinesis
large relative to the rate of advedion, and complete mixing (Figure 2-10c) may be agood
approximation. At intermediate values of Pe, intermediate forms of routing may occur (Figure
2-10b). Thusfor afixed geometry, the degreeof mixing for flow through the intersedion

varies with the fluid vel ocity.

Continuows-concentration models for solute transport in fradure networks

The asumption d complete mixing at fradure intersedions may not apply for all flow
situations of pradicd concernin modeling graniti c rock. However, the results of Berkowitz et
al. (19949 and d Park et al. (2001) suggest that this assumption may be reasonable for low
flow velocities such as are expeded to prevail in areas of low topagraphic relief under natural
gradients (e.g., post-closure condtions at arepository in the Fennoscandian Shield).

In such cases, adoption d a wmplete-mixing rule & fradure intersedions all ows
construction d continuows-concentration models based onKirchhadf-type laws of continuity
and conservation d flux at intersedions, analogous to those invoked for network flow
models. We neal only substitute cncentration c for head h, substitute massflux q for
flowrate intensity g, and replacethe transient flow equation by the alvedive-dispersive
equation, passbly with terms for sorption, matrix diffusion, cecey, etc. Thusthe rules 2-4 for
the fluid-flow models are replaced by foll owing:

1) Eadh fradure (or segment thereof, for heterogeneous fradture models) is
treaed as a awndut of appropriate dimension (1-D for a 2-D network model
composed o linea fradure segments, or 2-D for a 3-D network model
composed o plate-like fradures).

2) At any point along the line segment of intersedion ketween two fradures,

thereisasingle value of concentration ¢; which iscommon to bah fradures
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(complete mixing assumption).

3) The spatial and temporal derivatives of concentration at any point within a
fracure satisfy the AD equation (with terms as appropriate for sorption,
matrix diffusion, radioadive decy etc.):

4) The net massflux into any point along a line segment of intersedionis zero

(except inthe cae of a solute sourceor sink locaed at the paint).
Thus the problem of solute transport through a fradure network, with or withou coupged
diff usion through the matrix rock, is analogous to the correspondng cases of transient
groundvater flow.

In principle, network models for solute transport can be constructed by applying the
finite-element methodto the network transport equations in exadly the same manner as we
saw in the cae of flow. However, severe pradicd difficulties arise in the form of numericd
dispersion effeds at the solute front. Refinements such as adaptive gridding that are used to
cortrol these dfedsin continuum models are more difficult to implement in the complex
geometry of a DFN model.

One method wsed to miti gate numericd dispersion effeds is the Laplacetransform
Galerkin (LTG) finite-element method (Sudicky, 1989. In the LTG approach ore uses the
finite-element methodto solve the Laplacetransform of the network transport equations, and
then performsthe inverse Laplacetransform by a numericd algorithm to oltain solutions to
the transport problem at any chosen pant in time. Sudicky and McLaren (1992 applied the
LTG methodto model fully couded fracure/matrix transport of a cmntaminant downward
through fractured clay. They used a 2-D model with arelatively simple fradure geometry
(orthogonal fradure sets), which all owed for simple mesh generation. However, in principle
the technique can be gplied to 3-D network models of arbitrarily complex geometry (as
developed in this dissertation).

Matrix diffusionis usually included in fradure network models by means of idedized
geometries. Sudicky and Frind (1982 presented an analyticd solution for advedive-diff usive
transport with matrix diffusionin a system of paral el fradures. Moreno and Neretnieks
(1991, 1993 developed a channel-network model based onaregular grid of 1-D channels
(effedively pipes, bu intended to represent avariety of adual channel geometries) with

variable properties between channel junctions.
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Particle-tracking methods for modeli ng solute transport in fradure networks

Due to questions abou the degreeof mixing at intersedions, aswell as problems of numericd
dispersionin continuos-concentration models, most attempts to model solute transport in
discrete fracture networks have used particle-tradking approaches (e.g., Caca et al., 199Gb;
Nordqvist et al., 1992 Dershowitz et al., 1991 Geier, 1996. Advedive-dispersive transport
within a 3-D fradure network can be modell ed by the discrete-parcd random walk (DPRW)
method (Ahlstrom et al., 1977. This approac represents locd, 2-D advedive-dispersive
transport within ead fradure plane. Alternatively it may be used to represent 1-D advedive-
dispersive transport within afradure segment, for the simpler case of a 2-D network model.
Network dispersion, die to the interconredivity among discrete feaures, arises as the result
of locd dispersionin combinationwith mixing aaossfradure intersedions.

In the DPRW method,the motion d a particle within afradure dement is modell ed
as arandam walk of appropriate dimension. In the randam walk, eat step Ax consists of a
deterministic, advedive cmporent plus arandam, dispersive aomporent. The alvedive
comporent of Ax isuAt, where u isthe (locd) fluid velocity cdculated from the locd head

gradient Vh and hydrologic properties as.

- -1 Vh )
u > (2-33)

and At isalocdly-spedfied time step. In order to acoount for linea instantaneous, reversible
sorption, the retarded velocity u' = u/Risused in paceof u in cdculating the advedive
comporent, where R = 1 + a,K, isthe retardation fador as defined for surfacesorption.

The randam, dispersive mmporent r is caculated as the vedor sum of comporents
representing longitudinal and (in the 2-D case) transverse dispersion (Figure 4-11). The
longitudinal comporent (parall el to the loca velocity) is generated from the normal
distribution with zero mean and variance:

02=2D, At (2-34)
where D, isthe longitudinal dispersion coefficient. The transverse comporent (perpendi cular

to thelocd velocity, and in the plane of the dement) is generated from the normal distribution
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Figure 2-11. Particle-trading algorithm for advedive-dispersive transport within a 2-D
triangular element of afradure.

with zero mean and variance:

0%=2D;At (2-39)
where D; isthe transverse dispersion coefficient. The locd dispersion coefficients depend on
the magnitude of the locd velocity as:

D, = o,|lu|l +D,
(2-36)

D, = oj|lu|l +D,

where o, and a; are the longitudinal and transverse dispersiviti es, respedively, within a
given fradure.

Extensions of the DPRW method have been developed to acourt explicitly for
Taylor-Aris dispersion dweto dffusionin combinationwith in-plane fluid velocity variations
plusthe variation d velocity aaossthe gerture of asingle fracure (Detwiler et al., 200Q
Bruderer and Bernabé, 200J). A similar algorithm has been appli ed to examine the role of

maaodispersionvs. Taylor dispersionin variable-aperture fradures by Wérman et al. (2004).



79

In these gproadhes, the dispersivities o, and o+ in the &ove equations are set to
zero so that only diff usion contributes to the randam comporent of motionr in the plane of
the fradure. The particleis also assume to move randamly due to dffusionin the diredion
perpendicular to the plane. The fluid velocity is asaumed to have aparabdlic profile acossthe
aperture (as cdculated from the assumptions of Poisieull e flow and nadlip boundry
conditions, in the derivation d the aubic law), so as the particle moves aaossthe gertureits
motionis affeded by lower or higher velociti es depending on the distance from the fradure
wall.

Applicaion o the DPRW model in a network requires rules for transferring particles
at fradure intersedions. To date, appli caions have made use of one of the two end-member
asumptions, either complete mixing or pure streamli ne routing, described as foll ows.

The complete-mixing assumption has been used in conjunction with particle tradking
in several applicaions of DFN models to transport problems (Mill er et al., 1994 Dershowitz
etal., 1991 Geier, 1999. When a particle arives at an intersedion edge, the particleis
randamly assgned to ore of the dements dharing that edge. The probability of assgnment to
theith conreded element is:

Pli] = Q /) Q, (2-37)

where Q, isthe inflow to the eth conrneded element along the alge (zero if thereis outflow),
and the summation is taken over all elements conreded to the alge. This reassgnment
technique does nat all ow for particles to move between adjacent elementsin the dsence of
net advedion. Hencethe model will under-represent the adual diffusion and/or transverse
dispersion (due to small -scd e heterogeneity within fradure planes) that takes placein the
physicd system.

For incomplete mixing or no mixing, streamlines must be determined at intersedions.
This has been dore explicitly in 2-D studies (e.g., Endoet al., 1984 Bruderer and Bernabé,
2007), bu beacomes computationally difficult in 3-D. Nordqvist et al. (1992 resolved this
problem in an approximate way by routing the particle to the outflowing branch that is closest
to the inflowing branch (the branch via which the solute particle arived). In case of atiein
proximity between two ar more outflowing branches, the particle is randamly all ocated to a

branch with probability propartional to the fluid flux. The particle-trading impli citly assumes
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instantaneous, complete mixing immediately after the particle enters an outflowing branch; as
noted by Nordgvist et al. (1992 thisresultsin an artificial transverse dispersion.

Matrix diffusion can be modeled explicitly with the DPRW method ty advedive-
diffusive tradking of particles through the matrix, although this requires either a discretization
of the matrix or algorithms for finding intersedions between particle trgjedoriesin an
undscretized matrix and fradures. Either of these two approaches can be computationally
intensive in 3-D meshes.

Dershawitz and Mill er (1995 and Tsang and Tsang (2001 have presented efficient
analytica solutions for particle tradking with dffusioninto finite matrix blocks adjacent to
fradures. In bah approaches the matrix blocks are ssaumed to have idedi zed geometries, and
the results are obtained in terms of atime delay for particles passng through the aljoining
fradure. The principal advantage is an efficient way for acourting for matrix diffusionin
particle-tradking models. A limitation d both approachesisthat they trea matrix diffusion as
effedively a 1-D processout of and badc into asingle fradure. Thus neither approach takes
into acourt the posshility of fradure-to-fracture transfer or movement of solute dong a
fradure viathe matrix. This distinction may not be significant for casesin which advedive
transport within the fraduresis rapid relative to the velacity of the diffusion front in the
adjoining matrix. However, for low advedive velociti es and retworks nea the percolation
threshald (where inter-fracture diff usion aadoss snal gapsin the network may be aitica),
this smplification might need to be examined. Recantly Tsang and Doughty (2003 have
extended the particle-tradking approach to account for multi-stranded flow in complex
fradures with variable properties, presenting results for redizations of a single, complex
fradure with stochastic properties.

Delay and Bodin (2001) presented atime-domain randam walk methodfor simulating
advedion-dispersion and matrix diffusionin networks composed o fraduresidedized as 1-D
"bonds" (line segments). This methodis based oncd culating the transit time distribution for
particlesto traverse eat bondin the network, with or withou diffusioninto and ou of the
wall rock. The methodfor incorporating diffusioninto the wall rock assumes that an infinite
depth is avail able for matrix diff usion. The method appeasto be more dficient than standard
Lagrangian particle-tracking methods auch as the DPRW methodwhich require multiple legps
through ead "bond; but has nat yet been generali zed to networks composed of 2-D elements.
The authors note that their methodis sngular for u = 0 (stagnant fluid).
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2.2.7Mod€ling studies of impact of fault-zone architedure on fluid flow

Forster and Evans (1991) modeled a permeable thrust fault overlying crystalli ne basement,
acourting for anisotropy of fault properties by reducing the permeability of a sliver of the
fault overlying the more permeéble damage zone. This produced increased flow above this
fault core, but had littl e dfed onthe overal distribution d fluid presaure and temperaturein
their model. Effeds of heterogeneity were dso explored and foundto have astrong impad on
flux through the fault, but little impad on pressure and temperature overall .

Exploratory models of the dfeds of hydrologic heterogeneity within fracure zones
ontransport parameters (L6pez and Smith, 1996 Tsang et al., 1996 Geier, 1996 has
demonstrated that fradure-zone heterogeneity charaderized by correlation scades of 100mto
300m (for models onthe scde of afew kil ometers) can significantly affed groundwater flow
patterns, locd hea flux, and solute transport times, due to large-scde channeling of flow
within these structures. To date, such modeli ng has been based on lypatheticd geostatisticd
models for the spatial correlation o hydrologic parameters.

As part of the SKI SITE-94 projeda (SKI, 1996, Tsang et al. (1996 used a stochastic-
continuum representation to model flow onthe scde of 1 km at a hypaotheticd radioadive-
waste repository in graniti c rocks at the site of the Aspé Hard Rock Laboratory in SE Sweden.
The heterogeneity of permeability in the model was produced by anindicator simulation
technique which all owed the spedfication d different correlation lengths for diff erent classes
of hydraulic condctivity K. By introducing a hypatheticd, large-scde wrrelation for the
highest-K class Tsang et al. were ale to produce amodel with heterogeneous, tabular, high-
K regions resembling fracture zones as had been deduced from the structural geologicd
interpretation. This type of model was foundto predict significantly faster radionucli de times
(for release from the repaository to the surface evironment) than stochastic-continuum models
withou such structures, due to large-scade thanneli ng eff eas within the heterogeneous
structures.

Alsointhe SKI SITE-94 Projed, Geier (1996 modeled the influence of fradure
zones by modeling them as a network of extensive, planar condictors referred to as “ discrete
fedures,” analogous to single fradures or tabular aquifers. This type of model also predicted
relatively fast transport of radionucli des, in comparison with the more homogeneous types of

corntinuum models. This gudy considered 25variational casesto evaluate the impad of
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various asaumptions regarding unconstrained aspeds of the model. In ore such case, fracture
zones were represented as heterogeneous by using a geostatisticd model for spatial
correlation d transmissvity within ead dscrete feaure. Thiswas foundto be one of the
most significant variational casesin terms of eff edive parameters for radionuclide transport.
In the models of Tsang et al. (1996 and Geier (1996, the large-scde @rrelation
structure for the hydrauli c properties in the feaures representing fradure zones was smply
asumed. The use of hypatheticd rather than data-based geostatisticd modelsislargely dueto
pradicd li mits onthe density of subsurfacehydrol ogic measurements, which can make it
impossble to discriminate anong alternative geostatistica models based purely on pant

measurements of permeability (Tsang et al., 1999.

Detail ed-scd e models of fradure zones and fault zones

Zhang and Sanderson (1996 modeled the dfeds of fault dlip onfluid flow around
extensional faults, using a distinct element model to acurt for the dil ation resulting from
fault dipinanormal fault with dlational and anti-dil ational fault jogs adjoining afracured
layer above abasement block.

Caine and Forster (1999 also Chapter 2 of Caine, 1999 presented a series of 3-D
discrete-fradure network models using representative field datato represent ead of four
fault-zone achitedural styles defined by Caine et al. (1996: single-fracure fault (SFB,
locdized deformation zone (LDZ), distributed deformation zone (DDZ) and composite
deformation zone (CDZ). Numericd simulations of flow in response to hydrauli c gradients
parallel and perpendicular to the fault plane and dlip dredionwere used to ill ustrate the
effeds of the diff erent fault-zone geometries on large-scde diredional permeability.

In Caine and Forster’s models, stochastic redi zations of fradures were generated
using the Enhanced Baeder model (Dershowitz et al., 1996, a model which represents the
fradures as being locaed acarding to a Poison processbut with probabili stic termination o
fradures at intersedions, in tabular domains with diff erent fracture intensity and aher
fracdure popuation statistics to represent protolith, damage zones, and fault cores. The LDZ
model is esentialy equivalent to the type of model employed by Dershowitz et al. (1991). In
the SFFand DDZ cases, off sets were introduced along the main fault slip planes, to represent
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the disruptionin connedivity that can occur due to relative displacanent of conductorsin the
protolith.

Within ead tabular domain, the fracure popuationwas treaed as gatisticaly
homogeneous. Thus the models of Caine and Forster (1999 did na diredly addressthe type
of heterogeneity within fault zones that could result from large-scde structural variationalong
the faults. However, eff eds of fault evolution were addressed by modeling an increase in
fradure goerture to represent opening during fault failure (or readivation) episodes, and
reduction d aperture to represent subsequent, gradual seding of fradures by minerali zation.
These variations were used to examine changes in fault-zone hydrologic behavior during and
after afailure or readivation episode.

Odling (2001 presented a simple parall el-condwctor model for scding of hydraulic
conductivity in multi-stranded fracture zones. Applying this model to data from fractured
sandstones in Norway, Odling developed scding rules for fracture-zone hydrauli ¢ properties
in relationto length. Hickset al. (2000 proposed a model of en échelon zones modeled as
simple planar fradures linked either by fradured zone in afault jog (similar to the “war zone”
model of Geier et al., 1988 Dershowitz et al., 1999 or by single fradures parall el to the
diredion d the fault jog. They present an ill ustrative cdculation cases for afault with a
singlejog, using fradure hydrologic parameters based onrepresentative values from the
Borrowdale Volcanic Groupat the Sell afield site, UK. The authors considering the dfed of
different transmissvity contrasts between the fradures within the jog and the main fault. As
theratio o these transmisgviti es increases, the fault jog beammes the dominant condit, with
reductionin breakthrough times for particles representing a wnservative trace, which are
released from a point at depth.

Hickset al. (2000 aso produced ill ustrative cdculations for a distributed-damage
zone model similar to the DDZ model of Caine and Forster (1999, and presented
breakthrough curves for particles representing a wnservative trace, for several diff erent
degrees of hydrologic property contrasts and sedimentary cover-rock permeability.

The models of Hicks et al. (2000 for bath cases incorporate stressfield dependence
in the form of relationships for dependence of fradure hydrologic properties on the far-field
stressfield and locd pore presaure. The df edive transmisgvity of agiven fradureis
dependent on an effedive stresso , - p where o, isthe componrent of the far-field stressading

normal to the fradure plane, and p isthe fluid presaure within the fradure. The shea stability
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of eath fradure is also asessd relative to the far-field stresses and locd pore presaure, using
aCoulomb failure aiterion, andthe gertureisincreased if shea failureisinferred to occur,
foll owing the empiricd model of Barton et al. (1985.
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2.2.8Synthesis

Review of laboratory andfield studies leals to basic conceptual models for fault-zone
evolution and scding relationships. Key architedural elements that emerge from this survey
are en échelon fradtures and échelon steps, splays and aher secondary fradures, fault
brecdas, and fault gouge.

A general conceptual model emerges of fradure zones as zones of locdized krittle
fail ure that have developed to accommodate strain during regional deformation. Early stages
of inelastic deformation (small regional strains) are acommodated by diff use fraduring
throughou the protolith, with extension, interadion and linkage anong fraduresin en
édhelon arrangements. Thus en échel on zones may be the main type of large-scde structure
seen in regions which have undergone relative small regional strains, or internal to rock
blocks which have been shielded from larger strains by locdization d strain along their
boundaries.

Continued deformationis accommodated by increasing locdization o strain within
zones of relatively intense fraduring, leading to development of shea faults. In regions that
have undergone large strains, such faults may typify boundxries of rock blocks.

Nucledionand growth of afault is precaled by and/or acaompanied by devel opment
of aprocesszone or "halo" of smaller-scae fraduring and faulting in the vicinity of the
propagating fault. With continued deformation, strain becomes increasingly locdized within a
distinct fault core of highly fradured rock and/or brecaa (high permeability), while growth of
fraduresin the halo largely ceases.

Continued deformationis acammodated within the fault core by regular shea
fradure arays within the brecda. Intense omminution (grain size reduction) along these
shea fradures may produce low-permeability lenses of gouge (ultracdadasite) within the
core, athough in very low-permeability graniti c rock the gouge may be significantly more
permeéble than the protolith. Strain graduall y shiftsto shea fradures aligned nealy paral e
to the maaoscopic fault plane, often at one or both boundries between the fault core and the
surroundng fradure halo. Readivation d fault zonesis usually along pre-existing planes of
weaknesswithin the fault cores.

This conceptual model has implicaions for groundwvater flow and radionuclide

transport. First, it implies that flow properties within fradure zones will be heterogeneous and
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anisotropic. Fradure halo and lrecda zones may be favorable to flow along the fracture zone.
Flow paths through the fracture halo may beirregular due to fradure network eff eds. Highly
comminuted gouge dong shea fradures may ad as barriers to flow aaossthe fracture zone.
Relative propartions of different structural elements (fracure halo, krecda, and gouge) may
vary with pasition along the fault.

This conceptual model also impliesthat transport properties will be more complex
than in asimple, equivalent porous continuum model of a fracture zone. Scd e-dependent
maaodispersion may result from heterogeneous flow through a network in the fracture halo.
Contrasts in mean advedive vel ociti es between brecda, fradure halo, and gouge may result
in anomalous transport influenced by diffusion between relatively mobile andrelatively
immobil e portions of the groundwater in the fracture zone. Matrix diff usioninto fragments of
variable sizein brecda may result in anomal ous transport which is mathematicadly equivalent
to multi ple-rate matrix diffusion, as shown by Cunringham and Roberts (1998. Alteration a
predpitation d minerals within fault-zone fradures and kbrecda may produce further
heterogeneity with resped to flow and transport properties (including eff edive partitioning
coefficients for sorbing spedes).

Finally, severa studies suggest that fault-zone achitedure may have similar
geometric charaderistics acdossalarge range of scdes. From this, we may exped that the
effeds of fault zone achitedure on heterogeneous fluid flow and solute transport will also be
manifested onawide range of scaes. Furthermore, this siggests the usefulnessof field
studies of fault-zone geometry on scadesthat are relatively convenient to olserve in outcrop,
for developing improved conceptual models of fault-zone networks on larger scades. Among
the key architedural elements of fault zones, fradures and fault brecdas appea to be
particularly important elements of pathways for fluid flow and solute transport graniti c rock.
An extensive body of reseach has developed onthe flow and transport properties of
individual fractures (including hydromechanicd eff eds) and their aggregate behavior in
networks.

Thevariation d aperture within single fradures, and its eff eds on flow and transport,
has been studied in grea detail both experimentally and using numericd models. Lessis
known abou variability of propertiesthat may govern masstransfer with the wall rock of
fracdures (matrix diffusivity, matrix connedivity, fradure mineralogy and sorption
coefficients) although the work of Xu et al. (2001) provides bath data onlimited scdes, anda
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theoretica exploration d the results. Recognition d the complexity of natural fradures and
minor faults as patentially multi-stranded feaures with variable constituent properties
(alteration zones, multi ple strands, gouge, etc.) has grown in recent yeas, naably with the
work of Mazurek et al. (1996 2003 and Tsang and Doughty (2003.

Capabiliti es of modeli ng network flow and transport in large popuations of fradures
have dso advanced grealy in recent decales, aswell as methods for up-scding of flow
properties. Much of this development continuesto be in terms of fradture popuations defined
in terms of idedized statisticd measures (Poison, geostatisticdly correlated or fradal models
for fradture location; lognormal or power-law distributions of fradure size and aperture;
independent randam variables describing properties of individual fractures or simple models
of correlation). Relatively littl e reseach has examined the significance of structural
complexity along fault zones which might nat be well described by these types of statistica
models. Notable exceptions are the work of Caine (1999 and Hicks et al. (2000 who have
explored the mnsequences of more complex fault-zone structural models using discrete-
fradure network simulations. These dforts mainly considered flow properties, with less
attention to transport properties of the fault zones considered (although Hicks et al.
investigated the advedive trajeaories of particles representing conservative traces).

Network eff eds on solute transport have mainly been investigated in terms of
idedized 2-D networks, at a high level of abstradion. This work has yielded theoreticd
insightsinto topics sich as maaodispersionin networks nea the percolation threshold, and
the relative importance of intrafracure and network heterogeneity for maaodispersion.
However, questions can be raised as to whether complex natural fradure and fault systems
are alequately described by the idedized models employed in these types of studies.

Similarly, developments of masstransfer theory for granular media of variable size
have likewise provided val uable theoretica insights. However, in applying these results to
complex structures in fradured rock, questions remain as to the ansequences of interplay
between spatial variability on dfferent scdes, e.g., particle-size variability or network
response of microfraduresin the matrix over afew cmin a complex fradure vs. channeling
effeds over scdes of dedmetersto meters, and larger-scd e network conredivity effeds. An
outstanding question is whether the methods for description d heterogeneity on these various
scaes capture the most important properties for aggregate behavior of the system.

The reseach presented in the foll owing chapters of this dissertation aims to address



some of the gapsidentified in thisliterature survey, by exploring the consequences of

complex fault-zone geometry based as nealy as possble on dred observationsin the field.
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3. METHODS

The methods of investigation for this gudy comprise threemain steps:

. digital mapping of fradture zones,
. statisticd analysis of the resulting fradure tracemaps, and
. flow and transport simulations in models based onthe maps and statistics.

These steps are outlined briefly in the following paragraphs, with detail s given in the sedions
of this chapter which foll ow.

To prepare the digital maps, examples of fradure zones were mapped by systematic
phaography of outcrops and road cuts. Fradure traces were identified by marking points on
computer displays of the images thus obtained. The resulting fradure tracemaps were
redified with resped to pdnts of manually measured coordinates in ead image.

Analysis of the digital maps focused onthe conredivity properties of the mapped
fraduresin and adjacent to the fradure zones, which are of key importancefor hydrologic
and transport behavior. An interadive computer program developed as part of this
investigation was used to cdculate statistics with resped to primary fradures, which were
identified by inspedion. Statistics of fradure traces that conneded to the primary fradures
were cdculated to charaderize the frequency, length and relative orientation o conneded,
secondary fradures (referred to herein as branches), aswell asthe depth or block-size
distribution o unfractured rock adjacent to these branches. This analysis was repeaed for
successve orders of secondary fradures to charaderize the fradtures that conred to the
primary fradures, either diredly or indiredly, in terms of the statistics of branched network
structures and the adjacent matrix.

Modeling of groundvater flow in networks with statistics smilar to the hierarchicd
structures in the maps was dore by discrete-fracture network modeling techniques, based on
the finite-element method. Solute transport was modeled by a particle-trading technique
developed as part of thiswork. Detail s of these componrents of the methoddogy are described

in the foll owing sedions of this chapter.
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3.1 Field Mapping

Two types of fradure zones were chosen for detail ed study. The first type, addressed in this
thesis, isaset of N to NNW-trending, nea-verticd zonesthat are expressed onsurface
outcrops as en échelon fradures linked by step-over zones (dudexes). In terms of the fault-
zone achitedural styles proposed by Caine (1999, these structures can be viewed as a fault
of single-fradure type (the discrete segments), purctuated by zones of locdized-deformation
type (the dugdexes).

The N to NNW trending, en échelon zones are interesting from a hydrologicd
perspedive sincethe main fradures grike & alow angle to the regional maximum
compresgve stress Thisincreases the likelihoodthat these fradures are transmissve. In
combinationwith alow ratio of fradure surface aeato water volume, because these zones
are dominated by single, discrete fradtures, this could give the fradures a high paential for
rapid transport of radionuclides to the environment from a repository, for radioadive-waste
disposal,

A secondtype of fault zone important for the hydrogeology of this ste is exemplified
onAspo by the broad, NE-SW trending deformation zone that divides the island. Foll owing
the nomenclature of Caine (1999, this can be described as a mmposite-deformation zone.
The hydrologic behavior of this £amndtype of fault zone was investigated in this gudy by
considering the hydrologic behavior of an idedized fradure-zone model with the same
variation d fradure intensity vs. distancefrom the main dli p surfaces, asin the mapped zone.

Fradure zones and exposures for study at Aspo were dhosen based onconsideration
of past geologicd studies, including fradure mapping on oucrops (Ericsson, 1987 Talbot
and Munier, 1989, and recnraissance of the island. Detail ed data on the geometric
configuration o fraduresin the chasen fradure zones were obtained by phaographic and
direa mapping during afield visit May 1999,and by subsequent computer analysis of the
phaographic images.

A N-striking en édchelon fracture zone exposed on ore outcrop onSW Aspd was
mapped in detail ona 1:10 scde by a phaographic mapping procedure (Figure 3-1) whichis
described in detail in Appendix A. The detail ed maps thus developed acourt for atotal
length along strike of about 15m. A survey of N to NNW-trending en échelon zonesin the

vicinity of this outcrop was also made, to oltain estimates of the spadng and geometry of
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stepovers along this st of fradure zones. A 20 m transed acossa major NW trending
fradure zone was also phdographed systematicdly using the same methods as for the en
échelon zone examples, bu analysis of these data was not compl eted.

The N to NNW trending fradure zone represents a distinctive family of structures
found onAspo, which are compaosed of extensive (upto 10min length), simple fradures
arranged en échelon, with complex dudex structures conreding between the overlapping
ends of these fradures. Thisfamily of structuresis expeded to be of hydrologic significance,
espedaly for radionwclide transport, due to several fadors:

. Orientation realy perpendicular to the diredion o regional minimum
horizontal stress which meansthat the extensive simple fradtures are less
subjed to stressinduced closure, and thus are expeded to be more
transmissve than fraduresin ather orientations.

. Connredions between extensive, simple fradures (joints or simple faults) via
the intensely fradured dugex structures result in well -conreded, dscrete
structures that may extend for hundeds of meters.

. Low spedfic wetted surface aeain the simple fradures implies relatively
poar radionuclide retention properties for these structures.

The NW trending fradure zone (in EW-1) represents a second, more complex type of
hydrologicdly significant fradure zone that is found onAspd. This particular zone is
interpreted as part of a regional-scde structure which dvides the northern block of Aspé from
the southern block. Results of hydrologic interference (pumping) tests that were caried ou
onAspo duing the pre-investigation plese for the Asp6 Hard Rock Laboratory suggest that
there is a hydrologic boundiry between the northern and southern blocks, which might be
explained by a high-transmissvity zone that ads eff edively as a mnstant-head boundry with
resped to pumping testsin either block.
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Figure 3-1. Example of phaographic mapping method wsing agrid. Thisis one of the
approximately 45 phdographs making up the phaographic mosaic of the expasure on Aspé.
The spadng between grid lines (strings visible & white linesin the phao) is10cm.
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The mapping at Ekolsundwas caried ou in September, 2001.The mapping method
was adapted for the mainly verticd exposures at this ste. A single fracture zone showing
geometric charaderistics of an en échelonfault zone, which was mappable acossall four
verticd expaosures at the site, was chosen for detail ed mapping. The en échelon zone chosen
for detailed analysiswas named “MY-1" in part for the proximity of its projedionto an “M”
road sign onthe one-lane accasroad to the north side of the site (indicating “moteplats’ or
“meding place”for carsto yield to orcoming traffic) and partly asawhimsicd reference
Other zones showing more distributed deformation analogous to the EW zone on Asp6 were

mapped in detail as part of the same projed, bu the data have nat yet been fully analyzed.
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3.2Geometrical Analysis

Digital maps of fradure traces were analyzed in terms of geometric charaderistics that could
affed flow and transport through the fradure zones. In addition to more basic fradure
statistics, charaderistics that were analyzed included:

. hierarchicd branching structures,

. gpatia correlations among fradures of diff erent order,

. block size distributions as afunction d fradure order, and
. brecda (highly fragmented) zones.

The analysisin terms of hierarchica branching structuresisinspired in part by concepts of
fradal geometry and analysis of strean/drainage networks of different orders. The use of the
term "branches” in this context follows Moody and Hill (1956, who nded a simil arity
relationship o subsidiary faultsto daminant faults in wrench-fault systems.

Fradure order and kranching structures (represented as groups of palylines, i.e., open
polygons or conneded li ne segments) are defined with resped to primary fractures which are
identified interadively, by inspedion (Figure 3-2). The program then identifies first-order
branches as the fradture traces that conred to the primary fradures at one end. Second-order
branches are identified as fradures that conred to first-order branches at one end, and so on
until no further branching fradures can be found.

For conveniencewe introduce the notation ; to denote aset of branches of order |
pertaining to a structure defined in terms of a given set of primary fradures, which are
denated Y. A branching structure of agiven arder | is defined here & consisting of the
primary fradures and all branches up to and including the ith-order branches. The notation ¥,
isused hereto denote abranching structure of order I. Thus:

Yo=1U,
Y. =% vi, = Youyy
o= ¥ v, = gouyyuy, (31

Py=¥y viy=Youdu...uly

where N is the highest order for which the set r is not empty. In ather words ¥, consists of

al fradure traces (within the resolution d the map) that conned to the primary fracures ¥,
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either diredly or indiredly via other fradture traces. For the sake of brevity, we will refer to
this as an Nth-order branching structure or entire branching structure.

Asauming al fraduresto be water-condicting, the fraduresin ¥, would be
accesgble to solute moving through the primary fradures, by some combination d advedion
and dffusion through the network of conreded fradures.

The entire branching structure ¥ isfound ly iteratively identifying the branching

structures of successve order | urtil the set ., is empty.

/

Unconnected fractures

1st-order branch
f fractures

2nd-order branches

-

Primary fractures
3rd-order branch

Figure 3-2. Definition d different orders of branch fradures, relative to primary fradures.
Unconreded fradures which do na conred to the primary fradures, either diredly or
indiredly, are treaed as a separate dassof fradures.
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Matrix volume within a given dstance of a branching structure

Foll owing Neretnieks and Rasmuson (1984, the volume of matrix within a given dstance of
fradures can be regarded as a measure of the volume avail able for matrix diffusionwith a
given depth of penetration from the relatively mobil e zone in the fradures. With thisin mind,
we define V,(s) as the volume of matrix within a given dstances of any fracure in the ith-
order branching structure ¥,. Thisvolumeis very difficult to charaderize in natural fradure
systems, withou knowing the detail ed, 3-D configuration o fradures.

However, a mrrespondng region Q,(s), defined as the region d a map within
distances of any fradure tracebelonging to ¥;, can be drawn diredly onamap of fradure
traces (Figure 3-3). If al fradures are perpendicular to the map sedion, Q,(s) is equivalent to
dVi(s), the intersedion of V,(s) with the plane of the map.

In general, additional fradures belonging to ¥, may be parall el to or obliqueto the
plane of the doss ®dion, withou appeaing as traces on the map. Some of these fradures
may come within adistances of points that are within €Q,(s). Thus Q,(s) includes me
portion d the map that does nat belong to 6V,(s). On the other hand, if afradure that appeas
as atraceisinclined relative to the plane of the map, the aeathat it contributesto Q(s) is
deaeased relative to its contribution to 6 V,(s), in propattion to sin(¢) where ¢ isthe angle
between the plane of the fradure and the plane of the map.

Here we asume that the diff erences between Q,(s) and dV(s) are gproximately

off setting, and thus we use the aeaof Q,(s):

A(s)=Q,(s)| = [dA o

Qi (s)

as atwo-dimensional estimator of V;(s) for aunit thicknessof the rock. We alopt a2-D
analysis of thisareain arder to charaderize the patential volume avail able for matrix
diffusionasafunction o diffusion depth, for a 2-D representation d en échelon zonesin
which al fradures are asumed to be perpendicular to the sedion studied.

The aeaA(s) can be evaluated over theirregular region Q,(s) by Monte Carlo
integration. The basic concept of Monte Carlo integration for irregular regionsis described by
Presset al. (1986. Inthiscase, to estimate A(s) alarge number of points are generated with
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x andy coordinates uniformly randam in the plane of the map. For ead pant x; within the
map boundrries, the distances to ¥, (defined as the distance between x; and the nearest
point on any segment of any fradure tracebelonging to ¥;) is cdculated.
Foll owing the general procedure of Presset al. (1986 for Monte Carlo integration
(with anintegrand f(x;) = 1 for al x; € Q,(s)), the aeais estimated by:
N; (s)

A(s)=———A (3-3)
(8) = —

where Ni(s) is the number of paints x; for which s < s, Nisthe total number of points, and A
isthe aeaof the map. In the present analysis, 10,000 uiformly randam points are used to

evaluate A(S) to apredsion o abou 10 cm? over a 10 m? map.
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%)

Q,(s)

Figure 3-3. Definition d the map region Q,(s) within a distances of an entire branching
structure ¥ (indicaed asthe aeaoutlined in blue). Note that additional fradtures that are not
part of ¥ do nd affea Q,(s) and may even intersed it.
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Fradure intensity as afunction d distance from a branching structure

The intensity of fraduring adjacent to a branching structure ¥; is a measure of the damage
zone aoundthe structure, as afunction d the distances. This measureis cdculated in terms
of tracelength per unit areaon atracemap, as foll ows.

First, let E bethe set of al fradure traces onthe map, andlet =; be the complement
of P, for the tracemap, that is, the set of all fradure traces on the map that do nd belong to
Y. Thusfor any i:

E=8+Y, (3-4)
The fradure traces belonging to E; may or may not conred with ead ather to form
branching structures or other types of networks. If ¥; isnat an entire branching structure,
then some of the tracesin &, (but nat necessarily all) are branches of ¥.. If ¥, isan entire
branching structure, then nore of thetracesin E; arelinked to 'P..

Seoond, dfine the incremental map region 8 Q,(s) as:

0 Q(s) = Qi(stds) — Q;(s-09)
with correspondng incremental area

dA(s) =10 Qi(s)| = A(st+ds) —A(s-059)
where dsis ome fixed increment of s. Thisincremental areais evaluated dredly asthe
diff erence between A(s) for different values of s, as described above.

Next, consider the intersedion d the two sets &; N & Q,(s). Thisisthe set of all
points on fradure traces that do nd belong to ¥, bu lie within the distanceinterval s+ ds of
¥.. Denating the total length of fradure-tracesegments composed o pointsin =; N 0 Q;(s)

as

&, (s) =|Z, n 3, (s) = LdL (35)
SN (s)

we naote that the 2-D intensity of fradures belonging to =; within the incremental region
0 Q(s), using the cnventional definition as tracelength per unit map area(Dershowitz, 1984
Dershowitz and Herda, 19932 isthen:

P,,(stds) = dL(s)/SA(9) (3-6)
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The natation P,, foll ows the convention for a unified set of fradure intensity measures, based
onthe dimensions of the observations (Dershowitz and Herda, 1999. In this case the
observations are taken over a 2-D sample (areamap) and the observed entiti es (the fradure
tracelengths) are 1-D.

The length measure dL;(s) is obtained by another Monte Carlo integration, here taken
ontheset &; N 6 Q;(s). In this case randam paints x; are generated with uriform distribution

onthe set of all fraduretracesin ;. The length measure dL,(s) is estimated by:
M (s) (3-7)

where M;(s) is the number of randam paintsx; € &, N 8 Q(s), andwhich s < s, M isthetotal
number of randam points generated on =, and L; isthe total length of fradure tracesegments
inXx,.

The random points on =, are generated by the foll owing subsidiary algorithm: A
fradure trace(palyline) k is €leded randamly from E;, with probability equal to I,/L; wherel,
isthelength of the kth trace The randam paint x; is then chosen as uniformly randamly

distributed along the palyline k.

Matrix volume within a given dstance of any fradure

Thedistribution d unfradured block sizesis charaderized by the distribution d incremental
map area

OA(S) = A(st0s) —A(s-09) (3-8)
asafunction d the distance sto the neaest fradure traceE (i.e. the aetire map). The
algorithm isidenticd to that for cdculating 6 A(S), as described above, except that distances
are measured with resped to = rather than ..

Whil e only an approximate measure of actual block sizes, dA(s) isclosely related to
the potentia for dissolved contaminants traveli ng through the fradure network to be retarded
by diffusioninto the rock matrix. For vanishingly small dsthe function d A(s) equals the
derivative A{(s). This can be thought of physicdly asthe incremental amount of rock matrix
that will be avail able for diffusion onsuccessvely longer time scdes, if al fradures

participate in transport.
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Brecdazones

Brecda zones were defined by inspedion, by interadively marking out areas within which
intense fraduring has resulted in clusters of fragments onascde of 0.5cm or less The fabric
of these zonesis more eaily described in terms of a granular medium than afracured rock.
Analysis of theinternal fabric of these zonesislimited by the resolution d the
phaographic mapping technique, and by atendency for these zones to be obscured by soil
development and/or past erosion by gladers and surfacewater. However, in most cases the
boundiries of the brecda zones and the larger fragments within them can be discerned, so that
the aconfigurations of these zones relative to larger-scde fradures can be evaluated. Past
investigations at Aspd have founda strong correlation between high-flow zonesin baeholes

and lrecdazonesin core (Vosset al., 1996.

Implementation d algorithms

The geometric analysis algorithms described above ae implemented in the interadive
graphicd code named splinter which was developed in the murse of this research. Appendix
A givesageneral description d the code andits applicaionin thisreseach . The C-language
source and Linux exeautable version for splinter are included onthe CD-ROM that
acompanies this dissertation.

Theinteradive graphicd portion d the splinter code is based onthe GTK+ open-
sourcetoad kit for GNU software development (http://www.atk.org, 19919, which provides
functions for window, menu, and mouse management, and a set of graphicd primitives. The
remainder of splinter was developed within thisreseach projed; thisincludes functions for
managing geometric objeds ontracemaps, for geometric cdculations, and algorithms for
identification d branching structures.

The numericd portion d the mde isbased ongeometricd objeds which are built up
of paints, line segments, pdylines, and pdyline groups, in succesgon. Algorithms for
cdculating lengths and areas of geometric objeds, and for performing the Monte Carlo
integrations described above, were verified by hand cdculations for simple test cases. The

algorithms for identificaion o branching structures ¥, of successve order were chedked by
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visual confirmation d the operationsin test cases. The graphicd nature of the @wde provides
for highlighting of the ¥, for ead order |, and visual confirmation bah that all branching
fradures are mnreded to the ¥, structures and that fractures that do nd conred remainin

the complementary set E;.
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3.3Hydrogeological M odeling

Flow and transport was modeled by a discrete-fradure network approad. The discrete-
fradure network approad represents individual fradures as discrete anductors sirrounced
by arock matrix which may or may not be treaed asimpermeable. A review of past
applicaions of the methodis givenin Sedions2.2.5and 2.2.6.

A new program for modeling flow and transport in a discrete-fradure network was
developed as part of thisresearch. The dfm (for “discrete-feaure model”) code was written in
C. Source mde, Linux exeautable version, and verification cases are included onthe CD-
ROM that accompanies this dissrtation. The ade is designed as a general-purpase modeling
program for fradured granitic rock, and includes a number of cgpabiliti es that were not used
in thisreseach.

Therock matrix istreaed as eff edively impermeéble for flow between fradures, i.e.
flow viathe matrix is considered to be insignificant in comparison with flow viathe fradures.
For the fine scde of representation d fradures in the present study, this approximationis
reasonabl e given the very low permeability of granitic rock excluding maaoscopic fraduring.

The mathematicd representation d the discrete-fradure network used in thiswork is
based onthe finite-element method. A fradure is represented as a planar or piecevise-planar
surface described at eac pant & onits surfaceby effedive 2-D parameters of transmissvity
T(§), storativity S(§), and transport aperture b(&). In the simplest case, these parameters are
taken to be uniform over all segments of a given fradure. Alternatively the properties may
vary with pgasitionin ead fradure.

The boundiries of a discrete-fracture network model take the form of arbitrary
polyhedra. In general these may include an external boundary, which bound the domain to be
modeled, and an arbitrary number of internal boundaries which represent tunrels, segments of
borehadl e, etc. Boundary condtions areimposed at intersedions between dscrete feaures and
the external or internal boundiries. In the present reseach ony very simple configurations of
boundiries (redili nea external boundiries) have been used.

Groundwater flow and transport through the discrete-fradure network are spedfied
by 2-D equations that apply locdly within ead planar segment, by condtions of continuity
which apply at the intersedions between segments, and by the external andinternal boundary
condtions. The groundwater flow field is defined oy onthis network, and boundry
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condtions are spedfied ony along the intersedions between the network and the internal and

external boundhries.

Model for groundvater flow

Within ead planar segment of afeaure, groundvater flow is governed by the 2-D transient
flow equation:

STV = q) @9

where Sand T are respedively the locd storativity and transmisgvity, his hydraulic head, tis
time, and g is asource/'sink term which is zero everywhere except at the spedfied boundries.
In the present work, Sand T are assumed to be homogenous within a given triangular
segment. Conservation d massand continuity of hydraulic head are required between
segments, and at intersedions between fedures.

In the cae of steady-state flow, the time derivative is zero and the locd flow equation

simplifiesto

V(TVh) = -4(8) (3-10)

To solve the flow equations for a given redization d a discrete-fradure network model, the
network is discretized to form a cmputational mesh, which consists of 2-D, triangular finite
elements that interconned in 3-D. The head field is caculated by the Galerkin finite-element
method.

For the cae of steady-state flow thisleals (Appendix B) to a system of linea
algebraic equations:

Ar®)|,.. = q90)|,.. (3-11)

where A isa sparse, diagonally dominant, banded matrix depending only uponthe

transmissvity and geometry of ead triangular element, h(t) is a wlumn vedor of head values
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asafunction d timet at the dement vertices, and q(t) isa clumn vedor of unbalanced flux
values at the vertices, equal to zero except at physicd boundxries. In the steady-state case
these functions are only evaluated for the limit t = « and thus may be considered as constants
in the dove euation.

Feaures that are not conreded to a spedfied-head boundry (either direaly or
indiredly via mnredions with ather feaures and/or net-spedfied-flux boundries) are
indeterminate and are not represented in the matrix equations. These feaures constitute
hydraulicdly isolated networks

For transient flow the Galerkin finite-element methodis applied after application d
the Laplacetransform to the transient flow equation, giving a system of linea algebraic

equations:

[sD - Alh(s) = q(s) + Dh()|,_, (3-12)

where overbars denate Laplacetransforms with resped to t, and sis the Laplacetransform
variable, and D isa sparse, diagonally dominant, banded matrix depending only uponthe
storativity and geometry of ead triangular element.

Solutionsto the systems of linea algebraic equations for the stealy-state and
transient cases given above ae obtained using standard sparse-matrix methods. The transient
solution for heal is obtained from the Laplacedomain solution by the dgorithm of de Hoog
etal. (1982.

Spatially continuows model for solute transport

The Laplacetransform Galerkin finite-element approach of Sudicky (1989 can also be used
to formulate amodel for 3-D solute transport in terms of concentration c(x,t), with the
asumption o complete mixing. The locd equation for advedive-dispersive transport with
linea, reversible equili brium sorptionin a 2-D steady-state flow field in the plane of a

fradure can be written as:

7,
REC+UDDC—D[(DDC):C|C (313
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where Ris the retardation dwe to sorption, v isthe 2-D vedor of locd water velocity, D isthe
locd dispersion tensor in the plane of the fradure (regarded as a 2-D tensor function d the
locd velocity vedor), and g, is a sourceterm (zero except on bound@ries where soluteis
being added or removed from the system). The formulation developed for thisreseach dd
not take into acourt matrix diffusion, which could be included as a source-sink termin the
above guation.

As $own in Appendix B, the Laplacetransform Galerkin method combined with an
asumption d continuity of c(x,t) at element edges (equivalent to the asumption o complete
mixing at fradure intersedions) leadsto alinea system of equationsin terms of the Laplace

transform of concentration at nodes of the finite-element mesh:

[sB - Ule(s) = Be(0) - q,(s) (3-14)

where B isamatrix with coefficients depending only on the interpalation functions and the
locd retardation fador, U isamatrix depending on the interpalation functions, loca
groundvater velociti es (assumed to be steady with resped to time), and the dispersion tensor,
and c(t) = [¢(t)]" and q.(t) = [04(t)]" are 1xN column vedors. SeeAppendix B for full
definitions of these terms. The Laplacetransform variable sisin general a mmplex number,
so this gystem of linea equations must be solved with complex arithmetic.

Asnated in the literature review (Sedion 2.2.6 the validity of the ssumption d
complete mixing at fradure intersedions can be questioned. Partly for this reason, and partly
dueto pradicd (numericd) difficultiesin solving the éove set of equations in the complex
domain, this approach was nat relied onfor the transport modeli ng results presented in this
thesis.

Instead, modeling of solute transport is based ona particle-trading algorithm that can
acourn for variable mixing by diffusionaaoss sreamlines at intersedions, including
possble stagnant branches. This algorithm, although limited to 2-D networks, is a significant
extension over previous algorithms for particle-tracing in such networks, andis described in

detail i n the foll owing sedions.
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Simulation d advedive-diffusive transport in fradure segments

Transport of solute through the fradure network and in the aljoining rock (matrix) is
simulated by an advedive-dispersive particle-tradking method. The methodfor trading
particles through fradure intersedionsisinspired by the conceptuali zation d Park et al.
(1999, bu the dgorithm used here permits diff usion into stagnant branches.

Within agiven 1-D fradure segment, advedive transport with Taylor dispersionis
modeled by a discrete-parcd randam walk algorithm, foll owing the general approach of the
algorithm for advedive-dispersive particle tradking by Ahlstrom et al. (1977, bu similar to
recant extensions of the method by Detwil er et al. (2000 and Bruderer and Bernabé (2001
which acourt for fluid velocity variations and dff usion aaossthe gerture by tracking
particlesin this dimension aswell. A similar algorithm has also been applied to examine the
role of maaodispersionvs. Taylor dispersionin variable-aperture fradures by Worman et al.
(2009.

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 atime interval At, isthe sum of an advedive
comporent and a dispersive comporent. Using alocd system of coordinates with x parall el to
afradure segment and z perpendicular (Figure 3-4), the diffusive comporent of particle
motionfor agiven step has x and z comporents:

Axy~N(0,/(2D,At)) (3-15

Az, ~ N(0,/(2D,,At))
where D, isthe wefficient of moleaular diffusionand N(p,0) indicatesanormally
distributed variate with mean p and standard deviation . The alvedive comporent of
particle motionis:

Ax, =V At (3-16)
whereV ,, isthe mean aperture dong the particle’ strajedory during theinterval At:

> [l
2

VAt

(3-17)

Ziy _Zi‘
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where z,, z,, ..z, are the z coordinates of the successve endpdnts of segments of the particle’s
advedive-diffusive motion duing thetimeinterval Az (including posdble “bources’ 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 fradure wall, continuing its
motionwith the residual comporent of the x-diredion motion Ax, + Ax,, andthe residual
comporent of Az, with sign reversed.

Thelocd velocity v(2) at a given height z above the median surfacewithin a given
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

2
v(z) _ 9|3 _ 627
2 b2

> (3-18)

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.

The size of the time steps At within a given fradure segment is limited to 100sto
ensure that the step sizeis aufficiently small relative to the segment length. Trial simulations
indicate that results are not sensiti ve to step size, for steps equal to or smaller than prescribed
by this formula, for the range of flow condti ons modeled in this work.

Two fradure segments conneding end-to-end may have diff erent apertures, for
example if afradure is modeled as having stepwise variable gerture dong its length. When a
particle moves from a segment of aperture b, to a segment of diff erent aperture b,, its verticd
paositionisin the new segment is %t to z, = (b,/b,)z,, where z, was the verticad coordinatein
the first segment. Thus the particle paositionis mapped orto the arrespondng streamlinein
the seaond segment. This negleds the complicated hydrodynamics that would occur at an
abruptly changing aperture; however, it shoud be noted that the arupt aperture transitionis
an artifad of the finite discretization d the flow model, rather than something to be expeded

in nature.
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Figure 3-4. Schematic ill ustration d advedive-diff usive particle-trading algorithm, showing
particle motionin a aosssedionwith coordinate x chosen parall el to the diredion d the
locd fluid velocity v, and z coordinate parall el to the goerture diredion. The magnitude of
velocity v(2) asindicated by the blue arowsis assumed to foll ow the parabdlic profile
cdculated for Poisieull e flow with nodlip boundry condtions at the fracdure walls. A
particle moves through the fradure in a series of steps, with ead step being the sum of
randam (diff usive) comporentsin the x and z diredions, and an advedive componrent
cdculated dredly from the average v(2) over the range of z spanned by the diffusive step. In
the cae of variable-aperture fradures as hown, the z coordinate of the particle is adjusted
when passng between segments of diff erent aperture, in propationto theratio of apertures
between the two segments.
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Routing and mixing of solute & junctions between fradure segments

Models of solute transport in fradure networks have been based mainly on either of two end-
member models for routing of solute & intersedion: streamline routing with nomixing aaoss
streamlines (Figure 3-5a) or complete mixing (Figure 3-5¢).

Detail ed modeling of flow and transport through fradure intersedions (Berkowitz et
al., 1994 Park et al., 200 has shown that the degreeof mixing is related to the Pedet
number Pe = av/D,, where visthe fluid velocity and aisa charaderistic length for the
intersedion. For high Pe the rate of diffusion acoss sreanlinesis snall relative to the
advedive velocity, and streamli ne routing (Figure 3-5a) may be abetter approximation. For
low Petherate of diffusive transport acoss $reamlinesislarge relative to the rate of
advedion, and complete mixing (Figure 3-5¢) may be agood approximation. At intermediate
values of Pe, intermediate forms of routing may occur (Figure 3-5b). Thus for afixed
geometry, the degreeof mixing for flow through the intersedion varies with the fluid

velocity.

Types of junctions

We mnsider partitioning of solute & junctions with three four, or more branches. For brevity,
we use the natation J to dencte the dassof junctionswith | 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 al threebranches are nonstagnant and if the branches are longer than the mixing
length L;.ng @ Which the solute is fully mixed aadossthe gerture. Either the solute flux from
one well-mixed inlet branch is divided acwrding 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 dagnant, 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
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are through-going. Junctions of higher order (Js, J,, €tc.) require alarger number of fradures
to share a ommonintersed, but are occasionally foundin nature s well asin synthetic,

stochasticdly generated fradture networks.

Approximation for streamline positions through a flowing junction

When all branches of a J, or higher-order junction are nonstagnant, streamli nes entry and exit
points from ajunction can be defined by considering the branches in cyclic order (either
clockwise or courterclockwise). Topdogicd constraints in atwo-dimensional network model,
where flow is driven by potential gradients, ensure that al branches of ajunctionwith
paositive inflow lieto ore side of all branches with pasitive outflow, when the branches are
placed thusin cyclic order (Bruderer and Bernabé, 2001)).

Finding theinlet and oulet streamline locaionsis then straightforward: starting from
aneighbaing pair of inlet and oulet branches, the streamlines must passthrough pdnts that
boundan equal fradion d the inflow and ouflow. The position d the streamlines within the
intersedion are needed in order to model solute transfer due to diffusion aaoss $reamlines
within the junctions. In detail ed studies of individual junctions this problem has been
addressed by numerica solution d the Navier-Stokes equation (Berkowitz et al., 19949 or
lattice-gas smulation (Stockman et al. 1997, bu such detail ed sub-models are not pradicd
for network-scde problems.

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 3-5. 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 flowrates and vel ocities
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
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a) Streamline routing

Oy Simplified geometry Downstream concentrations
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Figure 3-5. Alternative rules for routing of solute & four-branch junctionsin a2-D fradure
network.

non-stagnant cases.

Here we follow the conceptual approach of Park and Lee(1999 by modeling
transport through an idedi zed junction o simplified geometry, bu in placeof their analyticd
solutions we use eplicit advedive-diffusive particle-trading through the simplified
junctions, in order to addressthe alditional complication d diffusioninto and ou of stagnant
branches.

We order branches in clockwise gyclic sequence acording to the angles at which
they radiate from the junction, and identify ead branch as inflowing, ouflowing, or stagnant
based onthe diredion and magnitude of flow in ead branch. Foll owing Park and Lee (1999,
we represent the multi ple branches are represented in a simplified geometric arrangement as
in the right-hand side of Figure 3-5, with all i nflowing branches on the left-hand side, and all
outflowing branches on the outflow side. We note that Park and Leé€s smplified geometric
schemeis applicable to J;, J., and higher-order junctions as well asthe J, junctions that they

explicitly considered.
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Junction coordinatesin the simplified representation

For the dfedive width of the junction (the verticd scde over which dffusiontransverse to
streamli nes takes placein the simplified geometry) we use the average of the total inlet and
outlet branch apertures:

b, =3(> b+ b) (3-19)

In out

where the sums are taken over theinlet and oulet branch apertures, respedively.
Note that b, can be lessthan half the total aperture of branches that conred to the junction, if
one or more of the branches are stagnant. Use of a single, average value of b; isafurther
geometricd simplificationto avoid the complicaion o trading particlesin dverging or
converging streamlines.

Theinitial z coordinate & a particle entersthe junctionat x = 0 iscdculated as:
Zy, = le'AUin (3-20

where ¢, isthe dimensionless $ream function coordinate & which the particle entersthe
junctionfrom the inlet branch (# = 0 corresponds to the bottom of the lowermost inlet branch
in the simplified geometry, and ¢ = 1 corresponds to the top d the uppermost inlet branch).
Asaparticle eitsthe junction at an outlet branch, it is asdgned an outlet stream function
coordinate:

(3-21)

Zout
wout -
b,

where z,, isthe verticd position as the particle reades the outlet. A particle may occasionally
move wurterflow dueto dffusive steps (espedaly if the velocity is very low), in which case
it may crossthese interfacesin the reverse diredion; in that case the inverse versions of the

above formulae ae used. For the length o the junction, we chocse:

L, = max(b,) (322

as the representative length over which dff usion takes place aoossthe (possbly curved)
interfacebetween streamlines from diff erent branches of the junction. Given that the exaadt
length over which interadion takes placeis not known withou a more detail ed submodel for

viscous flow through the junction — kesides that the geometry shown in the left side of Figure
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3-5isanidedization d natural fradure intersedions— any single value chosen for L, is
necessarily an approximation. Choosing L ; by the rule &ove, the valueisunlikely to bein
error by more than afador of 2, for awide variety of concavable cases.

One problem inherent to the simplified geometry is that streamlines that flow direaly
arounda aorner in the physicd geometry are in effed “stretched” by the mapping to the
simplified geometry. Consider, for example, the streamline shown as adashed line in Figure
3-5b, which enters the junction rea the top edge of Branch 2,and exits nea the left edge of
Branch 3.In the simplified geometry this dreamlineis represented by astraight line. The
distancethisline traverses through the simplified representation d the junction, L ;, is much
greder than the distancethis greamline traversesin the physicd junction.

Thus the simplified geometry will exaggerate the time for (and hencethe degreeof)
diffusive exchange acoss sich streamlines. In order to reducethis bias, the following
heuristic corredionis used. The basis for this corredion can be seen by re-folding the
idedized, “unfolded” geometry of Park and Lee(1999 but conserving the length o the
upper and lower sides of junction, so that these become imaginary pleas folded inward into
the junction. Solute interseding one side of such aplea shoud passthrough to the
correspondng paint onthe oppaite side. Mathematicdly thisis accompli shed by spedfying
that particles colli ding with upger or lower junction boundry are refleded acossthe junction
midline x = L/2 and re-enter the junction at the wrrespondng point onthe other side of this
line. In ather words, a particle that colli des with the upper boundry z=b; at X = X, is
transferred to the refleded pant X' =L —X,’, ' = by, similarly a particle that colli des with the
lower boundhry z= 0 at x = x, istransferred to the refleded pant x’ =L —x,', 2 = 0.
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Representation d stagnant branches

Stagnant branches can occur at any position aroundajunction. Thisis obviousif one
considersthe cae of ashort, dead-end fradure emanating from ajunction, between any two
branches of interseding, flowing fradures. Hence, urike the cae with flowing inlet and
outlet branches, stagnant branches canna be segregated to a particular positionin the oyclic
order.

We represent the interfacebetween a given stagnant branch and ajunction are
represented in the idedi zed junction as interfaces of infinitesimal thickness(Figure 3-6b-d).
In ared junction, the mouth of ead stagnant branch is a zone of interadionwith flowing
water. Diffusive transfer takes place acoss ®me aurved surfacewhich spans the gerture of
the stagnant branch. For aviscous fluid and laminar-regime flow, in redity thisisa
gradational rather than dstinct interface As akey approximationin ou idedized mode for
junctions with stagnant branches, we idedi ze this zone of interadion as an abrupt interface
with length equal to the goerture 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.

Within the stagnant branch, the particle moves by purely diff usive motion as
described above urtil it either interads with the matrix or returns to the mouth of the stagnant
branch. In the latter case, the particle will re-enter the flowing portion d the junction, viathe
same interfacebut in the reverse diredion. The mordinates of the particle @it re-entersthe
junction are obtained by mapping its position within the stagnant-branch aperture onto the
correspondng pasition onthe interfacerepresenting the branch in the idedized junction.

Figure 3-6 shows how stagnant branches are represented for a few examples of the
casesthat arisein 2-D fradure network models. In the simplest cases where the stagnant
branch o branches li e between the inlet and oulet branches (e.g., the caes sown in Figure
3-6aor 3-6b), the interfaces to the stagnant branches are placed at the top a bottom of the
junction, depending onthe gyclic order. Note that in such cases the problem of “stretched”
streamli nes (mentioned above) disappeas or is reduced, depending on whether the stagnant-
branch apertureisor isnot equal to L.
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When a stagnant branch li es between two hranches with the same sense of flow (both
inlets or bath oulets), the interfaceto the stagnant is placed within the junction. Figure 3-6¢
shows an example for the cae of a staghant zone between two oulet branches. The interface
extends only a distance of L,/2 (halfway) aaossthe junction, since one side of the interface
interads with the ajacent streamlinesin the dockwise diredion, and the other side interads
with the ajacent streamlinesin the murterclockwise diredion. Together these add upto a
total interfacelength of L,.

Entirely stagnant junctions (Figure 3-6d) are handed as aspedal case sincethereis
nologicd basis for the left-hand to right-hand arrangement used for flowing junctions. For
this case, all stagnant branches are digned onthe left-hand side of the junction,in cyclic

order (but with an arbitrary starting point). The junction has an eff edive gerture:

b, = Zb. (3-23)

[
stagnart

and arefleding boundxry at x = L;. Also, to represent that the bottom branch in the simplified
geometry is physicdly adjacent to the top lranch, a particle that colli des with the lower
boundhry of thejunctionat x = x,, z= 0 continues (with reversed verticd and haizontal
comporents of motion) from the crrespondng point onthe upper boundxry at X = x,, Z= by,

andviceversaif the particle wlli deswith the upper boundxy.
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a) Flow past two stagnant branches
Simplified geometry
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Figure 3-6. Examples of junctions with stagnant branches, and their simplified geometric
representation.
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Simulation d diffusive transport in the matrix

The probability P,, of a particle entering the matrix pore spaceon agiven collisionwith a
fradure wall is assumed to be P,, = A /A, where A, isthe adosssedional areaof open pae
space(including grain boundries and microfradures in graniti ¢ rock) within a given areaA,
of the fracture wall. For an isotropic matrix, the ratio A /A, is equal to the loca matrix
porosity O,

For the sake of simplicity in the present study, matrix porosity is assumed to be
uniform andisotropic, so P,, = 0,,, with 0,,, spedfied as a single value throughou the model.
Thisidedizationisadopted in arder to focus onthe role of en échelon zone and secondary
fradure geometry, as the main topic of investigation for this gudy. Experimental data exist to
suppat more heterogeneous models of matrix porosity (Xu et al., 2000 which could be
considered with minor modificaions of the dgorithm.

Transport for particlesin the matrix is Smulated in the same way as transport in the
fradture, except that an effedive matrix diffusivity D, isused in placeof D,,. advedionin the
matrix isassumed 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 porosity
of 0.005as used here, thisimpli es advedive velociti es through the matrix onthe order of
2x10% m/s, as compared with advedive velociti es on the order of 10° nm/sin the fractures.

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 istruncaed at the fracure 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 not 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.

The matrix isnat discretized, and perticles are freeto move abitrarily long distances



119

from the fradures. Thusin effed the matrix oneither side of the en échelon zoreistreaed as
semi-infinite , although in pradicethe particles rarely travel more than afew centimeters
from the en échelon zone, for the time scdes considered here.

With a computer implementation d this algorithm, the finite predsion d floating
point representation imposes a wmputational limit on dffusion dstances into the matrix, i.e.
the magnitude of the absolute aordinates beame so large that the magnitude of the small est
digit approaches the standard deviation d the diff usive steps. For the doulde-predsion
arithmetic used in the implementation, and for the time steps used in the present study, this
numericad limit is not readed urtil the magnitude of the absolute mordinates exceedls 10™ m.

Hencethis computational limit is not significant for problems of any redistic scade.
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4 ANALYSISOF SPATIAL VARIABILITY IN EN ECHELON FAULT ZONES

Abstract

Fradure zones (adive or relict fault zones) in graniti c rocks have charaderistic internal
architedures which influencetheir hydrologic behavior. Detail ed mapping and geometric
analysis of échelontype fradture zones in graniti ¢ rock at two sites in southern Sweden, Asp6
(e. Gotaland) and Ekolsund (s. Uppland), provides abasis for quantitative analysis of spatial
variability of fradure intensity within these zones.

Variability of fracure intensity within and adjacent to these zones implies anisotropic
and heterogeneous permeability, with preferential diredions at ahigh angleto the dlip
diredion, and dependent on whether the step-over is g/nthetic or antithetic to the sense of
dip.

Fradure intensity shows an anisotropic variability which is correlated over scdes of
several meters along strike, correspondng to the length of, and reaurrenceinterval between
the step-over zones that were mapped. This gudy did na find evidencefor correlations of
fradure intensity along strike, over larger scdes of 50to 150meters. Previous modeling
studies have shown that correlations on such scdes, if they exist, would have significant
consequences for large-scde transport and retention d radionucli des.

Intensity of fracuring in the wall rock shows an approximately exporential deaease
with distancefrom the ceantral deformation zone (fault core), as has been commonly observed
in ather fault zones.

Within step-over zones, small er-scde en échelon structures are observed which
suggest a degreeof self-simil arity, implying that the charaderistics identified may be
manifested onarange of scdes. The variability of fradure intensity also implies
heterogeneous, anisotropic and correlated properties for solute transport, in particular the pore

volume and surface &ail able for sorption.
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4.1 |ntroduction

Fradure zones, including adive andrelict fault zones, can be important conduits for
groundvater flow and contaminant transport in graniti ¢ rock. Fradure zones often have
complex internal structures in which fradure intensity and conredivity vary from placeto
place(Committeeon Fradure Charaderization and Fluid Flow et al., 1996, p. 58 Field
studies sow that transmissvity and paosity can vary by orders of magnitude dong an
individual fracture zone (e.g., Anderson et al., 198%,b). Results of numericd modeling
using assumed models for large-scde spatial correlation d properties within fault zones
(L6pez and Smith, 1996 Tsang et al., 1996 Geier 1996 show that this can be significant for
predictions of flow and transport.

Different forms of hydrologic heterogeneity can occur in fracture zones with diff erent
structural charaderistics. Structural types that have been identified by investigations at
reseach sitesin shield settings in Sweden and Canadainclude simple and compoundfradure
zones, diff use fradure swarms, en échelon fradures, and readivated mylonite zones
charaaerized by anastomosing fradures (Tirén et al., 1996 Martel, 1999 Anderssonet al.,
1989h Davisonand Kozak, 1989. Mazurek et al. (2003 suggest that in some caesasingle
fault zone may appea as a number of these diff erent structural types depending onthe
location aong the fault zone.

This paper examines the structural charader of en échelon fradure zones at two sites
in granitic rock in the Swedish pation d the Fennoscandian shield: Aspé (eastern Gotaland)
and Ekolsund (southern Uppland). The first site provides good exposures of en échelon zone
segments on single, haizontal outcrops, over scdes of 1 mto 15m. The secondsite provides
aunique posshility to study fault zones in multi ple verticd and haizontal expaosures, over
distances of 30 mto 150m along strike. Thus the two sites provide complementary
information onstructural correlations on dfferent scaes.

Detail ed maps of the fracduring within well -exposed examples of en échelon zones
are analyzed in terms of internal architedure and fradure geometric properties that are
postulated to be of significancefor fluid flow and solute transport. The fradure intensity
along these zones is analyzed to provide quantitative evidenceregarding spatial correlation o
structure dong strike. Eff edive transmissvity is also evaluated for one of these zones by use

of anumericd flow model, to evaluate the ansequences of the observed structural
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heterogeneity in terms of hydrol ogic heterogeneity.

This paper represents the first part of a broader investigation which evaluates the
influence of échelon-zone achitedure on groundvater flow and contaminant transport.
Companion papers examine the significance of secondary-fracture geometry in these
structures for providing solute accesto the matrix (Chapter 5), and present results of fradure
groundvater flow and transport modeli ng to examine the significance of stagnant porosity and

compartmentali zed flow within these structures (Chapter 6).
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4.2 Sitedescriptions

Aspo, esstern Sméland

Aspoisanislandin the achipelago along Sweden's southeastern Balti ¢ coast (Figure 4-1).
Theisland andits vicinity have been afocus of intensive geoscientific investigations over the
past 15yeas, asthe site of the Aspo Hard Rock Laboratory which extends to a depth of 450
m below the surface The bedrock on Aspd is predominantly a suite of 1.81Gato 1.76Gaold
plutonic rocks assciated with the Transcandinavian Igneous Belt, with modal compaositions
ranging from monzodiorite to quartz monzodiorite and quartz monzonite to monzogranite and
granite (Wahlgren et al., 2003 SKB, 2004. Contads between these rock types are locdly
gradational or migmatitic, and are nat always discerniblein the field (Tirén, 1996. These
plutonic rocks intrude older metavolcanics (2.0 Ga), and are in turn intruded by aplite dikes
(1.8to 1.35Ga). The Aspd region subsequently underwent multi ple orogenic and rifting
episodes (Larsonand Tullborg, 1993 which produced multi ple sets of fradure zones. Many
of the fradure zones have been readivated in a diff erent sense of shea in the later
deformation episodes, in response to changes in the diredion d maximum compressve stress
(Tirén, 1997.

The gladated upper surfaceof the bedrock iswell exposed on numerous outcrops,
particularly aroundthe shoreline of the island and ona set of transeds where the late
Holocene soil cover was removed for geologic mapping. These outcrops and cleared areas
provide continuows horizontal exposures on scaes of upto 15m. However vertica exposures
are sparse, with the exception d the undergroundtunrels where only afew meters are visible
within a given structure, and correlation d structures through the rock between dff erent

pointsin the tunrelsis difficult.
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Figure 4-1. Locaion and regional structural setting of the Asp6 Hard Rock Laboratory
site, Sweden. Aspdistheislandin the canter of theinset box, highlighted in yell ow.
Lines $how the pattern of regional li neaments interpreted as fracture zones, based on

elevation, geophysicd and remote-sensing data (Tirén et al., 1999.
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Ekolsund, southern Uppland

The Ekolsundstudy siteisin southern Uppland, onthe west side of Ekolsundsvik, aninlet of
Lake Médaren, between Stockholm and Enképing. This ste has hot been studied as
intensively as Aspé 300km to the south, but off ers certain advantages in terms of the scde
and configuration d exposures. The site has been the focus of a study sporsored by the
Swedish Nuclea Power Inspedorate since 2001,with a primary aim of verifying methods for
lineament interpretation based onremote sensing.

The bedrock at Ekolsundis granodorite to dorite, with awedk foliation over most of
the study site. Gneissand mylonite occur just outside the mapping area @ the eatern edge of
the study site, adjacent to Ekolsundsvik. The cmposition and age of the loca rocks have not
been studied bu the locdity fall swithin aregion d ealy to late Svecfennian granitoids (1.9
1.77Ga) of the Transcandinavian Igneous Belt, acrding to the lithostratigraphic map of
Larsonand Tullborg (1993. Theregional tedonic history aff eding the site over the last 1.2
Gais smilar to that of Aspoin general terms.

A unique asped of the Ekolsundsite isthat two nealy parallel road cuts along a
motorway provide aset of four nea-verticd exposures5to 10min height, witha30mto 80
m spadng between exposures along strike of N- to NNW-striking structures. Adjoining
horizontal expasures where soil cover was removed along the tops of the road cut further
reved the 3-D charader of the structures.

Using agia phaographs and detail ed topagraphic data from the highway
construction, as well asvery low frequency (VLF) eledromagnetic surveys and ground
mapping, it has been passble to establish the cntinuity of several structuresin thisfamily,
between and acrossthe road cuts. Thus the Ekolsund site provides expaosures that all ow
examination d structural correlations within en échelon zones, onlarger scdesthanis
provided by natural and/or undergroundexposures at Aspo.

The N to NNW trending sets of en échelon fradure zones at both sites represent a
classof feaures that may be significant for loca hydrogeology and radionuclide transport,
dueto (1) their orientation conjugate to the diredion o regional maximum horizontal stress

(2) the gparent connedions between extensive, simple fradures via dupgex structures at
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en échelon steps, and (3) the small amourt of wetted surface aeain the simple fradures,
which impliesrelatively alow potential for radionuclide retention by matrix diffusion and

sorption, relative to fradture zones with more distributed deformation.

0 100 200 km
A

A

Stockholm

Figure 4-2. Locaion d the Ekolsundsite, southern Uppland, Sweden.
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4.3Methods

This paper investigates the heterogeneity of fradure intensity of the en @chelon zones gudied,
and the cnsequences of fradure intensity and geometry for eff edive transmissvity.

The primary datafor thisinvestigation are redified dgital (vedor) maps of seleded
en échelon zones at the Asp6 and Ekolsundsites. The maps were analyzed in terms of two-
point correlation functions for fradure intensity as afunction d distance dong and
perpendicular to the main en édchelon fault segments. Simulations of groundwvater flow
through the fradure network represented by one of the maps were used to evaluate the
variability and spatial correlation d effedive transmissvity along the fault zore.

The detail ed maps were prepared foll owing the methods described by Geier (2004
[Sedion 2.2.]). Briefly the gpproach was to was to phdograph the exposures along with a
fixed grid of points that were marked onthe exposures, to dgiti ze fradure traces from the
phaographic images, and convert these to detail ed tracemaps.

Fradure traces were digiti zed from the phaographic images thus produced, and
converted to true aordinates after using the known coordinates of the fixed pantsto corred
for moderate obli quenessof the phatographs. In the cae of Aspo, fradure traces were
identified dredly from the digital images, although a1 m? sedion d the 15m? mapping area
was also mapped by hand sketching using the grid of fixed pants, as a chedk onthe acaracy
of the digitization. In the case of Ekolsund,the digital images were printed orto laminated
sheds which were then used as base maps for sketching the fradure traces while & the
exposure. Corredions for obliquenessand conversion d the digiti zed traces to natural
coordinates were performed using the splinter program (Sedion 2.2.3. At both sites, 3-D
orientations of seleded fradures were measured by hand compassfor aseledion d fradures,

to allow for conventional structural analysis.
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The map for Aspo (Figure 4-3) is aplan-view map of a15mlong sedion o a
subverticd, nathward striking en échelon zone, mapped with aresolution d 1 cm for awidth
of 1 malong most of this zone, and along a4 m sedion d aseond, esst-west striking
fradure zone that interseds the first. The northward striking zone cnsists of five en échelon
segments which overlap in four step-over zones of lengths 0.5to 3.5m.

The exposure in the map areais mainly horizontal with unduating relief of lessthan
1 mwithin the map area An impresson d the structural charader in thethird dmensionis
provided by asmall verticd exposure & the south end o this gructure (Figure 4-4). This
exposure suggests that the extent of secondary fraduresin the verticd dimension may be
limited, bu also that secondary fracures which appea as sparate fradures in the mapping
plane may conred diredly to the main en échelon segment in the verticd diredion.

The map includes over 1200fradure traces, many of which canna be shown onthe
scde of thisfigure. A digital version d the map, giving coordinates to the full resolution,is

included onCD-ROM acmmpanying this dissertation.
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Figure 4-3. Redtified plan-view map of en échelon zone on southern Asp6 [digital vedor
version avail able on CD aceompanying disertation].
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Figure 4-4. Verticd exposure of Aspd structure, approximately 5 m south end o horizontal
exposure mapped in Figure 4-3 (coordinates of approximately x=2 mandy =-5minthe
grid used in Figure 4-3), showing pattern of steegoly dipping splays fanning from the main en
édhelon segment. Straight segment of measuring stick hanging down from top o exposure is
0.6mlong.
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Ekolsund maps

The maps for Ekolsund (Figure 4-5) describe four verticd expasures, of heights ranging from
3.5mto 7m, spacal 54to 57m apart over atotal horizontal distance of 165m. Small
horizontal expaosures at the tops of two of the verticd expasures were dso mapped, to give a
3-D perspedive. Figure 4-5 includes an isometric view of the four verticd expasures, to

ill ustrate the scde of the maps relative to the separation ketween exposures. Asin the case of
the Aspd map, the level of detail i n the Ekolsund maps exceeads what can be plotted onthis
scde. Digital versions of these maps are dso included in the CD-ROM ac@mmpanying this
dissertation.

One naticedle fedure of this dructure isthat the dip varies along strike. The dip in
the two more northern exposuresis abou 80-85° W, whil e in the two more southern
exposures the dip is 85- 90° E, with variability of dip apparent within the largest of the
exposures.

Within single expasuresin the verticd diredion, zones of relatively intense
fracuring, with verticd extent of upto 2m, are gparent on spadngs of 2 mto 8 m. Fan-
shaped arrangements of steeply dipping splays, similar to that seen in the verticd expaosure of
the Aspd zone, are evident in several of the vertica exposures at Ekolsund. The upper part of
the tall est exposure (left-hand side of Figure 4-5) shows afradured sedion bouned by
convergent and dvergent fans, above and below.The fradure intensity in maps from the two
sites was cdculated in terms of the measure P,,(y), defined as the total fradture length per unit
areg cdculated for a square sedion d the map centered at the paint y.

The moardinatesy are defined with resped to dstance from and along the median
surfaceof the fault zone (that is, a non-planar surface onneding the primary fradures and

brecdated fault core in ead exposure). The mwmporents of the wordinate vedor y are:
Y =(Yar¥5:Y0) (4-1)
wherey, isthe horizontal coordinate measured along the median surfaceof the zone (i.e.

following the locd strike diredion), y, isthe cordinate perpendicular to thisin thelocd dip

diredion, andy, isthe aordinate perpendicular to the locd tangent plane to the zone.
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Geostatistics are cdculated in terms of the logarithm of loca fradure intensity:

p(Y) = log,of max[P,,(y),1 m™}, (4-2)

The statistics and geostatistics of p(y) are cdculated for ead classl,, where I, contains all
data pointsy; with namal comporent y, in the range Ny < Y < Npai I the analysisis
symmetric ebou the median plane, pants are asggned to the dassfor which n;,, < |y, <
Nmack- FOr €ad classl,, the mean and variance of fradure intensity are cdculated as:

Z p(y;)

P =2 (43

(4-4)

where N, = the number of data pairsin the dassl,. For ead pair of pointsin agiven class the

isotropic lag (separation) in the y coordinate system is caculated as:

h. :\/(ai—aj)2+(bi—bj)2+(ni—nj)2 (4-5)

ij
The variogram is then cdculated as:

> [plw) = PLILR(y) - Pi]

iy

Cll, ()] =1 . (4-6)

Nkapk
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Figure 4-5. Fradture maps of four vertica exposures along asingle interpreted, N-
trending fradure zone & the Ekolsundsite. Overview in center of plot isisometric
view of the four exposures, viewed in the diredion N15E and 20 aégrees downward
from horizontal. The median surfaceof the zoneisindicated by the dashed lines
conreding between panels. Note fradures were mapped ony for the portions of the
panels as srown; the larger panels are shown orly to convey a sense of the scae of the
exposures relative to the distance between expasures.
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Flow through the horizontal sedion represented by the Asp6 map, and through the vertica
sedion represented by the largest of the Ekolsund maps, was modeled by the discrete-fracure
network method, sing the dfm code described by Geier (2004[Sedion 3.3). Fixed-head
boundiry condtions were imposed at the ends of the respedive map sedions for the assumed
distribution d transmissvity (uniform value or lognormal depending onthe cdculation case),
and the steady-state flow solutions were cdculated. Eff edive sedion transmissvities T(y,) or
T(y,) depending onthe orientation d the sedion )for fixed-length increments of the map
sedionswere cdculated astheratio of the net flux to average heal gradient acosseadh
increment, and geostatistics cdculated as for the P,, data ebove. We note that for the

normali zed variograms reported here, the results are independent of the spedfic values of

head and fradure transmisgvity values (for the uniform-value cae).
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4.4 Analysis
The analysis of data from the two sites begins with a general descriptionin terms of fradure
orientations in relation to the primary fradures (the main en échelon segments). Thisis

followed by an analysis of heterogeneity in fradure intensity.

General description o fradure orientations

The distribution o fradure strike diredions for the Asp6 map (Figure 4-6a) shows two
dominant diredions, ore nealy N-Swhich is parall €l to the primary fradures, and the second
WNW to E-W. A minor pea corresponds to NE striking fradures. Complete 3-D fradure
orientations were measured ony for a2 m? sedion o the map. A stereonet plot of the fracture
poles (Figure 4-6b) for this sedion shows clusters of nea-verticd fradures correspondng to
thefirst two sets, plus a duster of WNW to NW striking, nea-verticd fradures that are not
evident in the tracelength-weighted strike distribution.

Thedistribution o fradure strike diredions for a sample of 166 fradures onthe
Ekolsund maps (Figure 4-7a) shows a dominant diredion NNW, parallel to the main
structure. A secondset striking WNW to E-W is at adlightly more aate angle with resped to
the primary fradtures, than in the cae of the Asp6 map. Minar, indistinct peaks in the NE-SW
quadrant may correspondto the third set seen in the Aspd map.

A stereonet plot of the fradure pales for the Ekolsund zone (Figure 4-7b) shows
clusters of nea-verticd fradures correspondng to the first two sets, plusa duster of
horizontal to gently N-dipping fradure. This cluster represents a set of orientations that are
nat well sampled onthe nominally horizontal mapping surface 4 Aspo.
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a) Strike direction of traces b) Fracture poles (equal area plot)

Figure 4-6 &) Distribution d fradure strike diredions on the Aspd map, weighted with
resped to tracelength (nate that this plot emphasizes the longer fradures). b) Equal-area
stereonet plot of fradure polesin a2 m? sedion d the Aspd map, lower hemisphere
projedion, nd correded for bias due to arientation o sampling surface

a) Strike direction of all b) Fracture poles (equal area plot)
fracture traces

Figure 4-7 @) Distribution d strike diredions for sample of 166 fradures onthe
Ekolsund maps, nat weighted with resped to tracelength. b) Equal-areastereonet plot
of fradure paes for the same fradures, lower hemisphere projedion, nd correded for
bias due to arientation d sampling surfaces.
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Variability and spatial correlation d fradure intensity

As ®ain Figure 4-8, the fradure intensity in the Ekolsund maps decgysin aroughly
exporential fashionwith dstance from the median surface Thistype of decgy with distance
iscommonly observed in ather fault zones. This fraduring in the damage zone is found ly
further analysis (Chapter 5) to be systematicdly related to the main dlip surfacesasa
branching pattern of splays of different orders.

A plot of the sample variogram of fradure intensity in the Aspo fradure zone map
(Figure 4-9) shows avariability which is dgnificantly correlated over scdesat least upto 8m
along strike. The variogram (for mathematicd definition and restrictions efor example, de
Marsily, 1986 represents the degreeto which values of fradure intensity diff er between
points, as afunction d the separation dstance between pants.

The general trend d the variogram of fradure intensity is one of continuowsly
evolving heterogeneity, from a “nugget effed” (non-zero value of variogram at zero distance)
which acounts for abou half of the variance, upto ascde of 10 m or more. Beyond 12m the
number of data pairs to suppat points onthe variogram becomes snall, and thus the
variogram may not be reliable.

On closer inspedion, the variogram has a stepped appeaance, with apparent plateaus
for separation ranges of roughly 2- 4 m, 6- 8 m, and 1012 m along strike. These ranges
correspondto the extent of and dstances between dff erent en échelon steps in the map.

Whether these plateaus would be expeded in avariogram of alonger sedion d the
zone would depend onwhether thereis atendency for certain discrete step lengths and
distances between steps, or whether the distribution o these distancesis continuous. If the
latter, the variogram for a larger-scade map would have amore @rtinuows dope over this
range of distances.

Besides fradure intensity, other fadors that may affea spatial correlation o
hydrauli c properties with in a fradure zone, include variation in fradure hydraulic properties

and variable mnredivity dueto structural patternsin the zone.
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Figure 4-8. Variation d fradure intensity with dstance from the median surface in the
Ekolsundmaps, (a) plotted acossthe en échelon zone, showing asymmetry in terms of mean
fradure intensity and 9Gh percentil e upper and lower bounds, and (b) as geometric mean of
fradure intensity with dstancefrom the median plane (on either side).
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Figure 4-10. Variograms of effedive transmissvity based onsimulation d flow
through the fradure geometry in the Aspd map, using assumptions of uniform vs.
lognormally randam transmissvity in the individual fradure segments.
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For the zone shown in Aspd Map 1 (Figure 4-3), the hydrauli c properties of the
fradures were nat known. The dfeds of connedivity variations due to structural relations
among fradures were asessed by simulating flow through the 2-D network of the map,
asuming either uniform or randamly lognormal transmissvity of the fradure segments. The
head and flow fields predicted for the uniform case ae shown in Figure 4-11

For the lognormal case, a unit variancein log transmisgvity was assumed (i.e., a
standard deviation d one order of magnitude). The flow simulations were acompli shed with
the discrete-feaure modeling code which is described in further detail by Geier (2004ab).
Effedive transmisgvity values were cdculated by dividing the simulated flux by the mean
hydraulic gradient over ead 0.5m sedion d the map (along strike).

Variograms of the cdculated eff edive transmissvity for both cases (Figure 4-10).
show asignificant correlation d effedive transmisgvity over scades of upto 8m. A step with
adight “hde dfed” (adeaease in the variogram at afinite distance, which can indicae
periodicity) is evident in the range 3 mto 6 m, andis more pronourced for the lognormal
case.

The two-dimensional simulations of flow canna represent additional conredions that
might exist among fraduresin the third dmension. Since ahigh percentage of the fradures
onthe map terminate & intersedions with (or branch from) other fradtures, it can be agued
that the 2-D network conreas most of the fradures interseding this plane that would be
conreaed dredly or indiredly in 3-D. This contrasts with the well -known result for random
(unstructured) fradure networks, where significant differencesin 3-D vs. 2-D conredivity
and percolation thresholds have been predicted by network models.

Additional conredions could exist viaunmapped fradures that are paral el to the
plane of the map, o between fradures that are only indiredly conneded in the map view, bu
which converge to form dired connedions out of the map plane. The small verticd exposure
at the south end o this map (Figure 4-4) indicates that such ou-of-plane @wnvergence occurs.
These fadors could affed the dficiency of the network and hencethe quantitative resultsin
Figure 4-10.

Convergence of secondary fraduresin the verticd diredionis aso indicaed by
exposures at the Ekolsundsite. Simulated flows for the Ekolsundsite (Figure 4-12) ill ustrate
the patternsthat could be expeded for verticd flow through such aflow, based ona2-D
analysis. 3-D network simulations would be needed to investigate the significance of the 3-D
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conredivity structure implied by these two sets of exposures, taken together. Such
simulations would require speaulative assumptions abou the 3-D conredions.

Figures 4-13a-d show the variograms of fradure intensity for the Ekolsund maps,
over separation dstances of dedmetersto 160m. Plots are given for diff erent classes of
distance from the median surface(normal distances of 0-0.2m, 0.20.6m, and 0.61.0m).
Note the separation dstances are plotted onalogarithmic scde to better display the smaller
scades. The data suppat (number of data pairs) for ead pdnt onthe semivariogramsis also
indicated; note that the more eratic points are asociated with pantswith relatively few data.

Solid linesin the figures represent best fits for spherica variogram models. A
sphericd model is used simply because thisis one of the simplest types of variogram which is
cgpabl e of representing the data. Other variogram models guch as an exporential model could
perhaps give fits of similar quality.

Due to the limited suppat for separation dstances in the range from map scde (<10
m) to the distance between expasures (roughly 50 m), littl e can be said abou posshble
correlations on scdes from 10 m to 50m. The data show littl e if any significant correlation at
10 m separations, and nosignificant correlation for the longer separations in excessof 50 m.

Thus these results sow no suppat for speaulative models of fradure intensity
correlations along strike, over larger scaes of 50to 150meters. Previous modeling studies
(Tsang et al., 1996 Geier, 1996, have shown that correlations on such scdes, if they exist,
would have significant consequences for large-scde transport and retention d radionucli des,
due to channeli zation in the heterogeneous flow fields within large-scde structures.

Significant correlations areindicated orly onthe scde of theindividual stepovers that
are seen onsingle exposures. The variability of fradure intensity in the direcion namal to
the median surface(as srown in Figure 4-8 above) is the dominant componrent of variability
in this zore.

In interpreting these results, the limitations of avariogram analysis shoud be
considered. Small-scde crrelations of fradure intensity within and between en échelon steps
could be masked by variability in the lateral extent and spadng of the en échelon steps.
Although the simple geostatisticd model represented by the variogram does not cgpture this
type of structural variability, models for en échelon zone heterogeneity might usefully be
constructed based ona more explicit representation d the observed structural charaderistics.
Thistype of model isexplored in a companion model (Chapter 6).
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Figure 4-11.Head and flow field caculated for 2-D fradure network defined by Aspd en
échelon zone map, for 0.375m diff erential head applied south to nath. Heal in fraduresis
indicated by color scde. Flow rate is propartional to line width (except for stagnant fradures
which are represented by the narrowest lines).
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Figure 4-12.Head and flow field cdculated for 2-D fradure network defined by Ekolsund
map SRNC, for a0.5m gradient applied south to nath. Head in fradures isindicated by color
scde. Flow rateis propational to line width (except for stagnant fracures which are
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Figure 4-13a. Normali zed variogram of fradure intensity P,,(y) for the Ekolsundsite, for
ClassO0 representing rock within 0.2m of the median surfaceof the zone MY -1. Size (areg
of symbdsis propational to the number of suppating data pairs.
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Figure 4-13b.Normali zed variogram of fradure intensity P,,(y) for the Ekolsundsite, for
Class2 representing rock 0.2mto 0.6m from the median surfaceof the zone MY-1. Size
(areg of symbdsis propartional to the number of suppating data pairs.
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Figure 4-13c. Normali zed variogram of fradure intensity P,,(y) for the Ekolsundsite, for
Class?2 representing rock 0.6 mto 1.0m from the median surfaceof the zone MY-1. Size
(areg of symbdsis propartional to the number of suppating data pairs.
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Figure 4-13d.Normali zed variogram of fradure intensity P,,(y) for the Ekolsundsite, for
Class2 representing rock 1.0mto 1.4m from the median surfaceof the zone MY-1. Size
(areg of symbdsis propartional to the number of suppating data pairs.



146

Conredivity asafunction o sense of en échelon dfsetsin the Aspd map

The en échelon structure in the Asp6 map isinterpreted as |eft-lateral fault zone based
in part onthe NW-direaed regional maximum horizortal stresswhichislikely to have been
fairly consistent over the past 60 Ma (Stephansonet al., 1991, andin part onthe orientation
of secondary fradures interpreted as pinnate fradures. Markers to confirm this sense of off set

are difficult to find, dwein part to the obscuring eff e of the weahered and largely li chen-

Figure 4-14. Detail ed phdograph from Aspd mapping areashowing apparent left-lateral
separation d abou 3 cm of two fragments of an odong, leucocratic inclusionwhich is cut
by one of the main en échelon segments. The inclusion fragments are outlined by red dashed
lines. The spadng between strings onthe grid is 10 cm. North is upward in the phato,

paral el to the referenceline which passes through the 40 cm marks on the frame. The
branching fracture which bifurcates from the main segment in the lower left corner, dips at
low angle toward the SE. Note the paint of bifurcationis from abendin the main segment
(interpreted as a mmpressonal bend) from which fragmented material has apparently been
weahered and eroded away.
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covered bedrock surface A leucocratic inclusion which was apparently cut by one of the
primary échelon segments (Figure 4-14) shows a horizontal separation o abou 3 cmrelative
between the goparently matching fragments. Two gladal striae ¢ossng the traceshow
possble left-lateral off sets of upto 1cm, asindicated in Figure 4-15, suggesting that a
fradion d theinferred |eft-lateral slip may have occurred duing or after gladation. Other
striaeshow no perceptible off set, indicaing that any such slip would need to have been
syngladal. Interpretation o striae & markers for off set onthis small scde (1 cm) isuncertain

dueto thetypicd irregularities dlong individual striae

Figure 4-15. Detail ed phdograph from Aspo mapping areashowing gadal striae ¢ossng
one of the main en échelon segments. The stria (outlined in red) below the compassappeas
to show no dfset. Two striae dove the mmpass siow possble left-lateral off setsof upto 1
cm, athough these goparent off sets might alternatively be explained asirregularitiesin the
striae The spadng between strings onthe grid is 10 cm. North isupward (paral el to the
grid lines) in the phao. The dark band crossng the lower right-hand corner of this phaois
ashadow.
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Both left-hand and right-hand steps, interpreted as extensional and contradional (as
defined in Figure 4-16) based onthe interpretation o |eft-lateral slip, are seen between
fradure segments. Thereis adistinct contrast between extensional and contradional steps, in
terms of the degreeof fraduring and conredivity of fradures within the stepover zones.

In the left-hand (extensional) step betweeny = 3.7mandy = 7.2m (Figure 4-17a) ,
the end d ead en échelon segment curves toward and conreds with the other segment.
Numerous @ndary fradures within the stepover, many sub-parall €l to the arved ends of
the segments, provide alditional conredions between the en échelon segments. These
secondary fradures drike NW, andthus are oriented parall €l to the arrent diredion o
maximum compressve stress

This portion d the map also shows aswarm of E-W striking fradures which appea
to be of the same aye or yourger based ontermination relationships, which have the

Sense of step:  |eft-hand right-hand
Sense of glip:
P
|eft-lateral — = —
- (dilatant) (contradiona) —=
—
right-lateral - ) -
(contradiona) (dilatant)

Figure 4-16. Definition o left-hand and | eft-hand steps for en échelon zones with left-lateral
andright-lateral senses of dlip.
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appeaanceof a aossng, en échelon structure. The limited extent of the exposurein this
diredionrestricts the pasghility to interpret this apparent crossng structure. Considering the
regional stressfield, aright-lateral sense of dlip aadossthis gructure would be expeded, bu
no markers were foundto confirm this.

In terms of the patential for fluid flow, the extensional type of step seen in the main
structure in Figure 4-17aiin shoud provide good conredivity from one en échelon segment to
the next. Considering their orientation relative to the stressfield, the sesoondary fradures
within these zones are more likely than fradures in ather orientationto have high
transmissvity. Such a step might provide afavorable path for verticd flow along the fault
band, particularly in the third dmension (verticd).

The right-hand (contradional) step betweeny = 10.5mandy = 12.3m (Figure 4-17b)
shows avery different configuration d fradures. The ends of the main segments bypassead
other withou conreding diredly. The end d one segment (on the left-hand side) apparently
bifurcaes aroundy = 10.5m, with ore branch growing away from the next segment, and ore
branch growing closer to bu roughly parall € to the next segment. Small fracures driking at
nealy right angles to the main segments form irregular conredions between the en échelon
segments, bu the segments do nd diredly conred to ead ather. Thistype of stepislikely to
be lesscondieive to fluid flow that the extensional step.

Examples of extensional and contradional steps exposed on oucrops nearby on Aspd
show simil ar patterns. Within stepovers, smaller-scde en échelon structures are dso
observed, suggesting a degreeof self-simil arity in the geometry of the networks. The
variability of fradure intensity within and adjacent to these zones impli es anisotropic and
heterogeneous permeadbility, with preferential diredions at a high angle to the dlip diredion,
and dependent onwhether the step-over is g/nthetic or antithetic to the sense of dlip.
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y (m)

Figure 4-17a. Detail of en édhelon zone map onsouthern Aspo showing left-stepping
stepover betweeny = 3.7mandy = 7.2m. The N-S striking zoneisinterseded in this
interval by an E-W structure which may also be an en échelon fault zone (rightward-
stepping and passbly right-lateral), although the exposure in thisdiredionis limited.
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Figure 4-17b.Detail of en échelon zone map onsouthern Aspo showing right-stepping
(antithetic) stepover.
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4.5Conclusions

The en échelon structures mapped at Asp6 and Ekolsundshow an anisotropic and
heterogeneous permeability, with preferential diredions paral e to the strike of the zones
along which dipisinferred. Detail ed configurations of stepoversin the horizontal exposure &
Aspo show marked dff erencesin conredivity, depending on whether the sense of step is
synthetic or antithetic to the sense of dlip. Intensity of fracuring in the wall rock shows an
approximately exporential deaease with distancefrom the central deformation zone (fault
core), as has been commonly observed in ather fault zones.

Geostatisticd analysis of fradure intensity for both sites siows an anisotropic
variability which is correlated over scdes of several meters along strike, correspondng to the
length of, and reaurrenceinterval between the step-over zones that were mapped. Effedive
transmissvity of the structure & Aspo, kased on retwork flow simulations using assumptions
of either uniform transmissvity or lognormally varying transmissvity (with an order of
magnitude standard deviation) among individual fradures, show similar correlation lengths.

This dudy considered exposures which gave the posshility to test for correlations
agoss gparations along strike of 50to 150m. Results did na provide positive suppat for
correlation d fradure intensity at these scdes. Thisfindingis sgnificant in view of previous
modeling results which indicated correlation onsuch scdes, if they exist, could be significant
for flow, solute transport, and hed transfer in fault zones.

A caved onthisresult isthat the observed small-scde wrrelations of fradure
intensity may be masked by variability in the lateral extent and spadng of the en échelon
steps. Thus athough asimple geostatistical model does not capture thistype of structural
variability, models for en échelon zone heterogeneity might usefully be mnstructed based on
amore explicit representation d these structural charaderistics. Thistype of model is
explored in a cmpanion paper (Chapter 6).

Within stepovers, small er-scade en échelon structures are observed which suggest a
degreeof self-similarity, implying that the dharaderistics identified may be manifested ona
range of scaes. The variahility of fradure intensity also impli es heterogeneous, anisotropic
and correlated properties for solute transport, in particular the pore volume and surface

avail able for sorption.
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5. HIERARCHICAL STRUCTURE AND IMPLICATIONS FOR RADIONUCLIDE TRANSPORT

Abstract

Detail ed mapping and geometric analysis of en échelonttype fradure zonesin granitic rock at
two sitesin southern Sweden, Aspo (e. Gotaland) and Ekolsund (s. Uppland), reved
charaaeristics of significancefor groundwvater flow and solute transport.

A companion paper (Chapter 4) examines heterogeneity and anisotropy of fradure
intensity in these fradure zones. This paper considers impli cations of the gparent
hierarchicd structure within these zones, for transport including masstransfer between the
relatively mobil e water in the main fracure zone and relatively immobil e water in the
sendary fradures and adjacent matrix.

Splay fradures along the main fradures also contribute to the surface aeathat is
avail able for sorption. A hierarchicd pattern o splaysin the damage zoneimpliesa
systematic, posshbly fradal increase in the anourt of surface aea and pae volume that solute
can accessby diff usive masstransfer, with increasing distance from the fault core.

Analysis of the function A’(s) representing the incremental matrix volume versus
distance s from fradures in this hierarchicd structure shows an approximately log-linear
slope. Comparisonwith fradal models of block-size distributionindicae these ae cnsistent
with alog-linea slope of A'(S).

These apeds of en échelon zone achitedure suggest a need for more complex
representationin hydrologic models, than as mple, planar conductors with or without
heterogeneous properties, or as zones of increased bu unstructured fraduring. These
implications are evaluated by means of numericd modeling in a wmpanion paper (Chapter
6).
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5.1Introduction

Radionucli des from a spent nuclea fuel repasitory in granitic rock will most likely travel
along fradure zones (adive or relict fault zones). The transport charaderistics of fradure
zones are therefore of primary interest in assessng the potential for retention d radionuclides
as they migrate through these feaures, or conversely the risk of radiation release to the
surface @vironment viathese feaures.

For most radionuclides of concern, the principal mecdhanism for retention o
radionucli des within graniti c rock is the processknown as matrix diffusion. When
radionuclides gend time on excursions into regions of the rock where, because of low
permeability and correspondngly low fluid velociti es, transport is mainly by diffusion, this
alows afradion d the radionuclidesto decgy. Therefore properties governing the time
radionuclides may spend onthese diffusive excursions into the matrix are significant for
evaluating the risk of radiation release to the surface @vironment.

Matrix diffusionin granitic rock is conventionally idedi zed in terms of abinary
model, in which water and solute ae éther in a mobil e zone (often referred to as “the
fradures’) or an immobil e zone (referred to as “the matrix”). In such amodel, rock properties
that govern matrix diffusioninclude (1) the anourt of surface aeaover which relatively
mobhil e water in the fracture zones comes into contad with relatively immobil e water in the
rock matrix, and (2) the avail ability of matrix volume a afunction d the diffusion dstance
into the matrix. Matrix diffusionis assumed to ad in maaoscopicdly unfracured granite &
well as fault-zone rock, although the potential extent of matrix diff usioninto maaoscopicdly
unfradtured granite is atopic of ongoing research (Ohlsson and Neretnieks, 1995 Jakob,
2004).

Neretnieks and Rasmuson (1984 nated that fracture zones have alarge cgadty for
matrix diffusion diwe to the large contad areabetween mobile and immobhil e zones, or “flow
wetted surface” per unit bulk volume, but that this cgpadty islimited by the finite size of the
rock fragments within the fradure zones. Using hypatheticd cases with dff erent fragment
sizes, they demonstrated haw the distribution o fragment size can influencethe retention o
radionuclides within fradure zones.

Cunningham and Roberts (1998 demonstrated a mathematicd equivalence between

matrix diffusionin the case of a variable fragment-size distribution, and the multi -rate mass
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transfer model of Haggerty and Gorelick (1995, which paostul ates that fine-scde
heterogeneity of matrix properties aff eding diffusion can be described by adistribution o

eff edive masstransfer rate wefficients between the mobile zone andimmobile zone. Thus
results of in-situ trace experiments in fradure zones which can be described in terms of a
distribution o rate wefficients using the multi -rate masstransfer model could equivalently be
interpreted in terms of adistribution d rock fragments in the fradure zone.

Astracea experiments convolute the dfeds of multiple processes and heterogeneous
properties into a set of observations at afew discrete paints (i.e. sampling intervalsin
borehades), thereisinherent nonuniguenessin their interpretation. Henceinterpretations need
to be groundked in an understanding of the physicd structure of the geologic medium in which
they are conducted. The physicd structure of the medium may also be significant for
evaluating the binary mobil eimmobile model which has been the basis for most mathematica
development to date.

This paper examines the structural charader of one type of fradure zone, en échelon
zones, which are patentiall y significant in terms of providing pathways for radionuclide
migration from arepository in granitic bedrock, in terms of centimeter- to dedmeter-scae
geometric properties that relate to paentia for retention o radionuclides by matrix diffusion.
Companion papers (Chapters 4 and 6) examine larger-scae structural heterogeneity in terms
of fradure intensity, as indicaive of the heterogeneity in the cgadty for diff erent portions of

these fradure zones to conduct water.
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5.2Background

The data for this analysis come from detail ed mapping of en échelon zones at two locaionsin
granitic rock in the Swedish pation d the Fennoscandian shield: Aspo (eastern Smaland) and
Ekolsund (southern Uppland). Locations of these sites are shown in Figure 5-1. More detail ed
maps are given in Chapter 4 and Sedion 2.1.

N to NNW trending sets of en édchelon fradture zones at both sites represent a dassof
feaures that may be significant for locd hydrogeology and radionuclide transport, dueto (1)
their orientation conjugate to the diredion d regional maximum horizontal compressve
stress (2) the goparent connedions between extensive, simple fradures via dugdex structures
at en échelon steps, and (3) the small amourt of wetted surface aeain the ssmple fradures,
which implies arelatively low potential for radionwclide retention by matrix diffusion and

sorption relative to fracture zones with more distributed deformation.

Site descriptions

Aspoisanislandin the achipelago along Sweden's outheastern Balti ¢ coast. Theisland and
its vicinity have been afocus of intensive geoscientific investigations over the past 15yeas,
asthe site of the Aspd Hard Rock L aboratory which extends to adepth of 450m below the
island. The bedrock on Aspd is predominantly asuite of 1.81Gato 1.76Gaold plutonic rocks
asciated with Transscandinavian Igneous Belt, with modal compasiti ons ranging from
monzodiorite to quartz monzodiorite and quartz monzonite to monzogranite and granite
(Wahlgren et al., 2003 SKB, 2004. These plutonic rocks intrude older metavolcanics (2.0
Ga), andarein turnintruded by aplite dikes (1.8to 1.35Ga).

The Asp6 region since undergone multi ple orogenic and rifting episodes (Larsson and
Tullborg, 1993 which have produced mullti ple sets of fracture zones. Many of the fracture
zones have been readivated in a diff erent sense of shea in the later deformation episodes, in

response to changes in the diredion d maximum compressve stress(Tirén et al., 1996.
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Figure 5-1a. Location and regional structural setting of the Aspé Hard Rock Laboratory
site, Sweden. Aspoistheislandin the canter of the inset box. Lines sow the pattern of
regional li neaments interpreted as fradure zones, based onelevation, geophysicd and
remote-sensing data (Tirén et al., 1996.




158

The Ekolsundstudy siteisin southern Uppland, onthe west side of Ekolsundsvik, an
inlet of Lake Mdaren, between Stockhalm and Enképing. This ste has hot been studied as
intensively as Aspé 300km to the south, but off ers certain advantages in terms of the scde
and configuration d exposures. The site has been the focus of a study sporsored by the
Swedish Nuclea Power Inspedorate since 2001,with a primary aim of verifying methods for
lineament interpretation based onremote sensing data.

The bedrock at Ekolsundis granodorite to dorite, with awedk foliation over most of
the study site. Gneissand mylonite occur just outside the mapping area @ the eatern edge of
the study site, adjacent to Ekolsundsvik. The composition and age of the loca rocks have not
been studied bu the locdity fall swithin aregion d ealy to late Svecfennian granitoids (1.9
1.77Ga) of the Transcandinavian Igneous Belt, acrding to the lithostratigraphic map of
Larsonand Tullborg (1993. Theregional tedonic history aff eding the site over the last 1.2

Gais smilar to that of Aspoin general terms.
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Figure 5-1b. Locaion d the Ekolsundsite, southern Uppland, Sweden.
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Sourcedatafor anaysis

The basic data used in this analysis are detail ed maps of N to NNW striking, subverticd en
échelon zones from the two sites. The map for Aspo (Figure 5-2) isaplan-view map of a14.5
m long exposure of a subverticd en échelon zone, mapped with aresolution d 1 cmfor a
width of 1 malong most of this zone. The maps for Ekolsund (Figure 5-3) describe four
verticd expaosures, of heights ranging from5 mto 12m, over an approximately 160m
horizontal extent. Small horizontal exposures were dso mapped at the tops of two of the
verticd expaosures, to give a3-D perspedive. Figure 5-3 includes an isometric view of the
four verticd exposuresto ill ustrate the scde of the maps relative to the separation ketween

exposures. Detail s of the preparation d these maps are given in Sedion 3.1and Chapter 4.
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Figure 5-2. Redtified plan-view map of en échelon zone on southern Asp6 [digital vedor
version avail able on CD aceompanying dis<ertation].
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Figure 5-3. Fradure maps of four verticd exposures along asingle interpreted, N-striking
fradure zone & the Ekolsundsite. Overview in center of plot isisometric view of the four
exposures, viewed in the diredion N15E and 20 aégrees downward from horizontal. The
median surfaceof the zone isindicaed by the dashed lines conneding between panels.
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Geometricd analysis

Branch fradures are defined in this analysis as fradures for which the tracesin map view
conred to alonger fradure trace @one or bath ends. Fradure order and kranching structures
(represented as groups of palylines, i.e. open pdygons or conreded line segments) are
defined with resped to primary fractures (Figure 5-4). The nomenclature developed hereis
similar to that of Moody and Hill (1956, who nded a simil arity relationship of “subsidiary”
or seand-order faults to “dominant” or first-order faults in wrench-fault systems.

For convenience we introduce the notation {r; to denate aset of branches of order |
pertaining to a structure defined in terms of a given set of primary fradures, which are
dencted y,. A branching structure of agiven arder | is defined here & consisting of the
primary fractures and all branches up to and including the ith-order branches. The notation P,
isused hereto denote abranching structure of order I. Thus:

Fo=1,
P =P,uy, = YUy,
(5-1)

=% huty=voutu..uly

where N is the highest order for which the set r is not empty. In ather words ¥, consists of
al fradure traces (within the resolution d the map) that conned to the primary fracures ¥,
either diredly or indiredly via other fracture traces. For the sake of brevity, we will refer to
this as an Nth-order branching structure or entire branching structure.

We may note that referring to ¥, as an “entire” branching structure impli es that the
branching processterminates at some order N. In the case of the following geometricd
analysis, thismay be due to the finite resolution d the map rather than atermination d the
physicd branching process If the branching structure were atrue fradal in the mathematica
sense, the entire branching structure would oy be encompassed by ¥, for infinite N.
Presumably constraints such as grain size impose aphysicd li mit on the maximum order of
branching.

Geometricd analysis of the fradture tracemaps was caried ou using the interadive

map-analysis program splinter (Sedion 2.3, which performs geometricd cdculations with
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geometric objeds defined in terms of individual li ne segments, pdylines (open pdygons
composed o line segments), or groups of paylines. In this analysis, smple fradure traces are
represented as palylines. Primary fradures comprising ¥, are identified interadively, by
inspedion. The splinter program then identifies the branching structures ¥, ¥, ... ¥ by
iteratively extending the branching structures of successve order | urtil the set ., is empty,
i.e. nofurther branch fradures can be found.

Asauming al fraduresto be water-conducting, the fradures in an entire branching
structure ¥, would be accesble to solute moving through the primary fradures, by some
combination d advedion and dffusion through the network of conneded fradures.

The volume of matrix V(s) within agiven dstances of fraduresin a branching
structure ¥; of agiven order | isameasure of the volume avail able for matrix diffusionwith a
given depth of penetration from the relatively mobil e zone in the maaoscopic fradures,
foll owing the gproach of Neretnieks and Rasmuson (1984).

With thisin mind, we define Vi(s) as the volume of matrix within agiven distances of
any fradure in the ith-order branching structure ¥;. This volumeis very difficult to
charaderize in natural fradure systems withou knowing the detail ed, 3-D configuration o
fradures. However, a arrespondng region Q;(s), defined as the region d amap within
distances of any fracure tracebelonging to ¥;, can be drawn dredly onamap o fradure
traces (Figure 3-3). If al fradures are perpendicular to the map sedion, Q;(s) is equivalent to
dV|(9), the intersedion of V;(s) with the plane of the map.

Here we assume that Q;(s) and 6V,(s) are goproximately equivalent (an
approximation dscussed further by Geier (2004,Chapter 3), and wse the aeaof Q(9):

A(s)=Q,(s)|= [dA 52
Ql(s)
as atwo-dimensional estimator of V;(s) for aunit thicknessof the rock. We adopt a2-D
analysis of thisareain arder to charaderize the patential volume avail able for matrix
diffusionasafunction  diffusion depth, for a 2-D representation o en échelon zonesin
which all fradures are asumed to be perpendicular to the sedion studied. The aeaA(s) is
evaluated by Monte Carlo integration as described by Geier (2004,Chapter 3), to apredsion

of about 10 cm? over a 10 m? map.
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The functions V,(s) and A(s) are related to the size distribution d rock fragments
within and adjacent to the branch networks, naing that such fragments need na be
completely separated from other portions of the rock matrix. In this regard, the present
analysis foll ows the stochastic geometric definition d rock block size distributions for jointed
rock, as advanced by Dershowitz (1984).

The intensity of fradures adjacent to a branching structure ¥, is a measure of the
damage zone aoundthe structure, as afunction d the distances. Thismeasureis cdculated
for agiven dstanceincrement s as:

P,,(st8s) = dL,(S)/8A(S) (5-3)
where 6L,(s) isthe fradion d the total tracelength of fradures nat belonging to P, that are
within the incremental region 6 Q(s) = Q;(s+95) - Q,(s-ds), and 6 A,(S) isthe aeaof d Q(s).
Detail s of the cdculation are described in Chapter 3. The notation P,, follows the @mnvention
for aunified set of fradure intensity measures, based onthe dimensions of the observations
(Dershowitz and Herda, 1992. In this case the observations are taken over a2-D sample (area

map) and the observed entiti es (the fradure tracelengths) are 1-D.
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5.30bservational Results

Interpretation d branch fraduresin Aspd map

The distribution o fradure aimuth, for first-order branches of the main fraduresin Asp6
Map 1 (Figure 5-2) is shown as arosette diagram in Figure 5-5a. The main pedksin frequency
correspondto the expeded dredions of pinnate fractures and conjugate faults, based on
interpretation o the main en échelon segments as part of aleft-lateral fault band. The arows
show the gproximate, present-day orientation d the principal compressve stresso;.

Figure 5-5b shows a histogram for the branching angle between first-order branch
fradures and the primary fradures. The sign of a branching angleistaken as positive if the
branch fradure bifurcates rightward, for an olserver standing onthe primary fracure that the

branch starts from. Note that branching angles of +90 deg and -90 deg are equivalent. Three

/

/ Unconnected fractures

1st-order branch
f fractures

2nd-order branches

_~

Primary fractures
3rd-order branch

Figure 5-4. Definition d different orders of branch fradures, relative to primary fradures.
Unconreded fradures which do na conred to the primary fradures, either diredly or
indiredly, are treaed as a separate dassof fradures.
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dominant diredions are evident in the rosette diagram, and are represented schematicdly by
the fraduresin the catoon.

A pe&k in branch azimuths from N45W to N20W (branching angle -35t0 -60 deg)
can be explained in terms of pinnate fradures consistent with left-lateral slip along the
primary fracures, and kridging fracures within dupexes (termed o and 3 fracturesby Lin
and Logan, 1991 . Some of these bridging fradures can beinterpreted as R1 fraduresin
terms of the Riedel shea fradure aray. These fradures are nealy parall €l to the present-day
diredion d maximum compressve stress and are hence ae more likely to be dil atant than
fraduresin ather orientations.

A seoond ek at N75W (branching angle +80 deg) is consistent with the expeded
orientation d R2 shea fraduresin the Riedel array. On the map this orientationis
exemplified by the second fradure zone which crosses the main structure aoundY=5.2m.

A pedk at N35W to N50W (branching angle +35to +50 deg) cannd be explained in
terms of the Riedel array. In the map, many of these fradures appea to form bridges between
the primary fradures and R2 fradures, or small breakouts between the primary fradures and
pinnate fradures. Interpretation d these fraduresin terms of the aurrent stressregimeis

unclea.
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Pinnate
(reverse)

(Branches of Primary Fractures)

Figure 5-5a. Distribution d branch fradure aimuths, for first-order branches of the primary
fracuresin Aspé Map 1.Cartoonshows possble interpretations of the main peaksin
frequency as pinnate fradures and conjugate faults, based ontentative interpretation d the
main en échelon segments as part of aleft-lateral fault band. Arrows show the goproximate,
present-day orientation d the principal compressve stress

(Primary Fractures)

Frequency (%)

-3 0 30 60 %0

Branching Angles

Figure 5-5b. Histogram of branch fradure frequency as afunction d branching angle.
Branching angle is defined as pasiti ve for branch fradures that bifurcate rightward, when
viewed from the side of the main fradure oppdasite the branch fradure, and regative if the
branch fradure bifurcates leftward. The angles represented in this plot are measured between
the mean dredion d the main fradure and the mean diredion d the branch fradure.



169

Branched networks

Fradures that conred to the primary en échelon segments, either diredly or indiredly via
other fradures, acaurt for 63% of the total tracelength onthe Aspo map. Statisticd
summaries of these fradures, as given in Tables 5-1 and 52, show how the number of
branches and their total tracelength varies as siccesgvely higher orders of branches are taken
into acourt

Both the number of branches and the number of branches per unit length o the parent
network deaease with the order of branches considered. Thus a higher density of branchesis
foundalong the primary fracures than along the first-order branches, and a progressvely
lesser density isfoundalong the higher-order branches.

The arerage tracelength o the branches also shows a slight deaease with increasing
order. The net effed isapronourced deaease with arder, in the incremental fradure intensity
that is assciated with the branches of a given arder.

The reduction d branching frequency with branch order may be partly an effed of
the limited resolution d the maps. Since branches tend to be small er than their parent
fradures, and tracelength tends to deaease with branch arder, the dfeds of limited
resolution will tendto be stronger for higher-order branches. However, in going from 1st
order to 3rd arder branches, the average branch length deaeases only dightly if at all (only a
22% reductionin the cae of the Asp6 map, and an insignificant increase in the case of the
Ekolsund maps) whil e the branching frequency deaeases by 89% to 93%. Thisindicaes that
alarge ommporent of the observed reductionin branching frequency is red, rather than an
artifad of the map resolution.

A speaulative physicd explanation for the reductionin branching frequency with
order could be that the main locus of strain in this fault zone was along the primary en
échelon segments, and that higher-order branches experienced successvely lesser degrees of
strain. Insofar as branch fradures provide amecdanism for acamommodation d deformation,

fewer would beinduced by the small er strains along the higher-order branches.
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Table 5-1. Statistics of fradure tracenetworks formed by including progresdvely higher

orders of branches, for the detail ed fracture map from Aspd shown in Figure 5-2.

Order |Total Length| Intensity Branches Branching Tota length Intensity Average
(m) (m/m?) Freguency of branches (m/m?) length of
(per m) (m) branches

(m)

1 20.37 1123 740 36.3 4819 2.656 0.065

2 68.56 3.779 516 7.53 3129 1.725 0.061

3 99.85 5.504 242 242 12.35 0.679 0.051

N 13390 7.381

Table 5-2. Statistics of fradure tracenetworks formed by including progressvely higher

orders of branches, for the detail ed fracure map from Ekolsundshown in Figure 5-3.

Order Totd Intensity | Branches | Branching | Totd Intensity | Average
Length | (m/m?) Frequency | length of (m/m?) length of
(m) (per m) branches branches

(m) (m)

1 24.46 0.31 182 7.44 59.64 0.76 0.33

2 84.10 1.07 174 2.07 62.66 0.80 0.36

3 146.76 | 1.87 119 0.81 41.58 0.53 0.35

4 188.34 | 2.40 61 0.32 27.79 0.35 0.16

N 232.85 | 2.97
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Branch fradures have the patential to aff ed solute transport through an en échelon
zone by providing accessto additional rock surface aeafor sorption, a more rock volume for
matrix diffusion. Figures 5-6 shows rock volume (represented as areain the plane of the map)
asafunction o distanceto the neaest fracure, for networks in which dff erent orders of
branch fradtures are included, based onthe Asp6 map.

While only 20% of the rock within the Asp6 map areais within 10cm of one of the
primary fradures, and lessthan 5% in the cae of the Ekolsundmap, 6% to 8% is within the
same distance of the mnreded network formed by primary and hHgher-order branches of
these fradures. As noted above, the branch fradures also increase the surface aeaover which

water can come into contad with the rock, by nealy an order of magnitude.

Aspd Map 1

Primary

1st order
2nd order
Nth order
All fractures

00000

O
—

— Fitted slope
=== Simple trace

Slope =-1.3

0.01

Slope =-3.0

10 100 1000

0.001

Portion of Map Area dA/ds
0

Distance s to Nearest Branch Fracture (cm)

Figure 5-6. Variation d incremental map areaA (s) = dA/ds asafradion d the distancesto
the neaest fracture onthe Aspd en échelon zone map, for different ordersi of branching
structures Pi. Yellow symbads are for the primary en échelon segments (¥ ;) which show
nealy constant A, (s) upto abou s=50cm, at which dstancetruncaion effeds are seen dwe
to the finite map size (as srown by the gray line showing incremental areavs. distanceto a
single, simpletracg. Green symbas ow A (s) for the first- and second-order branching
structures (¥, and P ,). Blue symbals show A, (s) for the entire branching structure (¥,). A
log-linea fit to the datafor s < 30cmyieldsaslope of -1.3. The datafor s> 30 cm show a
steger slope, dueto truncation effeds by the finite map. Red symbads siow A (s) for the set
of al fractures onthe map, including fradtures that are not conneded to P,
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When plotted onalog-log scde & here, the cmmbined datafor A, (s) for the
Ekolsundsite (Figure 5-7) show a negative log-linea slope of —1.07 aver therange 10cmto
200cm, above which scde the dfeds of the finite size of the map are seen. The individual
exposures have lesswell -defined log slopes ranging from —1.93to —0.83,indicaing a
patentially large variation d this measure between expasures.

The data for the single exposure in the Aspd map (Figure 5-6) do nd show awell -
defined log-slope for A (9), due & least in part to truncation effeas which are evident from
the A, (s) for s > 50cm. The datafor s < 30cmyield alog-slope of —1.3.The slope for larger
distancestimeis deeper (—3.0 but thisislikely affeded by truncaion effeds. A log-linea
regresson over the range from 10 cmto 80cm gives aslope of —2.07, btithisyields a poa fit
to the data.

Fracture Zone MY-1
Ekolsund, s. Uppland

©
—

Fraction of Map Area dA/ds

=
0.01 O NRSC-f

<& SRNC-f

A SRSC-f

e All Exposures o

Simple trace
0.001 :
0.1 1 10

Distance s to Nearest Branch Fracture (m)

Figure 5-7. Variation d incremental map areaA (s) = dA/dsasafradion d the distancesto
the neaest fradure on the Ekolsund maps. Each set of colored symbds (red, yellow, green
and Hue) represents A (s) for the entire branching structure (¥ ) onagiven vertica
exposure (NRNC = north roadway, nath cut; NRSC = north roadway, south cut; SRNC =
south roadway, narth cut; SRSC = south roadway, narth cut). The purple line gives the
compasite A (s) for all four exposures. A log-linea fit to the datafor s < 2 myieldsaslope
of —1.07.The gray line shows incremental areavs. distanceto asingle, ssmple traceon eat
expaosure. The distance & which thisline deviates from alevel lineis the paint at which map
truncaion effeds begin to accur.
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Figure 5-8. Fradure intensity P,,(s) in the Asp6 map as afunction o distances from the
neaest point onafradure belonging to branching structure of agiven order (¥, ¥,, ¥,
and ¥,). The fador-of-two deaease of P,,(S) intherange s < 30cm for the primary
fradures (¥,) indicaes a zone of elevated fradure intensity adjacent to these fradtures,
beyondwhich the fradure intensity increases dightly to badkgroundlevelsfor s >60cm. In
contrast, P,,(s) with resped to the entire branching structure ¥, shows a continuots, fadtor-
of-threeincrease over the same range. The diff erenceindicaes a tendency of fraduresin the
vicinity of the structure to belong as abranch of the structure, whil e randam (uncoordinated)
fradtures are more sparse.

A scded exporentia distribution arising from an exporentia distribution o fragment
size (derived in Appendix C) was also considered. However, this type of distribution gave

very poa fitsto the data from bath sites, andis not further considered.

Fradure intensity in the damage zone

Analysis of neighbaing fradure intensity as afunction d distance from branch networks of
different order (Figure 5-8) shows that the fradtures that are dose to the branch network tend
to be a onreded part of the structure. Fradure intensity at a distance of 10 cm from the

primary fradures (shown as the “primary” curve in this plot) is elevated above badkground



174

Fracture Zone MY-1

Ekolsund, s. Uppland
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4 NRNC-f Branch Level N
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Figure 5-9. Fradure intensity P,,(s) in the Ekolsundmaps as functions of distance s from the
neaest point on afradure belonging to entire branching structures (¥ ). The genera
tendency seenisfor P,y (s) for fraduresthat do nd belong to the structure to be deaeased
within the first 40-50 cm from the structure. Patterns at larger distances areirregular .

levels, by upto afador of two. However, when branch fradures are included as part of the
structure (asin the “Nth order” curve) the remaining fractures within a distance of 10 cm have
afradure intensity only abou 1/3 of the badkgroundlevel.

Thus branch fradures account for a strong majority of the fraduresin the rock
adjacent to the primary fradures. Thus these fradures are more well -conreded than would be
the caein arandamly fracdured medium. A model of fault zones that simply represents the

damage zone & having an elevated intensity of randam fracures would na represent this
charaaeristic foundin these examples.
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5.4Discusson

Theresultsin Tables 5-1 and 52 ill ustrate the significance of branch fradures for solute
retention, as they provide greaer patential areafor interchange of solute between the
relatively mobil e zone (fradures) and the relatively immobil e zone (rock matrix). With the
conventional assumption (e.g., Neretnieks and Rasmuson, 1984 that flow wetted surfacein a
fradure zone is propartional to fradure intensity, the Nth order branch network in these maps
provide doseto 7-10 times the wetted surfacefor interchange that is provided by the primary
fradures alonre.

The adual increase in areafor interchange may depend onthe nature and extent of the
damage zones adjacent to the branches of diff erent orders. If higher-order branches tendto
have thinner damage zones than lower-order branches (as sems likely based onconsideration
of how fault zones are understoodto develop, as reviewed in Chapter 2), the propartional
contribution d wetted surfaceby the higher-order branches may be less Differencesin
damage-zone thicknesshetween higher-order and lower-order branches are & least partly
acounted for in the foregoing analysis, sincethe branches of agiven order N represent the
maaoscopic feaures of the damage zones for the branches of order N —1.

To uncerstand the matrix diffusion properties of a medium with a penetration depth-
arearelationship as suggested by Figures 5-6 and 57, comparison can be made to an idedized
asemblage of sphericd particles with the same charaderistics.

Asderived in the Appendix D, an assemblage of particlesthat displays alog-linea

distance-arearelationship has a power-law size distribution o the form:
f(r)=Ar™ (5-4)

where A isanormali zation constant and p = 2-D (so D = 2-p), where p isthefitted log slope
of the distance-areaplot. Thus the geometric data obtained here, within the range of scdes
covered by the map, are goproximately equivalent to an assmblage of sphereswith this
power-law distribution.

Whether or nat this relation applies over awider range of scdes, it provides a
conveniently ssmple model for discussng the expeded consequences of the observed
penetration depth-volume relationship in terms of matrix diffusion. The matrix-diffusion

properties of a power-law particle-size distribution are discussed by Haggerty (2001 who
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showed that this type of distribution leads to a power-law distribution o solute residence

times:
g (t) ~t* (55)

where D = 2k — 3,50 k = (D+3)/2 and the term 1-k = «(D+1)/2.

The Ekolsund dita gave p = —1.93to —0.83 with a combined-average value p = —-1.07.
The mrrespondng ranges are D = 3.93to 2.83and 1k = -2.47to —1.92, with combined-
average values D = 3.07and 1k = —2.04.The Aspo dita gave p = —1.3,with correspondng
valuesD = 3.3and 1k = —2.15.We nate that the mnversion here from p to D involves an
extrapolation beyondthe range of appli cability of the fradal fragmentation model that was
used to derive the relationship D = 2-p, which we will return to below.

In-situ experiments using non-sorbing tracesin a discrete structure in the Aspd Hard
Rock Laboratory (Path | in the TRUE Block Scae experiments described by Winberg et al .,
2002 yielded log-linea late-time slopes of 1k =~ —2.2, kased ongraphicd analysis of the
pubished breakthrough curves (Figure 5-10). Thusthese experiments yielded similar late-
time slopes, to what could be expeded based onthe geometricd analysis described above.
This experiment was condwcted over anominal transport distances of 14 min a NW-trending
structure, similar to the length of the en échelon zone map presented here, at a depth of abou
350m below the bedrock surface &d a similar distance NW of the mapping locaion.

The late-time slopes in the TRUE Block Scae experiments were observed over time
scdesof t =20to 200 hows. The arrespondng scde for diffusive transport can be
estimated asa = v(tD,) where D, ~2x10™ m/s’ is a representative value for moleaular
diffusionin water. Thisyields a in the range of 0.12to 0.4cm, which is at most lessthan half
the 1 cm resolution d the detail ed maps. Thus applicaion d these resultsto trace
bregkthrough, ontime scdes of the TRUE experiments, requires an assumption that the
hierarchicd scding of branch fradures on these maps persists to small er scaes, athough
possbly aslittl e & an arder of magnitude. Such scdes $oud be pradicd for higher-

resolution mapping over small er portions of an en échelon zone than were mapped for this

study.
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Figure 5-10. Normali zed bregkthrough curves for conservative tracesin Flow Path | during
the TRUE Block Scae experimentsin the Aspo Hard Rock Laboratory, showing graphica
estimate of |ate-time log slope (modified from Winberg et al., 2003.

The values of k extrapolated from analysis of the map in this gudy (k= 2.92to 3.47
are very high relative to values that have been reported for fragmented materials. Turcotte
(1986 reported arange k = 0.72to 1.77for arange of fragmented materials. Marone and
Scholz (1989 foundstable values of D = 2.6+ 0.15for natural and synthetic fault gouges
subjeded to shea, correspondng to k ~ 1.8. Similar results were reported by Biegel et al.
(1989.

Thelarge discrepancy might be explained by the fad that the rock analyzed hereis
not completely fragmented into discrete particles, asin the media considered by those authors,
but rather is cradked by abranched network of fradures. The “fragments” in this case ae not
completely bounded by the fradures. Consideration d the fradal cube model shows that D
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values obtained by this extrapalation canna correspondto a spacefilli ng distribution o
particles. The value of D ohtained hereistherefore to be considered as an abstradion, the
physicd implications of which need to be further explored by network models.

On the other hand, these results suggest that data such as from Path | in the TRUE
Block Scde experiment are better explained in terms of branching network models than
spacefilli ng particle distributions.
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5.5Conclusions

The en échelon zones analyzed here display a hierarchicd structure which is described in
terms of branch networks of diff erent orders. This charaderistic is patentially important for
solute transport because the higher-order branches potentialy provide upto an order of
magnitude more fradure interfadal area(depending on the nature of the damage zones
adjacent to the diff erent orders of branches). This means an increased areaover which mass
transfer can take placebetween mobil e water moving through the primary fradures, and the
relatively immobil e water in the rock matrix.

The hierarchicd pattern o splaysin the damage zone implies a systematic, posshbly
power-law increase in the anount of pore volume that solute can accessby diff usive mass
transfer, with increasing distance from the fault core. The incremental matrix areaversus
distance from fradures belonging to these hierarchicd structuresis approximately log-linea
over length scdes of upto 30to 50cm (depending on the truncation limit of the maps). The
log-linea slopes arein the range —1.93to —0.83 with best estimates of —1.07and —1.3for the
Ekolsundand Aspé chta, respedively. These wrrespondto fradal block-size distribution with
dimensions D = 3.07and 3.3,respedively, by extrapdation from afradal fragmentation
model given in Appendix D.

This extrapalation leads to predicted late-time log slopes in solute bregthrough
curves of —2.04and —2.15which compare well to observed late-time slopes of —2.22in in-situ
trace experiments in asingle NW-trending structure over asimilar scade & the Aspo site.
This extrapalation goes beyondthe range of applicability of fradal fragmentation model. We
suggest this may be understoodin terms of the rock aroundthis gructure being a partially
cradked solid, rather than a fragmented medium.

These apeds of en échelon zone achitedure suggest a need for more complex
representationin hydrologic models, than as mple, planar conductors with o without
heterogeneous properties, or as zones of increased bu unstructured fraduring. These

impli cations are evaluated by numericd modeling in a wmpanion paper (Chapter 6).
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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 acount 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 isinterpreted 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 usually 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 betracad 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 arepaository, in comparison with more extensively sheared fault

zones. Matrix diffusionisthe most significant mechanism for retention o radionucli des
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legking 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 i nterfadal 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, as well asintense
fracuring within stepover zones. Thisis also predicted by theoreticd models of compressve
shea fault development (e.g., Schulsonet 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 & 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.

A statisticd model was therefore mnstructed by statisticd simulation d a40mlong
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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 o 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
eff edive transport aperture). While 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 urniform, representative
values for a given classof fradures. Aswith transmisgvity, eff edive transport aperture ae
likely to be variable. The nature of thisvariation 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

intersedions, and to reducethe dance of the numericd difficultiesin the flow and solute
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transport computations due to an ill -condti oned finite-element mesh. The mmplex
architedure of fraduring within the stepovers between en échelon segmentsisidedized asa
simple, hierarchicd fragmentation process Interseding fradure zones such asthose 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 d 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 fradture intensity within the stepovers between en échelon

segments.
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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 fracure 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[3,5
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
T, 2x10% m%/s
T, 1x108 m?/s
T, 1x10° m?/s
T, 1x10" m?/s
b, 0.5mm
b, 0.2mm
b, 0.1mm
b, 0.05mm
b 0.5mm

U[Xin Xmed = Uniform distribution o the parameter x in the range X, < X < Xy
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P.[D, Xin] = power-law distribution d the parameter x with exporent D and minimum value

Xrin-
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Simulation d groundvater 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 pants along
strike.

Vaues of transmisgvity are asdgned choasing representative values of single-fracure
transmissvity based on fast analyses of hydraulic test data & Aspo (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 Aspd 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 reasonably 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 scde 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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Simulation d advedive-diffusive 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
resulti ng from diff usionin combination with velocity variations aaossthe gerture, by
tracking particles in this dimension (here denacted 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 fradure 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@) - %

5 (6-1)

3 622]

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 afixed 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 al 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 all 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 paotential gradients, ensure that all branches of a
jurctionwith pasitive inflow lie to ore side of al brancheswith pgsiti ve 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, & =[(0- Q)e, + 0,6,)/0;
0, > % >0, 0, > > 0, 676
A
- QI . . . - - . .
b) Advective-diffusive routing with partial mixing
A
|
| 0,> i ‘_ - ; 0y 3= [P0, ¢tpy0; 0,/
> 1= [Pu0y ¢p20, 6,10,
03" M, 50 0> | >0 4 bl
x=0 x=L, D = P 01aVsL.D,)
A
0,
c¢) Complete mixing
0s
A
0, > > 0
'O —_ =67 (0, ¢, +0,0)/(05+0,)
0> My S0 0> >0
A
0,

Figure 6-5. Alternative rules for routing of solute & four-branch junctionsin a 2-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-scde problems we aldresshere.

Park and Lee(1999 propased 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 paosition 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
junction, 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 spaceon agiven collision
with afradure wall i s assumed to be equal to the locd matrix parosity 0,,. 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 mnsidered 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 hydraulic 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 resped 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 dff usioninto 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:

R = Vao  _ Myap+s) /mO(AD+B) 63
BTy Coomy,,., /m €3)
AD +B 1(AD) 0(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 V,p, g iSsthe mrrespondng 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 fracures 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 fradture. 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 adual and pdential R; can be expeded to deaease
with deaeasing v,p, asthe time scde for advedion along the flowing fracures approaches the
time scae 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,
in in-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.



203

1.0
E_
=
o
.2
k31
e
=
172}
é 0.5
Py Case AD
>
E —— Case AD+B
g —— Case AD+M
o} —— Case AD+B+M
0 L L L L L L I L L
0 2x10° 4x108 6x10° 8x10° 1x10°
—~ 2x107
=2
g
3
=
3
=)
-7
5— 1x10
k=1
4
<
=
m
v
2
=
0 I E— L | L L | n
0 2x108 4x10°8 6x10° 8x10° 1x10°

Time (s)

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 bresthroughtimes for deterministic model. Statistics are
givenfor 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 mass(equal to the number of particles N times

the solute massper particle, which is arbitrary).

Case N MllMO MZIMO MSIMO 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  24x1¢fF 157 21 35 75 19 52 120

AD+BM 997 60 21x10° 2.0x10° 2.3 3.0 51 112 33 99 193



204

Cumulative Mass Fraction M/M,

1010

8x10° [

Mass Breakthrough (dM/dt)/M, (s™)

4x10% |~
I Case AD
—— Case AD+B
—— Case AD+M
L —— Case AD+B+M
0 mﬂﬂu il | | |
0 1x10" 2x10"

Time (s)
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 bregkthroughtimes for synthetic model (uniform 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 Table 6-
2.

C& N MllMO MZ/MO M3/M0 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  1.90
AD+B 1000 3.7 139 55 25 27 3.1 36 4.1 4.6 4.9
AD+M 991 177  35x10° 170x1C° 5.1 8.1 166 49 129 320 590

AD+BM 997 184 1.79x10° 5.13x1C* 155 23 42 80 181 390 580
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Figure 6-9 Solute breakthrough curves at north end d synthetic model (heterogeneous

hydraulic 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).
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Table 6-4. Moments and percentil es of solute bregkthroughtimes for synthetic model (heterogeneous

hydraulic properties). Statistics are given for t' =t/(1x10" s) where t is the bregkthroughtime for a given

massof solute. Moments M,, M,, and M, are normali zed with resped to M,, the total solute massasin

M,/M,
2.3
9.2
2200

Tables6-2 & 6-3.
Case N

AD 1000
AD+B 1000
AD+M 93
AD+BM 111

1990

M,/M,
5.4
86
8.0x10f
6.7x10F

M4/M,
134 21
830 7.0
3.7x101° 360
3.7x10° 670

Uos

t’ 10
21
7.4
600
860

t’ 25 t’ 50 t’ 75
21 22 23
8.1 9.0 100
870 1870 3000
1030 1400 2300

Tgo
25
110
4600
3900

o5
27
116
6200
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 diffusion 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 of 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 = = / (6-4)
VaD+m Myiapy I Mo(ap)
(6-5)
R _ VAD _ ml(AD+B+M) /mO(AD+B+M)
BM =
VD +B+M My ap) /mO(AD)

where V,p.y and Vv, 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 diff usion, 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 Ry, = 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 6-10 through 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 eaili est 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 hgh 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-diffusion to 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 fracures 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 ty; 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 mncentration 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 05 might beincluded 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 goproximately
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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15 m

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 fradures and maaoscopicdly
unfractured matrix. Models analyzed include both a deterministic model based onan acual
fracure 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 retardationis lessthan 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 asa 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, semndary
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 bresthrough
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 pasdbly 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 eledromagnetic
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 zonesin granitic rock. Results suggest that a



218

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 a geostatisticd analysis, if the spadng and length of en échelon
steps are variable. Asasimpleill ustration, we may consider an ided casein which the
spadng and length of en échelon steps are constant with resped to pdasition 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
feaures can be obscured in a nventional geostatistica analysis, if the scdes of these
feaures are variable.

To explore the consequences of systematic variationsin fracure 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
gred concern in themselves. However, in view of observations such 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 cae 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 fraduresin 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 échelorn-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-scde mapping of the fradure zones at Aspd was caried ou 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 grint 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 diredly 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 fradture traces were digiti zed as graphicd
overlays onthe mmputer screen. Corredion for phaographic distortion was made by use of a
digital rubber-sheding al 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 thisway 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 graphicad 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 combined 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 pasiti 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. The residual 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 codeisbased 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
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boundary conditions at a given boundary group may be specified concentration, specified
mass flux, or specified net mass flux.

Asin an adinary 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 ead 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(0) = hyx,0)|,_,, neB

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 [4,60¥,9d4, 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 acourt 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 %t 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) + qd(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 d 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 hin (1) we obtain:

N a ; N N ahj
SZ —w, -V T_E hVw | + g8(x-x) = - SZ ijo
Jj=1 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
functionsthat are defined piecavise onindividual element areas A°, so that w, = 0 for x; ¢ A®,

gives:
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N N dh.
0 = jzzl:th-(Tij) - Z;thswj + 9.8 (x-x) (wdA
4

=1 e

-,

N dh.
Z hjsziv.(Tij)dA - thgfwiSwjdA + Zezfqié(x—xi)wldA
A€ A€ Ac

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

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

X fade-xwdd = g
e Ae

sincew, = 1 at x;. Defining:

3
L\
I

fSwiwjdA

Ae

a’l f w NV (TVw,)dA

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 )
DE - Ah(®) = 4q@)
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Steady-state flow

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

Ah(t)) = -4q@)

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) = g(s) + Dh(0)



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+l n+l

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

transient flow:
! Dl -h1-AR ., -
Atn+1 [ n+l n] h el =
or:
[ L Dr 1-Alk.. - g ! pa
n+1 n+l n+1 n
n+l Atn+1
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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:

<
o
Il

Sewiw]dA = Sefwiw]dA
Ae

Ae

a; = fin(Tvej)dA = TefinZWJdA
4 4

I
o

fV'(inwj)dA - wai'VdeA
qe q¢

= 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:

Tx) = Y Twfx) = Y, Tw,x)

kee kee

SE) = Y Tw x) = Y, Tw,x)

kee kee



then:

&
=~
I

e e _
p D Sy dy = [www,dd

kee
Ae

a; Y Ta;, ap = fwi[V-(kawj)]dA
Ae

kee

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:

aijke fwi(Vwk-ij)dA + fwiwkvzwjdA
A° A°

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

fwikawj'nds - f(Vwi'ij)wde

04° A4°

261
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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, Nesdt = F(x,s)]
0

Let:

N
h(x,f) = 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 spatial weighting function. Taking the Laplacetransform of

the matrix flow equation and substituting for £[h] we obtain:

N _ N _ —
SSZI:hjw +V Tzl:thwj -f =0
J= J=

or:

[sSw, = V-(TVw)] - f = 0

M=

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

Jj=1

= l;]z; f[sSwiwj - in-(Tij) - f_wi]dA

Ae

N
= ,;: jz; fsSwiw]dA - finT-VdeA - fwiTVZWJdA
A¢ Ae A€

=l

N
wdd = D (0 [Swwda
j=1 e qe

A

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;.
4
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For constant §(x) = § and T(x) = T, over ead element, VT = 0 giving:

- - _ N
Jz:ljh,-z S, [wwdd + T, [wPwdd| = g, + jzzljhj(O)Ze: S, [wn
A° e

e
A¢e
or:

N _ B N ,
Z;hjz(ssed; £ T,a;) = q,+ Y h(0))Y S,d;
J= e

e Jj=1

where:

3
L\
I

fwindA

Ae

Q
1l

g = [wiVwdd = [V-w,Vw)dd - [Vw,-Vwdd
e

A° A°

finwj-Vn ds - wai'VdeA

04 ¢ A4°

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) = g(s) + Dh(0)

where overbars denate Laplacetransforms with resped to t.

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

S% + V:(TVh) = gqb(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(?)

= ¢(®) + 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) = Y3 Twx)

e kece

N
Sx) = kz; Twx) = XY Tw(x)

e kece

then the matrices A and D arereplaced by:

D = Z;Skdy;
L €e J

e

A = EZTkaijek

| e kee

, di = fwiijde

g
A¢

. ap = fwi[V-(kawj)]dA

Ae

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

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

a, k(x)

|
—
=
g
w‘.
g
N
+

fwi(Vwk'ij)dA +
AE

fV-(wikawj)dA - fV(wl.wk + wl.wk)-ijdA
A° A°

fwikawj-nds - f(Vwi°ij)wde

04° A°
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Laplace-Galerkin formulation of transport problem

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

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

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

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

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
R sjz; cw, - jz:;cj(O)wj + ;Ef [vVw, - V-DWW)] + g, = 0

or:

- N
j;cj [RSWj+v-VWj—V-(DVWj)] + qc — Rcojz:; 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®,

gives:

N
¢ [stj +vVw, - V- (DVWJ.)] +q, - RJZ:; cj(O)wj }'wldA

o

1l 1l
M= =
Ol M=

E f[RSWin +wyVw, - in-(Dij)]dA

Aﬂ
N
qg.w, - (0 Rw.w.dA
+:4[echl jz:;cj( )z;i ww,

or:

where the summation over eis understoodto indicate summation over all elementse, and
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.I?ic)viab4 - é?q
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 =g,
=1
A

sincew, =1 at x,.
Thus:

N N
Zgj(ZSbij + Euy] - Ecj(o)zbij - aci

Jj=1 e Jj=1

where:

S
[
1l

waiwjdA

Ae

Q
1l

e fwiv'ijdA - fin-(Dij)dA
A° A°

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.

. Ty
p(x) = 500 kEE;thwk(x)

Substituting this approximationinto the previous expressons for the wefficentsb; and

gives.

S
[
1l

wal.wjdA

Ae

N3
1l

kece

e T
S = Y h Af b—Tinwj-Vwde - f w, V-(D Vw )dA

Ae

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. Typicadly 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, =va, 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,

1

¥,

ay;

so that x; = a;y;. Theinversetransformationis:

a/ = % = a
i ox Ji
J
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It is easily confirmed that the comporents a; are related to Vh as:

| oh on
1 ox, Ox,

%) = W
" (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:
D48 _ 0, &
ox; xaxj W, Ty,
0D g gl B, 8
0 dc 0 dc
—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 = akzdy a;
a.d.,a = a a/d a a;
mk“kl “In mk ki j1%In
a kdkl a, = 6mzdyxéjn

Ay Gy By = dmnxéjn

which by repladng dummy indices yields the inverse rel ationship:

dklx = akzdy i

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

_ d J
uUH wa(DVw)dA = fw’ax (d'”"xax ]dA
Ae Ae m
od, ow, 82w.
= fw,. *—Ldd + fwldmn—dA
o ox, Ox o * 0X,,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 fwldmn 5 ox, dA

Ae
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Theintegrandisinvariant with resped to rotation  the wordinate system, since

Fw, o Pw.
d,, % dA = a,d,a, 4. % 2
* 0x, 0X, » © ox, oOx, aypay .
Pw,
' !
amkdklal L om qna 6;»
5 .d, 6 Pw,
e "’ayay
o
mny aymayn

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

obtain:
. Fw,
uy = fw du dy;; dA
A° 2
Fw, w,
= D}fwi r? L+ —L\dd
A a.yl ay2

wherer =¥ (D' /D;").
Thisintegral can be evaluated more eaily by mapping it to amodified 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
Ae

z

azwj + ﬂ] rdA

2 2
oz, oz,

rDT/finz2wjdAz

A

z

\/DL/DJ{ finfwjdAZ

A

z

\/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~ Uy
where the first term:
e T .
uy, = b—Ehkfinwj Vw,dA
T kee e

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

seondtermisreaily cdculated as:

Yyg = T %,
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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 a skin 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 ()

total

isrelated to f(r) by:

4n(y —s)°dr

<|
—

w
g

1
—
—_
—

—
N—
N

Diff erentiating this with resped to the skin depth s (noting that sisin the lower limit of the
integral aswell asin the integrand) gives:
dv-

) ) 4 3
o C —4nISf(r)(r - s)’dr - fr)5(r-s)

= —471_]i f(r)(r - s)%dr

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

[ee]

o(lj_\é = 471[ f(r)(r - s)dr
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Exporential case

For the cae of an exporential distribution d particle radius:

f(r)=2ne™
the correspondng first derivative of V() is obtained by straightforward integration:
dv p p 8m
— = 4m[Ae™ (r -s)’dr = 4mhe™ [eMt2dt = e
ds J; (r=s) J; A’

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 ead 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) versus L, is:

im logN(L,) _ lim logL, +log(8-a)+nloga __ loga _
n-o logL, n—eo logL, - nlog2 log2

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

We note that choosing a = 1yields 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 aadossthe 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 o 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:
v C O -(L, -29)%,s< L, /20
=00 5 ss 28

and the derivative of V, with resped to sis:

' _dvn_EyLn—29%SSLn/2E
ds ] 0 ,SZLn/ZE

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

V()= 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



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 simplifies to:

_S
Lo

—(n+1)

]
Ean
[]

I:IQI:I

"(s) = 6L,( i
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with m as defined above. For comparisonto data, we need only thelog dope 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 asolute 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.



Table D-1. Numericdly caculated 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
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distribution. Note the result for a/8 = 1.000” was obtained using a = 8 — 10° sincethe ebove

formula becomes indeterminate for this value,

L
©

P O O O O O OO OO0 OO0 OO0 OO0 oo oo o o o o

. 1250
. 1875
. 2500
. 3125
. 3750
. 4375
. 5000
. 5625
. 6250
. 6875
. 7500
. 8125
. 8750
. 9375
. 9500
. 9625
. 9750
. 9875
. 9938
. 9950
. 9962
. 9975
. 9988
. 0000

W RN NN NMNMNODMNNOMNNMNMNNMNMNNODMNDNDRERPR PP OOGDOUD

. 000
. 585
. 000
. 322
. 585
. 807
. 000
. 170
. 322
. 459
. 585
. 700
. 807
. 907
. 926
. 945
. 963
. 982
. 991
. 993
. 995
. 996
. 998

000

. 4x10°8
. 9x10°8
. 8x10°7
.2x10°°¢
. 2x10°4
. 7x10°3
. 040
.174
. 322
. 460
. 585
. 701
. 808
. 908
. 927
. 946
. 964
. 983
. 992
. 994
. 995
. 997
. 999
. 000



