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Abstract

A complex fracture model for fluid flow and tracer transport was previously ajese|

that incorporates many of the important physical effects of a rediestitire, including

advection through a heterogeneous fracture plane, partitioning of flow into maultipl

subfractures in the third dimension, and diffusion and sorption into fracture-fillirgegou
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small altered rock matrix blocks within the fracture zone, and the unalterednsiente-

rock matrix on both sides of the fracture zone (Tsang and Doughty, 2003). It is common,
however, to represent the complex fracture by much simpler models consistinggiéa s
fracture, with a uniform or heterogeneous transmissivity distribution over s pled
bounded on both sides by a homogeneous semi-infinite matrix. Simple-model properties
are often inferred from the analysis of short-term (one to a few days) arsctdrization
(SC) tracer-test data. The question addressed in this paper is: How relihiele i

temporal upscaling of these simplified models? Are they adequate avadeterm
calculations that cover thousands of years? In this study, a particlexgagproach is

used to calculate tracer-test breakthrough curves (BTCs) in a comexdranodel,
incorporating all the features described above, for both a short-term SCGési@nd a
10,000-year calculation. The results are considered the “real-world”. Nextinhptes
fracture models, one uniform and the other heterogeneous, are introduced. Praperties f
these simple models are taken either from laboratory data or found byteatilboathe
short-term SC tracer-test BTCs obtained with the complex fracture nidael the

simple models are used to simulate tracer transport at the long-term dleeRsesults

show that for the short-term SC tracer test, the BTCs calculated usiplg siodels with
laboratory-measured parameters differ significantly from the BT Gsreat with the
complex fracture model. By adjusting model properties, the simple models can be
calibrated to reproduce the peak arrival time and height of the complex-é-actaiel

BTCs, but the overall match remains quite poor. Using simple models with short-term
SC-calibrated parameters for long-term calculations causes ordwagpfitude errors in

tracer BTCs: peak arrival time is 10-100 times too late, and peak height is 50-890 tim
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too small. On the other hand, using simple models with laboratory-measured properties of
unfractured rock samples for 10,000-year calculations results in peak arrivalsging he

up to a factor of 50 too early and large, respectively. The actual magnitudesrobthe e
made by using the simple models depend on the parameter values assumed for the
complex fracture model, but in general, simple models are not expected to provide
reliable long-term predictions. The paper concludes with some suggestions on how to

improve long-term prediction calculations.

1.0 Introduction

Flow and transport in fractured rock are critical hydrological elementsany
important practical problems, such as subsurface contaminant migration apdftafet
nuclear waste geological repository. A review of this research aitbaa @iscussion of
trends and challenges, was presented by Neuman (2005), who also provided a
comprehensive list of references. An earlier review by Tsang and N&s{h898)
systematically presented important field experiments on tracer traaspuiiferent
spatial scales and some associated theoretical studies. During the pdst dewumber
of major multiyear field and modeling investigations of transport in fracturéd twve
been reported. These include studies at the Mirror Lake site (Becker ant Shapd;
Shapiro, 2001; Shapiro and Hsieh, 1991), the so-called TRUE project at Aspo
(Andersson et al., 2004; Winberg et. al., 2003), and investigations of fractured dolomite

at Carlsbad (Meigs and Beauheim, 2001; Haggerty et al., 2001; McKenna et al., 2001).
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Generally, these efforts involved field measurements of migration of trtednwere
introduced into a fracture or fracture system through an injection well. Datarettgion
and modeling studies are used to estimate key parameters associatezhgibrtrin a
fracture, such as fracture porosity or aperture and matrix diffusionaeaffiGuimera
and Carrera (2000) made an interesting study of the parameters from a labge atim
tracer tests and attempted to understand their dependence on spatial and teaipsral s
Zhou et al (2007) also conducted a survey of measured values of the effective matrix
diffusion coefficient for fractured rock at scales from meters to kilereetnd showed a

scale dependence with larger values for increasing spatial scale.

The parameters thus evaluated can be used in models to predict migrationr®irirace
fractured rocks. Using tracer migration data to determine parameteastehistic of a
site is part of the site characterization (SC) process, and predictionesfrireration
tens to thousands of years into the future is part of what is known as “performance
assessment” (PA). A discussion of the key issues involved in going from SC to PA is
given in Tsang (2005) and also in Tsang et al. (1994). One of the issues is the
development of appropriate conceptual structural models for modeling transport through
fractured rock (Hodgkinson and Black, 2005; Reimus et al., 2003; Mazurek et al., 2003

and Jakob et al., 2003).

Most of the field and modeling studies to date consider a fracture to be uniform over
its plane (on scales of a meter to tens or even hundreds of meters), implyihgahde

characterized by its mean aperture value and a diffusion coefficienibilegsolute
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diffusion into the surrounding rock matrix. A justification for this often-made
simplification is that detailed data on deviations from this simple conceptuaiepadt

the fracture are often not available or hard to come by. Nevertheless, theeéirate

field data to show that fractures are not so simple (Mazurek et al., 2001; Robinspn et al
1998; Bossart and Mazurek, 1991). The goal of the present paper is to study tracer
transport in a complex fracture (defined below) and evaluate the acaiiaog-term
predictions of tracer transport made by very much simplified conceptual modie¢s of
fracture. Generally, features of tracer transport that have importambligations are

the first tracer arrival time, the peak concentration, and persistenceanfitbentration

tail. However, in this paper we do not focus on these PA issues, but rather discuss the
more basic question of how well are the tracer breakthrough curves (BTC)guiadic

term of their effective porosity, which controls tracer arrival time, anid ¢ffective

matrix diffusion coefficient, which controls the peak concentration. These two
parameters, porosity and diffusion coefficient, are also the usual ones usegsisafal
tracer breakthrough curves from field tests (e.g., Chilés and deMarsily, Q9&&pvic

et al., 2007; Widestrand et al., 2007).

Based on geological observations presented in Mazurek et al. (2001), a complex
fracture model for fluid flow and tracer transport was previously developed that
incorporates many of the important physical effects of a complex fedetygr, including
advection through a heterogeneous fracture plane, partitioning of flow into multipl
subfractures in the third dimension, and diffusion and sorption into fracture-fillirgegou

small altered rock matrix blocks within the fracture zone, and the unalteredniemnta-
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rock matrix on both sides of the fracture zone (Tsang and Doughty, 2003). Generally, the
model takes its initial values for material properties from laboratoryastetahen

modifies them by calibration to short-term SC data, such as breakthrough curves for
tracer migration tests lasting one to a few days. We shall refer totés¢sevith duration

of a few days as short-term site characterization or “stSC” data. The cavdilen be

used for PA calculations, which track tracer migration for thousands of years|ltypic

under much lower hydraulic gradients than are imposed during SC tracer testfiaote t
SC tracer tests with duration of weeks or months are also feasible, but in the present

study we assume that only short-term tests of one day’s duration have beenezbnduct

As mentioned above, it is common to represent the complex fracture, which is
considered to be the “real world” in this paper, by much simpler models consisting of a
single fracture, which may have a uniform or heterogeneous transmisisstrtigution
over its plane and is bounded on both sides by a homogeneous semi-infinite matrix. The
parameters of the simple model can be evaluated by calibration to stSC la\ata or
laboratory measurements on core samples of rock in the vicinity of the fradtare. T
guestion posed by this paper is, how adequate are these simplified models for long-term
PA calculations? It will be shown below that the stSC and PA results, corresptmding
different time frames, are sensitive to different parts of the parasedtef the “real-
world” complex fracture, and thus care needs to be exercised in the use cétparam
values obtained from calibration with stSC tests, and perhaps much longer tesite tha

one-day SC test will be needed.
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The paper is organized as follows. First, we present an overview of the conceptual
model for the complex fracture and describe the numerical model used for trentlow
transport calculations. Then, sensitivity studies of tracer breakthrough ¢Bmves) to
various model parameters over a range of values are discussed. Next, tworsichjnle f
models are introduced to represent the complex fracture model, one with a single
heterogeneous fracture (without subfractures or internal materalshe other with a
uniform fracture of constant aperture. Finally, we proceed to invespg&tatial errors
that the simple models may introduce into their long-term PA predictions. Somaeks

on how to improve long-term predictions conclude the paper.

2.0 Complex Fracture Model

This section presents a brief overview of the complex fracture model developed by
Tsang and Doughty (2003), where details of the model may be found. Figure 1 shows the
complex fracture model, in which advection occurs in a two-dimensional (2D)
heterogeneous fracture plane with a transmissivity distribution givenxy),Tifom
which flow g(x,y) can be calculated given the hydraulic pressure imposed on hesnda
Fracture structure in the third (z) dimension is accounted for by dividing flow) g(x,y

among multiple subfractures. In this figure, two sub-fractures are shown, fdr whic

=0+ 1)



162 The partitioning of flow between subfractures is controlled by the frastureture
163 parameten, by defining

164

165 @ =aq; (2)

166

167 The value ofx can range from O (only a single subfracture) to 1 (two identical
168 subfractures). The entire fracture plane is characterized by a ginglae.

169

170 Diffusion and sorption occur into three materials surrounding the fracture:

171 ¢ Fault gouge within the fractures (conceptualized as small blocks of rock)
172 e Altered rock within the fracture zone (intermediate-size blocks of rock)
173 e Unaltered rock outside the fracture zone (a semi-infinite rock matrix)
174

175 The parameter controlling matrix diffusion is the effective diffusion edefit D, given

176 by De = Dwomt, Where B, is free-water diffusion coefficiendy, is matrix porosity, and
177 tis matrix tortuosity £ < 1, witht = 1 indicating a direct, nontortuous path and smaller
178 values oft corresponding to more tortuous pathi®)e sorption coefficient is K Each of
179 the three materials has its own values gfdi, andt (and therefore [), and a

180 characteristic length scale denotegl.2r

181

182 A customized version of the numerical model THEMM (Tsang and Tsang, 2001) is
183 used to calculate flow and transport. First, a heterogeneous 2D fractuneissavisy

184  distribution T(x,y) is created, using program SISIM from GSLIB (DeutschJaurnel,
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1998). The T field has a stochastic heterogeneity in which the correlation lendih ca

made to depend on the T level. In our case, a larger value is used for the higher 20% of T
values to represent the well-known consideration that larger transmissndsyttebe
associated with a larger spatial correlation length. In general, SI®iWsanisotropic T

fields, but the one created here is isotropic.

Local fracture aperture w(x,y) is assumed to be related to local TEcgyding to

the cubic law

T(x,y) = W(x,y)[12(/pg)] , 3)

whereyp is viscosity,p is fluid density, and g is acceleration due to gravity. Then, local

fracture porositybi(X,y) is obtained from w(x,y) according to

or(X,y) = 3w(x,y)Az. (4)

whereAz is the thickness of the complex fracture zone, typically a few centsraetdr
assumed constant over the fracture plane, and the factor of three accountsaictrttie f
fractures may be oriented in any of the three spatial dimensions withind¢hedraone.
Mean fracture porosity; is then defined as the porosity value obtained from Equations
(3) and (4) using the geometric mean of T(x,y) in Equation (3) rather (xay) self.

This derivation fory(x,y) differs from the original version of THEMM, in which fracture



207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

porosity was taken to be a constant over the entire fracture plane, equal to theloeean va

dr.

Table 1 summarizes the model dimensions and heterogeneous fracture properfies use
the present paper, which are representative of a real fracture zone gvdhe As

Underground Research Laboratory in Sweden (Doughty and Uchida, 2003).

The flow field q(x,y) is calculated by a finite-difference method, theretraansport
is calculated using patrticle tracking. When a particle arrives iad &lgck, first an
advective residence timg s calculated based on the 2D flow field. For therid block

at location (x,y), denote q(x,y) 5 andd:(X,y)=dbs:

‘- @ AXAYyAz

T ®
ZjZ;lq” |

where g is the flow between th&igrid block and each of itsneighbors. Each particle

is introduced into one of the two subfractures in the third dimension, which is chosen
randomly, weighted by the parameter. As the particle moves in this sub-fracture, the
residence time is modified by assuming that a local cubic law holds in thacgubdis

(Tsang and Doughty, 2003).

Next, one of the three rock matrix materials is chosen at random, according to pre-
assigned likelihoods based on the proportion of each material present, and a residence-

time increment (delay) is calculated to represent diffusion and sorption intatbgat)

10



229 Dby inverting an analytical solution (Rasmuson and Neretnieks, 1981). In thacahalyt
230 solution, the finite volumes of the fault gouge and altered rock within the feazbue

231 are accounted for, which limits their capacity for diffusion and sorption. As fhete

232 materials become saturated, the corresponding residence-time incremeaseketo

233 zero. For a given grid block, if the residence-time increment for gouajéeoed rock is
234 less than the increment that would be obtained for the semi-infinite matrike¢eda

235 rock outside the fracture zone), then the semi-infinite-matrix-based iaotesmapplied
236 instead. This algorithm corresponds to a conceptualization in which saturatechgduge
237 altered rock do not shield the fluid particles from interacting with the sgmite

238 matrix. In previous studies (Tsang and Doughty, 2003), we used a different

239 conceptualization, in which fluid particles encountering saturated gougeredaibek
240 did not have a chance to interact with the semi-infinite matrix. It turns out thaCfor
241 time scales, tracer BTCs produced by the two prescriptions only diffeeimdte-time
242 tails, with identical peak arrival times and heights. In contrast, foirRédcales, the two
243 prescriptions produce BTCs that differ from each other. The present prescriptibe has
244  advantage that when the gouge and intermediate blocks are saturatedC sheeml to
245 the simple case of diffusion into the bounding semi-infinite rock matrix.

246

247 For the present studies we consider two different tracers, tritiated Wadi@),(which
248 is nonsorbing, and Sr, which is slightly sorbing. Table 2 summarizes the propetties of
249 three rock matrix materials, which were obtained from laboratory measuisearal by
250 calibrating the complex fracture model to a tracer test conducted usirptelmwles

251 packed off in the fracture zone at Aspd, Sweden (Doughty and Uchida, 2003). Note that

11
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the parameters for effective diffusion and sorption are much higher for gotgeama
and intermediate blocks than the semi-infinite rock matrix because they have undergone
much larger mechanical and chemical disturbances than the intact rockaodiag to

the semi-infinite matrix.

Tracer transport is calculated for a pulse tracer release in g-staéel flow field. For
SC, the flow field represents a radially converging tracer test witbrtteaveling about 5
m and breakthrough observed over a few days Pumping rate, test duration, and well
separation are based on the parameters of an actual tracer experimenedoaiddspod
Hard Rock Laboratory (Doughty and Uchida, 2003). For PA, a natural hydraudiemfra
creates a linear flow field. Tracer is released over a 2 m wide zone ascteibver a
15 m wide zone, 10 m downgradient from the release location. Tracer arrivals occur over
thousands of years. Table 3 summarizes the characteristics of the tweefttsy Note
that hydraulic gradient is several orders of magnitude larger for the®Gidld than for
the PA flow field, to enable the SC tracer test to be conducted within a reasanable t
frame. Figure 2 illustrates the heterogeneous T field and the PA flowTiedT field is
moderately heterogeneous, causing localized channels of preferenti&d ftlevelop

(Moreno and Tsang, 1994; Tsang and Tsang, 1989).

3.0 Sengitivity of Tracer Breakthrough Curvesto Features of Complex Fracture

M od€

12
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The key output of the complex fracture model is the tracer breakthrough curve (BTC)
that is, the tracer concentration C as a function of time at a specifiedigaahich is
represented by a single well for SC and the downgradient boundary of the fractute mode
for PA. For a pulse tracer release, the key characteristics of theBBCgChiles and
deMarsily, 1993) may be defined as:

e Peak arrival timeyk

e Peak height g

e Peak shape - quantified by the first arrival timgahich we take as the time at

which C= 103Cpk) and the rate of decrease in the tail region
Figure 3 illustrates stSC tracer BTCs for the complex model with pagesrggven in
Tables 1-2, with the three pointg, tC,, and { marked. In the subsections below, we
examine the impact of various features of the complex fracture model on these BTC

characteristics.

3.1 Fracture Heterogeneity

To explore the effect of heterogeneity over the fracture plane on traCs, Bre
conducted a series of short-term site characterization (stSC) sonslamitting matrix
diffusion and sorption. Thus, tracer transport occurs purely by advection through the
fracture. Moreover, we consider only one subfracture by takin@. The top frame of
Figure 4 shows the resulting tracer BTCs for T fields with four levelstefdgeneity
(created by increasingogr in the heterogeneous field generator, SISIM, while keeping
all other parameters unchanged).dsgr increases, the peak height decreases, the peak

becomes broader, and the peak arrival time is delayed. The lowering of peak meight a

13
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broadening of peak width occur as more diverse flow paths are encountered within the
more variable T fields. The peak arrival is delayed because fluid flowsqmaédly into
localized high transmissivity regions, which have high fracture porosityamsgquently

a longer advective residence time. The bottom frame of Figure 4 shows the corresponding
tracer BTCs obtained with the full complex fracture model, with two subfesand

three materials for matrix diffusion and sorption. All peaks are later, lower, aaddsr

due to the addition of matrix diffusion, and they show a small second peak arising from
flow through the smaller of the two subfractures. However, the effect ohsinge

fracture heterogeneity is unchanged.

Work elsewhere (Moreno and Tsang, 1994) has shown that for even larger values of
olg T (€.9., 3), earlier and sharper peaks may develop as flow becomes so focused that
large portions of the fracture network are bypassed. This is the strong chgmask. In
such a case, the early peak is accompanied by a long late-time tail whitteseffects
of diffusion not only into rock matrix, but also into “stagnant” water region between
channels in the fracture plane. The valuegfr = 1.35 (Table 1) used in the current

study has not reached this regime.

3.2 Mean Fracture Porosity ¢

The mean fracture porosity controls the peak arrival time, with arrival time longer
as¢s increases. The peak height also decreases with incrégsasgthe slower travel
time allows more matrix diffusion and sorption to occur. Figure 5 shows stS€ trace
BTCs for five values o§;. Note that): is the fraction of void space within the complex

fracture zone, not within the fractured rock block as a whole. In this sensitivity

14



320 calculation, we have variag without changing T, which is not internally consistent, but
321 this is often done in calibration exercises, in which measured T values are tseei
322 transport modeling angt is independently varied to match the BTCs (see, e.g., Chiles
323 and deMarsily, 1993; Cvetkovic et al., 2007; Widestrand et al., 2007)

324

325 3.3 Fracture Structure Parameter o

326 Fracture structure parametercorresponding to the ratio of flows through the two
327 subfractures, can range from 0 to 1. Figure 6 shows stSC tracer BTCsdoratres

328 within this range. Foa. = 0, there is only one subfracture, anddor 1, there are two

329 identical subfractures, so in both of these two cases the shape of the BTCs iedontrol
330 by fracture heterogeneity (compare Figure 4). For the smallest non-zalue (.01),

331 the fraction of flow occurring through the smaller subfractwe, @q,, is so small that it
332 does not affect the BTC noticeably. Foe= 0.03, the peak arrival time and height are
333 unchanged, but a second, much smaller and much later peak is present, reflecting flow
334 through the smaller subfracture. Feor 0.1, flow through the smaller subfracture is

335 significant enough to delay the arrival and decrease the height of the maitegsdlogw
336 through the larger subfracture). For 0.5, no individual second peak is visible, but an
337 extended tail of the main peak shows the contribution of flow through the smaller
338 subfracture. Foa = 1, the two identical subfractures provide greater fracture porosity
339 than a single subfractura & 0) does. Thig; dependence om can be explained by

340 considering that the two subfractures each obey the cubic law (Equation 3), &hd that

341 sum of their flows or transmissivities is fixed (Equation 1). This meangwiat w,’) =

15



342 w13(1+a) = constant, so that porosity (Equation 4), being proportional {&- (W) =

343  wy(1+a'?), becomes a function of. From this it can be shown directly that thel case

344 has a larger porosity and thus would have a later, lower peak. Note that fos small

345 values, if monitoring does not continue long enough or measurement sensitivity is not
346 high enough, the second peak may not be observed. Then the only observable effect of
347 increasingx will be to delay arrival time and decrease the height of the peak, much like
348 the effect of increasing.

349

350 3.4 Matrix Diffusion and Sorption

351 The time-scale on which matrix diffusion and sorption occur depends strongly on the
352 diffusion properties of the rock blocks, with the gouge having the fastest diffusion and
353 strongest sorption (until it is saturated), and the semi-infinite matrix h#wngjowest

354 diffusion and weakest sorption. Figure 7 shows tracer BTCs for stSC tieatewith a

355 nonsorbing tracer for the full complex fracture model, with diffusion into thréexma

356 materials, and for two variations: one with diffusion occurring only into the gouge

357 material and the other with diffusion occurring into the gouge and intermediate-si

358 matrix blocks within the fracture zone, but not into the semi-infinite matrix outisede
359 fracture zone. For all cases;0.03.

360

361 It is apparent that for tracer tests lasting a few days, the caldBaiC is essentially
362 insensitive to diffusion into the semi-infinite rock matrix; it is nearlg tays before the
363 full complex fracture model BTC differs appreciably from the BTCs forctses with no

364 diffusion into semi-infinite rock. Moreover, for the period including the tracer pkeak, t

16
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BTC is primarily controlled by diffusion into the gouge. Hence, a stSC trester te
provides the most information on gouge properties, some limited information on
intermediate-size matrix blocks, and little if any information on the safimite rock
matrix properties. Longer tests would be required for the intermediagensizix blocks

and the semi-infinite matrix to have a noticeable effect on stSC tracer BTC.

4.0 Simple Fracture M odels and an Approach to Study the Relationship between
SC-calibrated, L aboratory-measured and PA Transport Parameters

The previous two sections present the complex fracture model and how the
breakthrough curves (BTCs) of tracer transport through it depend on its pasanmete
practical field studies of flow and transport through fractures, such detaitdgtars of
a complex fracture are normally not available. Often a single fractaren®
subfractures) with a constant aperture (constant transmissivity) opéantsis used to
represent the complex fracture. The focus of this and following sections is to study
whether such a simplified representation of the complex fracture (whidters @& the
“real world”) can adequately reproduce flow and transport, and what errors are

introduced into long-term prediction of tracer BTCs by such a simplification.

Instead of one simple fracture model, we shall consider two models, both of which
account for advection through a planar fracture and diffusion and sorption into a
homogeneous semi-infinite rock matrix. In one case, the fracture has a uniform

transmissivity T over its plane, and in the other case, it has the same hetetsge

17
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T(x,y) field as in the complex fracture model. Here it is assumed tha(xthg Tor the
heterogeneous model is known. Then the geometric mean transmissivity <€d &ssus

the transmissivity for the simple uniform model. Once <T> and T(x.y) aneedetthe

only parameters in either of the two simple modelspaasrd Q. The features present in

the complex fracture model that are absent from both the simple models are the
partitioning of flow between multiple subfractures, and diffusion and sorption into gouge
and finite blocks of altered rock within the fracture zone. These will be accounted for

approximately through the use of “effective valueswdnd Q.

We use the complex fracture model to produce tracer BTCs for both stSC and PA
time scales and conditions, which are the synthetic “real world” resultshéiepply
the two simple fracture models to stSC and PA problems and compare the resdéng t
BTCs to those of the complex fracture model, adjusting the simple model paramete
values ofgr and I3 to optimize the match. There are three sets of effective valdes of
and O that will be used in the discussions below:

e ¢r(sc)and I} (scy values resulting from calibration against stSC data, which are
from tracer tests of short durations of a few days.

e O pa) and I (pay, values resulting from fitting against PA results of the complex
model (the ‘real world”). This is of course not something that can be obtained in
field cases. Here they are calculated and used for comparison with othevesffec
values to study errors made in extrapolation to long-term predictions.

* O ap)and I apy Values obtained by laboratory measurements on rock samples

from the two sides of the complex fracture. These laboratory-determined

18
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parameter values correspond to the semi-infinite rock matrix values used in the

complex fracture model.

5.0 Results

5.1 SC Calibration

Figure 8 shows the tracer BTCs for nonsorbing HTO and slightly-sorbing Sr, under
stSC conditions (a converging radial tracer test) for the complex frantudel,
considering two different values of fracture structure paraneteith the upper frame
of the figure showing the case @0 and the lower frame showing=0.6. Also
presented in the figure are the BTCs obtained from a simple heterogeraatuse f
model using (a) the Quanyandér (Lany values and (b) the calibrated fgcyanddy sc)
values. For reference, a tracer BTC for an advection-only modeldbetexous fracture,
o = 0, no rock matrix) is also plotted. Because the different diffusion and sorption
coefficients of HTO and Sr only affect interactions with the rock matr&ativection-
only models for HTO and Sr yield identical BTCs. The simple models with kabgra
parameters also yield nearly indistinguishable BTCs for HTO and Sr. Téxipésted,
considering that the parameter groups controlling matrix diffusigi, f@r non-sorbing

HTO and RKqpp for slightly-sorbing Sr, happen to be nearly the same (see Table 2).

The complex fracture model BTC is significantly different from the atiee-only
BTC, with a later, lower, broader peak. In contrast, the heterogeneous fiagblire

model BTCs for the original values ot Bnd¢s (i.€., D (an)andds aw) differ from the
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advection-only BTC only at late times, showing a longer tail. This impliésrttoar

case for the SC time scale, the features present only in the complexefracugl—flow
through multiple subfractures and diffusion and sorption into gouge and intermediate-size
matrix blocks—have a significant impact, whereas diffusion and sorption into the semi-
infinite matrix have a minor effect. By increasingd@nd¢: (see Table 4), the simple

model can match the timing, height, and width of the peak of the complex model BTCs,
although the details of the tails of the BTCs are not well matched. Ingeagiom 0O to

0.6 results in somewhat lower and later peaks, requiring larger valuggsefdddor sc).

Note that in this discussion, a comparison is made between the complex fracture model
and the calibrated simple models. In practice, increageshd); can be due to other

physical effects such as micro-fractures on both sides of the fractoee pla

Figure 9 shows the analogous results to Figure 8 for the uniform simple fracture
model. The advection-only BTC for a uniform fracture is much narrower than thhefor t
heterogeneous fracture. The uncalibrated simple model BTCs (obtained.yiffj ahd
dr (Laby) differ from the advection-only BTC only at late times, confirming thatidién
and sorption into the semi-infinite matrix are too slow to affect peak timing or hBight
increasing Rand¢: (see Table 4), the calibrated simple model BTCs can match the peak
arrival time and height of the complex model BTCs, but the peaks remain too narrow, a

consequence of the lack of heterogeneity in the fracture plane.

Table 4 summarizes the parameter values required to match the stS@Ti@ser

shown in Figure 8 and Figure 9 Biust be increased by a factor of 100—700 for the
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heterogeneous simple model and by a factor of 3,000—12,000 for the uniform simple
model, andps must be increased by a factor of 4-12 for the heterogeneous simple model
and by a factor of 13—34 for the uniform simple model. These increases delay, broaden,
and lower the height of the peak, thus mimicking the features of the complex madel tha
are missing from the simple models: principally the enhanced diffusion andadit

occur in the fault gouge and altered rock matrix within the complex fracture zone. The
larger increases required for the uniform simple model reflect the additiaaaldmning

process, fracture heterogeneity, which is missing from the uniform simpld.mode

The left-hand column of Figure 10 summarizes the results of the SC calhboathe
heterogeneous and uniform simple models for a rangevafues. Increasing results in
greater pore space for fluid flow, thus requiring increasésdg). Intermediate values of
o provide the best opportunity for flow along disparate pathways, with the most
significant spreading of tracer arrival times, and these cases tleeredoiire the largest

values of R (sc)

5.2 PA Calibration

Figure 11 shows the tracer BTCs for nonsorbing HTO and slightly-sorbing Sr, under
PA conditions (long-term and linear flow under a regional head gradient) foonmglex
fracture model, considering two valuesogfand the BTCs for a heterogeneous simple
fracture model. For the simple model, BTCs obtained using the original valygs D
andds (Lab), and calibrated values:lgcy ¢t (sc), De (pay anddy pay are all shown. Also

plotted is a tracer BTC for an advection-only model (heterogeneous fracta @, no
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rock matrix), for which HTO and Sr yield identical BTCs. The complex frachadel

shows a later, lower, broader peak than does the advection-only model, along with a
much longer tail, indicating that matrix diffusion and sorption are important precasse
PA time scales. With the laboratory parameters, the simple model producésaarvad

time that is 3—10 times too early and a peak height that is 2—10 times too highingdicat
that fracture porosity, matrix diffusion, and sorption are being underestinvitesn

using the stSC-calibrated parameters, the simple model produces a pedlkiae that

is 10-20 times too late and a peak height that is 50-100 times too small, indicating that
fracture porosity, matrix diffusion, and sorption are being greatly over@siimBy
calibration to the PA tracer curves, a good match to the peak arrival time, natiht

and tail can be obtained for the heterogeneous simple fracture model.

Figure 12 shows the analogous results to Figure 11 for the uniform simpledractur
model. The general features of the original, stSC-calibrated, and PA-tdibraple
models are similar to those shown in Figure 11 for a heterogeneous simple nighdel: w
the laboratory parameters, peak arrival time is 10—30 times too early and gdaksei
10-50 times too high. With the stSC-calibrated parameters, peak arrival time i4@dout
times too late and peak height is 100-300 times too small. Moreover, the shape of the
BTC for the PA-calibrated uniform simple model does not match the complex model
result as well as did the heterogeneous simple model, producing too narrow a peak,
indicating that the effect of fracture heterogeneity cannot be tigrreproduced merely

by using effective values of fracture porosity, matrix diffusion, and sorption.
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Table 4 summarizes the parameter values required to match the PA fa&ser B
shown in Figure 11 and Figure 12 lDust be increased by a factor of 2-9 for the
heterogeneous simple model and by a factor of 12—48 for the uniform simple frodel;
must be increased by a factor of 5-13 for the heterogeneous simple model anctdny a fa
of 9—-20 for the uniform simple model. The center column of Figure 10 summarizes the
results of the PA calibration of the heterogeneous and uniform simple models fgea ran
of a values. Thex dependence is very similar to that for stSC, WitBcy¢r (Lan) Steadily
increasing with increasing, and R (SC)/D. (Lab) showing a modest maximum for

intermediate values of.

As described above, the serious errors made when using a simple model with SC-
calibrated parameters for a PA simulation (Figures 11 and 12) arise betaUgane-
scale processes are dominated by fracture gouge properties, whergasRéale
processes are dominated by semi-infinite matrix properties. Thesrebolvn in Figures
11 and 12 employ a population fraction that is 25% gouge and 25% intermediate-size
matrix blocks. It is worthwhile to see if errors become negligible wherrdlsgdns of
fracture gouge and intermediate-size matrix blocks are much smallapl€x fracture
models witha, = 0 anda. = 0.6, each with population fractions 10% gouge and 10%
intermediate-size matrix blocks, were used to simulate stSC and PAdahecisicer
tests. Uniform and heterogeneous simple models were calibrated to theastSQeists,
and the resulting values ¢f(sc)and I (scywere used to simulate the PA time-scale
tracer test. Results (not shown) indicate that the errors made when sighBlativith

SC-calibrated properties for the are 10% gouge, 10% intermediate easerguarable to

23



526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

errors obtained for the 25% gouge, 25% intermediate case. Considering that tiendiffus
and sorption properties of the fault gouge and unaltered rock differ by up to three order
of magnitude (Table 2), it is perhaps not surprising that merely decrelasipgrcent of
gouge from 25% to 10% has only a minor effect. The lesson is that even fractenessys
with small percentages of gouge and altered rock can exhibit very differentdrahaw

do simple systems with only unaltered rock matrix surrounding the fractures.

5.3 Comparison of PA-calibrated transport parameters, SC-calibrated, and Laboratory-
measured parameters

In Table 4, calibrated parameters are compared with laboratory-meaataatefers.
The table entries show the parameter changes required to mimic thespsoaiethe
complex fracture model that are missing in the simple models. In the complek mode
both the non-zera and large gouge diffusion delay peak arrival; this is accomplished in
the simple models by modest increaseg,invhich lengthen advective residence time. In
the complex model, the presence of gouge material enhances matrix diffusigimgiela
lowering, and broadening the tracer peak; this is mimicked in the simple mottels wi
large increases in DFracture heterogeneity has a similar effect on the tracer peak, so

even larger increases in Bre required for the uniform simple model.

In Table 5 and the right-hand column of Figure 10, SC-calibrated parameters are
compared with PA-calibrated parameters. Note that if the flow and transporssgsce
did not have a strong time dependence—that is, if SC and PA processes werdlgssentia

the same—then all the entries in Table 5 would be onedl&gor pa) ratios do not, in
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571

fact, differ significantly from one, which is consistent with the notion ¢hptimarily
controls advective residence time, a quantity that does not have a strong time
dependence. In contrast, theE/De (pa)ratios are much greater than one, because
matrix diffusion is dominated by gouge diffusion at SC time scales and hyrdarite

matrix diffusion at PA time scales.

6.0 Discussions and Conclusions

We have examined the possibility of using simple fracture models, consisang of
planar fracture, which may have a uniform transmissivity or a heterogeneous
transmissivity distribution, and which is bounded on either side by a homogeneous semi-
infinite rock matrix, to represent a complex fracture model (the “reafjoihe latter
includes a heterogeneous transmissivity distribution, as well as multiplacubés, and
diffusion and sorption into fracture-filling gouge and intermediate-sizzealtrock
matrix blocks, and the semi-infinite rock matrix on either side of the feaciine study
is based on comparing the effective parameters required for the simplesnaodel
reproduce PA results at 10,000 years and SC results from stSC tracer ¢aktalated
by the complex model (considered “the real world”). We find that by adjusaotufe
porosity¢s and semi-infinite matrix diffusion coefficient.Csimple fracture models can
reproduce the key features of an SC tracer test: peak height and timing/laratehed,
while the BTC tail misses some detail. For a simple model with a unifootufea
transmissivity distribution, the leading edge of the BTC is too sharp. PA tratals

can be matched comparably well, but the required effectiwelDes differ by up to two
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orders of magnitude from those obtained by stSC calibration with traceroduoét few
days. Using stSC-calibrated parameters for PA calculations withntipdesmodels
causes order-of-magnitude errors in tracer BTCs: peak arrivalgifrf=-100 times too

late and peak height is 50—-300 times too small.

On the other hand, using laboratory-measured parameters of rock samples from
unfractured rock for PA calculations also produces erroneous results: pgals amid
heights can be up to a factor of 50 too early and high, respectively. These conclusions are
strongly dependent on the material properties of the fracture gouge, intaeri@ddcks,
and the semi-infinite medium used in the complex model. For example, they can be
opposite to what are stated if the matrix diffusion-sorption properties of thmetmte
blocks are weaker than those of the semi-infinite rocks on either side of the xomple

fracture.

Thus, we conclude that simple models do not provide a reliable means of making PA
predictions, if stSC data are all that are available for calibration.fiseymt, though
smaller, errors are also introduced if laboratory-measured values dr&\essuggest
that using a more realistic complex fracture model to interpret S€r test data could
enhance confidence of PA prediction and also allow temporal upscaling, egpeh&il
tracer tests of a longer term than a few days are conducted. Further stadiager way
to evaluate the additional information that could be extracted from traceotéstger
durations. Preliminary calculations considering tracer tests of weeks tbshdaration

show that, for our set of parameters, the gouge material and intermedi&tedvdually
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become saturated with tracers for longer tests, so that the BTCs dispagmdanore

the effects of the semi-infinite matrix. We are optimistic that byralsnation of short

and long-term tracer tests we may be able to evaluate the appropriatetparaiues

for long-term prediction of tracer transport. It should also be noted that usiognipdex
model directly as a basis for SC data analysis (even with a shortaga ahdaton-
uniqueness of parameters) has certain advantages, because it allows us t® eatts
of gouge materials in the fracture that are often observed in the field and to prosagie a

to estimate uncertainties involved in long-term tracer transport cabmsati

The present paper represents a first step in studying relationships bpana®eters
from laboratory experiments or from short-term tracer transport expetsnand long-
term prediction of tracer transport for thousands of years, for the partaskaiof a
complex fracture. The actual real world involves features not in our complexréact
model, such as micro-fractures on both sides of the fracture plane and flow across
multiple fractures in a network. Our study indicates the danger of presumptuously
modeling fractures or fault zones as simple fractures with homogeneous popéréare
is a need to have some information, even at a rough level, on the complexity of $racture
and fracture zones. Then such information can be used to improve prediction calculations
and also, by sensitivity analysis, to estimate the uncertainty rangespoéthetions,

which are a very important part of any long-term predictions.
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749

Tables

Table 1. Model dimensions and heterogeneous fracture properties for a refassnce

that is representative of a real fracture (Doughty and Uchida, 2003).

Parameter Value

Fracture dimensions (m) 15, 15, 0.02
nx, ny, nz (number of grid blocks) 150, 150, 1
AX, Ay, Az (m) (grid spacing) 0.10, 0.10, 0.02

Sequential indicator simulation using a CDF forldgoased on 15 well-test

analyses for 5 boreholes

Mean, standard deviation lgd (T in nf/s) -6.5, 1.35

Spherical variogram range — for lower 80% of T values 0.3m

Spherical variogram range — for higher 20 % of T values 1m

Mean fracture porosity 0.011

Fracture structure parameter 0.03
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750

751

Table 2. Properties of three rock matrix materials for a referencehedse

representative of a real fracture (Doughty and Uchida, 2003).

Small blocks

(fault gouge)

Intermediate blocks
(altered rock inside

ladder structure)

Semi-infinite matrix

(unaltered rock outside

ladder structure)

Proportion | 0.25 0.25 0.5
Radiusf, [5107 0.005 not applicable
(m) (essentially infinite)
Porosity¢n, 0.2 0.01 0.004
Tortuosityt [0.625 0.0625 0.0125
Densityp, [2700 2700 2700
(kg/m®)
Dsw (MF/s) HTO: 2.35.0”

Sr: 7.9010™°
Effective [HTO:2.910" |HTO: 1.510"° HTO: 1.210"
Diffusion  [Sr: 9.910™ Sr: 4.910"° Sr: 4.010"
Coefficient
De (M?/s)
Sorption  [HTO: 0 HTO: 0 HTO: 0
coefficient |Sr: 1.510* Sr: 4.710° Sr: 4.710°
Ka (M°/kg)
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752 Table 3. Comparison of flow fields for SC and PA.

Site Characterization (SC): |Performance Assessment (PA):
Two-well tracer test Natural gradient

Flow field Radial converging Linear
(Q = 0.4 L/min, hydraulic  |(hydraulic gradient 0.001 m/m
gradient approximately 1 m/mn)

Tracer 10 minutes 1 day

injection

period

Particle One well 2 m wide zone

release

location

Particle One well, 5 m away from |15 m wide zone (width of

collection release location fracture), 10 m down-gradient

location from release location

Time of tracefMain peak; 1-2 days Peak: 1-5 years

observation [Tail: up to 2 months Tail: up to 2,000 years
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753 Table 4. Summary of parameter values required in Figures 8-12 for simple models t

754 match SC and PA tracer BTCs produced by the complex fracture model.

37

SC

Heterogeneous Uniform

PA

Heterogeneowmniform

Of (sC)f (Lab) Of (PAYDF (Lab)
HTO 4.5 13 5.3 9.0
Sr 8.0 23 9.5 17
De (scfDe (Lab) De (payDe (Lab)
HTO 120 2,800 1.8 12
Sr 236 4,724 2.0 13
Of (sC)df (Lab) O (PAY/Df (Lab)
HTO 7.0 19 7.4 9.5
Sr 12 34 13 20
De (scfDe (Lab) De (payDe (Lab)
HTO 400 6,800 7.6 42
Sr 709 11,811 8.8 48




755 Table 5. Comparison of SC-calibrated parameters with PA-calibrated gtaranThe
756 ratios shown are fax = 0, but the right-hand column of Figure 10 shows that the ratios

757 are not very sensitive to.

Two simple models Heterogenedus Uniform
Fracture porosity | HTO 0.85 1.44
factor Sr 0.84 1.35
dr (scy Of (P
Diffusion factor HTO 65 233
(semi-infinite rock) Sr 118 369
De (sc)/De (pa)
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758 Figures

759
a4 G2 = 0.q4
. X
Fracture coating
24—{
Foliated rock
(microfractures) v
Fault gouge
material
Sub-fractures
Small matrix blocks
Intermediate matrix blocks
Semi-infinite matrix
>| ~Ccm |<
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761 Figure 1. Schematic diagram of the complex fracture model (after Mazuakk2201).
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762

763  Figure 2. Fracture transmissivity field T(x,y) f@6g T = 1.35 : red is high T, blue is low

764 T, flow lines show PA flow field, with flow from bottom to top.
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766 Figure 3. Site-characterization (SC) tracer breakthrough curvess)Balculated with
767 the complex model, illustrating the three characteristics used to coBip@sefor

768 different models: first arrival time,tpeak arrival timepk, and peak height fa
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Fracture Heterogeneity Variation
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Figure 4. SC tracer BTCs for cases with different amounts of fracturegeteity. Top
frame: advection-only (no matrix diffusion or sorption) and only one subfraciurey;
bottom frame: full complex fracture model with= 0.03, and 25% gouge, 25%

intermediate blocks, and 50% semi-infinite matrix.
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Fracture Porosity Variation
Advection only, oo =0
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775 Figure 5. SC tracer BTCs for cases with different values of meanregubrosityp;. Top
776 frame: advection-only (no matrix diffusion or sorption) and only one subfracturey;
777  bottom frame: full complex fracture model width= 0.03, and 25% gouge, 25%

778 intermediate blocks, and 50% semi-infinite matrix.
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Complex fracture model - various o values
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781 Figure 6. SC tracer BTCs for various values of fracture structure paramet
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Full complex fracture model
= = = Diffusion into gouge only
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783 Figure 7. SC tracer BTCs with diffusion into various materials turned offr@genee
784 between the different curves illustrates when the effect of diffusion intoatiffesck

785 matrix materials becomes apparent.
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SC: compare heterogeneous simple model
to complex model with o =0
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SC: compare heterogeneous simple model
to complex model with o = 0.6
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787 Figure 8. SC tracer BTCs for the complex fracture model and two versions of the
788 heterogeneous simple fracture model (the original model with laboratagured

789 properties and the model calibrated to SC), for two values of fracture strpataraeter
790 . Results for advection-only through a heterogeneous fracturexwith are also

791 shown.
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SC: compare uniform simple model
to complex model with o =0

T TR T 111 T T T T 1117 T T T T 1117 I R

T T T

Ll

—_

:|

N
T T T T
Ll il

’ H
j
!

—_
<
N

o
A
-
=7
/
//
/4

Concentration C/C,
) =)
(o] w
P
o+
= r
= T~
\
' .\L>
& A
—
/
P
/ ’
w
7

T T TTTTT
ey
>

/ \. .
\ v:_
% A
L L Ll L Ll LIl L L \\\i‘l\ L Ll Ll

107 10° 10°* 10°
Time (min)
SC: compare uniform simple model
to complex model with o = 0.6

—
o
_ »
=

10°

T TR T 11T R RN | L R | L N

LRRRLL

............... Advection only

Complete model, HTO
Complete model, Sr

— — — Simple model, lab props, HTO
— — — Simple model, lab props, Sr

A . Simple model, SC props, HTO
. Simple model, SC props, Sr

Ll

~
=4
0
T T

i
i
10" i
i
i

3
-
e
,
7
7

—_—
=
o
kY-
B _>
L Iéllll bl L L LLLL Lol L LLLLL Lol Ll LUl

Concentration C/(
o)
A
_—
/l‘

T
u“‘(r/ |
/’
7
4

—_
o
(%))
IR
=
\ -

B f ¥
E \"V\
10—6 L IR L “‘Nh PR
10" 10° 10° 10* 10°
792 Time (min)

793 Figure 9. SC tracer BTCs for the complex fracture model and two versionsusfittven
794  simple fracture model (the original model with laboratory-measured piepartd the

795 model calibrated to SC), for two values of fracture structure paramefRasults for

796 advection-only through a uniform fracture with= O are also shown.
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798 Figure 10. Simplified model parameters required to match SC tracer BT e f

799 heterogeneous simple model (het) and the uniform simple model (uni), for a range of
800 values. The vertical axes show the ratio of the calibrated parameter tagihalori

801 laboratory-measured values (two left columns) or the ratio of the calibratedgtars

802 for SC and PA (right column).
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PA: compare heterogeneous simple model
to complex model with o=0
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804 Figure 11. PA tracer arrivals for the complex fracture model and three versites of
805 heterogeneous simple fracture model (the original model with laboratagured
806 properties, the model calibrated to SC, and the model calibrated to PA), for twoofalues

807 fracture structure parameie@r Results for advection-only through a heterogeneous

808 fracture witha = 0 are also shown.
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PA: compare uniform simple model
to complex model with oo = 0
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810 Figure 12. PA tracer arrivals for the complex fracture model and three versites of
811 uniform simple fracture model (the original model with laboratory-measuogzbies,

812 the model calibrated to SC, and the model calibrated to PA), for two values of fracture
813 structure parameter. Results for advection-only through a uniform fracture with O

814 are also shown.
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