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Abstract

The single-well injection withdrawal (SWIW) test, a tracer tesiziri) only one well, is
proposed as a useful contribution to site characterization of fractured rookl] as w
providing parameters relevant to tracer diffusion and sorption. The usual a@micept
model of flow and solute transport through fractured rock with low matrix perntgabili
involves solute advection and dispersion through a fracture network coupled with
diffusion and sorption into the surrounding rock matrix. Unlike two-well tracer, tests
results of SWIW tests are ideally independent of advective heterogesteihneling and
flow dimension, and, instead, focus on diffusive and sorptive characteristics of tracer
(solute) transport. Thus, they can be used specifically to study such ehstiastand
evaluate the diffusive parameters associated with traresgort through fractured media.
We conduct simulations of SWIW tests on simple and complex fracture modekst¢he |
being defined as having two subfractures with altered rock blocks in betweeaws® g
material in their apertures. Using parameters from the Aspd site in Sweslealowlate
and study SWIW tracer breakthrough curves (BTCs) from a test involvingl&ysrof
injection and then withdrawal. By examining the peak concentr@ypaf the SWIW
BTCs for a variety of parameters, we confirm t@gtis largely insensitive to the fracture
advective flow properties, in particular to permeability heteroggoeer the fracture
plane or to subdividing the flow into two subfractures in the third dimension orthogonal
to the fracture plane. The peak arrival tiggas not a function of fracture or rock
properties, but is controlled by the time schedule of the SWIW test. Thesttoag that
the SWIW test is useful for the study of tracer diffusion-sorption progassésling the
effect of the so-called flow-wetted surface (FWS) of the fracture. u@icns with
schematic models with different FWS values are conducted and the possildiityabf

in situ measurement of FWS with SWIW tests is demonstrated.



1. Introduction

A variety of techniques are available for characterization of the hydrapgeoto

fractured crystalline rock with low matrix permeability, such atasersurveys, well

logging, hydrologic tests, and tracer tests. Hydrologic tests can involve ondtiple

wells and tracer tests typically involve two or more wells. In this papesitigle-well

injection withdrawal (SWIW) test, a tracer tests utilizing only oné (&hroth et al.,

2001; Nordgvist and Gustafsson, 2002; 2004, Gouze et al., 2008), is suggested as a useful
means of confirming and adding confidence to site characterization of fchobgieas

well as providing information on tracer transport diffusive properties. Sitoilaany

other methods, this method is not intended as a stand-alone way to determine parameters
but may be used in conjunction with other methods to estimate in situ flow and transport

parameters at the scale of 1 to 50 m (or more).

The usual conceptual model of flow and transport through fractured rock involves
advection and dispersion through the fracture network coupled with diffusion and
sorption into the surrounding rock matrix. Unlike typical two-well tracer teB¥#&WS
tests, involving reversing flow fields by injection and then withdrawal at the Bame
rate, focus on diffusive effects, and their results are ideally independmhteftive
heterogeneity, flow channeling, and flow dimension. Thus, the breakthrough curve
(BTC) is not sensitive to “advective dispersivity” but is dominated by thepcesof
diffusion. Hence the BTC cannot be fitted well with the usual advection-dispersion
equation that does not include a matrix diffusion term. One may note hereytat T

dispersion with molecular diffusion within the pore space, or fracture apeguare, i



diffusive process, but its effect on fracture flow and transport is small cechp&th

diffusive effects at fracture intersections and fracture-matrixfates.

A typical two-well (TW) tracer test known as a convergent radiaingstves injection

of a pulse of tracer at a small flow rate into one well, while a nearby well ipguliat a
much larger rate, producing a nearly radial flow field. In contrastSWaN test one

well is used to inject fluid and tracer at a constant rate for a specified pétime, then
the same well is used to inject fluid (chase fluid) without tracer fodditianal time
period. After this, the pump is reversed and the well is used to withdraw flind same
rate until most or all of the tracer is recovered. Table 1 summarizes soneatkegs$

that may be of significance in the analysis of SWIW and TW tracer tsgisatively.
Compared to a typical two-well tracer test, an SWIW test is expected to pratigieer
tracer recovery, be more feasible to conduct in the field, and possibly provide itdorma

on the flow wetted surface (FWS) of a fracture network (see below).

The present paper aims at obtaining insight into the SWIW tracer testimyptyating a
sensitivity study of SWIW BTCs based on a simple and a complex fracture mbdel. T
study focuses on the effects of various parameters on the BTC peak concenéiduson, r
than on the late-time tail. The latter has been the subject of a number of (pagpers
Haggerty et al., 2001). Effects discussed in those papers generally do ratasitini
affect BTC peak heights. The next section, Section 2, presents the simple anekcompl
fracture models, following which sensitivity studies of model parameters dW3¥gts

are presented in Sections 3 and 4. Section 5 discusses and demonstrates the potential of



using SWIW data for a direct determination of the so-calledfetted Surface (FWS),

which is an important transport property controlling tracer transport in fractucksl. r

2. Complex and Simple Fracture Models

We shall briefly describe the complex fracture model (Tsang and Do&§it$) in this
section, before presenting in the following two sections the results of siomslati

SWIW tracer tests as a function of model parameters. The complexré&racdbdel for

fluid flow and tracer transport incorporates the important physical effeatsealistic
fracture, including advection through a heterogeneous fracture plane, partinbfimg
into multiple sub-fractures in the third dimension (i.e., orthogonal to the fracture) pla
and diffusion and sorption into fracture-filling gouge, small altered rockxrabcks
within the fracture zone, and the unaltered semi-infinite rock matrix on both sidhes of t
fracture zone (Tsang and Doughty, 2003). It is common, however, to represent the
complex fracture by much simpler models consisting of a simple two-diomahsi
fracture, without sub-fractures in the third dimension and with only the unalteneéd se
infinite rock matrix for diffusion and sorption. The simple fracture may have a undorm
heterogeneous transmissivity distribution in its plane, and is bounded on both sides by a
homogeneous semi-infinite matrix. Figures 1 and 2 illustrate the compi¢xré&anodel
and simple fracture models, respectively. The latter may be considereaias cgees of

the complex model with appropriate choices of complex model parameters.

A complex fracture model is composed of two sub-fractures, with the flow thtbeg

fracture g being the sum of the flows through the two sub-fractyresdds.



g=01+ 02 (1)

Let us relate the flows; andg, by

=00 (2)

wherea can range from 0 (only a single sub-fracture) to 1 (two identical sutoHfesy.
The transmissivity over the fracture plane is assumed to be heteroger(@pdis:The
fracture aperture distribution is also heterogeneous, with apé(tyyerelated tor(x,y)

through the cubic law.

The complex fracture model assumes possible diffusion and sorption into three
populations: fracture-filling gouge, small altered rock matrix blocks witieé fracture

zone, and unaltered semi-infinite rock matrix on both sides of the fracture. The
parameters characterizing the transport are fracture aplbtumagrix porositypm,, and
effective matrix diffusivityDe, which is defined as the product of free-water diffusivity
Dsw, matrix tortuosityr, and¢m. For a sorbing tracer, the product of rock densjtgnd
sorption coefficienKq replacesh,, where it appears as an independent parameter, but not
within De. Each of the three populations has its own valués,of, andp,Kg, with the

two finite-size populations having each its own characteristic length deabted 12,

Two alternatives are considered for the simple fracture model: thsfasingle

fracture with a uniform transmissivity whereas the second is a singtariawith a



heterogeneous transmissivity distributibix,y). Each simple model includes advection
through a planar fracture and diffusion and sorption into a homogeneous semi-infinite
rock matrix. No gouge or small altered blocks are considered. The siangiledr

models are special cases of the complex model obtained by settigand the

populations of gouge and small altered block equal to zero.

A numerical model is used to simulate the fluid flow field through the simple golegm
fracture, which may have a spatially heterogeneous transmissiviipuligin, based on a
rectangular finite difference grid. The central portion of the model, ihereells are
located and where the tracer is expected to remain, has high spatial sasdBgyond

this region, the model becomes coarser, and extends a great distance to carssarg-pr
boundaries. Then a patrticle-tracking algorithm is used to calculate &chgsstion
through the fracture, including the distribution of particles among sub-fracresier

to minimize numerical dispersion that occurs while calculating revemsibective
transport in the fracture plane, we employ a special procedure for modeifigvt
reversal that happens during a SWIW test. During the injection period the advection
calculation is normal — particle advection from one cell to its neighbosltg accurs
based on the finite-difference calculation of the flow velocities betweee tedls. If the
flow direction is not parallel to the grid orientation, the destination cell is nhose
probabilistically from among all the downstream neighboring cells, with pritlyabi
proportional to the flow rate into each cell. For each patrticle, the sequendis of ce
traversed is recorded. Then, for advection during the withdrawal period, the segjuence

cells traversed by the particle during injection is reversed. Thus, theigdyzat of



transport during the injection period is exactly reversed for the withdzaxiald,

properly simulating the physical situation.

Diffusion and sorption into the different populations making up the surrounding rock
matrix are calculated probabilistically by inverting semi-anedytsolutions (Tsang and
Tsang, 2001; Tsang and Doughty, 2003) to determine delay times that represewnindiffusi
and sorption. Over the course of the development of the complex fracture model, three
different conceptual models, C1, C2 and C3, have been considered to describe how the
different populations operate relative to each other (Figure 3). In conceptudl®iode
(Tsang and Doughty, 2003; Doughty and Uchida, 2005), for each particle at any given
time step, diffusion and sorption occur for only one of the three populations, chosen
probabilistically (sum total of probability being unity) based on given proportibaach
population. This conceptualization implies that all populations block each other. Thus,
when finite populations (gouge and small altered blocks) are saturatedaséhand

cannot receive any more tracer, the particle does not have an opportunity toidifuse
the semi-infinite rock matrix instead. Conceptual model C2 (Tsang and Doughty, 2007
Tsang et al., 2008) considers two-level diffusion. At the first level, eachlpaticoses

one of the two finite populations probabilisticaliA< 1) and a tentative delay tintds
calculated. At the second level, diffusion into the semi-infinite matrialzutated and a
second tentative delay tintgis obtained. We then take the maximunt,@&ndt,. This
conceptualization implies that only the two finite populations block each other. Wen t
finite populations become saturated with tracer, the particle does have atuoipyptw

diffuse into the semi-infinite matrix instead. The conceptual model C2 has theaapvant



over C1 in that the tracer BTCs tend to the semi-infinite case for largs, timmen the

finite populations are saturated.

In this paper, we propose the conceptual model C3, in which each particle seesall
populations at each time step weighted by its own effective contactTaakiag the

effective contact area with the semi-infinite matrix to be unity, tfectye contact areas

for the finite populations are each less than one. Delay times for each popukativenar
summed. This conceptualization implies that none of the populations block each other.
Each particle always has the opportunity to diffuse into all populations. Thsagpnot
only yields the semi-infinite results at large times after the saiaraf the finite

populations, but also provides the possibility of representing, at least appeyirite
multi-layer effect of tracer migration into the semi-infinite masafter passing through a

rock layer or “fracture skin” of a finite thickness.

Table 2 and Table 3 summarize the parameters of the simple and complex fracture
models. They are extracted from an analysis of a tracer test in graokiat Aspo,
Sweden (Doughty and Uchida, 2005) and thus correspond to realistic field properties.
Values for two tracers are shown, non-sorbing tritiated water HTO and skginding

strontium Sr, although for the present study, only HTO is considered.



3. Design of Sensitivity Studies to Examine Dependence

of SWIW BTCs on Fracture Parameters

For two-well tracer tests, key features of the BTCs arising fhanransport processes
are the peak heiglt,, the peak arrival timgy, slope of the late-time tail, the tracer
recovery factor, and perhaps also the tracer “first” arrival tygrgefined, for instance, as
the time for whichC =~ 10%C,. For the SWIW tests, the key features are peak h€jght
slope of the late-time tail, and the recovery factor. The timing of the pead &
primarily set by the time schedule of the SWIW test. In the present 3aitivity

studies, we focus on the BTC peak height or peak concentration.

Our basic calculations involve a 15 m x 15 m fracture plane discretized into regular
square grid blocks with 0.1 m grid spacing, and a non-sorbing tracer (HTO). &depar

tracking, 200,000 patrticles are used in all cases.

The majority of the results shown are for the simple heterogeneous model (no
subfractures, gouge, or small altered blocks), assuming a range offealDesnd
several different fracture heterogeneities. The ran@® values will be called apparent
diffusivity Da to distinguish them from th@ value obtained from laboratory
measurements on rock cores, which is denbigdy. Fracture heterogeneity,
represented by transmissivity distributidfx,y), is characterized by its geometric mean
<T>, the standard deviatianof log;oT, and, spatial correlation length A uniform
medium ¢ = 0), and several heterogeneous cases() were simulated. Three short-

correlation length cases were considered, eachiwitld.3 m for grid cells of low

10



permeabilities and = 1 m for those with high permeabilities, and withanging from
0.57 to 1.77. Additionally, five long-correlation length cases were considered, wigh
m for low permeabilities antl = 6 m for high permeabilities, and wishranging from

0.99to0 1.36.

A series of calculations using the complex fracture model were al&wrped, in which

the rock matrix surrounding the fracture is assumed to consist of 25% gouge and 25%
small blocks of altered matrix material. The gouge and small blocks do not shield the
semi-infinite matrix and so particles have a chance to diffuse into thearderte matrix

at every time step. Sensitivity calculations using the complex model asdtanendi
values for the fracture structure parametend different values for short-correlation

length fracture heterogeneity.

The basic SWIW procedure assumed in this paper is to inject for four days intdlone ce
in the center of the model domain, during which tracer is injected for the first day,
followed by three days of untraced water (called chase fluid) at the aganeThe grid
design and injection rate are chosen so the tracer plume remains in thesoigition
central portion of the model domain. Following four days of injection, fluid is produced

from the same cell and at the same rate for 12 or more days.

To compare the trends of results from SWIW and from TW tests, a simple €&V tra

convergent test is also simulated in which the injection and withdrawal points are 10 m

apart. Injection occurs for one day at a small rate, and the other wellirsuoaisty
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pumped with a withdrawal rate chosen to give a similar flow path length through the
fracture and a similar peak arrival time as those of the SWIW test. ThealdMations
are performed only to show trends of results, against which insight into SWIW BTC

results may be gained.

One important point concerning the difference between the SWIW and TW tests is
illustrated in Figure 4. In the TW tests, as tracer flows from one well totlieeg, it is
continually exposed to new gouge and small altered blocks, which continue to provide
opportunity for diffusion and sorption (Figure 3). In contrast, in the SWIW test, offily hal
as much gouge and small altered blocks are encountered by the pamnidldsy are
encountered twice, during both the out and back parts of the flow. Thus they are more
likely to become saturated and unable to provide further diffusion and sorption capacity.
From Neretnieks (2007, Equation 5 and Figure 5) it can be shown that gouge and small
altered blocks with sizes given in Table 3 can be saturated in the order of one day or so.
Therefore, the gouge and small altered blocks become saturated in the Stvdvdte

they are much less likely to veil the effects of diffusion into the serm#afrock matrix

on BTCs than in the TW test case. This points to the interesting and importabilippssi

of using SWIW tests to determine the diffusion parameters of interestnfpiteérm

predictions, i.e., those of the semi-infinite matrix.
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4. Results of Sensitivity Studies

4.1 Simple Fracture with Small Correlation Range Cases

Figure 5 shows snapshots of the tracer distribution in the fracture plane f@la sim
model with semi-infinite matrix diffusion, for four values®find the case of short
correlation length. Particle density at every point is shown, which includes both the
particles in the fracture and those already diffused into the matrix. idgeases,
indicating that the transmissivity distribution is becoming increasingbrbogéneous, the

tracer distribution becomes increasingly heterogeneous as well.

Figure 6 shows the corresponding breakthrough curves (BTCs). PeakQightot
very sensitive t@ for logioT values ranging from 0 to 1.77, which is quite a wide range.
The BTC tail shows the -3/2 log slope, characteristic of tracer slowhg becovered by

diffusion from the semi-infinite rock matrix on either side of the fracflisang, 1995).

4.2 Simple Fracture with Long Correlation Range Cases

Figure 7 shows snapshots of tracer distribution for three long-correlaties foas ~
1.35 (recall is standard deviation of legJ). Two of the cases have an isotropic
correlation length and the third has an anisotropic correlation length, resaléing
anisotropic transmissivity distribution. Similar to the short-coti@taresults, the peak
height is not very sensitive tovalue. This is shown in Figure 8, where the peak
concentration is plotted as a functionogftogether with results of the short correlation

range cases from Figure 6. On the right-hand side of Figure 8 is shown for campari
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the corresponding results from simulation of a two-well tracer test, whiplagisot
only a strong dependence of the peak concentration as a functgrbof also variations
due to different realizations of the flow fiel@he figure also shows the complex fracture

results, which will be discussed in the next subsection.

4.3 Complex Fracture Cases

A complex fracture differs from the simple fracture in two aspectslyfitbie existence
of gouge and small altered blocks which provide additional diffusion and sorption
capacity, and secondly, the possibility of two subfractures whose flowdatezre

each other through the parameter

The gouge and small altered blocks provide extra diffusion and sorption capacity beyond
that of the semi-infinite matrix. However, as remarked above in referertégure 4,
these materials are likely to be saturated with tracer during the folBMI& tracer
experiments. Then their main role will be mainly to slow down the tracer frontmemte
and, since the SWIW test time schedule is fixed, the radial distance of thdrvatevill
be reduced. Then, with the smaller tracer plume radius, the area (analodmudltw
wetted surface”) over which diffusion into the semi-infinite matrix occulishei
decreased, with the result of higher peak concentration than for the simple fcastire
The results are shown in Figure 8, which shows that the peak concentration in the
complex fracture case is still not very sensitive.to

Figure 9 illustrates the effect of fracture structure paraneeter the tracer BTC peak

height for the case of two subfractures with or without gouge and steadicablocks.
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The subfractures can be uniform or heterogeneous in transmissivity oveildnes. The
results indicate that has a very minor effect on peak height. For comparison, a
corresponding case for a TW test is shown on the right-hand side of Fighesvihga

strong dependence onthat is symmetrical around= 0.5, as one would expect.

Figure 10 shows the BTCs for a simple and a complex fracture model. Both display
logarithmic slope of -3/2 for the late-time tail. However, for the glemfracture, the

first part of the slope beyond the peak is much steeper. This is due to the interplay
between the diffusion into the finite rock blocks that become saturated with traicgy dur
the experiment and the diffusion into the semi-infinite rock matrix. The BTGoasns

can thus be used to distinguish between the two processes, allowing the possibility of
determining the diffusion parameters of the semi-infinite matrix, whicls ey main

role for long term retardation of tracer migration. This is in contrastdaomell tests,

where the presence of advective dispersion processes makes this muchfroolte dif
(Tsang et al., 2008).

Also, since the -3/2 slope is not seen until some time after the BTC peakng thafg if
monitoring is not continued long enough, an erroneous slope might be extrapolated, as
shown by the black lines in Figure 10. Further, if such a line is used to edtiacate
recovery factor, then the tracer represented by the shaded portion of Fguilenot be

accounted for.

Figure 11 summarizes the effects of various parameters on peak heigbtfgds mvith

no gouge or altered rock blocks. Here they are shown as a funcantbe apparent
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diffusivity value, which in an ideal case should be equéldgay. The general
conclusion is that the dependence of BTC peak concentration on fractucebeésty

anda is small, whereas the dependencéaqns larger.

5. Potential Method to Determine FWS Using SWIW

Tests

As demonstrated in the sensitivity studies presented in Section 4, channeling,
heterogeneity, and flow dimension create highly variable spatial wiestabutions, but

do not strongly impact SWIW BTCs, which are mainly controlled by matrix d@iffus

and sorption. An important parameter is the “flow wetted surface,” (FWS);gheh

rock matrix contacted by the flowing tracer, through which diffusion and sorption may
occur. For the simple fracture model it is well known (see, e.g., Tsang and Z8amy

1/2

that matrix diffusion depends on the product FW® )™, whereDe ay is the

effective diffusivity value obtained from laboratory analysis of gwale samples of the
unaltered semi-infinite rock matrix. This simple dependence may providg &ow
directly estimate FWS using SWIW tests, since SWIW BTCs are notdsedf with

advective dispersion as is the case with two-well tracer tests.

Let us define an apparent diffusiviDa as

DAY= FWS Qe (Lan)™2 3)

so that
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FWS = Da/ De (Lan) > (4)

The value oD, can be estimated by parameter fitting to an experimental SWIW BTC
One way is to take the SWIW peak concentration value and use Figure 11 to infer the
value for Da/Deran), See the horizontal and vertical arrowed lines in the figure. Then,
with a laboratory-measured valuel®, ., a value for FWS can be obtained by the

above equation.
To test this approach, we consider SWIW tests conducted in models with diffenent
geometries, as shown in Figure 12. In each case, parameters are chosgiosthéha

same pressure changP, the same flow rat® is obtained, which implies, from the

cubic law for fracture flow, that

W;|_b]_3 = W2b23, (5)

Thus, specifying the values of widthvg andw, prescribes the ratio of apertutgsand

bzi

ba/by=(wWalwi) >, (6)

Now, if we assume these two cases of flow geometries are used fav &8tk

employing identical values @At;,;, then
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QAtinj =Wibsly =wabpLo. (7)

Since FWS =wL,

FWS wl, b,

—2 (8)
FWSZ WZLZ b.l.
Then, we have
Dy _ FW§ :( Llwlj _b, ©)
DAZ FWSZ L2W2 bl

for the same value ®¢ (L ap).

To construct multiple schematic models with différBow geometries, and hence
different values of FWS, we proceed as follows. kiep the same SWIW schedule for
all cases: inject for 1 day &= 10" m*/s, chase for 3 days using the sai¢hen
withdraw at the sam® until all tracer is withdrawn. We consider vaisdiow
geometries (Figure 12) with a single valuédaf= D¢ (ar. The model has closed sides
and a constant pressure at the two end boundakiegigle injection/withdrawal point is
located in the middle. The model uses a uniforfield with small numerical dispersion.

The widthw varies (15, 10, 15, 20, 40 m). The aperturethen calculated by keeping

18



wb® constant. Hence FWS varies among the modelsle Bakummarizes the cases

considered, showing that FWS @rvaries by a factor of two among the cases.

Figure 13 shows the BTCs obtained from the five emdNote that peak arrival times
and tail slopes do not vary, while the peak heidlatsary. Hence matchir@,, would
provide a simple way to match BTC. All the modede the same value D (here we

setDa = De ab)-

Next, using the Case 3 flow geometry, a rangBo¥alues are used to simulate SWIW
tests, creating BTCs and her@g values as a function @fa, as shown by the red
symbols in Figure 14. The smooth variatiorCgf with D enables a power-law (black
curve) to be fit to th€,x values. Then th€, values obtained for the various flow
geometries are plotted (blue lines), and the cpmedingDa/De (Lay) Values are read off
the plot. Table 5 summarizes the results. Theagent between the square root of

Da/De Lan) @and the input values ofratio is very good.

The conclusion of this section is that the SWIWgetiow a good potential for direct in
situ measurements of FWS, a key factor in traegrsport in fractured rocks, on the scale
of the SWIW tests, i.e., order of 1-50 m. Practfeell conditions are often much more
complex involving different types of diffusive pregses, but perhaps the FWS thus
determined can be considered as an effective \aaoeunting for the integrated effects
of various sources of diffusion over this spatedls. This interpretation is possible

because of the characteristic of SWIW test resiltet being sensitive to advective
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heterogeneities and flow dimensions, thus providingpportunity for measurements of

effective FWS parameter, to which SWIW resultsiadeed sensitive to.

6. Conclusions

Sensitivity studies of SWIW tests on simple and plax fracture models have been
conducted. Results of SWIW peak hei@hi for a variety of models confirm th& is
not very sensitive to fracture advective propertseEh as transmissivity heterogeneity.
Also, peak arrival timé is not very sensitive to fracture or rock propestibut rather is
controlled by the schedule of the SWIW test. Traeeovery factor is generally
determined by extrapolating the tracer BTC, assgraistraight line on a log-log plot.
However, for the limited time duration of typicahter tests, the slope of the trailing

edge of the peak can be misleading and lead tmd@restimate of tracer recovery factor.

For parameters from the Aspo site in Sweden, wekthiat SWIW BTCs show a

distinct -3/2 slope in log plot in the tail regipreceded by a much sharper peak. This
shows the interplay between the effects of fintage/blocks, and the semi-infinite rock
matrix. Thus analysis of SWIW tests has the pakaof separating the two sets of
parameters and providing parameters appropriateréatictions of long-term tracer
transport which is mainly controlled by properteggghe semi-infinite matrix on both

sides of the fracture.

Studies using schematic simple fracture models wiiform transmissivity fields

demonstrate the possibility of direct measureméfr\VdS from SWIW tests. They point
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to an effective and interesting approach for deit@ation of this important transport

property in situ on the scale of SWIW tests.
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Table 1. Key features of significance in TW andI®¥\racer test analysis.

Features TW SWIW
Taylor dispersion within fracture aperture Reldihvamall | Relatively small
effect effect
Diffusion in and out of:

Rock gouge in flow paths Yes Yes (less if gouge
becomes saturated
by tracer)

Coating/alteration/rock matrix Yes Yes (lesmterial
becomes saturated
by tracer)

Stagnant water and infill Yes Yes (less if wate
becomes saturated
by tracer)

Rock matrix on two sides of fracture | Yes Yes

directly or via stagnant water
Sorption/Desorption reaction rate Yes Yes
Regional flow gradient Yes Yes, more
Lost tracer (impact on Recovery Factor) Yes Yess le
Flow variations: channeling etc. Yes No
Knowledge of region of study Yes Less
Scale Defined Less
Diffusion, effective Yes Yes, dominant
Feasibility for conducting the test More difficult| Much easier
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Table 2. Parameters of fracture transmissivityridstion (Doughty and Uchida, 2005).

Parameter Value
Fracture dimensions (m) 15, 15, 0.02
nx, ny, nz (number of grid blocks in central 150, 150, 1

portion of model)

AX, Ay, Az (m) (grid spacing in central portion of 0.10, 0.10, 0.02

model)

Sequential indicator simulation (Deutsch and Jdud898) using a

CDF for logoT based on 15 well-test analyses for 5 boreholes

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

Spherical variogram range for lower 80%lof | 0.3

values (m)

Spherical variogram range for higher 20%lof | 1

values (m)
Mean fracture aperturgif) 77
Fracture structure parameter 0
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Table 3. Diffusion parameters of multiple rock ptations (Doughty and Uchida, 2005).

112

Fault gouge Small altered blocks$ Semi-infinite matrix
within fracture zone | (unaltered rock outsid
fracture zone)
Effective contact 0.25 0.25 1
area
Radiusry, (m) 5104 0.005 not applicable
(essentially infinite)
Porositym 0.20 0.01 0.004
Tortuosityt 0.625 0.0625 0.05
Densitypp (kg/m3) 2700 2700 2700
Dfy (M2/s) for free HTO: 2.35109
water Sr: 7.90610°10
De (M?/s) HTO: 2.91010 | HTO: 1.51012 HTO: 4.710°13
sr:9.91011 | sri4.91013 Sr: 4.01014
Kg (m3/kg) HTO: 0 HTO: 0 HTO: 0
Sr: 1.5104 Sr: 47106 Sr: 47106
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Table 4. Schematic model parameters. Case :i@dmed as the base case.

Case w (m) b (m) bs/b
1 5 7.535e-5 0.69
2 10 5.981e-5 0.87
3 15 5.224e-5 1.00
4 20 4.747e-5 1.10
5 40 3.768e-5 1.39
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Table 5. Comparison @a/De (a Values read off Figure 14 with the ratiovaf given

in Table 4.
Case Cox Da/De (Lab) Square root o Ratio ofwlL=bs/b
(Figure 14 (from Figure 14) Da/De (Lab) (from Table 4)
blue lines) from Figure 14
1 0.209 0.54 0.73 0.69
2 0.172 0.80 0.89 0.87
3 0.155 1.00 1.00 1.00
4 0.143 1.22 1.10 1.10
5 0.122 1.81 1.35 1.39
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Figure 1. Complex fracture model (Tsang and Doyd?@03; Mazurek et al., 2001).
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Figure 2. Schematic view of two versions of simipéeture model.
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Figure 3. Three alternative prescriptions C1, G2 @8 for calculating diffusion/sorption

into the semi-infinite and finite populations. G3used in this paper.
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Figure 1. Schematic diagram of particle travehmhiring a two-well test (a) and a
SWIW test (b). Arrows represent advection throtighfracture and circles and ovals
represent finite populations into which diffusiamdasorption may occur. The semi-
infinite rock matrix, also present, is not showrthis figure. | and W indicate injection

and withdrawal wells respectively.
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length heterogeneity.
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Figure 6. Tracer BTCs for the simple model witfiedent values o0& representing
different levels of short-correlation heterogeneifjhe dashed line shows a log slope

of -3/2.
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frame: SWIW tests; right frame: two-well (TW) tests
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Figure 12. Schematic flow geometries with différemlues of FWS.

43



= I I I L I I I I L I I I I L I:
- Various flow geometries: 5
i w, L, b vary while holding wb® and wbL fixed i
i D, =Deyan
10-1 - A -
- \ ]
) B ]
Q102 -
O F \ .
i \ 1
-3
107F 1 :
- 2 §
| 3 ]
N 4 i
i 5
-4 | | | L Ll I | | | L L1l I | L Ll 11
%0 (O 10? 10°
Time (days)

Figure 13. Tracer BTCs for schematic models witfeent flow geometries.
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Figure 14.Cp as a function oDa/De (an) for a single flow geometry (red symbols) and
corresponding spline fit (red line) and power-law(iflack line). C,x values obtained

usingDe ar) and different flow geometries are shown as bluesi The intersection of

the blue line and the black curve determines appaliéusivity Da.
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