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— This mariuscript deals with the interpretation of "a tracer experiment conducted at the GWRP 
fieldsite in Clarkson, ON. The work at the Clarkson site has focused on research into the processes 
of flow and solute transport in a single fracture in sedimentary rock. This experiment is unique and 
has given us insight into the complexity of the processes affecting aqueous solute transport in a 
variable aperture fracture at the field scale. The results of this study are relevant to our 
understanding of solute transpo at numerous contaminated s'1 

_ 
situated on fractured rock 

throughout the Great Lakes Basixh c 

‘ 

7,7 .
. 

This works supports EC ‘p 'orities under COA Stream 1.6 ( oundwater) and Stream 1.4 
(contaminated sites). Additionally, it supports GWRP deliverables under Toxics Result #3. 
Current Status: 

_ 

The manuscript has been submitted to Water Resources Research and is currently in the 
review stage. -

‘ 

Next Steps: 

Fmther interpretations of the data set from this tracer experiment will likely be carried out 
' at a later date.
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ABSTRACT ’ 

The development of conceptual models to describe the hydrogeology of sparsely fractured media 

requires the characterization of the physical properties" of discrete fiactures atjthe field~sc'ale. In this 

A 
study, a tracer experiment conducted in a discrete fracture pervading a shale and limestone fonnation_ 

is interpreted. The experiment was conducted under conditions of natural groundwaterflow. To 

initiate the tracer experiment a srnal1'q'uaritity of conservative tracer was injected ‘into the fracture 

plane at upgradient borehole. The subsequent migration of tracer was monitored a.27 borehole 

array ‘drilled in Va 35 x 40 in area, Tracer breakthrough was observed in 7 boreholesat distances 

ranging fiom 1 1 to 41 in from‘ the source borehole. results showed a tracer plume which spread 

both longitudinally and transversely in the direction of mean groundwater flow. The field 

brealcthrough curves were interpreted using a finite element transport model formulated for two 

dimensions which incorporates longitudinal and tranisverseldispersion, diffusion into the rock matrix, 

and constantor spatially variable aperture in the plane of the fracture. The initial’ interpretation was ' 

conducted using constant aperture. Simulations conducted using variable aperture were completed 

without conditioning and using a Monte Carlo fonnat in which spatial correlation and variance in 

the aperture field were varied. From the results of the ‘interpretation conducted assuming a constant 

‘ 

aperture, it was found thatfthle meanitracer aperture was approximately 20 % greater than the mean i 

aperture measured by hydraulic methods. Values of matrix porosity ranging between I and 3 _%, a 

constant value of longitudinal dispersiviiy of 0.1 m and a large range intransverse dispersivity from 
0.01-0.22 ‘m was required simulate the data. Trends of increasing aperture and matrix porosity

_ 

with distance were observed, suggesting transport followed increasingly tortuous Pathways which



occur due to variability in the aperture. Simulations of tracer transport using variable aperture fields. 
l 

showed lateral’ spreading ofthe tracer plumes with increasing spatial correlation length and variance 

indthe aperture distribution. Simulations of the two-dimensional tracer‘ "plume with aperture 

distributions having a high variance but low spatial correlation length appear to best approximate 

the field plume. The trends of increasing aperture and matrix porosity with distance were not
V 

observed with the variable aperture simulations. This suggests that other processes such as spatial * 

or temporal variability in hydraul-ic gradient may be responsible for this observation in the results 

ofthe constant-aperture simulvations.
I
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1NT"RonUcT1oN 

Theoretical and experimental studies conducted using both artificial and natural fractures in 

a variety of rock types at various scales.and levels of confining stress have shown that the traditional 

representation of fractures as smooth parallel plates can sometimes be inadequate in characterising 

the flow rate in fracture_s (e.g. Raven and Gale, 1985; Brown, 1987; Tsang and Tsang, 1987; 

Brown, 1995). results of these studies have led to the development of conceptual models which 

incorporate more accuracy in the physical attributes of fractures such as roughness in the fracture. 

walls, variability in the fracture aperture, and contact of the fracture surfaces. In addition, the 

transport of aqueous contaminants in fractured rock masses is governed not only by the physical 

properties of individual fractures but also by the properties of the surrounding rock matrix. 

Physical measurements of surface roughness have been obtained from natural fractures at 

scales from 0.1 m to ~ llm (e.g. Brown et al., 1986; Gale, 1987'; Gentier and Billaux, 1989; Piggott, 
1990; Vickers et- al:.-, 19992,; Hakami and Larssen, 1996). These measurements have been used to 

statistically characterize the spatial distribution of -frac_tu"re aperture develop conceptual models 

for flow and transport in single fiactures. Results have shown that fracture apertures usually follow 

A 

either a log-normal distribution (Gale, 1.987; Hakarni, 1995), or a Gaussian distribution (Piggott, 

1990; Brown, 1995; Hakami and Larssen, 1996'). In addition, distributions of aperture are often 

observed to have a large variance which indicates the presence of significant heterogeneity (e. g. Cox 

and Wang, 1993; Plakami and Larssen, 1996). 

Fractures with similar statistical distributions of aperture may have very different flow 

properties due to the spatial relationship of the aperture variations. Fracture surfaces have been 
9 

determined to be correlated spatially with the degree of correlation related to the scale of
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measurement. For example, Vickers et al. (1992) studied surface roughness- of ‘a single fracture in 

a block of welded tuff (0.15 x 0.40 mu)-and found the aperture Vari‘at_ion_s to be spatially correlated 

at two scales, one on the order of rnillimetres and the other on the order of ‘tens of centimetres, In 

addition, Vickers et al. (1992) found that apertures increased consistently" along the entire length of 

the fracture suggesting that another spatial correlation is observed at a sca1e_well in excess of the
’ 

sample dimensions. Abelin et al. (1994) determined from aperture. measurements spaced 0.01 m _ 

apart over a 2 in sample, spatial correlation lengths ranging between 0.05 m and 0.8 m. 
It is also well recognized that the regions in which the fracture surfaces are in contact and 

closed to water flow will strongly influence flow and transport (eg. Pyrak-Nolte et al., l987).The 

results of several experimental and numerical studies indicate that smooth fractures will display 

many small areas of contact with complex topology resulting in an irregular distribution of fluid flow 

among many small channels. In contrast, rough fractures display fewer, larger contact areas with a 

smoother topology that concentrates flow in a few large channels (eg. Brown and Scholz, 1985; 

Brown, 1987; Zirnmerrnan et al,-., "1992; Piggott and Elsworth, 1992; Odling, 1994)..“ Tortuosity 

factors determined through comparisons of measured hydraulic apertures to physical apertures have 

V been determined to be a good approximation to -account for closfure (eg. Piggott and Elsworth, 1993). 

Due to the paucity of data at length scales greater than 1.0 m, it is unclear as to whether 

comprehensive‘ conceptual models for variable aperture fractures, based on laboratory scale studies, 

(eg. Brown, 1995) can be used to accommodate the firll range in physical scale of natural fractures 

from micron sized cracks to faults. Consequently, to verify such models, data are necessary at scales 

in the tens to hundreds of metres. Because it is likely impossible to collect point rneasurernent's of 

aperture and wall rouglmess in sufficient quantity to characterizethe spatial distribution at this scale,



other methods of inferring this data‘ must be sought. 

Solute _tra_nsporti’n fractures at the field scale (10-50 m) has been studied through the use of 

tracer experiments carried out usingone or more boreholes under. forced hydraulic gradients. These
_ 

experiments have been conducted using flow rates that result in groundwater velocities several 

orders of magnitude higher than that which occur under conditions of natural groundwater flow. 

_ Field studies have been conducted in single fractures in crystalline rock (eg. Novakowski et al., 

- 1985; Rasmuson and Neretriieks, 1.986; -Raven et al.; l988;.Abeli'n et al., 1 991a, b; Abelin et. al.-, 

1994; Gutiérrez et a_l., 1997)‘, and in sedimentary rock (eg. Novakowski, 198:8; Shapiro and Nicholas, 
‘ 

1989; Novakowski and_ Lapcevic, 1994). The results of these studies have shown that the 

interpretation of‘t_racer_ experiments must account for the mixing in the wellbore and diffusion from 

the fractures into the unfractured rock matrix in addition to advective and dispersive p;roc'esses‘within 

the fractures. While initial estimates of lcongitudinal dispersivity have been relatively high and tended 

to increase with distance, this is probably due to apparent dispersion induced by large mixing 

volumes in test boreholes. 
1 

T T 

Accountingfor variable aperture in the interpretation of tracer experirnents conducted at the 

field scale is limited by the scarcity of field aperture measurements, as aforementionedashapiro and 

Nicholas (l989)'compared the use of lognorrnal and gamma distributions of fiacture aperture to- 

describe the ‘spatial variability in fiacture aperture in the analysis of radially converging tracer tests 

conducted in a di_screte fracture in dolostone. The gamma distribution was found to provide a better 

comparison to field breakthrough curves because the lognormal distribution did not reproduce the ~ 

sharp rising limb of the data. Using stochastic theory for solute transportin a single fracture of 

variable aperture, the large difference between hydraulic and tracer apertures from 4 different— sites
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suggested spatial correlation lengths for the variation in log aperture on the order of l m for tests at V 

scales in the tens of metres (Gelhar, 1987). 

.Theinte1pretation of tracer experirnents carried out in fractures in igneous and metamorphic 

rocks have generally not incorporated the efiects of diffusion into the matrix (cg. Novakowski et al., 

1985; Cliffe et al., 1988; Raven et al., 1988). This has been justified measured rock porosities 

which are generally less than 0.5% ‘in igneous and metamorphic rocks (eg. Skagius and Neretnieks, . 

1986). Nevertheless, Abclin et al. (199lb) found porositiesin the order of 1—7% in the rock adjacent 

~ to fractures in granite suggesting that the effect of diffusion into the matrix must be considered. In 

sedimentary rock, matrix porosities may range as large as 30%, thus, the influence of mass transfer 

from the fracture plane to the surrounding host rock will be significant. Tracer experiments carried 

out at a scale in the tens of "metres suggestthat matrix diffiision may be a dominantprocess in solute 

transport in fractured rock with matrix porosity less than 5 % (Novakowski and Lapcevic, I994). 
Tracer experiments, at the scale of ‘hundreds to thousands of metres, have been conducted 

under conditions of natural groundwaterflow in unconsolidated_ aquifers (e.g. Mackay et al., 1986; 

LeBlanc et a1., 1991) and have "been invaluable in providing detailed data sets from which the 

processes of non-reactive and reactive solute transport under controlled conditions can be 

investigated. Conducting experiments of this type in fractured rock is problematic due to practical 

constraints such as the cost of installing observation points, initiating a controlled source condition 

and minimizing well bore volumes so as not to disrupt the natural groundwater flow. Therefore, 

- only forced gradient experiments have been conducted and interpreted in the literature- The tracer 

experiment which was conducted and interpreted in this study provides a unique data set for 

investigating solute transport in a single fracture at the field scale. 

.
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The purpose of this study was to investigate the influence of the variability of fracture 
T 

aperture and closure on the ‘spreading of transported solute. A tracer experiment was conducted in 

a single‘ fracture under conditions of natural groundwater flow. Through the measurement of 

hydraulic_aperture the fracture plane was determined to have a_ large variance in fracture aperture and 

a significant percentage of closure. The results of the experiment are interpreted using —a two- 

dimensional nurnerical model of solute transport which accounts for both longitudinal and transverse 

‘ dispersion in the fracture plane, diffusion into the rock matrix and either a constant or variable 

distribution of aperture, The influence of spatially-variable aperture a rough-walled fracture 

plane on solute transport at this intennediate field scale (10-40'r,n) is investigated using a Monte 

Carlo‘ study in which a tracer experiment is simulated using aperture fields of varying spatial 

correlation length. and distribution variance. Unconditional simulations are undertaken using a 

conceptual model based on a Gaussian "distribution of fracture aperture which is spatially correlated 

in two dimensions.



METHODS 
Tracer Experiment « x 

The tracer experiment was conducted at a field site located west of Toronto, Canada. The 

upper 20 m of bedrock at the site consists of a weathered fissile gray to reddish gray shale (Upper 
Ordovician), thinly bedded (< 0.01 m), with numerous soft mud seams and interbeds of white and 

pink fossiliferous limestone, up to 0.3 m in thickness. Open horizontal fractures generally appear 
as discrete features and are associated with the sharp contacts between the shale and _limestone 

'i’nterbed_s. These fractures originate as bedding plane partings which have developed in horizontal 

orientations due to stress relief erosional unloading or isostatic rebound. ‘In this study, a single, 

extensive horizontal fracture located at approximately 120.5 In below ground surface, is investigated. 

The field site is instrurngited with 27 boreholes, each 17-18,5 m in depth and .76 in 

dia_met_er, all located within an area approximately 35 In x 42 in in dimensions (Figure 1). The 

boreholes were completed as open wells and cased through the 3-m of overburden into the bedrock. 

Both single borehole and multi-borehole hydraulic testing methods (ie. constant head injection tests, , 

V 

pumping and pulse interference tests) were used to determine the distribution ef hydraulic ‘aperture 

(2b,,) and interwell connectivity in the fracture (Lapcevic and Novakowski, 1993).. 

Measured hydraulic apertures in all 27 boreholes indicate a highly‘-variable distribution 

ranging from belowidetection limit (6 urn) to a maximum of 282 um (Figure 1). The arithmetic 

mean of the hydraulic apertures (assuming measurements at the detection limit were equal to the 

detection limit) is 125 with a standard deviation of 96 um. In this relatively shallowhorizontal 

fracture. plane, approximately 19 % of the hydraulic aperture measurements are below detection limit ' 

and two thirds are over 50 um.
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The average hydraulic . 
gradient within the fracture is approximately 2 X 10‘-3 with 

groundwater flow to the south-southwest (Figure 2). This mean gradient is based on measurements 

of hydraulic head using manometers which accessed the isolated fracture.in 17 boreholes (2bH »

' 

> 50 pm) during the period January to September 1995. During this time period, the hydraulic head
I 

within the fiacture varied temporally by approximately one metre with the greatest ‘changes 

occurring during the autumn months and spring snow melt. Measurements of hydraulic head in 4 

boreholes during a six week period in the spring of 1995 are shown in Figure 3. 

Obtaining reliable estimates of hydraulic gradient within this -flat-lying fracture is difficult 

‘due to the low value of the hydraulic gradient and the close proximity of the boreholes used to 

measure the water levels. Differences in hydraulichead onthe orderof only a few centimetres over 

tens of metres are observed. Groundwater levels obtained using a water level tape have an accuracy 

of about t 0.01 m, and electronic pressure transducers commonly drift substantially over time, thus 

yielding uncertainyresults. ‘Assuming that the difference in hydraulic head between boreholes l and 

26 is representative of the mean hydraulic gradient within the fracture, an estimated hydraulic 

_gradient of 2.4 x 10" is subject to uncertainty of i 15 %. For the purpose of interpreting the field 

results of this study, it was assumed that the-hydraulic gradient was both spatially andtemporally 
A 

.constant during the tracer experiment. 

Aschematic of the apparatus used in the source and observation boreholes to conduct the 

tracer experiment is shown in Figure A sampling packer (Novalcowskir l 992)icor__1_st_ructed of a 

neoprene gland over a PVC mandrel with a 0.2 m stainless steel access plate used to collect 

samples from the observation boreholes. This system limits the volume in the wellbore to several 

millilitres while allowing for the direct sampling of the fracture plane intersected by the borehole.
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A double packer arrangement wa_s used in the source borehole to isolate a 1.0 m portion of the 
borehole length. The larger wellbore volume isolated using system was necessary to ensure 

mixing of the injected tracer and provide for a sumciently large source concentration. Mixing of the 

isolated wellbore zone was accomplished by water circulation using a pump on surface. Pressure 

transmitters were used in both systems to continuously measure the hydraulic head within the 

isolated fracture. ‘

' 

The tracer experiment was initiated by injecting a concentrated volume (0.17 L) of 

fluorescent dye Lissamine FF (1000 mg/L solution) into borehole 1 located in the northeast comer 

of the site. Lissarnine FF hasvbeen shown to be a conservative tracer at this site, The tracer injection 

was followed by a period where previously collected groundwater was injected into the isolated zone’ 

(0.12 Injection of "water was ceased when sufficiefnt water was inj ectedi to achieve the desired 

source diameter. _This method of injection created a ‘disc’ shaped source of known initial 

concentration (15 mg/L) centred at the borehole. The disc subsequently migrated down.-graditent 

from the source -borehole under conditions o_f natural groundwater flow after the cessation of 

injection. The volurneuof the zone isolated by the double packer system in the source well was 3.3 
H 

L. Mixing in this zone was maintained for the duration of the experiment. 

Tracer movement was monitored in the fracture. plane by extracting groundwater samples 

using a peristaltic pump at seventeen observation boreholes (those having hydraulic apertures 

greaterthan 50 um). Samples were obtained by first flushingthe access line to the packer (1/8" (I 3.2 

I.'D’. nylon tubing) of 3040 mL groundwater and thenlfilling a 7 mL polyethylene vial. 

"Samples were analyzed in the field using a Tume_rModel 112“ fluorometer to both monitor tracer 

movement and to adjust sampling frequency so as to ensure adequate resolution of the breakthrough 
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curves with minimal disruption to the natural groundwater flow field. Sampling frequency ranged 
in from once an hour to once a day depending on the progress of thetracer plume. Prior to the start of 

the experiment, background sa.mples'were obtained from all boreholes. Additional description of the 

source condition for the tracer experiment can be found in‘Novakowski et al. (1995). » 

Interpretation 

The interpretation of the tracer experiment was conducted using a numerical model following 

two‘ approaches‘: i) using a representation of the fracture having spatially-constant aperture, and ii) 

using a representation having variable aperture defined’ on the ‘basis of spatial correlation length and 

variance in aperture width. Conditional simulation of the aperture distribution,‘ led to unsatisfactory 

interpretations of the experimental results. Thus, the influence of a spatially-variable‘ aperture on - 

solute transport in this fracture was investigated used using unconditional simulations only. 

Constant Aperture 
‘ 

V

' 

For the constant—ape11ure case, the breakthrough curves from the tracer experiment were 

interpreted using a two-dimensional finite elementnumerical code for flow (FLOW2D, Frind and 

Pinder, 1973) and atwo-dimensional hybrid element code for transport (LTGPLAN, Sudicky, 

1990). Theflow model was "used to estimate the distribution of steady-stategroundwater velocity 

while the transportmodel was used to simulate conservative solute transportin the discrete fracture. , 

y 

The model is based on the Laplace Transform Galerkin (LTG) technique where the 

advection-dispersion equation is solved in Laplace space using the Galerkin finite-element method 

'_ (Sudicky, 1989). A first order vapproximation is. used to describe the solute exchange between the
\
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mobile zone (fracture) and the immobile zone (rock matrix). This is an approximation to the process 

of matrix diffusionwhereby the mass exchange between the two zones is assumed’ to be linearly 

proportional to concentration differences between the two regions (Sudicky, 1990). The Laplace- 

domain concentrations are transformed into real time values outside of the transport code using a 

robust numerical inversion scheme. The LTG method avoids timeistepping by solving for the 
I 

concentration in Laplace space which is relatively smooth even in areas of widely contrasting 

velocities (Sudicky and McLaren, 1992). In addition, it has been found that differences 
' in time scale 

between the rapid advection of contaminants in the fracture versus much slower diffusion into the 
T 

porous" matrix poses less severe numerical difficulties when using the LTG method (Sudicky and 

McLaren, l992)._
T 

The solution domain was discretized using a rectangular grid (x=35 In and )’*42 m) of 

triangular finite elements having dimensions of 0.5 min both the x and y directions. The y—axis
' 

represents the N-S direction. These dimensions slightly exceed the dimensions of the field site. The 

source condition for the tracer experiment was simulated using both the ‘flow and transport models 

in two steps. The flow model was first used to determine the di_stri_bu_tion of ‘steady velocity with 

- continuous injection at the source well. These. calculated injection velocities were then used in the 

transport model, and a release of tracer was applied at the source well toidetermine the spatial 

distribution of concentration at the end of the finite injection period, The nodal concentrations at 
I 

the end of the injection period were then used as the initial condition for a _subs_equent run of the 

transport code. F orthe latter run, elemental velocitiesiwere calculated under conditions of natural- 

gradient. 

Assuming a uniform fracture aperture, the tracer breakthrough curves at specific observation.
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wells were simulated by manipulating the aperture, 2b, the longitudinal dispersivity, ot{_, the 

transverse dispers‘iv'ity, o'tT-, and the matrix porosity,‘ 6,,-', in a systematic fashion. The calculated 

breakthrough curve at each observation borehole was normalized to the initial source concentration. 

The. ‘input hydraulic gradient (both in magnitude and direction) was specified based onfield 

measurements and was assumed to be constant with time. Tr"ansr'ni'ss‘ivity at each nodal point was 

_ 

determined from the fracture aperture. usingthe cubic law. A value of l.8xl0‘l° m2/s was used for 

the effective molecular diffusion coefficient based on the free water diffiasion coefficjient for 

Lissamine FF and a_ geometric (diffusion tortuosity) factor of 0.4. The geometric factorused in the 

interpretations of this study is based on a single laboratory experiment conducted using Lissarnine 

FF and Deuterium tracers a rock core specimen of similar type rock (Novakowski and van der 

Kamp, 1996). Thus, while variability in the effective molecular difliision coefficient will influence 

-the values of matrix porosity determined in the type curve interpretations it was assumed to be fixed 

in the current study. 

_ 

Variable Aperture 

For the simulations conducted using distributions of variable aperture, the aperture fields 

were generated using a robust random field generator based on the discrete Fourier transform 

(Robin et al., 1993). In all simulations, an isotropic field with spatial correlation lengths.(A,,,A,_) 

equal in the x and y directions, and a exponential‘ covariance -model were used to generate two- 

dimensional aperture fields having a specified mean aperture (<-2b>) and variance (02). Boundary 

effects in the g'eneration_process were "eliminated by truncating a 256 x 256 array of generated 

apertures to an array 141 x 169 in size, thus accommodating the existing grid. A grid of fine;
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dimensions (Ax=Ay=0._25 m) was used for the transport simulations conducted with va_ri_able 

aperture. As before, the steady velocity field was determined for each simulation using the flow 

model..The source condition for the transport simulations was incorporated in a manner identical to 

that used for the constant aperture simulations described earlier. Four different correlation lengths 

for fracture aperture in the plane of the fracture, ranging from 0.5 In to 5.0 rig, and three values of 

aperture variance, ranging fiom 1000 pm’ to 10,000 um’ were used in this study. In all cases, a mean 

aperture of 125 um was.use_d. This mean aperture and range of variance are based on the statistical . 

parametjers obtained from the hydraulic aperture measurements collected in the field (<2b>=l 26 um, 

o’=980O um’); Negative apertures which were generated when 02 = 5000 um’ and 10,000 urn’, were 

set to a very small positive aperture (1 x 10‘7 um), thus yielding a truncated Gaussian distribution.‘ 

"The truncation of the Gaussian distributions in this manner creates closure in the aperture field \ 

ranging from approximately 5% at 0'2 = 5000 pm’ to about 10 % at '0’ = 10,000 um? 

RESULTS 

The test conditions and field results for the tracer experiment’ are summarized in Table 1. 

.During this experiment, Lissamine FF was detected at radial distances ranging from 11, to 41 m in 
8 of the 17 observation boreholes (7, 19-, 2, 22, 24, 6, 26 and 27) down—gradier_1t from the source 

‘borehole. Tracer breakthrough in borehole 2 was not ‘interpretable and thus is not discussed further. 

Peak concentration ranged over 4 orders of magnitude, between 5 pg/L and 4117 Anival tixnes 

of the peak concentration ranged from 64l hr (borehole 7) to 269 hr (borehole 26). The duration of 
\ 

the experiment was approximately 1000 hr.
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The tracer plume at various times is shown in Figure 5. While the contours of concentration 

are based on only 17 observation points and thus highly subjective, the results show a plume 

which is migrating to the southwest and increasing in both longitudinal and transverse directions. - 

It is "important to note that the retarding effect of diffusion into the rock matrix is significant. The 

. tailing of the breakthrough curves at individual boreholes indicate that matrix diffusion is 

responsible for the significant longitudinal spreading of the plume observed in Figure 5-. In addition, 

the field plume shows a decrease "in apparent centre of mass concentrations as the migration 

progresses. For example, after 72 hrs the maximum plume concentration measured 1.0 the 

source is 3 mg/L, down from an initial source condition of 15 In comparison, similar plumes 

in sand, aquifers do not show such decreases in concentration (elg. Mackay et .1986).

I 

Seven tracer breaktlrrough curves were interpreted assmning aperture to be spatially constant 

(Table 2). Each field curve was interpreted independently, maintaining a mean hydraulic gradient 
V 

_ 
acrossthe site and a constant direction of groundwater flow (210°N), The flow direction was selected 

-based on the hydraulic head measured in the fracture and the direction of the migration of the tracer 

plumes igures 4 and 6). Uncertainty ‘in detenniningia mean groundwaterflow direction within this 

fracture arises from the lowconcentration of boreholes, particularly in the southern portion of the 

site. Examples of interpreted breakthrough curves are shown in Figures 6 and 7 for the boreholes 

nearest and farthest from the source. In both cas:'es,'the model matches well to all portions of the 

breakthrough curve-. _Si_mula_tions of the other breakthrough curves show similar results. It was not 

possible to interpret the breakthrough curve from borehole 24 using the 2‘_10"N flow direction; 

Consequently, a fit obtained using a flow direction of 206°N is included in the table but the resulting 

parameter values are not included in the averages presented.
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Interp‘retation_s based on curve-fitting ofien suffer from non-uniqueness due to the large 

number of fitting parameters. However, for the present case, different portions of the simulated 

brealcthrough curve were found to be influenced by individual fitting parameters in different ways. 

For example, fracture aperture influences the position of the peak in time while longitudinal 

di_spersivity influences the shape of the front. Matrix porosity influences the post-peak concentrations 

(tail) and the magnitude of the peak concentration. For this reason, attempts to obtain alternate 

matches to the field curves using other possible values for thefitting parameters, were not successful. 

More discussion of this issue can be found in Lapcevic (1997). To obtain the fits discussed in the 

following, 2b, ab oz-, and 6m were adjusted independently. 
. 

The sharp fronts observed in the breakthrough curves at all distances lead to a small 

longitudinal dispersivity («L = 0.10 m). Longitudinal dispersivity does not appear to increase with 

scale as has been previously observed in other studies (e.g. Raven et al.-, 1988) and predicted by - 

theoretical arguments (Gelhar et a_l., 198$). Fitted values of matrix porosity range between 1 and 

3%. Transverse dispersivity values ranged between 0.01 m to 0,22 m. 
Table 2 also shows that the aperture (and thus velocity) required to obtain a match increases 

slightly with distance from the source. This implies that travel paths lengthen with distance as a 

result of flow through tortuous pathways the fracture pla.ne. Figure 8a illustrates that at a flow 

direction of 210°N there is an approximately linear relationship between 2b and distance from the 

source. Similarly, a slight increase in matrix porosity is also noted with 'i'nc"reased distance (~ 1% 

over 30 in) (Figure 8b). 

The presence of tortuous pathways is finther corroborated by the large range in transverse 

dispersivity required to match the generated breakthrough curves to the field data Higher values



of car were required to simulate the breakthrough curves from observation boreholes whose location 

was not directly down-gradient ofthe source borehole. For example, borehole 7 which is due south 

of borehole 1 required a value of cc-T=0. 1 4 m while borehole 19 down-gradient required a value of
I 

ocT=0.0lm. Velocity variations within the fracture leading to transverse dispersion may occur as a 

result of either variations in fracture aperture, hydraulic .transients (ie. temporal or spatial changes 

in hydraulicvgradient) or a combination_of both factors. 

The ratio of the tracer aperture to hydraulic aperture for individual boreholes ranges from 0.8 
T 

to 2.4 (Table 2). Based on this interpretation,— the mean aperture. determined from the tracer 

experiment is approximately 25% greater than the mean ofthe measured hydraulic apertures (i.e'. 

excluding those apertures that are closed) and more than 40% greater than the arithmetic mean of 

all measured hydraulic apertures. Using only the 7 boreholes in which tracer was detected during 

the tracer experiment, the mean -tracer aperture is about 20 higher than the mean hydraulic- 

aperture. This means that use of the cubic law and a. mean tracer aperture to estimate groundwater 

velocity, will lead to estimates about a factor of three greater than that using the mean hydraulic 

aperture. This also illustrates the risk of estimating groundwater velocity based on only one or two 

hydraulic measurements. 
V 

The results suggest the matrix porosity of the host rock is between 1 and 3%., This range is 

similar to observed from the results of a forced-gradient tracerexperiment conducted previously 

in the same fracture (Novakowskiand Lapcevic, 1994) and is slightly lower than a measurement of 

. 5% determined from a single laboratory diffusion experiment conducted using limestone core from 

this site (Novakowslci and van der Kamp, 1996). 

16.
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Variable Aperture Simulations 

A v'ari'ogra’rn was constructed from the hydraulic aperture measurements assuming that 

aperture in this fracture is of an isotropic spatial correlation structure (Figure 9). A total of 347 pairs 

with 23-65 pairs per lag distance were used to construct thisvariogram. The small set of data (N =27) 

and minimal range of lag distances leads to a 'variogr_am of poor. quality. ‘Nevertheless, the variogram 

suggests that either ‘fracture aperture this fracture is spatially uncorrelated or,‘ more likely, that the 

aperture is spatially correlated at a scale lower thanthe shortest lag distance. Because the minimum 

spacing between boreholes is 5.3 m, spatial correlations in. aperture variations at scales below 5 m 
. cannot be captured on the basis of the sampling scale. Thus, the results of this geostatistical analysis 

suggests that the hydraulic apertures cannot be reliably used in conditional simulation of the aperture 

field in this fracture. It i_s irnplortant to note, however, that the hydraulic aperture measurements do 

indicate that the distribution of aperture in this fracture is characterized by a high value of variance 

(ie. ~ lO,_0O0 umz)- 

The potential influence of aperture variability on the tracer ‘experiment was investigated by 

conducting a Monte Carlo study in which a tracer experirnent was simulated using aperture fields 

. with various spatial correlation lengths and variance in distribution. Twenty four realizations of the 

aperture field were constructed for each.set of statistical pararneters, The discussion of the results 

of these simulations is focussed on two forms of output. Firstly, the features of the two-dimensional 

simulated tracer plumes are discussed and secondly simulated breakthrough curves at points lying 

approximately along the mean flow -direction and at different distances from the source are 

examined. 

A variable aperture field leads to an irregular distribution of groundwater velocities within 
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the fiacture. Aperture distributionslwith identical statistical parameters (<2b§ and 02) yet different 

spatial correlation lengths (A,=2Ly) 
0 

may exhibit very different spatial patterns of ’ velocities 

(Figure 10),. addition, the nature of the closed areas and interconnected regions of the aperture 

field will differ difierent values for spatial‘corr‘elatio’n length. Fortexarnple, smaller correlation 

lengths will exhibit tortuous pathways around small regions of closure (Figure 10a) while larger 

correlation lengths with a similar toftal a"rea.of closure will lead to large regions of the fracture plane 

which are closed and not available to flow (Figure 10b).‘ 

Figure ‘ll shows examples of single realizations of the simulated tracer plume using input 

aperture distributions which have the same mean aperture (<2b>=l25 pm) but different values of . 

03 and }.x='}t,. The plume created by assuming a uniform aperture is shown in ‘Figure 1 la. Figure 1 lb 

. shows a plume with 02-= 2000 pm2 and ).,=A,=‘5.0 m, Figure llc, o==10,000 uni’ and _A,=A, =0.s m, 

and.Figure 1 1d, o7*‘—+l 0,000 uml ).k=A.y:5 .0 m. Figure 1 lb the variable aperture distribution results 

in greater_ spreading of the plume in the lateral direction when compared to the constant aperture 

plume. In this case thedirection of ‘mean flow is unaffected. Aperture distributions with higher ' 

variance but low correlation length (‘Figure llc) results in a plume in which there is less lateral ' 

spreading and several small areas in the heart of the plume thatare tracer free (evidenced by white 

areas within the plume). These areas correspond to zones of closure in the fracture plane. The 

general shape of the plume in this case, also follows the mean groundwater flow direct/ion. Lastly, 
’ 

a.hi‘gh’_ variance in aperture and high correlation length leads to significant deviation from the mean 

flow direction, an irregular plume shape and larger tracer-free areas where closure occins (Figure 

l Id). It is impo_rtant to note that the plumes shown in Figure 11b and, in particular, Figure llc best 

approximate the shape of the ‘plumes observed during the field experiment (Figure 5). Because the
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hydraulic apertures indicate an aperture distribution with high variance and apertures in several 

boreholes along the pathway of tracer plurne in the field are observed to. be closed, the snapshot 

depictedin Figure llc is more likely to approximate the field case. 

Simulated Breakthrough Curves 

Using aperture distributions the statistical parameters leading to the realizations 

discussed above, tracer breakthrough curves at specific points on the finite-element grid were also
J 

examined. Three points on the grid corresponding to the location of boreholes 19, 6 and 27 at the 

ifield site (Figure 1) at distances of 12, 24 and 35 tn, respectively, from the source were used as 

observation points for this component of the study. 

Figure 12 shows the variability of breakthrough curves between individual realizations at 

a distance of 24 from the source for four different sets of aperture parameters. In Figure 12a, it 

can be seen that a low variance and a low correlation length leads to a fairly narrow distribution-of 

breakthrough curves. For a low variance but higher correlation length, there is increased spreading 

between realizations (Figure 12b). Use of a high variance but a low correlation length (Figure l2c) 

leads to diminished spreading between realizations in comparison to Figure‘ 12b. Lastly, for a high 

correlation length and a high ‘variance, the presence of fast flow pathways in a few of the 

realizations causes steep breakthrough at early time and a large spread in peak concentration (Figure 

12d): 1

i 

Aperture distributions with high variance and large correlation length produce plumes that 

do not intersect the observation point for alarge number of the realizations_. For example, in 

simulations distributions having o’=S000 um” and )t.x=A.y= 5.0 m, the "tracer plume misses the
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observation point at 12 In from the source borehole in 30 % of the realizations. At 35 m from the 
source 50 % of the realizations missthe observation ‘point. 

Simulated ensemble-mean breakthroughncurves at the three observation points are shown 

and compared to simulation results obtained using constant aperture in Figure «13. Each of the 

ensemble-mean curves represents the average of 24 realizations with identical <0b>, ozand )t,,=A,. 

Fixed values of 0,,,=1%, «T =0.05 m, and (If-‘0.I0 m were usedin all realizations.
_ 

A comparison of the ensemble-mean breakthrough curves obtained with the variableaperture 

to those curves calculated using a constant aperture shows two consistent trends with increasing 

}.,,=}.-y; 1) decreased peak tracer concentrations, and 2) earlier time-to-peak concentration. For‘ 

V 

example, at an observation point 12 in from the source, a 10 to 30 % decline in peak concentration 
is observed as the correl_ati'on length increases from 0.5 m‘ to 5.0 In with aperture distributions in 

which 0’ = 1000 um? (Figure 13a). Sirnilarvdeclines are observed at points 24 in and 35 m from 
. the source (Figure 13b and 13c). In addition, a decrease in the time-to-peak concentration in 

comparison to the constant aperture curve is noted at distances of 12 m and 34 In but it is not as 
evident at 35 11:, although the time scale has increased (Figures 13 a-c). For the case where 

o’=10,000 .um2,.,thetpeak concentration dropped ~50.-70% at 12 m approximately the same at 

3.5 in (Figure 13d-t). 
I 

In general, the advanced of the peak tracer concentration for the variable aperture case 

reflects the presence [of high aperture pathways whilethe drop in peak concentration reflects 

increased transverse andlongitudinal spreading due to thevariable velocity fields created by the'non— 

uniform distribution of aperture.
0 

While.it was postulated that the trends of increasing aperture with distance observed in the
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interpretation of the field data using constant aperture was due to the effects of ‘variable aperture, this 

is not evidenced in Figure 13. To generate a trend in increased 2b and 6m, anincrease in the 

.di'minishment"in peak concentration and an advance in peak concentration arrival should be observed 

with distance. Because this is not observed, it is lilcely’ that some other process is responsible for the 

trend in the field data, Mechan_i_sm_s such as variable matrix porosity, temporal changes in the 

hydraulic gradient, or anisotropy in the aperture distribution may be factors. For example, the 

hydraulic gradient was assumed to be constant in time within the study area and over the course of 

the tracer experiment. Small changes in hydr‘au[li‘c head on the order of centimetres can lead to 

velocity variations of the same magnitude as that generated by differences in aperture of tens of 

microns.

I 

The porosity of the rock matrix was also assumed to be constant over the study area. While 

it can be reasonably postulated that -a heterogeneous"distribution of matrix porosities would have 

s_i_gni_ficant effects on solute transport, little is known of the porosity variations of sedimentary rock 

in the horizontal direction at the scale of this site. A detailed study of Permian limestone conducted 
using 10 wells and over 2000 porosity measurernents determined mean porosities of l 1.6 % ‘with a 
variance of 15.6-19.9 %2, thus suggesting that highly variable distributions of matrix porosities in 

a single rock formation are possible (Kittridge et al., 1990).
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CONCLUSIONS) 

V 

The objective of this study was to interpret a tracer experiment conducted in a single discrete 

fracture under conditions of natural groundwater flow. The tracer experiment was conducted by 

introducing aldisc of conservative tracer into a single discrete fracture and monitoring the migration 

of the resulting tracer plume in 17 boreholes within an. area 35. x 40m. Field observations of the 

tracer plume showed significant transverse dispersion as the width of the plume increased 2-3 times 

the source diameter. This transverse dispersion is attributed to velocity variations and closure of the 

fracture surfaces leading to tortuous pathways. Longitudinal spreading and decreases in the plume 

centre of mass concentration -is attributed to solute massloss by diffusion from the fracture plane 

to the surrounding porous rock. Existing numerical models assuming a constant" velocity and fracture 

' aperture were used to simulate the tracer breakthrough curves obtained from seven observation 

boreholes. 

A constant value of 0.1 In for. longitudinal dispersivity was determined from the type-curve 

matches of the breakthrough curves. This indicates that the data at this scale shows no evidence for 

increasing longitudinal dispersion as a function of‘ increasing scale. as has been postulated and 

observed in previous studies (e.g. Raven et al., 1988; Gelhar et al., 1992). The large rangeof values - 

for transverse dispersivity detennined suggests that spatial and temporal velocity variations within . 

the fracture resulted in lateral spreading of the 2-D tracer plume away from the mean groundwater 

flow direction. 

The fiacture aperture estimates determined from the tracer experiment ranges from‘195-235 

urn. Using only the hydraulic aperture from the 7 boreholes in whichtracer breakthrough curves 

were interpreted, the mean tracer aperture is about 20% higher than the mean hydraulic aperture. A
e
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range of values of matrix porosity between 1 and 3% was determined. Trends of increasing aperture 

"and matrix porosity are noted at boreholes further from the source suggesting that transport in this 

fracture followed tortuous pathways which occur due to variable‘ aperturepin the fracture plane and 

the presence of closed areas. 

Simulations of tracer transport using variable aperture fields showed significant lateral 

spreading of the plume for correlation lengths between 0.5 m and 5.0 m and high variance 
‘distributions. Simulated plumes that appear to be most sim_il_ar to the observed tracer plume are 

vconstructed for the case when the correlation length is small and variance is high. Monte Carlo 

simulations of tracer breakthrough at specific locations in the variable aperture distribution showed 

that the "trend to larger aperture with increasing distance interpreted from the constant aperture 

simulations is not satisfactorily reproduced using this simple conceptual model of variable aperture 

in the fractureplane. Other possible mechanisms such as variable matrix porosity, temporal changes . 

in the hydraulic gradient, or anisotropy in the aperture distribution may be responsible forthis trend. 

Further simulations are required to resolve this issue. The breakthrough curves simulated using 

unconditioned aperture distributions are highly variable and illustrate -that the use of ensemble-mean 

‘ curves is questionable in this case. 

Incorporating variable aperture into the interpretation and prediction of solute transport 

discrete» fractures at scales in the tens of metres is limited by a lack of verified conceptual models 
i 

of fracture aperture at this scale. ‘In this investigation, the collection of hydraulic aperture 

measurements at inter-borehole scales of less than 5 in would allow for a more realistic geostatistical 

examination of the correlation structure of the aperture fields. Without a defensible conceptual
' 

model for variable aperture it appears that the use of an effective constant aperture to predict velocity 
~ V 

'

“
\
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within single fractures at the field scaleis appropriate. This study was conducted to investigate 

variable aperture as a mechanism for the macro-dispersion seen in the field plume, yet changes in 

the hydraulic gradient -either temporally or spatially may also contribute to the dispersion observed 

transversely. Additionally, while it is clear that matrix diffusion is a dominant process in ’sedimentary 

pordusfrock, little is known about the spatial variability of matrix porosity within rock aquifers." 

Further exarnination of the heterogeneity of matrix porosity will lead toa better understanding of
_ 

the uncertainty, in measuring solute transport parameters caused by not incorporating spatial. 

variability at the field sca.l_e., Fornmatelyi the field data set is unique and of high quality and as such 

will be amenable'to.fi.1_rther interpretations. The single fractureexarnir_1ed in this study is conceptually 

simple and yet the large degree of heterogeneity observed in the aperture field suggests that the 

degree of field characterization required to make reasonable predictions of flow and solute transport 

in fractured rock systems will -always be substantial to the point of being untenable.
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TABLE 1. of test conditions and fielcl results for tracer experiment. 

Test I.D. NG5 _ 

Date 17-Aug-94‘ to 27-Sept-94 

Source Borehole 
1

1 

Observation Borehole 
I 

7 19 22 
_ 

24 
A 

6 27 26 

Well Radius (m) 0 0.04‘ 0.04 0.04 0.04 0.04 0.04 
’ 

Hydraulic aperture (um) 98 243 282 154 85 "1125 230 

R_.ad_i_al Distance (nt) 10.8 11.82 15.93 19.12 23.71 
1 

34.82 
. 

41.23 

Tracer Concentration (mg/L) 1000 

Tracer Volume (L) 0.17 

Flushing Volume (L) 
Inje.ctionv'1’ime (min) - 6.6 

1 

Injection Flow Rate (mL/min) 594 

Peak Concentration (pg/L)* 108 4117 51 64 ' 1307 130 19 

Tracer breakthrough (hr) 34 36 59 56 50 120 163 
(approximate)

' 

Time to peak (hr) 64 71 81 98 130 213 269 

Source Concentration (Co) (mg/L) 
1 

15' 

Peak c/C, 0 0.3 

1 

0 o 0.1 o 0 

Observation Borehole Volume 0 0 0 0 0 . 0 0 
(mm 

1 

6 4

2 

Injection Borehole Volume (mL) 33335 i _
. 

*background concentration removed

1 1
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TABLE 2. Results of field breakthrough curve inteipretations using a 210°N direction of 
' mean groundwater flow. 7 

Borehole Distance 2b,," v 2b 
' 

2b/2b,; 6;, 614 0,, 
from (pm) (m./hr) (um) _ 

(m)- (m) (%) 
Source ' 

. _ _._.._ _.._,__, _.,_,.____A,___ ,_ 

7 10.76 98 0.20 
’ 

195 . 2.0 0.1. 0.14 1.5 
19 11.82 248 _ 0.20 195 0.8 0.1 0.01 1.2 

22 15.93 A 

282 0.24 215 - 

_ 

0.8 0.1 0.13 1.48 

24 V 19.12 
: 

154 0.20 200 1.3 0.1 0.22 1.85 

6 23.71 85 0.20 200 2.4 0.1 0.15 0.95 

1 27 34.82 _ 125 0.28 235 1.9 0.1 5 0.02 8 -2.55 

26 41.23 221 0.27 _230_ _1.0__ 0.1 0.08 2.7 

Average; - _- 177 0.23‘ 212 
i 

1.5 0.09 2.0 
‘ 

Standard Deviation: 77 5. H 2 0.06 0.7 

‘Fit obtained using a flow direction of 206°N. Results for this borehole are not included in average 
and standard deviation calculations.

’
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Fig. 10. "Examples of generated ziperture fields and 
the resulting distribution of velocities using. 
<2b>=125 pmiénd o2=10,OO0 pm’; (a) Ax=Ay=0.5 
m, (b)A,=A.y=5.0 tn.



Fig. 11. Examples of Simulated tfacer plumes 
generated using a single realization of variable 
aperture with <2b>=12'-Sum, ocL=0,.10 m, oLT=0.05 
and 6,fi1%: (a) constant aperture, (b)po2=2~,00O 
pm’, ?Lx=},y=.5.0 In, (c) oE1O,‘O0O pm’, }._x=A.y=0.5 
m, (d) o2=1O,O00 urn’, A,;='Ay='5.0 tn.
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