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A two-well tracer test carried out in fractured chalk was analyzed using a three- 
dimensional finite-difference model for flow and transport which, was con- 
structed on the basis of the geological and hydraulic information collected at 
the field site. The model was developed as a dual-porosity continuum model, in 
which advection was assumed to occur only in the fractures, and the water in 
the porous matrix was assumed to be static. The exchange of solute between 
the fractures (mobile phase) and the porous matrix (immobile phase) was 
assumed to occur as a diffusion process in response to the local concentration 
difference of solute between the two phases. Simulations from the dual-poros- 
ity model reproduced the shape of the observed breakthrough curves, although 
some portions of the tail were not accurately represented. The model was also 
applied as a single-porosity model for advection and dispersion in the fractures 
with no solute exchange with the porous matrix. The simulations from the 
single-porosity model greatly overestimated the observed lithium concentra- 
tions, and showed very little tailing effect in the falling limb. The study shows 
that, based on the given tracer test, solute transport in a fractured chalk cannot 
be represented by a single-porosity approach and hence when dealing with 
contaminant transport in such systems, both a fractured and a porous domain 
need to be considered. 

Introduction 

Transport of non-reactive solutes in groundwater is generally considered to  be  
governed by two principal processes, advection and dispersion. Advection refers to  
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the mean movement of solute in the flowing groundwater, while dispersion de- 
scribes the spreading of solute about the mean motion caused by local variations of 
the groundwater velocity. The classical equation describing the transport of solutes 
in groundwater is the advection-dispersion equation, which can be written as 

where 

C - concentration of the solute 
Dij - dispersion coefficient 
vi - pore-water velocity (Darcian flux q divided by porosity n) 
S - sink term 

The above equation is valid for porous media of constant porosity that are fully 
saturated in which there is assumed to be no physical or chemical interaction 
between the fluid and the porous medium, and all of the fluid is assumed to 
participate in the flow process. However, for many soils and solutes, this is not the 
case. Solute may be adsorbed onto the soil, or part of the pore water may be 
stagnant and not participate in the flow process (Gaudet et al. 1977). 

In a fractured porous medium, the total porosity may be divided into a matrix 
porosity and a fracture porosity. Matrix porosity generally refers to the inter- 
granular pore space due to grain size and sorting. Fracture porosity is usually due 
to a secondary process which can be mechanical, such as stress attributed to folding 
and faulting, or chemical, such as mineralogical alterations or solution channelling. 
Often, the most rapid groundwater flow takes place in the fractures, which may 
only account for a small percentage of the overall porosity of the medium. The 
water stored in the porous matrix may account volumetrically for most of the water 
in the medium, but it may not significantly contribute to groundwater flow and 
therefore can be considered as "static" water (Gaudet et al. 1977; Bibby 1981). 
Static water may still play an important role in transport processes by acting as a 
long-term natural reservoir for solute retention (Lawrence et al. 1990). In such 
situations, the controlling influences on the transport of solutes are not advection 
and dispersion alone, but also a secondary process of solute diffusion into static 
water (Bibby 1981). 

The effect of static water on mass transport is similar in many ways to the effects 
produced by solute diffusion into dead-end pores and solute adsorption onto the 
solids of the porous medium (Bibby 1981). Solute exchange by diffusion can occur 
between the fractures and the porous matrix at a rate that can depend on several 
factors, such as the difference in solute concentration between the fracture water 
and the pore water, and the length of the diffusion paths. Diffusion can significant- 
ly attenuate solute concentrations in the fractures (Lawrence et al. 1990), as well as 
increase the retention time of solute in the aquifer. The diffusion of solute from the 
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static water to the fractures, which occurs when the solute concentration in the 
fractures declines below the solute concentration in the porous matrix, can also 
considerably affect solute transport. In this situation, the porous matrix acts as a 
source of solute to the fractures, sometimes long after the original solute source has 
been eliminated. 

In developing a transport model for fractured or two-domain media, the central 
issue is whether to model the system as an equivalent porous medium (continuum) 
or as a discrete fracture network (noncontinuum) (Van Rooy 1987). Of the ground- 
water models that address transport in fractured media, most treat the aquifer as an 
equivalent porous medium, see e.g. van Genuchten and Wierenga (1976), Grisak 
and Pickens (1980), and Bibby (1981). Transport models which treat the aquifer as 
a discrete fracture system are less commonly used for modelling contaminant trans- 
port in large-scale groundwater systems. Computational constraints on the total 
number of fractures that can be included in a discrete network, particularly for 
three-dimensional systems, limit the applicability of these models to practical large- 
scale problems. However, as stated by Schwartz and Smith (1988) these models 
have proven useful in developing concepts of mass transport in fractured rocks. 
Also, recent field applications to crystalline rock formations have demonstrated 
that three-dimensional discrete fracture network models may be practical tools for 
analyzing flow and transport on a scale of a few tens of metres (see e.g. Dverstorp 
and Andersson 1989; Dverstorp et al. 1992). 

In addition to modelling fluid flow in the fractures, many groundwater transport 
models have a component which accounts for the exchange of solute between the 
fractures, or mobile phase, and the pore water, or immobile phase. Many of these 
solute exchange models are dead-end pore models which assume that the immobile 
water in the pores is in intimate contact with the mobile water phase (Coats and 
Smith 1964; Gaudet et al. 1977; van Genuchten and Wierenga 1976). These models 
assume that the diffusion paths are very short, allowing the process to be described 
by a linear equation. One of the classic linear dead-end pore models was proposed 
by Coats and Smith (1964) 

where 

C ,  - concentrations in mobile phase 
Cim - concentration in immobile phase 
nim - porosity of porous matrix - diffusion mass transfer coefficient 

Other models have been developed in which the mobile and immobile phases are 
assumed not to be in intimate contact, resulting in a more complicated formulation. 
Bibby (1981) developed an analytical solution for diffusion in a fractured chalk 
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aquifer in England that was characterized by relatively large, highly porous blocks 
of chalk which were separated by narrow fissures. Using an analytical solution for 
diffusion of a finite mass from a fissure into a porous block, he showed that it may 
take many days before the rate of mass transfer reduces to an approximately linear 
form. The model, however, gives rise to a large number of calibration parameters, 
which requires an extensive amount of data from the aquifer which are normally 
not available. 

The model used in this study for analyzing the results of a tracer study reported 
by Jakobsen et al. (1993) is, as opposed to most previous model analyses of tracer 
behavior in fractured media, a fully three-dimensional numerical model. The 
model is based on a continuum approach in which flow and advective transport is 
assumed to occur only in the fractures, while water in the porous matrix is assumed 
static. The exchange of mass between the two domains is assumed to take place as 
solute diffusion. 

Numerical Model 

To analyze the observed tracer transport in the aquifer over specific vertical inter- 
vals, a three-dimensional flow and transport model was constructed based on the 
available geological and hydraulic information. The model used was the saturated 
zone module from the European Hydrological System (SHE), which is a finite- 
difference model based on the governing differential equations for flow and trans- 
port in a saturated porous medium (Ammentorp and Refsgaard 1990). In the case 
of a fractured porous medium, flow and advective transport are assumed to occur 
only in the fractures. The water in the porous matrix is assumed to be static, such 
that the porous matrix has no influence on groundwater flow but does affect solute 
transport by participating in the diffusion of solute between phases. 

Groundwater flow in the fractures is based on the governing equation for three- 
dimensional Darcy-type flow (Freeze and Cherry 1979) 

where 

h - hydraulic head 

KH - hydraulic conductivity in horizontal direction 

Kv - hydraulic conductivity in vertical direction 
S - specific storage 
R - sink term 
x, Y, 2 - spatial coordinates 
t - time 
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In the numerical model this equation is approximated by a set of coupled algebraic 
equations which are obtained by applying the water balance equation and Darcy's 
law in finite difference forms to each node in the solution domain assuming that 
flow occurs in directions between the specific node and its six direct neighbor 
nodes. The equations are formulated in an implicit scheme where the internode 
hydraulic conductivity is obtained as the harmonic mean. The system of linear 
finite difference equations are solved iteratively using a modified Gauss-Seidel 
method (Thomas 1973). 

The transport of solutes in constant density groundwater is described by a form 
of the advection-dispersion equation which includes a term accounting for the 
diffusion of solutes between the fractures (mobile phase) and the porous matrix 
(immobile phase), deMarsily (1986) 

a ' r n  ac .  zrn , a cm a 
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where 

Cm - solute concentration in mobile phase 
Cim - solute concentration in immobile phase 
nm - fracture porosity (mobile phase) 
nim - matrix porosity (immobile phase) 
qi - Darcy flux 
Dij - dispersion coefficient 
S - sink term 

The dispersion coefficient is related to the groundwater velocity using Scheideg- 
ger's (1961) relationship, which in tensor notation reads 

where 

a - dispersivity 
u - seepage velocity 
J u  1 - magnitude of seepage velocity 

In the general three-dimensional case of arbitrary flow direction in an anisotropic 
aquifer the dispersion tensor contains 9 components which depend on a dispersivity 
tensor containing 81 components. Symmetry properties reduce the number of com- 
ponents to 36. A further simplification is obtained if cubic symmetry is assumed in 
which case the number of components is reduced to 12, Scheidegger (1961). 

To reduce the computational burden the numerical formulation has been sim- 
plified by neglecting the off-diagonal terms of the dispersion tensor, and hence only 
the D I I ,  D22 and DS3 components will be accounted for in the numerical solution. 
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Eliminating the cross-product terms of the dispersion tensor introduces small 
errors in the solution; yet we consider these errors secondary to the uncertainties 
present in the field experiment, and the simplified transport description seems 
justified for an approximate, yet realistic analysis of the tracer experiment. 

The components of the dispersivity tensor entering the diagonal components of 
the dispersion tensor can be grouped into the following four physically recogniz- 
able parameters: G ~ L H  (longitudinal horizontal dispersivity); c r ~ ~  (transverse hori- 
zontal dispersivity); ~ L H  (longitudinal vertical dispersivity) and a ~ v  (transverse 
vertical dispersivity). 

Hereby, we obtain the following expressions for the diagonal terms 

Under these assumptions the advection-dispersion equation is solved by finite- 
difference techniques using an explicit third-order accurate interpolation scheme as 
described by Vested et al. (1992). This scheme is mass-conservative and enables 
simulation of sharp advective fronts without smearing from numerical dispersion. 
Due to the explicit formulation the time step is constrained by requirements to 
maximum allowable advective and dispersive transport distances. 

Molecular diffusion is not considered in the model because this process is 
assumed to be secondary to the dispersive effects introduced by the fairly high flow 
velocities prevailing during the experiment. 

The exchange of mass between the mobile and the immobile water phase as a 
result of solute diffusion is included in the model as a distributed sourcelsink term. 
The approach which has been adopted assumes that the mobile and the immobile 
waters are in intimate contact and that the diffusion paths are short, and can be 
described mathematically by 

where p is the diffusion mass transfer coefficient. This model has been proposed by 
e.g.  Coats and Smith (1964), Gaudet et al. (1977) and van Genuchten and Wieren- 
ga (1976) to model solute diffusion between two domains in the porous medium. 

For the purpose of solving the flow and transport equations numerically, a finite- 
difference grid was developed to represent the model area. In order to minimize 
the effects of the model boundaries, the flow equation was initially solved over a 
square grid of approximately 150 m x 150 m, with a horizontal node spacing of 4 



Tracer Test in Fractured Chalk 2 

Recharge well 0 2 5 50 m 
I I I 
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Fig. 1. Horizontal discretization in the numerical model (coarse grid), with the outlined 
region showing the area over which lithium transport was simulated (fine grid). 
Hydraulic head values (m) represent simulated conditions prior to the second tracer 
test. 

m. The grid was oriented such that boundary conditions along the vertical planes 
which bordered the model region were either prescribed head boundaries or no- 
flow boundaries, depending on the orientation (Fig. 1). The east-west trending 
boundaries were essentially perpendicular to the natural hydraulic head gradient, 
and were treated as fixed head boundaries assuming that hydrostatic conditions 
applied over the vertical extent of the model region. The north-south trending 
boundaries were parallel to the natural flow lines and were considered no-flow 
boundaries. Since a finer numerical discretization was desired for transport model- 
ling, a finer grid was developed to cover the immediate test area (Fig. 1). This grid 



K.  L. Brettmann et al. 

n/do~)  
m.0 
7.0 
0.0 

im lover 

Fig. 2. Vertical discretization of the aquifer in the numerical model. 

was 48 by 64 m, and had a horizontal node spacing of 2 m. The boundary condi- 
tions used for the fine grid simulation were obtained from the coarse grid solution. 

In the vertical plane, the aquifer was represented by nine numerical layers, each 
with a thickness of 2.2 m (Fig. 2). The upper four layers (8.8 m in total) correspon- 
ded to the highly fractured section of the aquifer, and were modelled using a 
horizontal hydraulic conductivity of 70 mlday. The lower five layers (11.0 m in 
total) represented the less permeable section of the aquifer, in which a horizontal 
hydraulic conductivity of 7 mlday was used. The bottom boundary was treated as a 
no-flow boundary, since very little flow appears to occur in the aquifer below this 
depth. An additional layer was used in the model to represent the moraine layer. 
Since the moraine layer has a low permeability, no flow or transport were assumed 
to occur in this layer such that the aquifer-moraine interface was modelled as a no- 
flow boundary. Aquifer recharge normally occurs from the vertically downward 
movement of water through the moraine, but was assumed to be negligible over the 
short duration of the given test. A timestep of 15 minutes was used for both the 
flow and transport modelling, which was selected in order to accurately simulate 
the non-steady nature of the tracer injection. 
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Simulation Results 

In order to define the groundwater velocity field over the region of the tracer test, 
flow simulation was performed over the coarse numerical grid and subsequently 
over the fine grid. The pumping and injection rates used in the model were based 
on the actual rates used during the field test, while the initial values of hydraulic 
conductivity and specific storage were based on calculated values from the separa- 
tion injection tests (SIT'S) Nilsson and Jakobsen (1990) and the two pump tests, 
Jakobsen et al. (1993). The values representing the two layers in the geological 
model were slightly adjusted during calibration of the flow model by matching 
simulated head levels to the observe'd head levels in the observation wells. Since 
the lithium transport occurred between wells 7 and 9, it was most important to 
properly define the velocity field in this region. It was difficult to accurately repro- 
duce the observed head values in all of the wells, so emphasis was placed on 
reproducing the observed head gradients between the recharge well and the dis- 
charge well. Calibration showed that the flow model was most sensitive to the 
horizontal hydraulic conductivity, although both hydraulic conductivity and 
storativity were adjusted to achieve a satisfactory calibration of the model. The 
calibration of the flow model was complicated by the sensitivity of the transport 
model to the definition of the velocity field between the recharge well and the 
discharge well. For the final calibration, it was necessary to "iterate" between the 
flow and transport models in order to achieve a satisfactory calibration of the 
transport model. The flow model was used to calculate the development in the 
velocity field over the fine grid for the first 30 hours of the tracer test, after which a 
steady state velocity field was assumed. This was justified by the small changes in 
hydraulic head which were observed after 30 hours of pumping. Figs. 3 and 4 show 
the simulated head levels in the aquifer over the fine numerical grid during and 
after the lithium injection, respectively. 

The transport model was also based on the assumption that the aquifer was 
composed of two homogeneous layers. Although lithium was detected over the 
vertical extent of both the recharge and the discharge wells during the test, lithium 
transport was assumed to occur only through the upper aquifer, based on the 
assumption that lithium detected in the lowermost interval of the discharge well 
was transported through the upper interval of the aquifer and upon reaching the 
well distributed to some degree over the vertical extent of the borehole. As a 
,result, lithium was applied in the numerical model only to the upper aquifer. Based 
on injection rates and measured lithium concentrations in the injection well, 70 
per cent of the total lithium applied in the experiment was assumed to enter the 
aquifer in the interval corresponding to layers 3 and 4 in the numerical model. The 
remaining 30 per cent was applied to layers 1 and 2. 

For the purpose of determining the appropriate hydraulic parameters to use in 
the model, it was assumed that the horizontal hydraulic conductivity in the upper 
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Fig. 3. Simulated hydraulic head levels (m) over the fine finite-difference grid during 
lithium injection (t = 7 hours). 

Table 1 - Hydraulic parameters used in the numerical simulations to represent the aquifer 

Numerical KH Kv Unconfined Confined 
Aquifer level (m) layers (m/d) (mld) storativity storativity 

Upper 
Moraine base to -6.6m 4 70.0 1.0 0.016 0.001 

Lower 
-6.6 m to -18.0 m 5 7.0 0.14 0.016 0.001 

aquifer was 10 times greater than it was in the lower aquifer. This assumption was 
based on data that were obtained from the separation injection tests. In addition, it 
was assumed (somewhat arbitrarily) that vertical hydraulic conductivities through- 
out the aquifer were at least 50 times smaller than the horizontal values. Values for 
specific storage wece used in the model depending on whether confined or uncon- 
fined condition existed and were selected based on data obtained from the pump 
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Recharge well 

x Pumping well 

Fig. 4. Simulated hydraulic head levels (m) over the fine finite-difference grid at steady 
state conditions (t = 30 hours). 

tests. The hydraulic parameters that were used in the simulations are listed in Table 
1. 

The transport model was originally developed as a single-porosity model in 
which transport was assumed to occur only in the fractures due to advection and 
dispersion. Using a single-porosity approach with a fracture porosity as measured 
in the field, all attempts to match the simulated breakthrough curves to the ob- 
served data were unsuccessful. In all cases the simulated results greatly overestim- 
ated the observed lithium concentrations, and were unable to reproduce the long 
tailing effect observed in the data (Figs. 5 ,  6 and 7). By assuming that lithium 
transport occurred only in the fractures, the entire mass of injected lithium moved 
through the aquifer too rapidly, such that 100 per cent of the injected mass was 
recovered at the discharge well after only 6 days (144 hours). According to lithium 
measurements at the discharge well, however, only 47 per cent of the lithium had 
been recovered after 6 days (see Fig. 8). Furthermore, the single-porosity model 
would generate transport velocities far too low if the measured matrix porosity was 
introduced. 
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Fig. 5. Comparison of simulated breakthrough curves from the single and dual-porosity 
models to observed lithium concentrations at the discharge well. The simulated 
curves correspond to the average output from layers 3 and 4 of the numerical model. 

- - single-porosity simulation - dual-porosity simulation 
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Fig. 6. Comparison of simulated breakthrough curves from the single and the dual-porosity 
models to observed lithium concentrations at the discharge well. The simulated 
curves correspond to the output from layer 2 of the numerical model. 

After a sharp breakthrough front of the rising limb and peak concentration, the 
observed breakthrough curves exhibit a long tail of relatively low lithium concen- 
trations which was present throughout the remainder of the test, indicating that 
some mechanism was retarding the transport of lithium between the wells. This 
tailing effect was perhaps even more pronounced in the upper intervals of the 
aquifer, as shown in Figs. 6 and 7. 
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Fig. 7. Comparison of simulated breakthrough curves from the single and the dual-porosity 
models to observed lithium concentrations at the discharge well. The simulated 
curves correspond to the output from layer 1 of the numerical model. 

Subsequent modelling was based on a dual-porosity approach, in which the 
porous matrix was represented in the model as a reservoir for solute retention. The 
exchange of solute between the fractures and the porous matrix was assumed to 
occur by diffusion in response to local differences in solute concentration between 
these two phases. The initial simulations that were conducted with the dual-porosi- 
ty model used parameter values that were based on the observed values for the 
fracture and matrix porosity, while the dispersivities were taken from the values 
used in the single-porosity model. The coefficient, P,  which controls the rate of 
solute diffusion between the two phases was used purely as a calibration coeffi- 
cient. 

In order to determine the "best-fit" parameters for the model, the simulated 
breakthrough curves were fitted to the observed curves for the upper interval of the 
aquifer by adjusting the values for porosity, longitudinal horizontal dispersivity 
and p, Figs. 5, 6 and 7. For the three intervals that were simulated, the peak 
concentration and the rising limb of the curves were reproduced quite well, while 
on the other hand some portions of the tail were not represented quite as well. 
Despite some evident problems in the tailing end, the analysis demonstrated that a 
dual-porosity model provides a much closer representation of the observed trans- 
port in the aquifer under investigation than does a single-porosity approach. It may 
be hypothesized that the simulation problems present in the tailing end could'be 
due to the assumption of an immobile reservoir. If two reservoirs were present with 
different flow velocities and with little hydraulic connection, the observed tailing 
effect may have been better described. However, this hypothesis could not be 
verified on the basis of the available field data. 
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Fig. 8. Comparison of the simulated and the observed percentage of injected lithium reco- 
vered at the discharge well vs. time. 

Based on the given calibration technique, a set of best-fit parameters were 
obtained for the dual-porosity transport model. Although some of the parameters 
were treated as calibration coefficients, others such as the porosity values could be 
measured directly. For instance, the fracture porosity, which was calibrated to 1.1 
per cent in the model, corresponded closely to the spatially averaged value of 1.5 
per cent determined from the pump tests. Since advective transport was assumed to 
occur only in the fractures, the magnitude and the arrival time of the peak concen- 
tration were quite sensitive to this parameter, as shown in the results of a sensitivity 
analysis (Fig. 9). Decreasing the fracture porosity causes a proportionate increase 
in the groundwater velocities in the fractures, resulting in an earlier breakthrough 
of the peak concentration. The peak concentration will be higher as a result of a 
smaller fracture porosity, mainly because less solute dilution will occur in the 
fractures. Increasing the fracture porosity will have the opposite effect; slower 
overall travel times and lower peak concentrations. 

The sensitivity of the dual-porosity model to the matrix porosity was also investi- 
gated (Fig. 10). It is evident that the model is most sensitive to this parameter at 
low values. The matrix porosity appeared to have no effect on the initial break- 
through front, although it had a slight effect on the peak breakthrough concentra- 
tion and a significant effect on the tail of the breakthrough curve. As the amount of 
matrix porosity that is involved in solute exchange becomes greater, a larger 
amount of solute will initially diffuse to the matrix in an attempt to achieve solute 
equilibrium between the phases. This will result in more of the solute being stored 
in the matrix, such that the tail following the initial breakthrough pulse will have a 
relatively low concentration but will continue for a long duration as the solute 
slowly diffuses back to the fractures. Conversely, as the matrix porosity becomes 
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Fig. 9. Sensitivity of the simulated breakthrough curve (layers 
porosity model to the fracture porosity of the aquifer. 
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3 and 4) from the dual- 

Fig. 10. Sensitivity of the simulated breakthrough curve (layers 3 and 4) from the dual- 
porosity model to the matrix porosity which is actively involved in solute diffusion. 

smaller, less solute will diffuse to the matrix in an attempt to achieve solute equili- 
brium. More of the solute in this case will pass through the fractures with the initial 
pulse, resulting in breakthrough curves with higher overall concentrations and 
shorter duration tails. 

As seen from the sensitivity analysis, the calibrated value for the matrix porosity 
was 4 per cent, which is significantly lower than the values suggested by core 
analysis (20-35 per cent). AIthough this result could indicate that the simple linear 
solute exchange model is insufficient for the studied aquifer, the physical signifi- 
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Fig. 11. Sensitivity of the simulated breakthrough curve (layers 3 and 4) from the dual- 
porosity model to the longitudinal horizontal dispersivity, a ~ w  

cance of such a small matrix porosity may be justified, if one considers that this 
value does not necessarily represent the entire matrix porosity, but rather the 
matrix porosity that is "actively" involved in solute diffusion. Considering the short 
duration of the test, it seems reasonable that only a fraction of the total matrix 
porosity was involved in the diffusion process. This would most likely represent the 
pores that are in closest contact with the fractures. Unfortunately, it was not 
possible to confirm this hypothesis with field or laboratory measurements, so the 
physical validity of this value remains unclear. 

The dispersivity values that were used in the initial simulations were based partly 
on the calculated dispersivities for a fractured chalk at Dorset, England that are 
repmted in a review by Gelhar et al. (1985). A sensitivity analysis was subsequently 
conducted in order to identify the dispersivity values which most closely repro- 
duced the observed breakthrough curves. Based on this analysis, the simulated 
breakthrough curves appear to be quite sensitive to particularly the longitudinal 
horizontal dispersivity (Fig. 11). Since this parameter controls how much the 
lithium plume will spread, it is an important parameter for determining when the 
initial breakthrough of lithium will occur. Also the peak concentration of the 
breakthrough curve is sensitive to this parameter. 

The dispersivities in the vertical direction appeared to have minor effect on the . - 

simulation results and therefore it was not possible to identify these parameters 
very accurately on the basis of the present experiment. During the calibration of 
the transport model, the dispersivities in the horizontal direction were adjusted in 
order to fit the peak and therising limb of the simulated breakthrough curve to the 
observed data. On the basis of calibration, the "best-fit" dispersivities were deter- 
mined to be: ~ L H  = 8.0 m, a ~ , y  = 0.05 m, a ~ v  = 0.001 m, and an, = 0.001 m. 
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Fig. 12. Sensitivity of the simulated breakthrough curve (layers 3 and 4) from the dual- 
porosity model to the diffusion mass transfer coefficient, P.  

The longitudinal horizontal dispersivity, ~ L H ,  appears to be very high, especially 
at the scale of the test (25 m). Yet, this value compares reasonably well with the 
dispersivities reported in Gelhar et al. (1985) and with the results from a similar 
tracer test reported by Stephenson et al. (1989). The high value for the longitudinal 
dispersivity parameter obtained in the calibration process is caused by the disper- 
sion arising from the heterogeneity of the discontinuously-fractured aquifer not 
accounted for in the flow model. Perhaps the heterogeneity introduced by the 
random fracture orientation in the chalk at least partly accounts for the large value 
of o l ~ ~  As it is always the case in dispersion analyses, if the data permits a more 
detailed description of the spatial variation of the flow lines, a smaller dispersivity 
parameter would result. 

The diffusion mass transfer coefficient, /3, is an empirical parameter which was 
determined to have an optimal value of 2.0 X lo-' d-' based on curve-fitting. As 
shown in Fig. 12, the simulated breakthrough curves are very sensitive to this 
parameter, since it controls the rate of solute exchange between the mobile and the 
immobile water phases. As /3 is increased, solute diffusion takes place at a faster 
rate, which causes a more rapid attenuation of the peak solute concentrations in 
the fractures. The effect is to shift more of the solute mass'to the tail of the 
breakthrough curve, such that a relatively high concentration and long duration tail 
is obtained. Decreasing /3 decreases the rate of diffusion, which diminishes the 
effect that solute diffusion has on the overall transport process for a short-duration 
tracer test. 

In order to better understand the mechanisms involved in lithium transport 
through the aquifer, a comparison can be made between the simulated break- 
through curves and the observed data (Figs. 5 , 6  and 7). Based on the results of the 
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simulations, it is quite evident that the lithium mass moves through the aquifer at a 
much slower rate than can be accounted for by a single-porosity model. The main 
effect of lithium diffusion into the porous matrix is to retard the transport of 
lithium through the aquifer. In the dual-porosity model, the slow movement of 
lithium through the aquifer can be explained by an initially rapid diffusive ex- 
change of lithium between the fractures and the porous matrix, and the subsequent 
retention of this lithium in the matrix. According to simulation from the dual- 
porosity model, most of the lithium was transferred to the porous matrix shortly 
after injection, such that 81 per cent of the lithium remaining in the aquifer after 2 
days was stored in the matrix. This lithium remained in the matrix until the con- 
centration gradient was favorable for it to diffuse from the matrix to the fractures 
which at least partly explains the observed tailing effect on the breakthrough 
curves. 

Another mechanism which may affect lithium transport is the adsorption of 
lithium onto the aquifer material. Lithium has been shown to be a reactive tracer in 
other field tests, one of the best examples being the Cape Cod tracer test (LeBlanc 
et al. 1991) in which lithium transport was shown to be retarded when compared 
with the non-reactive tracer, bromide. Laboratory experiments by Wood et al. 
(1990) suggest that for the Cape Cod study, the majority of the reaction sites for 
lithium were in grain interiors, such that most reactions were preceded by lithium 
diffusion into the aquifer material. The study by LeBlanc et al. (1991) also suggests 
that although lithium may be acting as a reactive substance, this effect is not seen 
immediately. A comparison of the movement of bromide and lithium at the Cape 
Cod site showed that as late as 33 days after the tracer injection, there was little 
difference in the areal distribution of the two plumes. Although the retardation 
effect depends on the specific aquifer material, the observations at the Cape Cod 
site seem to suggest that the reaction of lithium was not a significant factor during 
the earlier stages of the present test. Since the Karlstrup test lasted only 21 days, it 
seems possible that any adsorption effects would have been overshadowed by the 
initial diffusion of lithium into the matrix. Adsorption might have been somewhat 
more significant during the later stages of the tracer test, and it could partly 
account for more lithium remaining in the aquifer than was calculated by the dual- 
porosity model (see F'ig. 8). 
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Conclusions 

A two-well tracer test using lithium chloride was conducted in a fractured chalk 
aquifer as a means to investigate solute transport in a fractured porous medium 
typical of the geological conditions in Denmark. To better understand the trans- 
port processes involved, a numerical flow and transport model was constructed to 
simulate the field test. The model was originally applied using a single-porosity 
continuum approach, but was later modified to a dual-porosity continuum model to 
simulate solute diffusion between the fractures and the porous matrix. Solute 
diffusion was assumed to occur as a linear process in response to the local concen- 
tration differences of solute between the two phases. 

The parameter values used in the models were based on measured hydraulic 
parameters as well as calibrated values that were obtained by fitting simulated 
breakthrough curves to the observed data. The simulations using the single-porosi- 
ty model greatly overestimated the observed lithium concentrations, and were 
unable to reproduce the long tail observed on the falling limb of the observed 
breakthrough curves. Simulations using a dual-porosity approach, on the other 
hand, better reproduced the shape of the observed breakthrough curves, although 
some portions of the tail were not accurately represented. A sensitivity analysis was 
subsequently conducted in order to determine the sensitivity of the model to 
selected parameters. 

Based on the observed data and the simulated results, it is apparent that solute 
transport in the studied chalk aquifer cannot be represented by a single-porosity 
approach. Although most of the groundwater flow and hence advective transport 
may take place in the fractures, mass transport appears to be controlled, at least 
initially, by the solute diffusion between the fractures and the essentially static 
water in the porous matrix. Depending on the amount of matrix porosity that is 
actively involved in the diffusion process, a significant amount of splute can diffuse 
to the porous matrix and remain in storage until the local concentration gradient 
favors reverse diffusion back to the fractures. This process can significantly attenu- 
ate the peak solute concentrations in the fractures, as well as greatly increase the 
retention time of solute in the aquifer. 

On the basis of the simulation results it is hypothesized that only a portion of the 
total matrix porosity may be actively involved in solute diffusion at least for the 
time span considered, although no field measurements have been made to confirm 
this. The most favorable simulation results were obtained using a matrix porosity of 
4 per cent, which is considerably lower than the values of 20 to 35 per cent that 
were determined by core analysis. Based on the relatively short time scale of the 
given test, it seems possible that only the pores in closest contact with the fractures 
participated in the diffusive exchange of solute. 

Another mechanism which may affect lithium transport is the adsorption of 
lithium ions onto the aquifer material. Although adsorption was not considered in 
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the present study, past field tests have shown lithium to be a reactive tracer. It is 
likely that adsorption may have been an important process during the later stages 
of the Karlstrup test, although solute diffusion ,appears to be the dominant process 
during the earlier stages of the test. It is evident that larger-scale tracer investiga- 
tions involving conservative and non-conservative tracers are needed in the future 
in order to better understand the effects of solute advection, dispersion and reac- 
tion in a fractured chalk. The present study does, however, show that when dealing 
with contaminant transport in a fractured medium, both a fractured and a porous 
domain need to be considered. 
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