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The design of clean-up applications for fractured
rock strongly depends on the use of appropriate models
and field measurements. Implicit in the use of discrete
fracture models is that a subset of fractures have been
distinguished from the remaining fractures and labelled
as “conductive”. Where injection tests have been used
to measure permeability along boreholes, the dividing
line between these two sets of fractures has tradition-
ally been associated with investigators’ ability to mea-
sure flow. For example, those sections of borehole into
which the rate of injection is below the lower limit of
measurement are often associated with the set of “non-
conductive” fractures, while those sections into which
flow can be measured have been assumed to contain at
least one of the conductive set. Snow (1970) used this
criteria along with the statistics of a set of transmis-
sivity measurements to derive the mean and variance
of the transmissvity of the conductive set. More re-
cently, investigators have used this criteria along with
a set of transmissivity magnitudes to derive maximum
likelihood estimates of the parameters of a conductive
fracture transmissivity set having an assumed gamma-
distribution. In this study, provided the distribution of
fracture transmissivities is strongly positively skewed,
this method of distinguishment is shown to be valid,
even in the case where the lower limit of flow rate de-
tection is artificially raised above that associated with
equipment. This (upward) sliding detection limit is
shown to be useful in the creation of a diminishing (in
population) subset of fractures with increasing mean
transmissivity and decreasing variance. Using the as-
sumption that the log-normal distribution is stable dur-
ing addition of small numbers of relatively low variance
random variables, the log-normal distribution is shown
to be a better model of fracture transmissivity than is
the gamma distribution.
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In fractured rock environments, the process of ma-
trix diffusion strongly influences the persistence of
groundwater contamination. Biofilm growth, which oc-
curs naturally in fractured rock, can have a significant
effect on the solute transport properties of the matrix,
and thus the mobility of contaminants in the system.
A semi-analytical model that accounts for the pres-
ence of a biofilm has been developed from a solution
of the advection-dispersion equation for solute trans-
port in radial coordinates. The model is intended to
aid in simulating radial diffusion experiments. It de-
scribes solute transport by diffusion from a cylindrical
reservoir into a layered medium of finite diameter. The
model accounts for linear adsorption and decay in each
layer, as well as the periodic addition and/or removal
of fluid of known solute concentration from the reser-
voir. The boundary value problem is solved using the

Laplace transform method and Crout’s method of LU
Decomposition, and numerically inverted using the De
Hoog algorithm.
compared to the no-biofilm case, diffusion of conser-
vative tracers is most sensitive to the depth of pene-
tration of the biofilm into the matrix, as well as the
effective porosity and diffusion coefficient of that pen-
etrated zone. The model developed in this study has
been used to interpret the results of diffusion exper-
iments undertaken to investigate mass transport into

According to a sensitivity analysis,

intact rock samples in the presence of a biofilm and to
assign average mass transport parameters to the sys-
tem. Laboratory data demonstrates that the presence
of a biofilm acts to limit diffusive transfer between a
discrete fracture and the matrix.
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In this paper, transient and steady-state analytical
solutions are derived to investigate three-dimensional
The
system consists of evenly spaced, parallel discrete frac-
tures, where solute transport in the fracture is governed
by advection-dispersion and the matrix diffusion occurs
in the adjacent rock matrix. Transverse dispersion, de-
cay in a finite strip source, and aqueous phase decay
in the advection-dispersion equation are also included.
Solutions are derived using Laplace and Fourier trans-

solute transport in a fractured porous medium.

forms, and inverted by interchanging the order of in-
tegration and utilizing a numerical Laplace inversion
algorithm. The application of the solutions to an exam-
ple site consisting of bedded sandstone impacted with
trichloroethylene (TCE) demonstrates the significant
influence of source width and transverse dispersivity on
plume development. Break-through curves for source
widths of 15 m or greater exhibit the same shape, but
there is considerable variation in break-through curve
attributes for source widths between 1 m and 10 m.
Source width significantly affects steady-state plume
development, where increasing the width from 1 m to
10 m resulted in a three order of magnitude increase
in the down-gradient displacement of the 10 mg/L con-
centration contour. When considering a base case of
longitudinal dispersivity equal to 0.3 m and transverse
dispersivity equal to 0.03 m, increasing transverse dis-
persivity to 0.3 m yields a 3 fold reduction in break-
through concentration at 100 m down-gradient from
the source. Increasing both longitudinal and trans-
verse dispersivity from the base case values to 1.0 m
and 0.1 m, respectively, resulted in a 43% reduction
in concentration at the same down-gradient location.
The application of decay mechanisms significantly in-
fluences contaminant impact and can rapidly mitigate
long-term back-diffusion process To investigate the
influence of decay mechanisms, several cases were con-
sidered for modest decay half-life values. For the ex-
ample site, the absence of decay processes resulted in
a steady-state concentration of 180 mg/L at a location
100 m down-gradient from the source. Using a source
decay half-life of 3 years reduces the impact, with 5
The
inclusion of a source decay half-life of 3 years and an
aqueous phase decay half-life of 5 years further miti-
gates the impact, with 5 ppb concentrations achieved
at approximately 50 years.

ppb levels achieved at approximately 3600 years.
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A Discrete Fracture Network (DFN) model was cre-

ated using FracMan® to assess what input parameters
are most influential in determining the aerial and ver-
tical extent of capture at an existing pump-and-treat
system in southwestern Ontario. Two separate three-
level factorial designs were conducted; the first evalu-
ated the effect of changing bedding plane fracture pa-
rameters P32, mean aperture and mean size on area and
depth of capture keeping vertical fracture properties
at the base case values. The second evaluated the ef-
fect of changing vertical fracture parameters P32, mean
aperture and termination % on area and depth of cap-
ture keeping bedding plane fracture properties at the
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Analysis of Variance (ANOVA) ta-
bles and significance analysis was carried out for each
The effects of
mean bedding plane fracture aperture and P32, re-
spectively, were found to significantly affect area and
depth of capture and accounted for the greatest per-
centage of variance in mean area and depth of capture
for all simulations in the factorial design. In general, as
mean bedding plane fracture aperture and P32 increase,
the mean area and depth of capture, respectively, de-
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base case values.

of the factorial design analyses data.

creases. Mean bedding plane fracture size accounted for
only a small percentage of the overall variance in mean
area and depth of capture. The interaction effects be-
tween bedding plane fracture P32 and mean bedding
plane fracture aperture, mean bedding plane fracture
size and bedding plane fracture P32 and mean bedding
plane fracture size and mean bedding plane fracture
aperture, respectively, were found to significantly affect
capture zone area. The interaction effect between bed-
ding plane fracture P32 and mean bedding plane frac-
ture aperture was also found to significantly affect the
depth of capture. Mean vertical fracture aperture and
vertical fracture P32, respectively, were found to signif-
icantly affect capture zone area and accounted for the
greater percentage of variance in mean area of capture
for all simulations in the factorial design. Termination
% only accounted for a small percentage of the overall
variance in mean area of capture. In general, as mean
vertical fracture aperture and vertical fracture P32 in-
crease, respectively, the mean area and depth of cap-
ture decreases. Neither vertical fracture P32, mean ver-
tical fracture aperture, nor termination % was found to
significantly affect depth of capture. However, the in-
teraction effect between vertical fracture P32 and mean
vertical fracture aperture was found to significantly af-
fect the depth of capture and accounted for the greatest
percentage of variance in mean depth of capture for all
simulations in the factorial design. The interaction ef-
fect between vertical fracture P32 and mean vertical
fracture aperture was also found to significantly affect
capture zone area.
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We analyze the effects of geology and geomorphol-
ogy on surface water/groundwater interactions, evapo-
transpiration, and runoff generation under conditions
of long-term climate change. Owur analysis uses hy-
drologic data from the glaciated Crow Wing water-
shed in central Minnesota, USA, as well as satu-
rated /unsaturated mathematical modeling. Analysis of
historical water table (1970-1993) and lake level (1924—
2002) records indicate that larger amplitude, longer
period fluctuations occur within the upland portions
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