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[1] High-resolution measurements of the three-dimensional (3-D) variability in pore

water electrical conductivity (EC) were obtained at a clay-rich aquitard research site (the
King site, 120 m  70 m area) in southern Saskatchewan, Canada, using direct-push
probing technology (n = 35 boreholes). These measurements revealed complex lateral
heterogeneity in the subsurface salt distributions which raised questions on the validity of
the commonly used approach of transposing chemical data from distributed piezometers
onto 1-D depth profiles for interpretation and solute transport modeling. Two-dimensional
numerical modeling simulations demonstrated that distributed, nonuniform salt inputs
have existed at the top of the unoxidized till aquitard for the past 3–5 kyr. The source of
the nonuniform salt inputs is unclear but may be due to either variations in
microtopography (<0.5 m) or variable penetration depth of surface fractures. A suite of
generic solutions was developed to estimate the critical depth required to obtain chemical
homogeneity in aquitards with nonuniform solute inputs and diffusion as the dominant
transport mechanism. These solutions are presented for a range of sinusoidal input
functions with varying amplitudes, magnitudes, and wavelengths. The solutions indicate
EC distributions at the King site should be laterally uniform below a depth of around
20 m BG, which is consistent with observed EC values at the site. This study shows that
aquitards with nonuniform salt inputs at their upper boundary are chemically
heterogeneous above some critical depth and thus require careful attention when modeling
solute transport processes within them.
Citation: Harrington, G. A., and M. J. Hendry (2005), Chemical heterogeneity in diffusion-dominated aquitards, Water Resour. Res.,
41, W12432, doi:10.1029/2004WR003928.

1. Introduction
[2] Long-term protection of the world’s groundwater
resources will depend in part on the ability of aquitards to
attenuate and retard the migration of natural solutes and
anthropogenic waste. Most of the comprehensive aquitard
studies conducted to date incorporate environmental tracer
techniques (e.g., hydrochemistry, groundwater dating)
via core analysis and/or the installation and sampling of
piezometers [Desaulniers and Cherry, 1989; Remenda et
al., 1996; Robertson et al., 1996; Ortega-Guerrero et al.,
1997; Hendry and Wassenaar, 1999, 2000; Hendry et al.,
2004]. These techniques enable the mechanisms and rates of
groundwater flow and solute transport to be determined, as
well as provide insights into biological and geochemical
processes. Other studies compare tracer concentrations in
aquitards with those in adjoining aquifers to infer the degree
of connection between hydrostratigraphic units [Love et al.,
1996; Pucci, 1998; Harrington et al., 2001; Hendry et al.,
2004].
[3] Interpretation of measured tracer distributions is
usually simplified by the assumption that solute transport,
whether by advection and diffusion or diffusion alone, only
occurs in one dimension (generally the vertical). While this
1
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assumption may be valid for aquitards with a vertical
hydraulic gradient and uniform tracer input concentration,
tracer migration in most instances should be considered in
two or three dimensions; the most obvious examples are
highly fractured or faulted aquitards in which preferential
flow causes nonuniform, accelerated migration of solutes
[Hendry, 1982; Keller et al., 1986, 1988; Harrison et al.,
1992; McKay et al., 1993]. Solute transport will always be
more complex than one-dimensional wherever physical or
chemical heterogeneities (e.g., sand and gravel lenses
[Gerber et al., 2001] or contaminant plumes [Liu and Ball,
1999]) exist.
[4] Hydrogeochemical and isotopic studies at aquitard
research sites [cf. Desaulniers et al., 1981; Remenda et al.,
1996; Hendry et al., 2004] often transpose pore water
samples obtained from laterally distributed piezometers
onto a single 1-D vertical profile. This transposition is
usually assumed valid because (1) the aquitard is laterally
extensive and (2) the vertical hydraulic gradient through the
aquitard is one to two orders of magnitude greater than the
horizontal hydraulic gradient, so any solute transport by
advection will primarily be in the vertical direction (upward
or downward depending on the head gradient). Recent
efforts to define the spatial distribution of pore water
salinity at a well-studied, surficial till aquitard site in
southern Saskatchewan, Canada (hereafter called the King
site) resulted in the discovery of lateral heterogeneity in
pore water chemistry between 3 – 18 m BG [Harrington
and Hendry, 2005]. Although Harrington and Hendry
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[2005] focus primarily on the direct-push electrical conductivity (EC) logging method for characterizing heterogeneity
in aquitards with known salinity contrasts, the paper also
raises concerns about the validity of transposing hydrochemical data obtained from laterally distributed piezometers onto a 1-D profile for interpretation.
[5] The objectives of this study were to (1) better
define the 3-D distribution of pore water EC in the
aquitard at the King site, (2) identify possible mechanisms
for the source and evolution of the nonuniform salt
distributions, (3) determine the spatial and temporal scales
of nonuniform salt inputs required to develop the observed
heterogeneity in the aquitard system, and (4) develop
generic tools to estimate the depth in any aquitard below
which pore water EC can be assumed uniform. We utilize
direct-push logging technology to obtain detailed profiles
of pore water EC (n = 35 boreholes) and numerical solute
transport models to simulate salt distributions at the King
site and mixing processes within generic models. Solutions
to the generic model simulations will have widespread
application for testing the validity of 1-D transport
assumptions made in previous aquitard studies, as well
as assisting with the design of groundwater monitoring
networks for future studies.

2. Study Site
2.1. Location and Hydrogeological Setting
[6] The King site is located in southern Saskatchewan,
Canada, approximately 140 km south of the city of Saskatoon (latitude 51.05N, longitude 106.5W). Hydrostratigraphy at the site consists of 80 m of plastic, clay-rich
Battleford till of Quaternary age, unconformably overlying
a further 76 m of plastic, marine Snakebite Member clay of
the Cretaceous Bearpaw Formation [Shaw and Hendry,
1998]. Only the uppermost 3 m of the till is fractured and
visibly oxidized; the remaining till and the clay are darkcolored, massive units. Depth to water table varies seasonally from 3 m in midwinter to <1 m in late spring after
snowmelt. Several phases of drilling at the site over the last
10 years have resulted in two deep (170 m BG) stratigraphic
test holes, multiple nests of soil chemistry and moisture
probes, and more than 50 piezometers completed in individual boreholes, all within an area 120 m  70 m.
[7] Hydraulic conductivity of the till has been estimated
using field and laboratory tests [Shaw, 1997; Shaw and
Hendry, 1998], harmonic analysis of seasonal water level
propagation [Boldt-Leppin and Hendry, 2003] and numerical modeling of water level recovery following piezometer installation (unpublished), yielding a range of values
between 6.5  109 to 1.3  108 m s1 for the upper
fractured and weathered portion of till, 1.1  1010 to 4.5 
1010 m s1 for the massive till between 8.4 m and 15.7 m
BG, and 2.4  1011 to 8.4  1011 m s1 for the middle and
lower parts of the till (29 to 80 m BG). Specific storage
estimates obtained by cyclic loading of core samples range
from 9.5  105 to 2.6  104 m1 for the till [Shaw, 1997].
2.2. Background Hydrochemistry
[8] Distribution of conservative chemical tracers (Cl,
Br), reactive and exchangeable solutes (major cations,
2
HCO
3 , SO4 , As(III)/As(V), rare earth elements), dissolved
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organic carbon and stable and radioactive isotopes (d2H/
d18O of water, 4He, d11B, d13C, 14C, d34S, 36Cl, and d37Cl) in
the aquitard have been studied in great detail to identify the
key physical, chemical, and biological processes controlling
their fate and transport in this system [Hendry and Wassenaar,
1999, 2000; Wassenaar and Hendry, 2000; Hendry et al.,
2000, 2003, 2005; Yan et al., 2000, 2001; Vengosh and
Hendry, 2001]. Each study demonstrates pore water compositions in the Battleford till are two-component mixtures of
(1) recharge water with a chemical composition consistent
with oxidation of reduced sulfide minerals, dissolution of
carbonates, and ion exchange processes since the start of the
Holocene (8 – 10 kyr) and (2) glaciogenic water present at
depths of 30 to 46 m BG, which has remained chemically
unaltered since emplacement during the Pleistocene [Hendry
and Wassenaar, 1999, 2000]. Transport of all solutes between
these two end-members is dominated by diffusion from areas
of highest concentration generally near the water table to
areas of lowest concentration at depth.
[9] Many of the aforementioned hydrochemical and isotopic studies required estimates of physiochemical parameters to enable 1-D solute transport modeling of the
distribution of each species. Values of effective diffusion
coefficient (De), effective porosity (he), and total porosity
(ht) were generally assumed to be equal to those obtained
from radial diffusion experiments for either Cl (he = 0.22,
ht = 0.30, De = 2.1  1010 m2 s1 [Hendry et al., 2000]) or
d2H (he = ht = 0.30 and De = 1.7  1010 m2 s1 [Hendry
and Wassenaar, 1999]).

3. Heterogeneity at the King Site
3.1. Salinity Distributions
[10] Direct-push electrical conductivity (D-P EC) logging
was conducted at 22 locations across the site in May– June
2004 using a Geoprobe1 Systems truck-mounted percussion rig [Harrington and Hendry, 2005]. The EC data reveal
significant lateral heterogeneity in the distributions of subsurface salt; corrected pore water EC values vary laterally
by up to a factor of 10 between 0 to 18 m BG. To refine the
chemical heterogeneity identified during the May – June
sampling, an additional 13 D-P EC logs were collected in
October 2004. The high-resolution measurements of EC in
each of the 35 logs (Figure 1) enabled the construction of
three detailed transects of pore water EC (Figure 2).
[11] All of the EC distributions shown in Figure 2 exhibit
significant lateral heterogeneity over the upper 8 to 10 m of
unoxidized till. (The elevation for the top of the unoxidized
till was assumed to be constant at 587.1 m across the site,
corresponding to a depth range of 2.3 to 3.3 m BG). Vertical
variations in EC are also evident in Figure 2; the general
trend of highest salinity near the top of the unoxidized till
and lowest salinity at depth was expected based on earlier
hydrochemical and isotopic studies at the site [Hendry and
Wassenaar, 1999, 2000].
[12] The October 2004 data enabled improved definition
of transect A-A0 and construction of transect C-C0, as
compared to previously reported transects for the site
[Harrington and Hendry, 2005]. The closely spaced EC
logs along transects A-A0 and C-C0 (Figures 2a and 2c) were
positioned to better define the lateral extent of the EC ‘‘hot
spot’’ centered near the water table at site BG36. This hot
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Figure 1. Locations of 35 direct-push EC logs at the King site. Contour lines reflect topography at 0.2 m
interval: dark shaded zones are lower than white zones.

spot appears to be only 6 to 8 m wide in both E-W and N-S
directions, and individual EC logs (data not shown) reveal it
penetrates less than 0.5 m below the top of the unoxidized
till. Pore water EC in this zone is between 50,000 and
90,000 mS cm1, some 45,000 to 75,000 mS cm1 higher
than at any other measured point in the aquitard. Even
without the hot spot, each transect in Figures 2a –2c exhibits
highly variable salinity along the top of profile and much
lower, relatively constant salinity at depths >10 m. These
trends suggest salt inputs to the top of the unoxidized zone
are not uniform across the site.
[13] The confined shape and distinct salinity characteristics of the hot spot suggest it may not be a natural feature,
but instead a result of human activity at the site over the last
10 years. One possible explanation is that large volumes of
bentonite mud, used in the drilling of a nearby stratigraphic
well (11 m SW of BG32), were disposed on the ground
surface. Alternatively, one of the water table wells is
routinely purged of casing water on a quarterly basis for
hydrochemical analyses; the purged water is discharged in
the vicinity of BG36. Either of these activities may have
caused contamination of the subsurface via infiltration
through fractures in the oxidized till.
3.2. Sources of Nonuniform Salt Inputs
[14] Development of nonuniform salt distributions at the
top of the unoxidized zone must be controlled by variability
in either chemical or physical conditions. The mineralogy
and grain size distributions of the till matrix are extremely
homogeneous [Christiansen, 1971; Shaw and Hendry, 1998]
so changes in soil type and geochemical characteristics are
not a likely cause of nonuniform salt distributions. We
suggest two possible physical explanations for the lateral
variability. They are (1) microtopography and (2) depth of
fracture penetration through the oxidized zone of the till.

Although we currently do not know which of these mechanisms is responsible for the nonuniform salt inputs at the
site, the following discussion relates our observations to
those of previous studies.
[15] Topographical relief at the site is characterized by
subtle mounds and depressions (<0.1 – 0.2 m high/deep)
and a deeper (0.4 – 0.6 m), man-made linear slough that
runs approximately E-W through the northern half of the
site (Figure 1). The total amount of salt stored in the upper
2 m of oxidized zone and the upper 4 m of unoxidized
zone was calculated for each D-P EC log site using
equation (1) from Harrington and Hendry [2005] and
plotted against surface elevation to determine if the spatial
distribution of salts is related to topography (Figure 3).
Figure 3a suggests a lack of a trend between topography
and salt content in the oxidized zone. Four of the lowest
oxidized zone salt contents are associated with the highest
surface elevations: BG03, BG06, BG07 and BG31 are
located on either the western or northern boundary of the
study area (Figure 1). All other D-P EC log sites,
including those in the hot spot area (square symbols),
have variable oxidized zone salt contents even though they
are at similar elevations.
[16] In the case of the unoxidized zone, the relationship
between total salt content and surface elevation (Figure 3b)
is stronger (R2 = 0.21 versus 0.02 for oxidized zone) but
still does not suggest salt content in the subsurface is
controlled primarily by topography. The lack of a strong
correlation could be due to subtle changes in current surface
elevations (surveyed June 2004) from historical values. For
example, construction of the slough across the northern half
the site at some time since the area was settled (within the
last 100 years) may have changed surface elevations in
some areas, particularly along the southern bank of the
slough. The nine highest salt contents are all associated with
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Figure 2. Ground surface elevations and pore water EC distributions along three transects (locations
shown in Figure 1). EC contour interval is 10,000 mS cm1.
the hot spot, providing additional but inconclusive support
to a recent origin for this feature.
[17] Earlier studies of a nearby surficial till aquitard at
Dalmeny, Saskatchewan linked spatial variability of dissolved sodium, sulfate and total salt concentrations in pore
water to subtle changes in topography of between 0.05 and
0.5 m [Keller and van der Kamp, 1988; Keller et al., 1991].
Similar spatial trends have been observed for pore water
EC, chloride concentration and Mg2+/Ca2+ ratios beneath
hummocky terrain in other parts of the northern prairie
region of North America [Hayashi et al., 2003; Zebarth et
al., 1989; Hayashi et al., 1998; Berthold et al., 2004]. Pal et

al. [2003] also report varying degrees of soil sodicity
beneath microhigh and microlow areas in the Indo-Gangetic
Plains of India. All of these studies have proposed slightly
different conceptual models for hydrochemical evolution
beneath microtopographic high and low areas. Nevertheless,
they provide evidence that the subtle variations in topography measured at the King site could certainly influence
subsurface salt distributions.
[18] The other possible physical control on nonuniform
salt distribution at this site is the degree of vertical fracturing in the upper, oxidized till. Studies by Harrison et al.
[1992] and Jørgensen et al. [2004] have demonstrated the
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was simulated using a numerical solute transport model.
This modeling was designed to determine (1) if the transects
presented in Figure 2 could be simulated purely by diffusive
transport of a constant but nonuniform salt input from the
top of the unoxidized zone and (2) if the timescale required
for development of these transects is consistent with that
obtained by Hendry and Wassenaar [2000] for their 1-D
TDS depth profile.
3.3.1. Model Selection and Design
[20] The earliest 1-D models of solute transport at the
King site [Hendry and Wassenaar, 1999; Hendry et al.,
2000] included both advection and diffusion components
for transport, dictated by the existence of a net downward
hydraulic gradient of 0.014 for the till [Shaw and Hendry,
1998]. However, these studies conclude that the dominant
control on solute migration is diffusion. As a result, subsequent modeling studies [Hendry and Wassenaar, 2000;
Wassenaar and Hendry, 2000; Hendry et al., 2005] limited
transport to diffusion. For the current modeling exercise, we
therefore assumed that solute transport can be simulated
purely by diffusion.
[21] Two-dimensional diffusion of a conservative chemical species in saturated porous media is governed by
[Fetter, 1999]
he

Figure 3. Total salt in (a) upper 2 m of oxidized zone and
(b) upper 4 m of unoxidized zone, calculated using equation
(1) from Harrington and Hendry [2005]. Solid squares
denote sites within the hot spot, while open circles represent
all other sites.
significance of fracture aperture, spacing and penetration
depth on contaminant migration rates through fractured,
clayey aquitards. Inputs of natural solutes to these systems
will also be controlled by fracture distributions; the downward propagation of solute concentrations from the ground
surface will be more rapid at fracture locations compared
with areas of the till that are massive. In such instances,
it is variability in the vertical extent of advective flux of
solute that governs the spatial distribution of boundary
concentrations at the top of the unoxidized till rather than
variability in solute concentration at the ground surface.
Although fractures have commonly been observed in the
oxidized part of the till during drilling at the King site,
quantitative data regarding fracture characteristics has
never been collected.
3.3. Timescales for EC Profile Development
[19] The redistribution of nonuniform salt inputs (including the hot spot) beneath the oxidized zone at the King site

 2

@C
@ C @2C
¼ Dapp
þ
@t
@x2
@z2

ð1Þ

where C is concentration [M L3]; t is time; Dapp is the
apparent diffusion coefficient, which can be expressed as
the product of effective porosity he and effective diffusion
coefficient De [L2 T1]; and x and z are distances along the
horizontal and vertical coordinates, respectively. Equation
(1) was solved for diffusion of a constant but nonuniform
EC distribution from the top of the unoxidized zone into the
underlying aquitard with the modular 3-D multispecies
transport model MT3DMS [Zheng and Wang, 1999].
Separate models were developed for transects A-A0, B-B0
and C-C0 although the model grid design and many of the
input parameters were identical for each transect. Total
horizontal extents for the models were 100 m, 62 m and
67 m for A-A0, B-B0 and C-C0 respectively, while the
vertical extent of each model was a constant 14 m. Grid
cells were given equal dimensions (1 m wide  0.5 m deep)
throughout the model domains.
3.3.2. Input Parameters
[22] Diffusion of EC through the aquitard was controlled
by assigning values for De and he equal to those previously used to model the TDS depth profile at the site
[Hendry and Wassenaar, 1999, 2000]. A constant concentration boundary condition was applied to the entire
uppermost layer of the model, with nonuniform cell
concentrations determined by regridding the contoured
transects in Figure 2. An example of the distribution and
range of EC values used for this upper boundary is
presented graphically for transect A-A0 in Figure 4a. An
initial EC of 2000 mS cm1 was assigned to all remaining
cells in the model domain (i.e., all layers except the top) to
reflect the approximate background EC value currently
observed in the aquitard.
3.3.3. Model Results and Implications
[23] EC distributions were modeled for all three transects for a total simulation time of 10 kyr. The simulated

5 of 13

W12432

HARRINGTON AND HENDRY: CHEMICAL HETEROGENEITY IN AQUITARDS

W12432

observed EC distributions (e.g., compare Figure 4c with
Figure 2a), and provides further evidence the hot spot is due
to recent anthropogenic activity rather than any long-term
natural process.
[25] The timescales required for best agreement between
simulated and observed EC distributions in the unoxidized
zone were approximately 3, 5 – 6, and 4 kyr for transects AA0, B-B0 and C-C0, respectively. This indicates current EC
distributions in the unoxidized till could have developed by
constant, nonuniform salt inputs over a timescale of 3 – 5 kyr,
implying any soil salt redistribution mechanism operating
over the last 5 kyr of the Holocene has had an immeasurable
impact on the salt distributions in the unoxidized zone. The
3 – 5 kyr timescale is slightly higher than 2 – 3 kyr determined by Hendry and Wassenaar [2000] for development
of the 1-D TDS depth profile. Possible reasons for this
discrepancy include (1) the method used to compare simulated and observed EC distributions and (2) differences
between the dimensionality and boundary conditions used
in this study and those of Hendry and Wassenaar [2000].
Matching simulated and observed EC distributions was
achieved by both visual comparison of the shape and
magnitude of each transect, and by plotting simulated
versus observed EC for several points in the model domain
at different times (not shown). Although more rigorous
calibration of the current model could be achieved through
statistical analysis, this was deemed unnecessary for the
intended purpose of the model.
[26] We suggest the marginally longer timescales required
for the development of EC transects in this study compared
with those determined by Hendry and Wassenaar [2000]
are related to differences in model domain. Hendry and
Wassenaar [2000] simulated TDS profile development as
purely 1-D with a constant, single value for the boundary
concentration at the top of the unoxidized zone. They used
observed TDS data transposed from a broad lateral extent
Figure 4. Transect A-A0 modeling: (a) boundary EC
distribution assigned to the top of the unoxidized zone,
(b) simulated EC distribution after 3 kyr using the solid
trend in Figure 4a as input, and (c) simulated EC
distribution after 3 kyr without the hot spot input (i.e.,
using the dashed trend in this zone).

EC distributions were plotted graphically after every 1 kyr
for comparison with the observed EC distribution along
each transect. The shapes of the simulated EC distributions along transects A-A0 and C-C0 were generally in
very poor agreement with observed EC distributions for
all timescales (e.g., compare Figure 4b with Figure 2a).
These large discrepancies were due to inclusion of the hot
spot data in the constant concentration boundary conditions of these transects. Reasonable matches between
simulated and observed EC distributions were obtained
for transect B-B0 (not shown), which does not contain the
hot spot.
[24] To better simulate the observed EC distributions,
transect A-A0 and C-C0 models were repeated with an
altered constant concentration boundary that excluded the
hot spot data (dashed line in Figure 4a). This modification
produced much better agreement between the simulated and

Figure 5. Simulated solute concentration contours for the
generic case of l = 10 m, DC/Cave = 1, and Cave/C0 = 100
after 5 kyr. An arbitrary value of C0 = 0.1 was used for all
simulations. Contour interval is 2 concentration units in this
example.
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Figure 6. (a – l) Simulated mean solute concentrations versus depth for generic models where l = 10 m.
Error bars represent one standard deviation of concentrations at each depth. Series are for simulation
times of 1, 5, 10, 15, and 20 kyr (left to right in each plot).

across the site. In contrast, the current study simulated EC
distributions in 2-D using a constant but nonuniform upper
boundary condition. The TDS concentration assigned to the
upper boundary of the Hendry and Wassenaar [2000] model
was 40,555 mg L 1 , equivalent to an EC value of
22,000 – 26,000 mS cm1 for these Na-SO4 type waters.
Although an average EC value in this range appears
reasonable for the upper boundary condition, it cannot
account for the variability in EC observed along the transects (e.g., Figure 4a).
[27] Three-dimensional (3-D) modeling of the EC distribution at the site may result in a different timescale for
development compared with those obtained from the 1-D
and 2-D models. However, the resolution of EC measurements required to calibrate such a model is far greater than
currently available. Nevertheless, we believe the difference
between timescales estimated from 2-D and 3-D models

should be less than between 1-D and 2-D models,
provided the 2-D transects are representative of the 3-D
EC distributions.

4. Predicting Chemical Heterogeneity in
Aquitards
[28] The observed EC distributions at the King site
(Figure 2) and the results of diffusive transport modeling
(Figure 4) suggest there exists, for any given time since the
commencement of nonuniform solute inputs, a critical depth
in the aquitard below which the concentrations of solute are
essentially uniform across the site. Above the critical depth,
concentration gradients exist in both horizontal and vertical
directions, necessitating mapping and simulation modeling
in two dimensions to accurately study the solute distribution. Below the critical depth, horizontal gradients in solute

7 of 13

W12432

HARRINGTON AND HENDRY: CHEMICAL HETEROGENEITY IN AQUITARDS

W12432

Figure 7. (a – l) Coefficient of variation for concentration versus depth for all generic models with l =
10 m. Series are for simulation times of 1, 5, 10, 15, and 20 kyr (from right to left in each plot). Critical
depths for chemical homogeneity can be determined for any time when CV = 10%.
concentration do not exist and transport can be considered
in only one dimension (i.e., vertical).
4.1. Approach
[29] The approach adopted for estimating the critical
depth of uniform solute concentration was to perform a
suite of generic transport models for conservative, nonreactive solutes, again using MT3DMS [Zheng and Wang,
1999]. We considered diffusion as the only solute transport
mechanism; any advective transport of solutes in aquitards
is likely spatially variable and difficult to predict without
understanding the spatial variability in hydraulic conductivity, head gradients, etc. In diffusion-dominated aquitards,
the only variables likely important for solute transport are
the boundary/initial conditions and the physiochemical
parameters (i.e., he and De).
[30] A regular, 2-D vertical grid of 100  1 m wide
columns and 40  0.5 m deep layers was constructed for all

model simulations. Boundary conditions were assigned to
the top layer by assuming that solute concentrations could
be represented with a sinusoidal function of the form
Cx ¼ Cave þ



DC
2px
: cos
2
l

ð2Þ

where Cx is the boundary concentration at position x, Cave is
the average concentration of the upper boundary, DC is the
range in concentrations for the upper boundary (also equal to
2  amplitude of cosine function) and l is the wavelength of
the function [L]. Model simulations were performed for
various combinations of values for l, DC/Cave and Cave/C0
with initial concentrations throughout the model domain set
at 0.1 (i.e., C0 = 0.1). A total of 24 simulations incorporated
two values for l (10 m, 100 m), three values for DC/Cave
(0.1, 1, 2), and four values for Cave/C0 (1, 10, 100, 1000).
Two l values were chosen to represent the likely range of
investigation scales for any field site.
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Figure 8. (a – l) Coefficient of variation for concentration versus depth for all generic models with l =
100 m. Series are for simulation times of 1, 5, 10, 15, and 20 kyr (from left to right in Figures 8a – 8f and
from right to left in Figures 8g– 8l). Critical depths for chemical homogeneity can be determined for any
time when CV = 10%.
[31] The only parameters we fixed for all simulations
were effective diffusion coefficient (De) and effective porosity (he). Values for De and he were equal to those used for
the King site simulations (0.23 and 2.1  1010 m2 s1)
because they are similar to values reported for major ions
and isotope ratios in other clay-rich aquitards [Konikow and
Arévalo, 1993; Remenda et al., 1996].
4.2. Modeling Results
[32] Figure 5, an example of modeled solute distributions,
demonstrates the high degree of spatial variability in solute
concentrations across the upper 6 m of the aquitard, and
approximate homogeneity below that depth. Although plots
of concentration versus depth (Figures 6a – 6l) all display
decreasing variability with depth, determining the depths at
which one can assume chemical homogeneity is difficult.
Consequently, we plotted the coefficient of variation (CV =

standard deviation/mean) for solute concentrations versus
depth (Figures 7a – 7l) and chose an arbitrary value of 10% as
the critical CV for determining the depth in the aquitard
below which the concentrations are laterally uniform. All
simulations for DC/Cave = 0.1 (i.e., Figures 7a, 7d, 7g, and 7j)
returned CV values less than 10% throughout the depth
profile, indicating if nonuniform solute concentrations at
the upper surface of an aquitard vary by less than 10% of
the average solute concentration, then the distribution of
solute in deeper parts of the aquitard can be considered
laterally uniform.
[33] Figures 7a – 7l allow prediction of the critical depth
for a range of likely values of DC/Cave and Cave/C0
(assuming l = 10 m). For example, an aquitard with a
background chloride concentration of 10 mg L1 and an
input Cl concentration which averages 1000 mg L1 and
ranges 500– 1500 mg L1 (i.e., DC/Cave = 1 and Cave/C0 =
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Figure 9. (a –d) Generic solutions for estimating the critical depth of chemical homogeneity in
aquitards with continuous, nonuniform salt inputs of sinusoidal form.
100), will exhibit chemical homogeneity below about 4.2 m
depth after 1 kyr (Figure 7h). At times of 5 and 20 kyr the
critical depth for chemical homogeneity decreases to approximately 2.95 and 2.5 m, respectively. The decrease in
critical depth is counterintuitive because one would expect
deeper propagation of solutes, and therefore greater heterogeneity, at later times. Closer observation of solute wave
propagation in the generic models reveals this apparent
decrease in critical depth with increasing time is due to a
time lag between when a solute front first reaches a certain
depth and when the adjacent peaks of the wave begin to
interfere at that depth.
[34] The l = 100 m simulations for DC/Cave = 0.1
(Figures 8a, 8d, 8g, and 8j) reveal chemical homogeneity
(CV < 10%) at all depths, as found in the l = 10 m
10
scenarios. All l = 100 m simulations for Cave/C0
(i.e., Figures 8a – 8f) yield an apparent increase in critical
depth with increasing time. This trend is opposite to the
l = 10 m trend because the input concentration peaks are
now 100 m apart and will take much longer to interfere
with each other at depth. When the average input
concentration is very high compared to the background
100, Figures 8g – 8l),
concentration (i.e., Cave/C0
the concentration gradients between adjacent input peaks
are steeper and therefore diffusive mixing between the
peaks is more rapid. This occurrence explains why the
100 simulations
early time data (1 –5 kyr) for Cave/C0

(Figures 8g –8l) exhibit an increasing critical depth with
time trend, and then a decrease in critical depth for
subsequent times up to 20 kyr.
[35] By combining all of the time-depth predictions from
Figures 7 and 8 we obtained four sets of curves relating
critical depth to Cave/C0 for various timescales and DC/Cave
ratios (Figures 9a – 9d). (No curves were necessary for DC/
Cave = 0.1 because there are no critical depths for these
cases.) The trend of decreasing critical depth with increasing time for all l = 10 m simulations is demonstrated in
Figures 9a and 9b. However, for the l = 100 m simulations
(Figures 9c and 9d) critical depths for times >1 kyr and
Cave/C0 ratios >1 were beyond the vertical extent of the
model domain (i.e., 20 m) and therefore not calculable;
thus the trend of increasing critical depth at early time
and decreasing critical depth at later time cannot be
demonstrated. Nevertheless, Figure 9 is a useful tool for
predicting depths of chemical homogeneity at existing and
future aquitard research sites.
4.3. Generic Solutions in Three Dimensions
[36] The generic model solutions presented above apply
to 2-D vertical transects with a linear source of constant but
nonuniform input concentration at the upper boundary. In
reality, solute inputs to the upper surface of an aquitard will
vary in two dimensions (and possibly time) and lateral
mixing by diffusion at depth will occur in three dimensions.
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comparison are slightly misleading because the CV of
concentration at the upper boundary of the 3-D model
began at 25% (compare 33% for 2-D) so the critical CV =
10% criteria was achieved at shallower depth. Nevertheless, this comparison demonstrates how considering nonuniform salt distributions in three dimensions rather than
two dimensions will result in lower critical depths, especially at early time.

Figure 10. Pore water EC along transect A-A0 plotted as
(a) observed EC values at the top of the unoxidized zone
with sinusoidal approximation and (b) coefficient of
variation for every 0.5 m depth interval. The CV for EC
trend approaches the 10% criteria for chemical homogeneity
at 16 m depth.
To investigate the difference between critical depths estimated using the 2-D approach and a 3-D model, we
generated a 2-D sinusoidal function of the form
Cxy ¼ Cave þ

 



DC
2px
2py
: cos
þ cos
4
l
l

ð3Þ

to represent the upper boundary condition for a 3-D
numerical model. Model design followed the same mesh
dimensions as for the 2-D model and included 100 rows
of 1 m width, 100 columns of 1 m length and 40 rows of
0.5 m depth (total 400,000 cells). Physiochemical
parameters (De and he) were the same as those used in
the 2-D model (section 4.1). We used the set of boundary
parameters corresponding to the 2-D case presented in
Figures 6h and 7h (i.e., l = 10 m, DC/Cave = 1, Cave/C0 =
100).
[37] Critical depths obtained from this 3-D model (data
not shown) were 2.9 m, 2.1 m and 1.85 m for timescales of
1, 5, and 20 kyr, respectively (compare 4.2, 2.95, and 2.5 m
for 2-D model). While more rapid mixing, and therefore
lower critical depths, are expected to occur under 3-D
diffusion compared to 2-D diffusion, the CV of the cosine
function used as the upper boundary for the 3-D model
(equation (3)) is lower than the CV of the function used as
the upper boundary for the 2-D model (equation (2)) with
the same amplitude. Hence the results of this model

4.4. Case Study: King Site
[38] The spatial variability of EC at the top of the
unoxidized zone along transect A-A0 (Figure 4a) was
approximated with a sinusoidal input function (equation
(2)) to test the applicability of the generic solutions. A
best fit to the observed EC distribution without the hot
spot was achieved using l = 135 m, DC/Cave = 2
and Cave/C0 = 10.9 (Figure 10a). We used the solutions
for l = 100 m (Figure 9d) in this case, recognizing the
critical depth determined from these curves would underestimate the true depth of chemical homogeneity. Assuming EC distributions along transect A-A0 have taken
3 kyr to develop, Figure 9d was used to infer a critical
depth of 18 m for this transect.
[39] When the EC distribution of transect A-A0 (Figure 2a)
is plotted in terms of CV for EC versus depth, the lowest
CV values occur between 10 and 14 m depth (Figure 10b).
These lowest CV values are still in the range 13– 17%
which suggests chemical homogeneity, defined herein as
CV 10%, must exist at depths >14 m. This finding is in
keeping with the generic solutions (critical depth of 18 m
for l = 100 m).
[40] The EC distribution at the top of the unoxidized
zone along transect C-C0 was also represented by a
cosine function (l = 70 m, DC/Cave = 2 and Cave/C0 =
7.9) enabling estimation of a critical depth from Figure 9d
for a timescale of 4 kyr (section 3.3.3). The critical depth
for this transect was estimated to be 16– 18 m, which is
60 – 80% deeper than the deepest measured EC value
(Figure 2c). Nevertheless, this range of critical depths is
consistent with that determined for transect A-A0. The
input EC distribution along transect B-B0 could not be
adequately represented with a sinusoidal function and was
therefore not analyzed using the generic solutions.

5. Summary and Conclusions
[41] Transposing hydrochemical data from laterally distributed piezometers onto 1-D depth profiles for interpretation and modeling is common practice in studies of
surficial aquitards. This approach has previously been
considered valid when vertical hydraulic head gradients
are one to two orders of magnitude greater than those in
the horizontal direction and the aquitard is laterally
extensive. The 1-D approximation is also convenient
because the practicalities and costs of defining pore water
chemistry in 3-D have traditionally been prohibitive.
Emerging technology in the form of direct-push (D-P)
logging now offers a relatively low-cost, rapid method for
characterizing a field site at the required level of detail
for 3-D analysis.
[42] Lateral heterogeneity of pore water EC at the King
site in southern Saskatchewan, Canada, was determined
from 35 D-P EC profiles over an area 120 m  70 m
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and to a maximum depth of 18 m BG. Pore water EC
values vary across the site from 2,000 – 80,000 mS/cm
near the water table at the top of the unoxidized zone
(3 m BG), and decrease with depth in the aquitard to a
more laterally uniform 2000– 6000 mS/cm at 12– 15 m
BG. The very high EC groundwater (>45,000 mS/cm) is
confined to a small part (8 m diameter and <0.5 m deep)
of the site, and numerical modeling provides supporting
evidence for a recent anthropogenic origin. The observed
variability in pore water EC away from this hot spot is
attributed to nonuniform salt inputs at the top of the
unoxidized zone. While the natural input of salts will
vary seasonally, numerical simulation models indicate the
spatial distribution of input concentrations have been
consistent for the past 3 – 5 kyr. We suggest mechanisms
for the nonuniform salt inputs that are associated with
either microtopographical variability or differences in the
penetration depth of vertical fractures originating at the
surface. At present however, we have no field data to test
these hypotheses, and suggest that further research is
necessary.
[43] We believe that the observations made at the King
site are not atypical of other aquitards and suggest that all
aquitards should exhibit some degree of nonuniform salt
input at their upper boundary. As a result, care should be
taken when interpreting solute transport from the top of the
aquitard using a 1-D approach. Generic model solutions
presented herein enable the estimation of critical depths to
chemical homogeneity in aquitards that receive long-term,
nonuniform solute inputs at their upper boundary.
[44] Acknowledgments. Funding for this work was provided in part
by the Natural Sciences and Engineering Research Council of Canada. Two
anonymous reviewers provided useful suggestions for improving the
original manuscript.

References
Berthold, S., L. R. Bentley, and M. Hayashi (2004), Integrated hydrogeological and geophysical study of depression-focused groundwater
recharge in the Canadian prairies, Water Resour. Res., 40, W06505,
doi:10.1029/2003WR002982.
Boldt-Leppin, B. E. J., and M. J. Hendry (2003), Application of harmonic
analysis of water levels to determine vertical hydraulic conductivities in
clay-rich aquitards, Ground Water, 41(4), 514 – 522.
Christiansen, E. A. (1971), Tills in southern Saskatchewan, Canada, in Till:
A Symposium, edited by R. P. Goldthwait, pp. 167 – 183, Ohio State Univ.
Press, Columbus.
Desaulniers, D. E., and J. A. Cherry (1989), Origin and movement of
groundwater and major ions in a thick deposit of Chaplain Sea clay near
Montreal, Can. Geotech. J., 26, 80 – 89.
Desaulniers, D. E., J. A. Cherry, and P. Fritz (1981), Origin, age and
movement of pore water in argillaceous Quaternary deposits at four
sites in southern Ontario, J. Hydrol., 50, 231 – 257.
Fetter, C. W. (1999), Contaminant Hydrogeology, 500 pp., Prentice-Hall,
Upper Saddle River, N. J.
Gerber, R. E., J. I. Boyce, and K. W. F. Howard (2001), Evaluation of
heterogeneity and field-scale groundwater flow regime in a leaky till
aquitard, Hydrogeol. J., 9, 60 – 78.
Harrington, G. A., and M. J. Hendry (2005), Using direct-push EC logging
to delineate heterogeneity in a clay-rich aquitard, Ground Water Monit.
Rem., in press.
Harrington, G. A., A. J. Love, and A. L. Herczeg (2001), Relative
importance of physical and geochemical processes affecting solute
distributions in a clay aquitard, in Water-Rock Interaction 2001, edited
by R. Cidu, pp. 177 – 180, Lisse, Exner, Pa.
Harrison, B., E. A. Sudicky, and J. A. Cherry (1992), Numerical-analysis of
solute migration through fractured clayey deposits into underlying
aquifers, Water Resour. Res., 28(2), 515 – 526.

W12432

Hayashi, M., G. van der Kamp, and D. L. Rudolph (1998), Water and solute
transfer between a prairie wetland and adjacent uplands, 2. Chloride
cycle, J. Hydrol., 207, 56 – 67.
Hayashi, M., G. van der Kamp, and R. Schmidt (2003), Focused infiltration
of snowmelt water in partially frozen soil under small depressions,
J. Hydrol., 270, 214 – 229.
Hendry, M. J. (1982), Hydraulic conductivity of a glacial till in Alberta,
Ground Water, 20(2), 162 – 169.
Hendry, M. J., and L. I. Wassenaar (1999), Implications of the distribution
of dD in pore waters for groundwater flow and the timing of geologic
events in a thick aquitard system, Water Resour. Res., 35(6), 1751 – 1760.
Hendry, M. J., and L. I. Wassenaar (2000), Controls on the distribution of
major ions in pore waters of a thick surficial aquitard, Water Resour. Res.,
36(2), 503 – 513.
Hendry, M. J., L. I. Wassenaar, and T. Kotzer (2000), Chloride and chlorine
isotopes (36Cl and d37Cl) as tracers of solute migration in a thick, clayrich aquitard system, Water Resour. Res., 36(1), 285 – 296.
Hendry, M. J., J. R. Ranville, B. E. J. Boldt-Leppin, and L. I. Wassenaar
(2003), Geochemical and transport properties of dissolved organic carbon in a clay-rich aquitard, Water Resour. Res., 39(7), 1194, doi:10.1029/
2002WR001943.
Hendry, M. J., C. J. Kelln, L. I. Wassenaar, and J. Shaw (2004), Characterizing the hydrogeology of a complex clay-rich aquitard system using
detailed vertical profiles of the stable isotopes of water, J. Hydrol.,
293, 47 – 56.
Hendry, M. J., T. G. Kotzer, and D. K. Solomon (2005), Sources of radiogenic helium in a clay till aquitard and its use to evaluate the timing of
geological events, Geochim. Cosmochim. Acta, 69(2), 475 – 483.
Jørgensen, P. R., L. D. McKay, and J. P. Kistrup (2004), Aquifer vulnerability to pesticide migration through till aquitards, Ground Water, 42(6),
841 – 855.
Keller, C. K., and G. van der Kamp (1988), Hydrogeology of two
Saskatchewan tills, II. Occurrence of sulfate and implications for soil
salinity, J. Hydrol., 101, 123 – 144.
Keller, C. K., G. van der Kamp, and J. A. Cherry (1986), Fracture
permeability and groundwater flow in a clayey till near Saskatoon,
Saskatchewan, Can. Geotech. J., 23, 229 – 240.
Keller, C. K., G. van der Kamp, and J. A. Cherry (1988), Hydrogeology of
two Saskatchewan tills, I. Fractures, bulk permeability, and spatial variability of downward flow, J. Hydrol., 101, 97 – 121.
Keller, C. K., G. van der Kamp, and J. A. Cherry (1991), Hydrogeochemistry of a clayey till: 1. Spatial variability, Water Resour. Res., 27(10),
2543 – 2554.
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