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Abstract Characterizing the hydraulic conductivity (K) of aquitards is difﬁcult due to technical and logistical difﬁculties associated with ﬁeld-based methods as well as the cost and challenge of collecting representative and competent core samples for laboratory analysis. The objective of this study was to produce a
multiscale comparison of vertical and horizontal hydraulic conductivity (Kv and Kh, respectively) of a regionally extensive Cretaceous clay-rich aquitard in southern Saskatchewan. Ten vibrating wire pressure transducers were lowered into place at depths between 25 and 325 m, then the annular was space was ﬁlled
with a cement-bentonite grout. The in situ Kh was estimated at the location of each transducer by simulating the early-time pore pressure measurements following setting of the grout using a 2-D axisymmetric,
ﬁnite element, numerical model. Core samples were collected during drilling for conventional laboratory
testing for Kv to compare with the transducer-determined in situ Kh. Results highlight the importance of
scale and consideration of the presence of possible secondary features (e.g., fractures) in the aquitard. The
proximity of the transducers to an active potash mine (1 km) where depressurization of an underlying
aquifer resulted in drawdown through the aquitard provided a unique opportunity to model the current
hydraulic head proﬁle using both the Kh and Kv estimates. Results indicate that the transducer-determined
Kh estimates would allow for the development of the current hydraulic head distribution, and that simulating the pore pressure recovery can be used to estimate moderately low in situ Kh (<10211 m s21).

1. Introduction
Aquitards are geologic deposits with low values of hydraulic conductivity (K; 1028 m s21) and of sufﬁcient
regional extent (i.e., thickness and areal continuity) and integrity to impede groundwater ﬂow [Cherry and
Parker, 2004]. Claystone aquitards, commonly referred to as shales, can also act as caprock formations, trapping or concentrating oil, gas, injected ﬂuid wastes, or water and preventing migration into overlying shallow aquifers. The design of in situ methods for the recovery of unconventional petroleum products (e.g.,
Steam-Assisted Gravity Drainage and Cyclic Steam Stimulation) requires characterization of the hydraulic
properties of caprock formations. In addition, aquitards in sedimentary basins have been considered as host
formations for the sequestration of hazardous wastes [e.g., Mazurek et al., 2011; Neuzil, 2013; Hendry et al.,
2015]. In spite of the additional focus over the last 30 years on groundwater ﬂow and contaminant transport
through aquitards [e.g., Batlle-Aguilar et al., 2016], they remain a poorly understood area of hydrogeology.
This lack of understanding can be attributed to a historical lack of study, complicated behavior due to
coupled ﬂow or local deformation effects, along with the slow response of ﬁeld-based measurements in low
K material, and the cost and challenge of collecting representative and competent core samples for laboratory analysis.
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Characterization of K in aquitards is a particular challenge [Neuzil, 1986; van der Kamp, 2001], and few studies exist that use multiple methods to determine aquitard K [e.g., Keller et al., 1989]. Traditional methods to
determine in situ K include aquifer pumping tests with piezometers in the aquitard in addition to observation wells in the aquifer, measurements of seasonal ﬂuctuations of pore pressure, measurement of pore
pressure changes and settlement due to surface loading, and numerical analysis of ﬁeld observations of
local and regional pressure changes [van der Kamp, 2001]. Although laboratory consolidation or triaxial
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permeameter tests can be used to measure K, testing is often limited to the direction of the core (e.g., vertical or Kv) and to small sample volumes (<1.0 3 1023 m3). In situ effective stresses and ﬂuid pressures are
not routinely used in laboratory testing and to obtain measurements in a reasonable amount of time the
applied hydraulic gradients are typically orders of magnitude greater than in situ gradients. Samples are
also susceptible to mechanical disturbance as a result of the sampling method and the associated stress
release following coring, which can signiﬁcantly inﬂuence the compressibility [e.g., Smith et al., 2013]. While
laboratory tests can provide an approximate range of small-scale K, they cannot be used to assess the
impact of heterogeneity or secondary features such as fractures. For these reasons, a large discrepancy
often exists between the results of ﬁeld and laboratory testing of the same materials [Bredehoeft et al.,
1983]. While some researchers have ascribed the differences between laboratory-determined Kv and ﬁelddetermined Kh of the same formation to the existence of heterogeneities or fractures in the formation [Neuzil, 1994], K is not always scale dependent in low permeable materials [Keller et al., 1989; Hendry and Wassenaar, 1999; Neuzil, 1994]. In situ K measurements inﬂuenced by larger scale features such as anisotropy,
heterogeneity, and secondary structures (i.e., fractures) are not captured by laboratory testing and consequently can result in large differences between laboratory-based and ﬁeld-based K measurements. In most
cases, the best approach to estimating in situ K in aquitards may be a combination of both laboratory and
in situ methods, and large-scale inverse analyses.
Pore water pressure measurements in both aquifers and aquitards are routinely made using pressure transducers. The installation of transducers to measure pore pressure by installing them directly in the grout
(fully grouted) is not new, and many papers have discussed related advantages and disadvantages
[Vaughan, 1969; McKenna, 1995; Mikkelsen, 2002; Mikkelsen and Green, 2003; Conteras et al., 2008; Smith
et al., 2013]. These studies highlight that, given appropriate instrumentation and installation techniques,
grouting transducers in place is cost effective and reliable with respect to measuring pore pressures. Arguably, the most crucial element of the fully grouted transducer installation is the cement/bentonite grout.
The temporal variations in pore pressures are inﬂuenced by the hydraulic properties of the grout (i.e., compressibility and K), and the longevity and integrity of the borehole relies on proper grout mixing and installation. Measurement errors associated with transducers grouted in place include ‘‘short circuiting’’ of vertical
ﬂow through the grout and time lags or damped responses [Smith et al., 2013]. Provided the K of the grout
is within 2–3 orders of magnitude of the K of the adjacent formation, the error associated with pore pressure measurements is not signiﬁcant [Mikkelsen, 2002]. Recent advances in analyzing the pore pressure
record of grouted-in pressure transducers suggest that more information can be garnered about the host
formations (e.g., compressibility, a). Smith et al. [2013] describe how fully grouted pressure transducers at
equilibrium with the adjacent formation can sometimes be used to determine in situ parameters (i.e., compressibility) in addition to monitoring the pore pressure. Examination of the long-term stabilized pore pressure record for a set of 10 grouted-in piezometers over a depth of approximately 325 m showed no
evidence of ‘‘short circuiting’’ through the grout, and short-term (i.e., hours-to-days) transients such as earth
tides, barometric pressure changes, and the pore pressure changes due to mechanical loading by short
term rain fall events were all identiﬁable in the pore pressure record with little or no time lag [Smith et al.,
2013].
The objective of this study was to use multiple methods to determine the hydraulic properties (Kv and Kh)
of a thick (400 m), regionally extensive aquitard studied by Smith et al. [2013], to compare Kh and Kv at multiple scales, and, in so doing, assess the viability of analyzing the pore pressure recovery of pressure transducers after installation to determine in situ Kh. This objective was met by comparing and contrasting the
results from three methods: one-dimensional (1-D) consolidation and triaxial permeameter laboratory scale
tests (Kv), simulations of early-time (installation to stabilization) observations from pressure transducers (in
situ Kh) which are responding to predominantly radial and horizontal ﬂow, and 1-D transient simulations of
the evolution of the current head proﬁle through the aquitard in response to nearly 35 years of nearby
depressurization due to mining activities (in situ bulk Kv).
To the best of our knowledge, only one study has used numerical modeling to simulate the transient pore
pressure recovery from grouted-in pressure transducers and it focused on evaluating the hydraulic diffusivity of thick Cretaceous shale aquitards in the Great Artesian Basin, Australia [Smerdon et al., 2014]. No
attempt was made to evaluate the reliability of these estimates using other methods. In the current study,
the transducers are proximal to an active mine where dewatering activities have led to drawdown below
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Figure 1. (a) Map of west-central Canada illustrating the location of the current study in the Williston Basin (K2 site: N5617477.62
E295357.89), and (b) the stratigraphy of the borehole based on geological and geophysical logging, as well as the regional geological
information that extends below the borehole.

the Cretaceous shale. This provides a unique opportunity to simulate the response of the aquitard to these
head changes as a way to estimate its properties at a large scale. The estimated in situ parameters (using
pressure transducers) were incorporated in numerical analyses to determine if the parameters could be
used to reproduce the current hydraulic head proﬁle.
1.1. Study Area and Hydrogeologic Setting
The study was conducted in the north east portion of the Williston Basin (WB), approximately 1 km west of
the Mosaic Esterhazy K2 mine site in southern Saskatchewan, Canada (Figure 1a). The WB is a structuralsedimentary basin that lies within the larger Western Canada Sedimentary Basin (WCSB) and underlies
approximately 250,000 km2 of North Dakota, South Dakota, Montana, Manitoba, and Saskatchewan. The WB
contains a near-continuous sedimentary record from the Middle Cambrian to the Cretaceous [Hendry et al.,
2013]. Due to the occurrence of regressive and transgressive successions during the Upper Cretaceous
period, a thick (up to 900 m) clay-rich deposit (or aquitard) was deposited across central Saskatchewan
[Hayes et al., 1994]. Extensive volcanic activity in the Western Cordillera during the Cretaceous period
resulted in large quantities of volcanic ash blown eastward by the prevailing winds. The ash settled in the
brackish sea present in the northwestern areas (including what is now southern Saskatchewan) and was
later buried and consolidated by marine sediments. Many of these ash layers were later altered to bentonite
[Pusch, 2001].
The Cretaceous deposits present today were previously overlain by thicker sediments (1–3 km of Upper Cretaceous Shales and Tertiary sediment) that were eroded in the middle to late Tertiary [Nurkowski, 1984; Bustin, 1992; Dawson et al., 2008], as well as the Laurentide ice sheets (up to 3 km thick) during the Quaternary.
These loading events resulted in the claystone (or shales) becoming overconsolidated. The shales in this
area are widespread, extending more than 2000 km from northwest New Mexico into Alberta and Saskatchewan [Garavito et al., 2007]. Current understanding of groundwater ﬂow in the WB indicates that the dominant driving force behind basin-scale ﬂow is topography [Bachu and Hitchon, 1996; Bachu, 2002], with
recharge areas at high elevations in Montana and South Dakota to discharge areas at low elevation areas at
outcrop locations along the Canadian Shield in Manitoba and the Dakotas [Bachu and Hitchon, 1996]. Drill
stem tests (DSTs) conducted on the Mannville Fm (underlying the Cretaceous Shales) indicate the same
regional northeastward ﬂow with hydraulic heads ranging from more than 1000 masl in the south west to
less than 400 masl at the Manitoba escarpment in the northeast [Bachu and Hitchon, 1996].
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2. Materials and Methods
2.1. Drilling, Sampling, and Instrument Installation
A rotary drill rig was used to continuously core a single borehole (K2 site) to a depth of 325 m below
ground (BG). The initial base of exploration at the onset of the study was the Mannville Fm; however, at
approximately 325 m a hard concretion layer prevented the drill bit from advancing further. Core samples (75 mm diameter 3 150 mm long) were collected every 10 m. Selected samples were immediately trimmed to remove any drill ﬂuid and then wrapped in plastic wrap and waxed in the ﬁeld. The
samples were stored in a cooler at ambient surface temperature (5–108C) until transport to the University of Saskatchewan (UofS) where they were stored at room temperature for 30–60 days until testing. All samples were evaluated in the laboratory for geotechnical properties (detailed in section 2.2)
and subjected to 1-D consolidation (oedometer) tests and triaxial hydraulic conductivity permeameter
tests (Kv).
The stratigraphy (Figure 1b) was determined based on geological and geophysical logging, as well as the
regional geological information that extends below the borehole. Cretaceous shale (11–392 m BG) is overlain by a clay-rich Quaternary aged glacial till (0–11 m BG). The underlying Mannville Fm (aquifer) consists
of alternating sand/shale from 392 to 485 m BG. The Cretaceous aquitard consists of the Pierre Shale (11–
184 m BG), the ﬁrst (184–256 m BG) and second (256–281 m BG) White Speckled Shales, the Belle Fourche
(281–336 m BG), and the Joli Fou (336–392 m BG) formations. One thick (5 m) and three thin (<0.1–0.2 m)
bentonite layers were identiﬁed during drilling. The thin layers are not homogenous, but rather a mix of
shale and bentonite and unlikely to be continuous or regionally extensive. The 5 m-thick bentonite layer is
present at about 191–196 m BG (top of the ﬁrst Speckled Shale).
Geophysical logging (natural gamma, single point resistance, and spontaneous potential (self-potential)
was completed following drilling to 215.8 m BG. The logging tool could not be advanced below this depth,
possibly due to an obstruction or the combination of buoyancy produced by drilling mud combined with
some restriction in the borehole. Following geophysical logging, a series of 10 vibrating wire absolute pressure transducers (VWPs) were installed. The pressure transducers (Geokon model 4500S) had a minimum
measurement pressure of 20.1 MPa and a maximum range of 0.35, 0.7, 1, 2, and 3 MPa (absolute accuracy
of 60.1% full scale (FS) and resolution of 60.025% FS). The VWPs were grouted in at depths of 25 (J), 49 (I),
75 (H), 125 (G), 175 (F), 185 (E), 225 (D), 255 (C), 275 (B), and 325 (A) m BG (Figure 1b) using a 4% bentonite–
96% Portland cement mixture. Samples of the grout were tested regularly to ensure a density of 1700 kg/
m3, and collected in 1 L glass jars to be stored (allowed to set up under room temperature, 218C) until subjected to oedometer and triaxial (Kv) tests. The transducers were connected to a data logger and programmed to record pressure and temperature at 30 min increments starting about 1 day after installation.
Stabilized hydraulic heads were corrected for barometric pressure following the method described in Smith
et al. [2013], in which the loading efﬁciency (c) for the formation at the location of each transducer was
determined and pore pressure records corrected accordingly to deﬁne hydraulic head. No adjustment was
made for pore ﬂuid density since the pore water total dissolved solids ranged from 1000 to 2000 mg L21.
The equilibrium head proﬁle indicates an average downward gradient of 0.52 through the entire 325 m of
Cretaceous Shale. Shallow monitoring wells (n 5 8) completed in the till formation within 1 km of the K2
mine indicate that the water table at the site ﬂuctuates seasonally between 1 and 3 m BG [Hendry et al.,
2013]. Monitoring wells (n 5 12) were also installed in the underlying Mannville aquifer within a 90 km2
area of the K2 mine by the Mosaic Company. The wells are located between 100 and 8000 m from the study
site and were screened at either the top (n 5 5; 407–425 m BG) or the base (n 5 7; 463–491 m BG) of the
Mannville Fm.
2.2. Laboratory Testing
Gravimetric water content (x) was measured on core samples using the method outlined in ASTM D2216-10
[2010], and dry bulk density (qd) was determined following the method in ASTM D7263-09 [2009] (n 5 46).
The x and qd were used to determine volumetric water content (h) of the core samples, which is equivalent
to the total porosity (n) if saturation of the sample is assumed. n was also determined using the calculated
dry bulk density (qd, kg m23) and particle density (qp) on 46 core samples in accordance with ASTM D453186 and ASTM D854-92 [1992], respectively. Atterberg limits were determined on core samples (n 5 33) in
accordance with ASTM D4318-95 [1995]. Atterberg limits can be used along with particle size information to
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calculate soil activity (i.e., plasticity index/clay-sized particles), an indicator of the tendency of the soil to
undergo volume change (e.g., swelling/shrinking) as a result of changes in stress or chemistry. A sample
obtained from the bentonite horizon at 191–196 m BG was sent to the Advanced Microanalysis Centre at
the Saskatchewan Research Council for X-ray diffraction (XRD) analysis. Clay abundance was calculated
based on the intensity of characteristic peaks using the intensity of the illite (003) reﬂection as a reference,
with an estimated error of 5%.
Standard oedometer tests [ASTM D2435-04, 2004] were conducted on individual samples collected from
the Pierre Shale (47.4, 87, and 128 m BG), the ﬁrst Speckled Shale (174.1, 184.9, 212, and 249 m BG), the
second Speckled Shale (283.6 m), and the Belle Fourche Fm (292 m BG). The same oedometer test was
conducted on one sample of grout collected during the installation of the transducers from about
140 m BG. Kv was calculated from the coefﬁcient of consolidation (Cv) estimated from the sample deﬂection verses elapsed time data during each loading increment of the oedometer test as described by
Terzaghi [1943]. The coefﬁcient of volume compressibility (mv, k Pa21) calculated from the loaddeﬂection data collected during oedometer testing was converted to a bulk compressibility (a) based on
the relationships described by Duncan and Bursey [2013]. A Poisson’s ratio (t) of 0.33 for shales and
0.2 for the grout were chosen based on a range of literature values for claystones and cement, respectively [Gercek, 2007].
Kv was also measured on nine core samples using a steady-ﬂow ﬁxed wall triaxial system on core samples
collected from the Pierre Shale (20, 74, and 111 m BG), the ﬁrst Speckled Shale (207 and 257 m BG), the second Speckled Shale (278 m BG), and the Belle Fourche Fm (311 m BG) [Smith et al., 2013]. Grout samples collected at depths of 46, 182, and 317 m BG during grouting of the borehole were subjected to the same
testing, resulting in Kv estimates of (2–100) 3 10212 m s21 [Smith et al., 2013]. All grout Kv estimates were
within 3 orders of magnitude of the adjacent formation and therefore satisfy the requirements of fully
grouted pressure transducers [Smith et al., 2013]. Further information regarding the oedometer and triaxial
tests is presented in Smith et al. [2013].

2.3. Simulation of Transducer Recovery
In situ Kh was estimated from the transducer data by simulating the pore pressure measurements following
setting of the grout (after about 48 h), using a commercial 2-D, axisymmetric, ﬁnite element numerical
model (SEEP/W) [GEO-SLOPE International Ltd., 2007]. The model simulated the equilibration of pore pressure in the grouted borehole (140 mm radius) with the pore pressure in the adjacent aquitard (30 m radius)
over 365 days, similar to Smerdon et al. [2014]. The simulation was repeated using varying radial distances
to the far-ﬁeld boundary to establish the location of the assumed ‘‘no ﬂow’’ boundary condition (determined to be 30 m). The mesh size within a 30 m radius of the borehole was 0.1 m. The simulation was run
for 365 days because all transducers approached equilibrium within 1 year.
The initial pressure within the grout was deﬁned by the measured pore pressure following setting of the
grout, determined using the minimum pore pressure prior to recovery. The hydraulic head in the formation
was deﬁned from the pore pressure following recovery (t 5 365 days). The n and a values for the grout
established from laboratory measurements [Smith et al., 2013] were assumed to characterize the entire
grouted volume. The a values for the aquitard were measured in situ based on barometric loading efﬁciency
[Smith et al., 2013]. The n of the formation was determined from laboratory measurements [Smith et al.,
2013]. The values of speciﬁc storage (SS) used in the modelling were calculated using a compressibility of
water (b) of 4.7 3 1027 k Pa21 along with the measured n and a values. Using these parameters, K was varied systematically until an optimum visual ﬁt to the transducer data was achieved. The rate of pore pressure
recovery is also dependent on the a of the grout and the formation. While the formation a was determined
in situ, the grout a was determined in the laboratory under effective stresses that were much less than in
situ. For this reason, additional simulations were conducted to assess the sensitivity of the simulated pore
pressure recovery to the a value of the grout by varying it 61 order of magnitude from the laboratorydetermined value (4.8 3 1025 k Pa21).
To determine the accuracy of the simulations, ‘‘best ﬁt’’ simulations were compared to observed data using
the root mean square error model veriﬁcation equation,
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(1)

where O is the observed hydraulic head (masl), P is the simulated hydraulic head (masl), and n is the number of observations.
2.4. Simulation of the Formation Head Distribution (Bulk Kv)
Finite element modeling of vertical transient ﬂow through the aquitard was performed using the same commercial ﬁnite element model as for the recovery simulations; however, in this case, a single column of elements was used to create a 1-D domain. The models simulate the current head distribution observed from
the stabilized pressure transducers from 25 to 325 m BG based on the known formation SS [Smith et al.,
2013] and estimated initial conditions. The objective was to estimate the overall K required to develop the
current head distribution through the aquitard given assumed initial conditions and the relatively rapid
drop of head in the underlying Mannville Fm due to the ingress of water into the mine, which began
approximately 35 years ago. The conceptual model is analogous to a large, continuous pumping test where
observation ‘‘wells’’ (pressure transducers) are installed in the overlying aquitard formations. The initial conditions for the stratigraphic sequence including the Mannville were chosen based on DST pressures
recorded in the Mannville prior to mining inﬂow in the vicinity of the study site [Palombi, 2008]. Similar
downward gradients to those assigned were observed through the Pierre Shale at other sites in southern
Saskatchewan with no mining. The initial conditions consisted of an overall downward gradient of 0.20. A
lower boundary head of 340 masl was chosen to be consistent with the measured pressure head of the
deepest transducer (A), the observed water level measured in the Mannville wells in the area, along with
measurements reported in previous work [Palombi, 2008] (discussed further in section 3.4). Given the limited data on the hydraulic head distribution within the Mannville local to the monitoring site over the past
35 years, a range of possible changes in head within the Mannville over this time frame are used to deﬁne
the lower boundary condition within the model. This analysis assumes that the primary control on the transient changes in hydraulic head through the aquitard at this location are in response to a drop in head
within the Mannville. Changes in pressure may have also occurred throughout the aquitard in response to
strains created as a result of subsidence associated with mining of the Prairie Evaporite Fm. For these analyses, we assume that the subsidence-induced pore pressure changes are minimal but note that this assumption may need to be reconsidered in the future. However, given this assumption, modeling the drawdownonly interpretation may also serve to demonstrate certain limitations or anomalies not addressed by this
scenario and highlight areas of future research (discussed further in section 3.6).
Three separate transient scenarios were conducted in which the present-day head proﬁle was simulated. All
of the models were composed of a single column of 1 m wide elements over the 400 m depth with a vertical element size of 1 m. For the ﬁrst model (deﬁned as the uniform model), we assumed a 400 m-thick
homogeneous aquitard over which depth weighted average values (weighting by the thickness of each
layer) of n (from core samples) and a (from transducer analysis) [Smith et al., 2013] were applied to the
entire aquitard (Figure 2a). These values were used along with an assumed value of b to calculate the SS
used in the model. The second model (deﬁned as the complex A model) was divided into layers. The boundaries of the layers were equidistant between transducer depths. If a layer extended over more than one
formation, the contact was deﬁned as the formation contact and only represented the formation in which
the transducer was installed. The values of a determined at each transducer and the n values from the core
samples from the same location (n) were utilized to calculate the Ss of each layer (Figure 2b). The ﬁnal scenario (deﬁned as the complex B model) was used to determine the impact of a thick bentonite layer on the
simulated hydraulic head proﬁles (Figure 2c). It was identical to the complex A model, but with the addition
of the 5 m bentonite layer located 191–196 m BG. Formation parameters (a: 3.0 3 1025 k Pa21, n: 0.45, K:
1.0 3 10214 m s21) obtained from the literature were assigned to the bentonite layer [Mondol et al., 2007;
Pusch, 2001].
The initial modeling effort was to systematically and uniformly vary the K in the uniform model to obtain a visual best ﬁt to the hydraulic head data to determine the required ‘‘bulk Kv’’ to ﬁt the observed head data. To
increase the complexity of the scenario, the same process was conducted in both the complex A and complex
B models which use individually determined n and a values to calculate the SS of each layer. Finally, the model
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Figure 2. Conceptual diagram illustrating the (a) ‘‘uniform’’ and (b) ‘‘complex B’’ numerical models. The complex A model is identical to the
complex B model, only without the bentonite layer. The simple model assumed homogeneous shale with a weighted average porosity
and SS determined from data generated from the 10 transducers. Each layer in the complex model was assigned the porosity and SS based
on individual analyses.

was repeated once more using either the laboratory-determined Kv or the transducer-determined Kh to determine if these estimates could produce a similar trend to the observed pore pressure data.

3. Results and Discussion
3.1. Hydrogeologic and Mineralogical Characterization
Laboratory-determined index parameters (q, h, x, Atterberg limits, and particle density) are plotted in Figure
3. The measured qd and qb are fairly uniform through the aquitard proﬁle, with mean values of 2.1 6 0.09
and 1.8 6 0.1 g cm23, respectively (n 5 45). The x of the shale was 18.3 6 3.9% (n 5 45) and the n estimated
from the x was 32.6 6 5.4 (n 5 45). The mean n values estimated from the core samples has a mean of
0.33 6 0.04 (n 5 45) [Smith et al., 2013].
The mean liquid limit (LL) and plasticity index (PI) varied between 60 and 140% through the Pierre Shale
and were comparatively greater than values in the underlying ﬁrst and second Speckled Shales. The LL and
PI in the formations below the Pierre Shale are uniform with depth, with intermittently higher values (102–
152%) measured at 260, 270, and 290 m BG. The higher (>30%) PI values at these deﬁned depths, as well as
through the Pierre Fm, indicate the shale is highly plastic. The plastic limits (PLs) throughout the aquitard
formations are consistently lower than the x, which is typical of highly overconsolidated clay. The activity
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Figure 3. Depth proﬁles of index properties determined on core samples. (a) Density proﬁle: bulk and dry; (b) water content proﬁle: gravimetric and volumetric water content; (c) Atterberg limit proﬁle: liquid limit (LL), plastic limit (PL), and plasticity index (PI); (d) particle density.

of the soil (PI divided by % clay-sized particles) ranges from 1.2 to 2.3 (average 1.6 6 0.64) through the
Pierre Shale. High activity values (e.g., >1.25) signify that the soil contains clay minerals which make the soil
more susceptible to volume change (e.g., swelling/shrinkage) in response to changes in effective stress or
pore ﬂuid chemistry. The aquitard formations below the Pierre Shale has a consistently lower activity
(<0.75), with the exception of intermittently higher values corresponding to the high LL and PI depths mentioned earlier (260, 270, 290 m BG). With the exception of these three depths, the shale would be considered to be composed of lower activity clays.
XRD (<2 lm) of the bentonite sample submitted for bulk rock and clay fraction analysis show that 95% of
the bulk sample is composed of clay and this clay fraction was smectite. No other clay minerals were
observed in the <2 lm fraction and, therefore, it is assumed that the remaining clay particles (>2 lm) were
also smectite.
3.2. Laboratory Estimates of Kv
Kv was calculated from the odeometer test data (n 5 9) at the effective stress interval closest to the in situ
effective stress where the samples were collected (Figure 4a). With the exception of the shallowest sample
(47 m BG), the Kv values calculated from the oedometer tests were relatively uniform with depth, ranging
from (0.6–2.5) 3 10212 m s21. The Kv of the shallowest sample from the Pierre Fm is about 1 order of magnitude greater than the deeper samples (2.0 3 10211 m s21). Kv values determined from triaxial laboratory
testing on the core samples obtained between 20 and 311 m BG ranged from (0.1–2.0) 3 10211 m s21
[Smith et al., 2013]. The Joli Fou Fm samples obtained from 352 and 384 m BG yielded Kv estimates of 1.5
and 8.2 3 10211 m s21, respectively, which are approximately 1 order of magnitude greater than the results
from shallower formations. Due to equipment limitations, these triaxial tests were conducted on samples
that were not loaded to in situ stresses. However, given the observed laboratory and ﬁeld values of compressibility and the stress changes applied during laboratory testing, a decrease in K of up to 1 order of

SMITH ET AL.

DETERMINING HYDRAULIC CONDUCTIVITY IN CLAYSTONE AQUITARDS

8

Water Resources Research

10.1002/2015WR018448

Figure 4. Summary of (a) laboratory-determined Kv values and (b) transducer-determined Kh. Error bars for the laboratory-determined tests were smaller than the width of the data
point. The triaxial matrix Kv values were reported in Smith et al. [2013].

magnitude appears to be consistent with conventional clay behavior (empirical relationships between void
ratio and K) [Mitchell and Soga, 1993].
The Kv values obtained from the oedometer tests were similar to those from triaxial testing (Figure 4a). The
triaxial Kv of the shallowest Pierre Shale sample (20 m BG) was the same as the shallowest oedometer sample (2.0 3 10211 m s21) and the two methods resulted in similar estimates from the Pierre Shale through to
the second Speckled Shale. Although no samples for oedometer were collected in the Joli Fou Fm, the triaxial Kv results are consistent with the results of triaxial permeameter tests conducted through the lower Colorado Fm (equivalent to the Joli Fou Fm) in central Saskatchewan [Schmeling, 2014]. The results of the
oedometer tests for Kv were consistent with the range of Kv estimates determined from laboratory consolidation tests reported by Bredehoeft et al. [1983], Misfeldt [1988], and Hendry and Schwartz [1988] (10214 to
10210 m s21), and the Kv estimates from triaxial permeameters were in keeping with Kv estimates reported
by Neuzil [1986], Misfeldt [1988], and Schmeling [2014] (10213 to 10210 m s21). A comparison of the results
from the two laboratory methods indicates that the aquitard matrix is relatively uniform when analyzing
samples at a small scale (1.0 3 1025 m3).
3.3. Transducer Recovery Modeling for In Situ Kh
Early-time pore pressure measurements (installation to stabilization) generally follow a characteristic
recovery trend (Figure 5). As grout is pumped down the tremmie pipe to ﬁll the borehole, the pore pressure increases rapidly until grouting is stopped. The peak pore pressure corresponds to both the density
of the grout (1700 kg/m3) and the depth of the transducers. Generally, the peak pore pressure is approximately 60% greater than the pore pressure of the adjacent formation. As the grout cures, free water in
the system is consumed in an exothermic chemical reaction that results in a decrease in pore pressure
and an increase in temperature (heat of hydration). As curing slows, temperature stabilizes and formation water ﬂows toward the grouted annulus, causing the pore pressure to gradually increase until it
recovers to equilibrium with the adjacent formation. Theoretically, this rate of recovery is dependent on
the a and K of the formation and the grout. However, it is important to recognize that grout evolution
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Figure 5. Characteristic pore pressure recovery trend of a grouted-in pressure transducer in the Pierre Shale in Southern Saskatchewan
(80 m BG; unpublished data) versus time (presented on (a) arithmetic scale and (b) logarithmic scale). (A) The pore pressure recorded once
the transducers are lowered to installation depth in the borehole, (B) once in place, the cement-bentonite grout is pumped down the borehole and increases pore pressure, (C) followed by curing of the grout in an exothermic reaction that results in a decrease in pore pressure
and an increase in temperature (heat of hydration), (D) formation water then ﬂows toward the borehole and pore pressure gradually
increases, (E) until it reaches steady state with the adjacent formation.

during curing (thermal or chemical inconsistencies) and/or stress changes in the borehole due to drilling
and curing of the grout could pose complications. Pore pressure changes caused by these complications
would affect the very early-time recovery (ﬁrst 10 days) but to a lesser extent the later pore pressure
measurements (once the grout was fully cured and induced stresses had redistributed). Since any pore
pressure variances caused by grout or borehole stabilization in the early days would be overshadowed
by the pore pressure recovery (up to 150 m of pressure head), simulating the overall pore pressure
recovery should still provide a trend that is primarily dependent on the hydrogeologic parameters of
the adjacent formation.
The patterns of recovery for the ten transducers were characterized into one of three groups (Figure 6).
Transducers in Group I reached equilibrium with the adjacent formation over a period of approximately 300
days. Group I included the transducers from 50 (I), 75 (H), 125 (G), 175 (F), and 185 (E) m BG in the Pierre
Shale. For some transducers in Group I (transducers G, H, and I), the start of recovery was delayed until 10
to 24 days after the grout had cured. The cause of this delay is not clear, but it could be due to skin effects
or the relatively greater activity of the clays at these depths. Water introduced to the borehole during drilling or grouting could be absorbed by clays prone to swelling (high activity) and restrict water from entering the borehole until the excess water introduced to the borehole was redistributed in the formation.
Once water began to ﬂow into the borehole, Group I recovery followed the anticipated pore pressure trend
(C–E in Figure 5). The Group II transducers exhibited a rapid recovery, reaching equilibrium in <30 days.
Group II included the deepest transducers at 225 (D), 255 (C), 275 (B), and 325 (A) m BG installed in the ﬁrst
and second Speckled Shale and Belle Fourche Formations. Group III included only the shallowest transducer
(J, 25 m BG) and attained equilibrium with the adjacent formation before the transducers were programmed to record (approximately 24 h) and, as a result, did not exhibit the anticipated pore pressure
recovery (J; Figure 6).
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Figure 6. Transducer pore pressure recovery for the 10 transducers installed at the K2 site from grout curing to t 5 1400 days.

The numerical modelling exercise to simulate the pore pressure recovery after transducer installation also
resulted in two groupings of Kh that coincided with the previously deﬁned groups. The Group II transducers
(225–325 m BG) yielded Kh values approximately 1 order of magnitude greater than those from the Group I
transducers (50–185 m BG), as expected from their response times differing by about an order of magnitude. Representative transducers from each group (E from Group I and B from Group II) are presented to
illustrate the distinctive recovery of each group (red trend), along with the modeled best ﬁt K (black trend)
bracketed by the best ﬁt 6 50% (dashed lines) (Figure 7). Because the Group I transducers took longer to
stabilize than the Group II transducers, these data intuitively suggest that the Kh of the formation hosting
the shallow transducers (50–185 m BG; Group I) is less than the Kh of the formations hosting the deeper
transducers (225–325 m BG; Group II). The results of the numerical model support this assumption. The
simulated pore pressure recovery from the Group I transducers yield a Kh ranging from (6.3–8.7) 3 10213 m
s21 (RMSE 0.96–2.0), while the Kh values for the Group II transducers were over an order of magnitude
greater, ranging from (0.35–8.0) 3 10211 m s21 (RMSE 1.38–1.77) (Figure 4b).
The results of the Group I transducer data (Pierre Shale) compared well with in situ estimates of Kh reported
in the literature for the Pierre Shale. Bredehoeft et al. [1983] estimated a range of Kh of (0.5–3.5) 3 10211 m
s21 for the Pierre Shale in South Dakota using slug tests but note that leakage during the tests may have
resulted in overestimates. van der Kamp et al. [1986] determined the Kh of the Pierre Shale in Southern Saskatchewan to be 1.4 3 10212 m s21 based on the initial water-level rise after installation of a smalldiameter open piezometer; while Neuzil [1993] determined a Kh between 10213 to 10214 m s21 in the Pierre
Shale in South Dakota using recovery tests. While the range of reported Kh values for the Pierre Shale is
quite large (10211 to 10214 m s21), the Kh values determined from the pressure transducers in the current
study ﬁt in the middle of this range.
Few studies have determined in situ Kh for the lower Colorado Shale Fm. Neuzil et al. [1984] compiled data
from Gries et al. [1976] to analyze pump tests conducted in the Mowry-Belle Fourche Shales and determined
a Kh between (0.1–1.0) 3 10211 m s21. Neuzil et al. [1984] subsequently estimated Kv using a regional
numerical model, resulting in an estimate of 5.0 3 10212. The estimated Kh of the deeper transducers
(Speckled Shale and Belle Fourche Fm) were consistent with these estimates, ranging from (5.0–11.0) 3
10212 m s21.
3.3.1. Sensitivity Studies
Simulations conducted to assess the sensitivity of both the grout and formation parameters on the pore
pressure recovery showed that the a of the grout had the greatest inﬂuence on the simulated recovery.
Increasing or decreasing the grout a by 1 order of magnitude generally increases or decreases, respectively,
the determined formation K by up to 1 order of magnitude. For a given value of grout a (laboratory
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Figure 7. Measured and simulated total hydraulic head recovery for two transducers (B and E). Transducer E illustrates the characteristic
recovery trend of transducers installed between 50 and 185 m BG (Group I) and transducer B illustrates the characteristic recovery trend of
the transducers installed between 225 and 325 m BG (Group II). A sensitivity analysis is presented by bracketing the best ﬁt K with 650%
(dashed lines).

determined), and a known value of formation a (transducer determined), the formation Kh was unique. If,
however, the formation a (and subsequently SS) was not known, identical values of the hydraulic diffusivity
(K/SS) will provide the same solution (i.e., multiple combinations of formation SS and Kh can produce the
same ﬁt). Similarly, if the grout SS is not known, identical values of the hydraulic diffusivity can produce the
same pore pressure recovery. Because the grout has a ﬁnite volume, the volume of water that must be
transferred from the formation to the grout during pore pressure recovery will depend not only on the a of
the grout but also the volume of the borehole (VT 5 pr2h). The change in the mass of water in the borehole
depends on a, VT, and the change in pore water pressure (Du). Uncertainties with respect to the grout (a
and VT) affect the analysis of the early-time recovery, but likely not the later time recovery (once cured),
meaning the overall recovery trend would not be signiﬁcantly affected. To investigate this further, additional simulations were conducted to assess how variability in the borehole diameter (and, as a result, VT)
would affect the simulated results. The borehole diameter (140 mm) was uniformly increased or decreased
by 10% (to 154 or 126 mm, respectively), and the formation Kh was again modiﬁed to optimize its ﬁt. The
results show that increasing the borehole diameter increased the estimated Kh while decreasing the borehole diameter decreased the estimated Kh. In all cases, the error was between 5 and 11%. It is likely that the
borehole diameter was not consistently 140 mm with depth; however, the maximum error of 11% (if the
entire borehole diameter was 10% larger or smaller than initially estimated), suggests that sporadic variances in diameter of the borehole only result in small associated errors (<5%). For future projects, a caliper
log would help provide a more accurate estimate of VT as well as reveal portions of the borehole with varying radii.
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3.4. Modeling Head Distribution for Bulk Kv
The present-day hydraulic head distribution through the Cretaceous shale at the K2 site was determined
from the grouted-in pressure transducers. The hydraulic head in the Mannville aquifer was determined
from the 12 monitoring wells in the K2 area. The head in wells screened near the top and bottom of the
Mannville Fm ranged from 364 to 378 and 235 to 304 masl, respectively. However, the Mannville head has
been evolving since drawdown began and has been particularly dynamic over the last 4 years. A boundary
condition of 340 masl at the bottom of the shale was chosen primarily because it is consistent with the
head measured in the lowest transducer (A, 325 m BG) and with measurements recorded in previous work
[Palombi, 2008]. Assigning a constant-head boundary condition at the bottom of the Joli Fou Shale (top of
Mannville Fm) is a limitation of this model and will introduce some uncertainty in the results. Because the
lower boundary is dynamic and likely ﬂuctuates with time, it is a ﬁtting parameter and representative of
only one scenario. Additional scenarios were conducted with a lower boundary condition ranging from 235
to 370 masl.
Three numerical modeling scenarios were examined to determine the bulk Kv required to develop the current head proﬁle through the aquitard over the last 35 years. The bulk Kv required to produce the best ﬁt
for all the models (uniform model as well as the complex A and B models) was 4.0 3 10210 m s21. The uniform and complex A models resulted in identical trends, while that for the complex B model was slightly different (Figure 8a). The complex B scenario with the same Kv was repeated with a lower head boundary of
300 or 370 m and a bulk Kv of 4 3 10210 m s21 (Figure 8b). By using a boundary condition with the lowest
of the Mannville Fm head measurements (235 masl), similar ﬁts could be obtained with a bulk Kv of 1.0 3
10210 m s21 (not illustrated in Figure 8b).
3.4.1. Simulated Head Distribution Using Modeled Kh Values and Laboratory Kv Values
The complex models were modiﬁed to include either the laboratory-determined Kv values or the
transducer-determined Kh values (Figure 9) to assess if the current hydraulic head distribution could be
produced with these estimates. The remaining parameters (n and SS) were not altered. For a natural,
mechanically undisturbed clay with a smectite content of about 70%, K was estimated to be about
10214 m s21 [Pusch, 2001]. Because the bentonite layer at the test site is dominated by smectite, a K
value of 10214 m s21 was assigned to the bentonite layer in the complex B scenario. A comparison of
the complex A and complex B scenarios shows that the bentonite layer can play a signiﬁcant role in
the hydraulic head distribution through the aquitard. While none of the simulations for either the complex A or complex B scenarios completely ﬁt the observed data points, the complex B scenario using
the calculated Kh values obtained from pore pressure recovery ﬁts all but four of the data points
(located in the ﬁrst and second Speckled Shale, below the bentonite layer). The complex B Kh model
was substantially improved by increasing the K value at the location of transducer A by approximately
1 order of magnitude (determined using trial and error), and that at the location of transducers B and C
by less than half an order of magnitude (complex B, Kh optimized) above the value of Kh as determined
from the recovery analysis. Secondary structures present below the bentonite layer (discussed further
in section 3.5) are likely contributing to higher large-scale Kh values. Therefore, increasing the Kh at
these three locations to optimize this model is within both the associated error of the Kh values (within
1 order of magnitude) as well as the conceptual understanding of the geology in the deeper formations of the aquitard.
The signiﬁcance of the thick bentonite layer is not limited to the overall trend of the head distribution.
Such a thick, low K material in the aquitard sequence could act as a barrier by hydraulically isolating the
aquitards located above and below the bentonite layer. The effect of such a layer would delay the propagation of head changes in the underlying Mannville Fm into the aquitard overlying the bentonite layer.
To illustrate this, the optimized complex B model (using the transducer-determined Kh) was re-graphed
to include 12 time steps from 0 to 35 years (Figure 10; only 8 time steps presented). T 5 0 was established prior to mining with a downward gradient of 0.20, or a total head drop across the entire aquitard
of 75 m (initial conditions). It is apparent in the simulation results that there are no head changes in
head at locations above the bentonite layer. Consequently, the assumed initial conditions (i.e., initial
downward gradient) and the presence of the bentonite layer were determined to be the primary factors
controlling the hydraulic head distribution in the Pierre Shale, whereas the formation properties of the
Speckled Shale, Belle Fourche Fm, and Joli Fou Fm, along with the drawdown, are the primary factors
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Figure 8. Current (November 2015) total hydraulic heads determined from the pressure transducer data (solid diamond). (a) Simulated hydraulic head distribution for bulk Kv using an
expected Mannville head (lower boundary) condition of 340 m resulted in the same trend for the uniform as well as the complex A model (Kv 5 4E-10 m s21). (b) The complex B simulation was repeated for a lower boundary condition of 300 and 370 m. Initial conditions (downward 0.20 gradient) are represented by the grey dashed line.

controlling the hydraulic head distribution below the bentonite layer. To further investigate the signiﬁcance of the bentonite layer, the optimized complex B model was repeated with an increased induced
gradient (Mannville Fm head boundary lowered to 0 masl) and the model duration was increased to 100
years. Neither modiﬁcation induced any change in the hydraulic head distribution of the transducers
installed above the bentonite layer. In addition, the observed heads in the four transducers installed
below the bentonite layer (transducers A, B, C, and D) are decreasing (approximately 0.3, 1.5, 1.7, and
0.7 m/a, respectively), while the heads in the transducers above the bentonite layer are all increasing
except for the shallowest transducer (J), which is stable. This further suggests that the formations above
and below the bentonite layer are hydraulically isolated. The continuity and thickness of the bentonite
layer and estimated bentonite K are key factors.
3.5. Comparison of Kh and Kv
The transducer-determined Kh and laboratory Kv values determined in this study were 3.5 3 10211 to 6.3 3
10213 m s21 and 2.0 3 10211 to 9.3 3 10213 m s21, respectively. The results of laboratory tests (Kv) and
transducer analyses (Kh) compared well with Kh and Kv values reported in the literature for Cretaceous
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Figure 9. Current (November 2015) hydraulic heads determined from the pressure transducer data (solid diamond) and the simulated total hydraulic head distribution determined from
(a) the complex A and (b) the complex B numerical models. Simulations were conducted using the Kh determined from recovery modeling (red), the Kv determined from triaxial laboratory tests (blue), and the Kh optimized (black) values for the lower three transducers (A–C). Initial conditions (downward 0.20 gradient) of the various complex A and B scenarios are represented by the red and blue dashed lines.

shales in the WB (Table 1). Comparing Kh and Kv is not always straightforward because normal and parallel
bedding in shales can sometimes cause the Kh to be greater than Kv by a factor of about two [Neuzil and
Pollock, 1983]. Regardless, the laboratory-determined Kv and transducer-determined Kh, are relatively uniform with depth (Figure 4a) until reaching the ﬁrst Speckled Shale. Kh clearly increases between the transducers at the base of the Pierre Shale (185 m BG) and the middle of the ﬁrst Speckled Shale by nearly 2
orders of magnitude (Figure 4b). Given the larger scale of the transducer-determined Kh, secondary structures (e.g., fractures) in the formation may be contributing to the pore pressure recovery and thereby
increasing the estimated Kh at the location of each transducer. In other words, fractures present in the formation are likely not present in the small-scale laboratory tests and therefore are not contributing to vertical
ﬂow through the core sample resulting in a Kv only representative of the aquitard matrix. Further, samples
with fractures are often unsuitable for laboratory testing, so there could be selective bias toward intact core
samples. This may explain why the increase in the laboratory Kv from the Pierre to the ﬁrst Speckled Shale is
modest, while the transducer-determined Kh increase is so large. A related study conducted 3-D seismic
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Figure 10. Transient response in the complex B optimized model (with the bentonite layer at 191–196 m BG) with depth, illustrating that
the head change only occurs in the lower 200 m over a 30 year time period.

modeling at three separate horizons in the aquitard sequence in the K2 region: The Pierre Shale, the ﬁrst
Speckled Shale, and the Mannville Fm. The results indicate extensive polygonal fracturing in the ﬁrst Speckled Shale but no fracturing in either the Pierre Shale or the Mannville Fm (Figure 11). Given the greater plasticity of the Pierre Shale (based on Atterberg limit proﬁle) it would be expected that changes in formationscale K due to fracturing would have a greater inﬂuence on the K of the less plastic ﬁrst and second Speckled Shale than the Pierre Shale. The presence of polygonal fracturing currently active below the Pierre Shale
(i.e., not ﬁlled in, or ‘‘healed’’) would help explain why the pore pressure recoveries of the Group I transducers are much slower than the Group II transducers.
Theoretically, for ﬂow perpendicular to the layers, the bulk Kv (or equivalent Kv) should be the harmonic
mean of the Kv for each unit [Freeze and Cherry, 1979] and consequently is biased toward the lowest Kv values (in this case, the bentonite layer). If we apply this theory to the aquitard using the laboratorydetermined Kv for the formations and an assumed Kv for the bentonite of 1.0 3 10214 m s21, the theoretical
equivalent bulk Kv is 5.8 3 10213 m s21. The bulk Kv through the aquitard determined by modeling the current hydraulic head distribution (described in section 3.4), was 1.0–4.0 3 10210 m s21 for all scenarios (uniform, as well as the uniform K but complex A and complex B storage properties). This estimated bulk Kv
value is greater than both the laboratory-determined Kv and transducer-determined Kh estimates, as well as
the theoretical equivalent Kv through the entire aquitard by up to 3 orders of magnitude. However, the bulk
Kv simulations provided a poor match to the measured data (Figure 8). No combinations of bulk Kv or
changes in the assumed drawdown within the Mannville head increased the quality of the ﬁt, presumably
because the formations are hydraulically isolated above and below the bentonite layer and all head
changes through the aquitard are occurring below the bentonite. Given this, the theoretical bulk Kv was calculated for only the formations below the bentonite layer. Using the laboratory-determined Kv estimates,
the theoretical equivalent bulk Kv is 3.2 3 10212 m s21. If the ﬁeld-determined Kh (from pore pressure
recovery) values are used, the theoretical equivalent bulk Kv is 1.2 3 10211 m s21. The equivalent bulk Kv
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Table 1. Summary of Reported Hydraulic Conductivities in the Cretaceous Shales and Similar Formations
Formation

Porosity (nT)

Pierre Shale (Saskatchewan)

Hydraulic Conductivity (m s21)

Not reported

Pierre Shale (South Dakota)
Pierre Shale (North Dakota)
Pierre Shale (South Dakota)

0.30
0.32
Not reported

Pierre Shale (Saskatchewan)

Not reported

Lower Colorado (Saskatchewan)
Pierre Shale (Saskatchewan)

0.34 6 0.04
0.34 6 0.04

Speckled Shale and Belle
Fourche (Saskatchewan)

0.31 6 0.06

Joli Fou (Saskatchewan)
Cretaceous Shales
(Saskatchewan)

0.32 6 0.02
0.33 6 0.04

Method

Reference

Slug tests

Kh

Slug tests

0.3–3 3 10213
0.1–1 3 10213
0.01–1 3 10211
10214 to 10212
10212 to 10211
1029
3.8–7.6 3 10212
0.38–2.5 3 10210
3.8 3 10210
0.1–1 3 10210

Kv
Kh
Kv
Kv

Kh
Kv
Kv
Kv

Consolidation tests
Recovery tests
Permeameter tests
Consolidation tests
Pump test
Regional model
Permeameter tests
Permeameter tests
Consolidation tests
Consolidation tests

0.1–13 10210
6.3–8.7 3 10213
0.1–2 3 10211
0.06–2 3 10211
3.5–8.0 3 10211
1.5–4 3 10212
0.93–2.5 3 10212
1.5–8.2 3 10211
1–5 3 10210

Kv
Kh
Kv
Kv
Kh
Kv
Kv
Kv
Bulk Kv

Permeameter tests
Recovery modeling
Permeameter tests
Consolidation tests
Recovery modeling
Permeameter tests
Consolidation tests
Permeameter tests
Numerical modeling

1.4 3 10

0.003–3.0 3 10

0.07a

Colorado Group (Alberta)

Direction
Kh

Not reported

Pierre Shale (South Dakota)

212

212

van der Kamp
et al. [1986]
Bredehoeft
et al. [1983]
Neuzil [1993]
Neuzil [1986]
Neuzil [1984]

Misfeldt [1988]

Hendry and
Schwartz [1988]
Schmeling [2014]
Current study

Current study

Current study
Current study

a

Only effective porosity reported.

obtained from the optimized Kh values is 6.1 3 10211 m s21, less than half an order of magnitude lower
than the modeled equivalent Kv.
Vertical fracturing in the lower formations (below the bentonite layer) and the expected high Kv in the
Joli Fou Fm (10210 m s21) may be the underlying cause of the higher Kv values from optimization.
Fractures would allow the water to drain faster in response to drawdown of head in the Mannville,
resulting in decreasing head measurements with time. While modeling the hydraulic head distribution
through the aquitard may provide an approximate estimate of in situ Kv, a section of the aquitard with
a high (relative) K or low storage parameter (SS) (such as the Joli Fou) would likely skew the bulk Kv
considerably and may only provide a general estimate of Kv through the aquitard sequence. Further
evidence to the presence of a high Kv formation (Joli Fou) would be the rate of pore pressure change
in the deepest four transducers (A–D). While the detailed drawdown history at the top of the Mannville
Fm is unknown (e.g., instantaneous change versus increasing rates of drawdown with time), assuming
that the Joli Fou Fm has a high Kv implies that a transducer near this formation would likely have
changed very little in recent years as most of the change would have occurred shortly after drawdown
began. According to the rate of change illustrated in Figure 10, the head measured by transducer A

Table 2. Summary of Transducer-Determined Properties

Fm
Pierre Shale
Pierre Shale
Pierre Shale
Pierre Shale
Pierre Shale
Pierre Shale
1st Speckled Shale
2nd Speckled Shale
2nd Speckled Shale
Belle Fourche
a

VWP

Installation
Depth
(m BG)

Elevation
(masl)

Total heada
(m H2O)

Modeled Kh
(ms21)

Optimized Kh
(ms21)

mv (kPa21)

ab (MPa21)

J
I
H
G
F
E
D
C
B
A

25
49
75
125
175
185
225
255
275
325

485
461
435
385
335
324
285
255
234
185

509.6
508.0
505.3
487.2
477.7
473.1
398.8
382.7
368.9
352.9

n.d
6.3E-13
8.1E-13
8.6E-13
6.9E-13
6.9E-13
3.5E-11
3.5E-12
4.6E-11
6.9E-12

5.0E-13
6.3E-13
8.1E-13
8.6E-13
6.9E-13
6.9E-13
3.5E-11
8.0E-11
7.0E-11
5.5E-11

2.2E-06
2.4E-06
9.5E-07
8.2E-07
6.4E-07
4.1E-07
3.3E-07
3.2E-07
3.6E-07
2.5E-07

3.2E-06
3.8E-06
1.4E-06
1.2E-06
9.6E-07
6.2E-07
5.0E-07
4.8E-07
5.4E-07
3.8E-07

Far-ﬁeld head boundary.
Calculated from the bulk modulus (a 5 1/B).
n.d., not determined.

b
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Figure 11. Vertical and horizontal structure in the vicinity of the K2 site determined using 3-D seismic mapping of the Pierre Shale, ﬁrst Speckled Shale, and the Mannville Formation. Yellow dots in the vertical proﬁle represent the location of pressure transducers.

should be decreasing by less than 0.3 m/a while transducers B–D should be decreasing by 0.6 m/a.
The observed data indicates that the head in transducer A is decreasing by 0.45 m/a, while B–D are
decreasing by 1 m/a.
3.6. Other Considerations
Total stress loading of the aquitard (e.g., glaciation) can cause a change in total volume and subsequent volumetric strain that causes formation pressures to increase [Neuzil, 2012]. In a similar manner, bending or ﬂexure of the aquitard can produce
changes in lateral unloading that are
likely to result in an induced pore pressure. For example, lateral stresses
increase under the weight of a glacier
as the lithosphere is depressed and
thereby increases ﬂuid pressure
[Khader and Novakowski, 2014; Johnston et al. 1998]. Neuzil [2012] suggests
that pressure effects due to ﬂexural
loading should be considered when
deﬁning basinal groundwater systems
during glacial loading. Strains created
by subsidence due to mining may
cause similar ﬂexural loading. For this
reason, it is necessary to acknowledge
that mining of the Prairie Evaporite Fm
Figure 12. Pore pressure transients possibly due to creep-slip events recorded
in the K2 region may inﬂuence pore
above the bentonite layer (191–196 m BG) by transducers E (185 m BG), F (175 m
pressures through the aquitard. While
BG), and G (125 m BG).
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the exact amount of subsidence is not reported, the borehole is located on the ﬂank of the subsidence where
lateral strains would be much less than at the center. However, strain induced on the ﬂanks could still inﬂuence the measured pore pressures and should be addressed.
A few indications in the pore pressure record indicate that some type of slip/strain behavior may be inﬂuencing pore pressures at the K2 site. The analysis presented in this paper assumes that the primary control on
the transient changes in hydraulic head through the aquitard at this location is a response to a laterally
extensive drop in the head in the Mannville Fm. The slowly decreasing heads measured by the deeper transducers (A–D; 0.3–1.8 m/a) are consistent with this behavior; however, the same trend is not observed in the
shallower transducers (E–J). Transducer J (25 m BG) is nearly constant, which is expected because its pore
pressure response is controlled primarily by the water table. Pore pressures measured by transducers I and H
(50 and 75 m BG, respectively) increase with time (0.8–1.3 m/a), which is contrary to what would be expected
given the drawdown in the Mannville but likely what might be seen in the upper portion of the formation
for subsidence-induced strain. Transducers G, F, and E (at 125, 175, and 185 m BG, respectively) measure multiple instances of anomalous falling and rising behavior that are suggestive of creep-slip events, which are
possibly due to subsidence (Figure 12). An interesting observation for these three transducers is their location
relative to the prominent 5 m-thick bentonite layer (191–196 m BG). The magnitude of the responses gradually dampen with vertical distance from the bentonite (i.e., the transients observed for transducer E are most
prominent, while G is the least prominent), and no such response is observed in the transducers directly
below the bentonite. This suggests that creep-slip events could be occurring in the weak, highly plastic bentonite and affecting pore pressures above the layer, as measured by transducers G, F, and E. Further work on
these pressure anomalies or other possible effects due to subsidence is warranted.

4. Summary and Conclusions
This study demonstrates different methods to estimate both Kv and Kh of a thick clay-rich aquitard at various scales in a sedimentary basin: (1) laboratory consolidation tests (matrix Kv), (2) laboratory triaxial permeameters, (3) numerical modeling of borehole pressure recovery (in situ Kh), and (4) numerical modeling
of the head distribution (bulk in situ Kv). The results provide a valuable and rare set of data obtained from
grouted-in pressure transducers; however, the signiﬁcance of this study may lie primarily in extending applications of grouted-in pressure transducers to determine in situ hydrogeologic parameters of aquitard formations [Smith et al., 2013; Smerdon et al., 2014]. The results of this study indicate that the Kh estimates
determined from the transducers (within their associated error, and evidence of vertical fracturing) would
allow for the development of the current hydraulic head distribution. This study focuses primarily on determining the hydraulic parameters of aquitard formations and the consequences of a large-scale drawdown
in the underlying aquifer on the head distribution in the aquitard. While acknowledging that further work is
warranted to investigate the possible inﬂuence of subsidence-induced stress and its effect on pore pressures through the aquitard, simulating the pore pressure recovery appears to be an attractive method for
estimating in situ Kh. This, in turn, suggests that installing grouted-in pressure transducers could prove to
be a useful tool for acquiring hydraulic data for materials that are historically difﬁcult to characterize.
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