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marked change in hydraulic
properties.
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Mine reclamation landscapes typically comprise layers of mine waste materials such as tailings sands,
capped with a cover soil. In addition to the arrangement and placement of these materials, their hydraulic
properties govern the performance of the built system. Soil evolution due to freeze–thaw cycling can
result in dramatically altered soil hydraulic properties compared to the as-built material. Therefore, pre-
diction of present and future hydrologic behaviour relies on understanding the nature and magnitude of
this change and the elapsed time associated with stabilization. This research quantifies the transient
hydraulic properties of mine reclamation materials at a constructed upland within a reclaimed water-
shed, and models the effect of this evolution on the partitioning of soil moisture between evaporation
and groundwater recharge. Soil moisture dynamics were simulated using HYDRUS-1D for the ice-free
period two, three, and five years after construction. A capillary barrier between the fine-grained cover soil
and coarse-grained tailings sand regulated percolation past the interface. Soil evolution of the cover soil
was responsible for an increase in saturated hydraulic conductivity by an order of magnitude, decrease in
air-entry pressure by a factor of 4, and decrease in the van Genuchten n parameter by a factor of 2. The
altered soil hydraulic properties associated with the weathered cover soil ultimately resulted in a 64%
increase in groundwater recharge as a consequence of the capillary barrier weakening. The cover soil
exhibited minor spatial heterogeneity in soil hydraulic properties, and did not contribute substantial
uncertainty to the estimates of groundwater recharge and evaporation. Cover soil thickness exerted a
strong influence on the partitioning of soil moisture. Reclaimed uplands will provide the most recharge
to downgradient ecosystems in the period following the completion of soil evolution (~4 years) but pre-
ceding substantial vegetation development.
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1. Introduction

Extraction of oil sands through surface mining necessitates the
removal of all overburden materials above the bitumen-bearing
formation. In the Athabasca Oil Sands Region (AOSR) this overbur-
den typically includes glacial material, saline-sodic shale, peat, and
forest-floor soil. This disturbance alters the topography on a
landscape-scale, and completely changes the partitioning and
movement of water within the disturbed area and the connectivity
to the surrounding landscape (Elshorbagy et al., 2005). Since these
activities inevitably remove all surface features, including the bor-
eal forest and fen peatland ecosystems that dominate the undis-
turbed landscape (Zoltai et al., 1988), reclamation of these
systems and reestablishment of the associated hydrologic pro-
cesses is mandated. Several constructed fen pilot projects have
been built to test the feasibility of fen reclamation (Ketcheson
et al., 2016). The objectives of these projects are to construct fen
peatlands that will become self-sustaining ecosystems over time,
develop research and operational knowledge in fen construction,
and to test, refine, and optimize reclamation design to aid in imple-
mentation of fen reclamation on an industrial-scale (Daly et al.,
2012; Pollard et al., 2012). In an attempt to meet these objectives,
the Nikanotee Fen Watershed was constructed in 2012 on a post-
mined portion of an oil sands lease (Daly et al., 2012). Optimizing
the design of constructed peatland watersheds requires the predic-
tion of current and future hydrologic performance, which will rely
on the quantification of the dominant hydrologic fluxes.

The practice of forest reclamation following mine closure has
been refined over a period of decades into an applied discipline
that has generated guidelines intended to ensure the expectations
of regulatory agencies are satisfied (Alberta Environment, 2010).
These guidelines address the management of contamination, the
revegetation of the disturbed landscape with communities that
are representative of the local environment, and the application
of specific soil prescriptions (CEMA, 2006). Mining activities gener-
ate waste materials that may contain residual levels of solutes that
can adversely affect vegetation development. Therefore, contem-
porary mine reclamation often involves the use of cover soils that
overlie contaminated material with the intention of hydraulically
isolating the process-affected material from the surface, and the
rooting zone of vegetation in particular (Kelln et al., 2008). These
cover soils are typically sourced from either stockpiled or directly
placed materials that are salvaged prior to the onset of mine oper-
ation or expansion. Due to constraints of local material availability
or as a means of altering the soil hydraulic properties of the cover,
the soil is typically amended by salvaging the underlying mineral
soil along with the upper organic horizons, in a process known
as overstripping (Mackenzie & Naeth, 2007; Fung & Macyk,
2000). The hydrologic behaviour of covers can be further modified
by varying the thickness (Huang et al., 2015) and layering of soils
and waste material (Khire et al., 2000). In the AOSR the most com-
mon reclamation covers are peat-mineral mix (PMM) and over-
stripped forest floor material known as LFH-mineral mix (Naeth
et al., 2013), hereafter referred to as LFH. Since the role of cover
soils in these conventional applications is primarily as a water stor-
age feature, the minimization of moisture exchange between the
cover and underlying substrate is considered advantageous
(Meiers et al., 2011).

Recently, however, these cover soils have been integrated into
the uplands of watersheds designed to support fen peatlands
(Ketcheson et al., 2016). The purpose of cover soils used in these
watersheds is to provide favourable conditions for vegetation
growth while also allowing sufficient recharge to maintain ground-
water flow to downgradient fens. This represents an increase in
complexity, as covers used in these systems require hydrophysical
Please cite this article as: O. F. Sutton and J. S. Price, Soil moisture dynamics mo
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properties that allow them to function as both water storage and
water conveyance features.

The specific partitioning of water during the early post-
construction period can have a profound influence on the trajec-
tory of the system (Ketcheson et al., 2016). This partitioning is
not only affected by the prevailing climatic conditions but also
by the hydraulic behaviour of the construction materials, which
experience rapid and marked change following placement
(Meiers et al., 2011). The evolution of soil hydraulic properties is
instigated and mediated by a variety of biotic and abiotic processes
that systematically alter the physical structure of the soil and
which operate on a variety of timescales. In the short-term,
freeze–thaw cycles and wet-dry cycles can reduce bulk density,
form larger pores, and increase saturated hydraulic conductivity
(Benson et al., 1995; Meiers et al., 2011). Over longer time-scales
root development due to vegetation growth and soil fauna can cre-
ate macropores which have the potential to substantially increase
the movement of soil moisture in wet conditions (Loch & Orange,
1997; Moreno-de Las Heras et al., 2009). Generally, this evolution
is associated with increases in infiltration capacity, saturated
hydraulic conductivity, saturated water content, a broader pore
size distribution, and a lower air-entry pressure (Benson et al.,
2007). The combined effects of these temporal changes can be
quite pronounced in the initial post-construction period. After
the first four years post-construction the saturated hydraulic con-
ductivity of a reclamation cover soil can increase by at least an
order of magnitude compared with the initial as-built properties
(Meiers et al., 2011). Evidence from a variety of reclamation sites
indicate that near-surface cover soils and overburden will tend to
converge toward similar hydraulic characteristics over time,
regardless of the initial composition and compaction of the mate-
rial (Benson et al., 2007). The point at which these properties reach
equilibrium, the magnitude of the change, and the timeline on
which stabilization occurs have profound implications on the
hydrologic behaviour of cover systems. In the context of a con-
structed peatland watershed, determining the equilibrium hydrau-
lic properties of the cover soil will be critical in evaluating the
success of the upland design, quantifying the sensitivity of the sys-
tem to deviations from targeted properties, and assessing its
hydrologic trajectory.

Investigations of the soil moisture dynamics of peat-mineral
mix and LFH cover soils have been undertaken at several sites in
the AOSR (Naeth et al., 2011; Huang et al., 2011; Huang et al.,
2015). However, these studies occurred on sites where rapid soil
evolution had ceased and therefore soil hydraulic properties would
have stabilized. Kelln et al. (2007) discussed the importance of
macropore development on increasing saturated hydraulic con-
ductivity at a peat-mineral mix cover. Yet, this paper did not exam-
ine changes to the temporal evolution of other soil hydraulic
properties. Furthermore, contemporary reclamation guidelines
have advocated the use of LFH-mineral mix for upland reclamation
initiatives due to the favourable hydraulic properties and source of
native vegetation propagules (Naeth et al., 2013). Therefore, this
warrants a study focusing specifically on characterizing the
hydraulic properties and the time-dependent evolution of the
LFH soil prescription, and how this evolution will alter the hydro-
logic performance of the upland.

Given the apparent importance of the early post-construction
period in initiating and sustaining the desired ecohydrological
function of constructed fens (Ketcheson et al., 2016) it is necessary
to characterize the spatial and temporal evolution of LFH cover
soils integrated into these watersheds. Therefore, the objectives
of this study are to: (1) calibrate, and validate a numerical model
capable of simulating soil moisture dynamics in the upland of
the Nikanotee Fen Watershed; (2) assess whether the hydrologic
delling of a reclaimed upland in the early post-construction period, Science
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behaviour of the upland can be adequately represented using spa-
tially homogeneous hydraulic properties; and (3) evaluate the
implications of soil evolution on the hydrologic function of the
upland in the early post-construction period.

2. Study site

The Nikanotee Fen Watershed was built on a post-mined por-
tion of an oil sands lease approximately 25 km north of Fort
McMurray, Alberta (56�5505900 N, 111�2500000 W), and comprises a
fen peatland (2.2 ha), upland designed to direct groundwater to
the fen (7.7 ha), and surrounding hillslopes (22.2 ha) (Fig. 1). The
design of the system was informed by numerical modelling that
identified the appropriate geometry, fen to upland ratio, material
hydraulic properties, and layering to maintain a sufficient level of
saturation in the fen, even under prolonged drought conditions
(Price et al., 2010). The design incorporates an upland aquifer con-
structed from coarse tailings sand to supply groundwater to the fen
(Daly et al., 2012). As a consequence of the bitumen extraction pro-
cess, the tailings sand aquifer contains elevated pore-water con-
centrations of sodium, which are mobilized by groundwater flow
(Kessel et al., 2018). In order to minimize deep percolation losses
from the aquifer to the underlying subsurface an impermeable
geosynthetic clay liner was placed under the fen and upland,
thereby isolating the system from regional groundwater interac-
tion and establishing a hydraulic gradient towards the fen. The
aquifer was capped with approximately 30 cm of a sandy loam
reclamation cover soil (LFH) as a vegetation growth substrate.
Immediately following construction, high-intensity precipitation
events produced large volumes of surface overland flow in the
upland, which directly entered the fen and subsequently flowed
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Fig. 1. Study site map of Nikanotee Fen Watershed depicting the thickness of the
LFH cover soil across the upland, meso-scale landforms (hummocks and recharge
basins), and the upland soil moisture stations.
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out of the system. This effectively bypassed the upland aquifer,
and therefore did not contribute to groundwater recharge as
intended. To address this, two interventions were devised and
implemented after the first field season in 2013. First, the upland
was furrowed perpendicular to the slope to increase the surface
detention capacity. Second, the LFH was scoured from the upslope
side of large raised landforms known as ‘‘hummocks” (Fig. 1) to
expose bare tailings sand, forming basins that were either adjacent
to hillslope confluences or isolated from the surrounding land-
scape. The basins adjacent to hillslopes detained large volumes of
surface runoff and disproportionately contributed to recharging
the tailings sand aquifer (Kessel et al., 2019). Monitoring station
nomenclature references the distance (m) from the berm at the
north end of the fen (Fig. 1), and are located in part of the site con-
sidered a transition zone (T), and more distal parts of the upland
(U).
3. Methodology

3.1. Field instrumentation

A meteorological station in the upland measured precipitation
(Texas Instruments Canada Ltd. TR-525M tipping bucket rain
gauge), net radiation (Kipp and Zonen NR-LITE2 net radiometer),
air temperature and relative humidity (Rotronic HC2S3), ground
heat flux (REBS HFT-3), wind speed and direction (R.M. Young
05103 Wind Monitor). Data collected from the meteorological sta-
tion was used to derive potential evapotranspiration (PET) using
the Penman-Monteith method (Monteith, 1965). An eddy covari-
ance system at the upland meteorological station was used to esti-
mate actual evapotranspiration (AET); details of the methodology
can be found in Ketcheson et al. (2017). Continuous logging of vol-
umetric moisture content occurred at three locations within the
upland, SAF 130T, SAF 220U, and SAF 350U (see Fig. 1), which were
instrumented with 6 dielectric impedance reflectometry soil mois-
ture probes (Stevens Hydra Probe II) nominally installed at �5,
�10, �15, �30, �40, and �60 cm below ground surface. However,
the actual depths of the probes varied by location (Fig. 2). These
probes recorded dielectric permittivity at hourly intervals, which
was temperature and salinity corrected and converted to volumet-
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Fig. 2. Model domains at the upland soil moisture stations. The inferred progressive
deepening of the interface between weathered and unweathered LFH over time is
illustrated. Also shown are the depths of the moisture probes (circle symbols)
below ground surface.
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ric water content (h) based on a calibration (Seyfried et al., 2005)
specific to the material the probes were installed in.

3.2. Numerical modelling

The soil moisture dynamics in the upland of the Nikanotee Fen
Watershed was simulated with HYDRUS-1D, which solves
Richard’s equation for variably saturated water flow (Šimůnek
et al., 2008). The model domain extended 0.7 m below ground sur-
face, which is below the LFH-tailings sand interface and is lower
than the assumed evapotranspiration extinction depth. This was
demonstrated by a sensitivity analysis which increased the depth
of the model domain and revealed that the partitioning of water
between recharge and evaporation was not altered. The lower
boundary was a unit-gradient condition, representing a unidirec-
tional movement of water across the boundary towards the water
table (approximately 2–3 m below the model domain). Any soil
moisture that passed across the lower boundary was assumed to
eventually reach the water table, and consequently considered
groundwater recharge. The upper atmospheric boundary condition
allowed water to enter and leave the domain due to precipitation
and surface evaporation, respectively. Due to the large proportion
of bare ground and early successional stage of the vegetation on
the upland during the modelled study period (2014, 2015, and
2017), root water uptake was ignored.

Stratigraphic layers used in the model included weathered LFH,
unweathered LFH, and tailings sand (only the upland is modelled
in this study). Details of the hydrophysical properties of LFH and
tailings sand can be found in Ketcheson (2015). The separation of
LFH into two constituents (weathered and unweathered) was
implemented to address the evolution of soil hydraulic properties
and changes to the pore size distribution that occur following
placement of the reclamation soil due to freeze–thaw cycling,
and was necessary to achieve an adequate match with observed
data. Initial parameterization of soil hydraulic properties was
based on fitting the van Genuchten-Mualem equation (van
Genuchten, 1980) to retention curve data:

h wð Þ ¼
hr

hs

þ hs�hr
1þ awj jnð Þm

8><
>:

; h < 0

; h P 0
ð1Þ

K hð Þ ¼
Ks

Ks

h�hr
hs�hr

� �L
1� 1� h�hr

hs�hr

� �1
m

� �m� �28>><
>>:

; h < 0

; h P 0
ð2Þ

where Ks is the saturated hydraulic conductivity, L is a parameter
related to tortuosity and pore connectivity, hr is the residual satura-
tion, hs is the saturated water content, a is a fitting parameter inver-
sely related to the air-entry pressure, n is a fitting parameter that
represents the shape of the pore size distribution, and m is assumed
to equal 1–1/n. Saturated water contents for tailings sand and LFH
was specified based on the maximum volumetric water content
observed over the study period. Residual water content for the
LFH was prescribed to equal the minimum observed water content.
The initial moisture distribution in the soil profile was specified
from the measured soil moisture data immediately prior to the start
of the simulation period.

3.3. Model calibration and validation

Manual calibration of soil hydraulic properties using trial-and-
error adjustments of a, n, Ks, and L parameters was conducted
for the growing season (May 17–September 20) in 2014 at SAF
130T and 2017 at SAF 350U. Model validation at SAF 130T occurred
Please cite this article as: O. F. Sutton and J. S. Price, Soil moisture dynamics mo
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for 2015 and 2017, while validation at SAF 350U occurred for 2015
and 2017. At the SAF 220U moisture profile, 2014, 2015, and 2017
were used for validation. Incomplete soil moisture and meteoro-
logical data in 2016 necessitated its removal from the analysis.
The calibration and validation procedure led to the development
of a single set of soil hydraulic properties for all locations, based
on the assumption that the LFH and tailings sand exhibited negli-
gible spatial heterogeneity; the validity of this assumption will be
discussed below. The only modification to model structure during
the validation procedure was the depth of the interface between
weathered and unweathered LFH, which was decreased monoton-
ically. This was done to account for the ongoing soil evolution and
transient character of soil hydraulic properties in the LFH.

Due to the highly variable nature of soil moisture – particularly
in close proximity to boundaries between different materials –
simulated water content was spatially integrated over the sensing
volume of the probes. The adequacy of the manual calibration pro-
cedure was assessed using visual inspection as well as several
model performance metrics that compare observed and simulated
soil moisture, including the mean absolute error (MAE), and mod-
ified Kling-Gupta efficiency (KGE; Kling et al., 2012):

KGE ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r � 1ð Þ2 b� 1ð Þ2 c� 1ð Þ2

q
ð3Þ

r ¼ COVs;o
rs�ro

; b ¼ ls
lo
; c ¼ rs=ls

ro=lo
ð4Þ

where r is the correlation coefficient between simulated and
observed h (covs,o is the covariance between simulated and
observed h), b is a dimensionless measure for bias (ms and mo are
the mean simulated and observed h) and c is a dimensionless mea-
sure for variability (rs and rs are the standard deviations of simu-
lated and observed h). The KGE varies between 1 and -1, a KGE
equal to unity indicates a perfect match between observed and sim-
ulated data. The criteria used to evaluate the adequacy of the man-
ual calibration was an average MAE less than the accuracy of the
probes (0.04 m3 m�3; Vaz et al., 2013) and a KGE greater than 0.3.
This calibration procedure and criteria were only applied to the
observation nodes in the LFH, and not the tailings sand, the ratio-
nale for which will be discussed in detail below. During calibration
it was assumed that the soil hydraulic properties of the weathered
LFH would have a lower air-entry pressure, broader pore size distri-
bution, and higher unsaturated hydraulic conductivity than the
underlying unweathered LFH. The direction of these changes to soil
hydraulic properties are consistent with those reported at other
reclamation sites (Benson et al., 2007; Meiers et al., 2011).

3.4. Upland water balance estimation

Detailed surveys of stratigraphy taken during construction of
the system allowed for the thickness of LFH across the upland to
be determined with high spatial resolution (Fig. 1). These measure-
ments demonstrated that the as-built average thickness of the LFH
cover soil deviated from the specified design thickness, and that
there was substantial variability across the site, resulting in areas
of thinner and thicker LFH than was intended. Cover soil thickness
has been shown to alter the partitioning of soil moisture between
evapotranspiration and deeper percolation, thereby exerting a con-
trol on the hydraulic function of a system (Huang et al., 2015). In
order to represent the hydrologic behaviour of the upland as a
whole, model domains were developed that correspond to the dif-
ferent LFH thicknesses to capture the full range of variability found
at the site (0 cm – 65 cm). Furthermore, given the progressive shift
in soil hydraulic properties due to weathering that have occurred
since the system was constructed, these model domains were
modified to represent the changes to soil hydraulic properties in
the LFH that occur on an annual basis, and will be referred to as
delling of a reclaimed upland in the early post-construction period, Science
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the ‘‘actual” profiles. The cumulative fluxes of groundwater
recharge and evapotranspiration across the whole upland were cal-
culated for 2014, 2015, and 2017.

Since the interannual variability in climate confounds and
obscures the influence of soil evolution on the water balance, addi-
tional model domains were developed with profiles comprising
unweathered LFH and tailings sand, andweathered LFH and tailings
sand (see Figure A1 for details). The former represents the initial as-
built condition, and the latter represents the equilibrium or steady-
state condition that is reflective of the upland following the com-
pletion of soil weathering. These models were compared with the
actual profiles and used to illustrate the impact of soil evolution
on the partitioning of moisture between soil evaporation, ground-
water recharge, and soil moisture storage in 2014, 2015, and 2017.

3.5. Uncertainty analysis

HYDRUS-1D includes a simple local-search optimization algo-
rithm used for inverse parameter estimation (Šimůnek et al.,
2012a). However, due to concerns over the ability of the
0 5 44445353535303030303525252520202020251515151010101

LFH (WEATHERED)             LFH (UNWEA

COVER SOIL THICK

Fig. A1. Illustration of the model domains used in the simulation of the upland water ba
built) LFH scenario and the entirely weathered (equilibrium) LFH scenario. The depth o
represents the average depth at SAF 130T, 220U, and 350U for a given year.
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gradient-based Marquardt-Levenberg algorithm to find the global
minimum and produce realistic confidence intervals, parameter
uncertainty was assessed by performing pure random global
search optimization. This global search optimization procedure
was intended to characterize spatial heterogeneity and temporal
evolution of hydraulic properties by independently calibrating
each soil moisture dataset. While the global search optimization
procedure produces realistic confidence intervals, it does not gen-
erate a specific optimal parameter set. Since all parameters within
the confidence intervals generated by the global search must be
assumed to be equally likely representations of the true parameter
value, manual calibration was used to identify appropriate singular
values to represent LFH and tailings sand soil hydraulic properties.
For each individual year (2014, 2015, 2017) and location (SAF 130T,
220U, 350U) the optimization algorithm was run 30,000 times,
resulting in a total of 270,000 randomly generated parameter sets.
The global search algorithm randomly generated van Genuchten-
Mualem parameters (a, n, Ks, L) for the weathered and unweath-
ered LFH. The parameter L, which represents the change in pore
connectivity and tortuosity as the media desaturates, was
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constrained to be greater than 0. This constraint was imposed to
ensure that L remained a physically-meaningful parameter, as val-
ues <0 indicate that relative connectivity increases as water con-
tent decreases (Peters et al., 2011).

The same evaluation criteria used for the manual calibration
were applied to the global search optimization. Parameters which
met the evaluation criteria were used to identify the average
parameter value by determining the peak of the probability density
function. Since the underlying population probability distribution
was unknown the confidence intervals could not be analytically
calculated (Brunetti et al., 2017), therefore the generation of confi-
dence intervals for the van Genuchten-Mualem parameters used
bootstrap sampling (10,000 samples were taken) and the per-
centile technique (Archer et al., 1997).
4. Results

4.1. Observed soil moisture dynamics

Hydraulic behaviour of the cover soil at all profiles was similar,
however more pronounced responses to precipitation events were
observed at SAF 350U, which had the thinnest cover soil (Figs. 3a,
b, c). Early season soil moisture was typically high in the LFH layer,
with saturation maintained between 50 and 75% at all sites. Soil
moisture in all profiles declined over the course of the growing sea-
son, although this change was most pronounced at SAF 350U - the
monitoring location with the thinnest cover soil. Soil moisture in
the LFH increased with depth at all monitoring locations, with
the probes directly above the tailings sand interface generally
maintaining water contents close to saturation (0.41) even during
dry periods. Tailings sand exhibited markedly different hydraulic
behaviour, often remaining invariant at field capacity for the entire
season, with the exception of infrequent percolation events with
rapid onset and recession. Furthermore, the tailings sand probes
within the same profile often exhibited incongruent behaviour,
despite the fact that they were separated by only 0.1 m.

The 2014 period received the most precipitation (223 mm) of
the three years studied. The thicker covers (SAF 130T/220U) were
capable of maintaining near-saturated conditions above the LFH-
tailings sand interface throughout the study period. However, the
thinner cover (SAF 350U) was incapable of holding soil moisture
towards the end of the season and water content decreased below
20% (saturation <50%). The tailings sand probes at SAF 220U and
350U captured two pronounced percolation events. However, at
the SAF 130T location the observed soil moisture did not vary
throughout the 2014 season.

There was no change in soil moisture in the profile at any mon-
itoring location between the end of the 2014 study period and the
beginning of the 2015 period. In 2015, rainfall (185 mm) was con-
centrated in mid-June and late-August. The profiles with thicker
cover soils (SAF 130T/220U) experienced little percolation into tail-
ings sands. No response was evident in SAF 130T, and only 2 per-
colation events occurred in SAF 220U, corresponding to the
previously mentioned wet periods. Furthermore, these thicker cov-
ers maintained higher and more stable soil moisture above the tail-
ings sand interface compared to the thinner SAF 350U cover.

The 2017 study period had the least precipitation (176 mm) and
the largest cumulative potential evapotranspiration (320 mm). The
majority of precipitation arrived in May and June, followed by a
prolonged dry period. As a consequence, soil moisture storage
declined throughout the profile, even at monitoring locations with
thicker cover soil. Several pronounced percolation events into the
tailings sand were observed at SAF 350U, however soil moisture
returned to field capacity within a matter of days.
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4.2. Model performance and uncertainty analysis

All simulations relying on the manually calibrated hydraulic
properties were generally capable of reproducing observed soil
moisture dynamics in the LFH (Figs. 3a, b, c). The average MAE for
probes located in the LFH at SAF 130T, 220U, and 350U was 0.016,
0.021, and 0.021, respectively – appreciably lower than the speci-
fied evaluation criteria associated with probe accuracy of 0.04.
The average KGE for LFH at SAF 130T, 220U, and 350U was 0.52,
0.44, and 0.66, respectively. While the KGE indicates some devia-
tion from observed soil moisture, the lower KGE values tended to
be associated with probes that had little variation throughout the
study period. Under these conditions the KGE can be heavily penal-
ized due to a small difference between simulated and observed
mean water content, which suggests a worse fit than what was
actually achieved. In contrast to the LFH cover soil, the hydraulic
behaviour of the tailings sandwas poorly represented inmost cases,
with an average KGE of �0.07. In general, observed soil moisture
movement through the tailings sand appeared to be dominated
by several pronounced percolation events. However, the corre-
sponding simulated soil moisture responses were either muted or
entirely absent. This was not remedied by inverse or global search
optimization – even when fitting soil moisture in the tailings sand
was prescribed as the sole priority of the objective function.

Manual calibration of a, n, and Ks indicated a meaningful
increase in a (from 1.4 to 5.8) and decrease in n (from 3.1 to 1.6)
between the unweathered and weathered LFH. This corresponds
to a decrease in the air-entry pressure consistent with the forma-
tion of larger pores, and a broadening of the pore size distribution.
Saturated hydraulic conductivity also increased in the weathered
LFH by one order of magnitude (from 0.002 to 0.02 m/h). The
van-Genuchten parameter representing residual water content
(hr) of weathered LFH was decreased to align with the lowest vol-
umetric water content recorded by the soil moisture probes. The
global search optimization confirmed that the model performance
was not sensitive to the hydraulic tortuosity parameter L, as
revealed by the uniform probability density function.

Of the 270,000 parameter sets generated by the global search
optimization only 1140 satisfied the evaluation criteria. These
parameter sets were used to generate the bootstrap confidence
intervals, which identified that all manually calibrated parameters
were within the 95% confidence intervals of the independently cal-
ibrated global search optimization parameters (Table 1). Further-
more, the simulated evaporation, groundwater recharge, and
change in storage across the upland determined using the single
set of manually calibrated parameters were within the 95% confi-
dence intervals of the global search estimates (Table 2). As demon-
strated by the confidence intervals, the effect of soil heterogeneity
resulted in a small deviation from the estimated mean upland AET
and recharge by (on average) ±15 mm and ±8 mm, respectively.
Throughout all years there was close agreement between mea-
sured AET, modelled AET using the manual calibration, and average
modelled AET computed with global search optimization. The
greatest discrepancy between simulated and measured AET
occurred in 2017, where the cumulative measured AET was
20 mm higher than modelled.

4.3. Upland water balance

The simulated cumulative water balance for each year is shown
in Table 2. The dominant hydrologic flux in most years was precip-
itation, with the exception of 2017, where actual evaporation was
slightly greater than P. As calculated by the model, simulated
groundwater recharge across the upland in 2014, 2015, and 2017
was 49, 15, and 42 mm, respectively. Within the model, recharge
resulted explicitly from rainfall and implicitly from stored snow-
delling of a reclaimed upland in the early post-construction period, Science
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Fig. 3a. Daily precipitation and observed versus simulated soil moisture time series at SAF 130 T. Calibration statistics (MAE and KGE) based on the manually calibrated soil
hydraulic properties are shown for each individual soil moisture probe. * indicates that this study period was used for calibration.
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melt, the latter being represented through the specification of ini-
tial conditions at the start of each season’s simulation. Despite the
lower precipitation and higher potential evapotranspiration in
2017, high antecedent soil moisture attributed to infiltrated snow-
melt resulted in substantially greater recharge than 2015.

4.4. Soil weathering and cover thickness

After accounting for interannual climatic variability, weathering
of the LFH resulted in a greater quantity of soil moisture parti-
Please cite this article as: O. F. Sutton and J. S. Price, Soil moisture dynamics mo
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tioned to groundwater recharge and a diminishing amount parti-
tioned to evaporation (Fig. 4). The impact of this evolution was
pronounced during wet years such as 2014, where simulated evap-
oration was 41 mm greater, and groundwater recharge was 33 mm
less, respectively, when comparing profiles comprising entirely
weathered and unweathered LFH. Yet this effect was negligible
during 2015, which was a particularly dry year in terms of both
summer precipitation and low antecedent moisture from limited
snowmelt, where evaporation and recharge deviated by only
7 mm and 5 mm, respectively. Over time, the progressive evolution
delling of a reclaimed upland in the early post-construction period, Science
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Fig. 3b. Daily precipitation and observed versus simulated soil moisture time series at SAF 220U. Calibration statistics (MAE and KGE) based on the manually calibrated soil
hydraulic properties are shown for each individual soil moisture probe. Arrows indicate incongruities between the two probes situated in the tailings sand.
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of the actual soil profile resulted in the hydraulic behaviour of the
upland becoming increasingly similar to the equilibrium (weath-
ered) condition.

The relationship between recharge and cover soil thickness
exhibited unexpected behaviour (Fig. 5); specifically, recharge
did not simply decrease monotonically with increased cover soil
thickness. The minimum recharge of weathered LFH profiles
occurred at intermediate cover soil thicknesses (~25–30 cm)
Please cite this article as: O. F. Sutton and J. S. Price, Soil moisture dynamics mo
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and increased with both thinner and thicker covers. Cover soil
thickness had a profound control on cumulative seasonal ground-
water recharge in both wet and dry years, and resulted in a max-
imum deviation of 40 mm between 5 cm and 60 cm covers. This
was particularly pronounced in the scenario where profiles con-
sisted entirely of weathered LFH, in which cumulative recharge
varied by up to 63 mm when comparing 10 cm and 65 cm
covers.
delling of a reclaimed upland in the early post-construction period, Science
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5. Discussion

5.1. Soil moisture dynamics

In layered soil systems, where a fine-textured material overlies
a coarse-textured material, a sharp change in soil hydraulic prop-
erties occurs along the interface. Continuity in pore-water pressure
Please cite this article as: O. F. Sutton and J. S. Price, Soil moisture dynamics mo
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necessitates equal soil water potential at the interface between the
two materials, however the contrast in hydraulic properties results
in considerable differences in water content (Fig. 6). Since the
underlying coarse-grained material will maintain a comparatively
lower water content for a given pressure, the relative permeability
of this layer will be drastically reduced. This prevents appreciable
downward movement of soil moisture across the inter-layer plane,
delling of a reclaimed upland in the early post-construction period, Science
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Table 1
Calibrated soil hydraulic properties.

Symbol Soil hydraulic properties Calibrated values (p0.025 � X
�
� p0.975)a

Unit

LFHweathered LFHunweathered Tailings
sand

hr Residual water content 0.04 0.09 0.08 m3 m�3

hs Saturated water content 0.41 0.41 0.41 m3 m�3

a Van Genuchten-Mualem parameter related to inverse of air entry
pressure

5.8 (5.28 � 5.79 � 6.32) 1.35 (1.20 � 1.47 � 1.82) 12.1 1 m�1

n Van Genuchten-Mualem parameter related to pore size distribution 1.56 (1.41 � 1.49 � 1.57) 3.08 (3.07 � 3.29 � 3.51) 2.2 –
Ks Saturated hydraulic conductivityb �1.70

(�1.78 � �1.69 � �1.60)
�2.68
(�2.86 � �2.72 � �2.60)

�0.78 m h�1

L Van Genuchten-Mualem parameter related to tortuosity and
connectivityc

0.24 0.01 2 –

a Manually calibrated soil hydraulic properties for the stratigraphic materials used in the model. In brackets are the average parameter and ±95% confidence intervals
produced from the global search optimization. b Saturated hydraulic conductivity reported as log-transformed values. c Although L was included in the global search
optimization, soil moisture dynamics were not sensitive to this parameter, thus the confidence intervals are not reported.

Table 2
Cumulative annual sums of measured and simulated water balance components.

Symbol Water balance components Cumulative annual fluxa Unit

2014 2015 2017

P Precipitationb 223 185 176 mm
PET Potential evapotranspirationb 284 303 320 mm
AET Actual evapotranspirationb(c)[d] 197 (203) [186 < 202 < 220] 169 (167) [155 < 167 < 188] 198 (178) [161 < 173 < 188] mm
R Groundwater rechargec[d] 49 [48 < 54 < 62] 15 [13 < 21 < 30] 42 [39 < 47 < 55] mm
DS Change in storagec[d] –30 [–36 < –23 < –14] 3 [–6 < 7 < 13] –43 [–43 < –36 < –31] mm
SWIN Surface overland flowb,e 19 13 13 mm

a The cumulative measured and modelled fluxes represent the average across the whole upland for the May 16–September 20 study periods. b Water budget component was
measured. c Water budget component was simulated with manually calibrated values. d Simulated water budget component using the global search optimization ±95%
confidence intervals around the average. e Values denote the surface overland flow that entered the east recharge basin and infiltrated converted to an equivalent depth over
the upland, from Kessel et al. (2018).
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as long as the pressure at the interface is below a threshold pres-
sure associated with the marked increase in unsaturated hydraulic
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conductivity of the coarse layer, known as the effective water-
entry pressure (wwe) (Hillel and Baker, 1988). Therefore, to allow
for a meaningful percolation rate across the interface, the soil
water pressure of the fine-grained material must exceed the
water-entry pressure of the underlying coarse soil. It is through
this capillary barrier mechanism that the overlying material and
associated soil hydraulic properties regulates the release of water
to the sublayer. The trend of increasing soil moisture with depth
in the relatively fine-grained LFH and sharp contrast with the
low soil moisture in the coarse-grained tailings sand demonstrates
the presence of a capillary barrier. Similar hydraulic behaviour
attributed to capillary barriers was observed at a nearby reclama-
tion site where LFH was placed over tailings sand (Naeth et al.,
2011).

The soil water pressure associated with the rapid increase in
unsaturated hydraulic conductivity and therefore appreciable
increase in percolation past the capillary barrier (wwe) can be
approximated by identifying the observed soil moisture above
the interface that corresponds to a percolation event in the tailings
sand (Fig. 6). The observed soil moisture data suggest that the
water-entry pressure of the tailings sand is approximately
�0.11 m. At this pore-water pressure the unweathered LFH must
be tension-saturated before water will pass the interface and per-
colate through the tailings sand. At the estimated water-entry
pressure of �0.11 m, the unsaturated hydraulic conductivity
(Kwe) of the tailings sand is greater than the Ks of the unweathered
(as-built) LFH, which represents the maximum possible rate of
water delivery to the interface. Due to the difference in hydraulic
conductivity, the flow face must constrict and occupy only a frac-
tion of the cross-sectional area of the porous media (Hillel and
Baker, 1988; Baker and Hillel, 1990), resulting in flow breaking into
unstable, isolated and elongated lobes known as fingers. Theoreti-
cally, this means that prior to the weathering of LFH at the inter-
delling of a reclaimed upland in the early post-construction period, Science
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face all percolation through the tailings sand must occur as finger
flow. Tailings sand was found to be slightly hydrophobic when dry
(Ketcheson, 2016), and the extensive and laterally continuous cap-
illary barrier that occurs at the interface between LFH and tailings
sand could inhibit the escape of entrapped air during infiltration
causing increased air pressure, both of which can contribute to
the propensity of a soil to develop unstable flow (Hillel and
Baker, 1988). Preliminary dye tests currently underway (G. Dubé,
unpublished) confirm the existence of finger flow in the tailings
sand at this site.

The presence of finger flow could account for the peculiar
hydraulic behaviour of the observed tailings sand soil moisture.
Specifically, observing a percolation event under these flow con-
ditions requires the finger to intersect the sensing volume of
the soil moisture probe. Evidently, percolation events were cap-
tured inconsistently by the monitoring network. This explanation
is consistent with the discrepancy between measured and mod-
elled soil moisture dynamics in the tailings sand, as Richard’s
equation is incapable of describing finger flow in a physically-
based manner (Eliassi and Glass, 2001; Jury et al., 2003). This
can explain why attempts to optimize the van Genuchten-
Mualem parameters by matching observed tailings sand soil
moisture were unsuccessful. Nevertheless, the van Genuchten-
Mualem parameters of the tailings sand were clearly critical in
the accurate representation of the capillary barrier and soil mois-
ture dynamics of the LFH.
Please cite this article as: O. F. Sutton and J. S. Price, Soil moisture dynamics mo
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5.2. Model error and uncertainty

The global search optimization demonstrated that the manually
calibrated values were within the 95% confidence intervals of the
average parameter value. This supports the assertion that a single
set of soil hydraulic properties can adequately represent the soil
moisture dynamics of the entire upland and that the chosen man-
ually calibrated parameters are appropriate. Moreover, this sug-
gests that the LFH cover soil exhibits relatively low spatial
heterogeneity of hydraulic properties. Whether this should be
attributed to the characteristics of the source material, homoge-
nization during placement of the cover, or the impact of weather-
ing which results in soil hydraulic properties tending towards
similar values (Benson et al., 2007) is uncertain. However, the fact
that the unweathered (as-built) LFH soil hydraulic properties were
validated at several locations across the upland (Figs. 3a, b, c) and
were capable of reproducing the observed soil moisture dynamics
at these locations implies that the soil already exhibited low spatial
variability in hydraulic properties immediately following place-
ment. The modest impact of hydraulic property uncertainty on
the upland water balance is a favourable indication of the reliabil-
ity of the recharge estimates for the time period studied.

Confidence in both the model structure and manual calibration
is further bolstered by the favourable comparisons with measured
AET (Table 2). In 2014 and 2015 there was a +3% and�1% difference
between measured and simulated AET, respectively. This suggests
that the decision to exclude root water uptake from the model
was a reasonable simplification due to the dominance of bare soil
evaporation. The underestimation of simulated AET in 2017 could
be caused by the increasingly prolific vegetation development on
the upland, which likely draws water from deeper in the LFH pro-
file. While the deviation of ~10% between observed and simulated
AET is within the measurement error of the eddy covariance tech-
nique (Scott, 2010) it would not be reasonable to continue to
exclude the influence of vegetation in future modelling work.

It should be noted that there is uncertainty associated with
basic field measurements like precipitation and potential evapo-
transpiration, however, it is unlikely that these measurements rep-
resent large sources of error. Cumulative annual precipitation
measured at the upland rain gauge deviated by <6% from a tipping
bucket at the East Slope meteorological station. Further, potential
evapotranspiration calculated independently using radiation data
available from a nearby Environment Canada monitoring station
resulted in a cumulative annual PET that differed on average by
<9%.
delling of a reclaimed upland in the early post-construction period, Science
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5.3. Hydrologic function of the upland

An explicit goal of uplands integrated into constructed fen
watersheds is to provide sufficient groundwater inflow to offset
the cumulative seasonal moisture deficit in the adjacent fen.
Cumulative annual AET from the fen averaged 324 mm between
2014 and 2017, which after accounting for precipitation, amounted
to a ~8600 m3 deficit. Offsetting this deficit requires an annual
recharge rate of 41 mm across the upland. Simulated upland
recharge derived from precipitation resulted in an average of
35 mm/y, however including recharge contributions from surface
overland flow (Kessel et al., 2019) this increases to 50 mm/y. This
is evidence that the current configuration of the upland provides
sufficient recharge, hence groundwater flow, to supplement the
fen’s large evaporative loss (Scarlett et al., 2017), at least during
the early post-construction period. The average cover soil thick-
ness of 30 cm was thus found to be appropriate; however, areas
of both thinner and thicker LFH proved to be important in enhanc-
ing recharge, although for different reasons.

It was expected that increased cover soil thickness would have a
declining monotonic relationship with groundwater recharge, due
to the increased storage capacity of the LFH. While this was
responsible for a decline in groundwater recharge in the range
from thin (~5 cm) to intermediate (~30 cm) soil covers (Fig. 5), at
greater thicknesses (>35 cm) the capillary barrier was further from
the surface, which isolated the ‘pool’ of near-saturated soil from
moisture loss by soil evaporation, and resulted in increased
groundwater recharge.

The recharge characteristics of the LFH cover soil influences the
distribution and movement of solutes throughout the system.
Kessel et al. (2018) illustrated the large-scale transport of sodium
from the upland to the fen and the associated processes of flushing
and dilution in the tailings sand aquifer. In previous work, the
observed flushing and dilution on the east side of the aquifer was
solely attributed to the influence of the active recharge basin
which received large volumes of surface overland flow from the
hillslopes (Kessel et al., 2019). Here, the results indicated that spa-
tial differences in cover soil thickness between the eastern and
western upland (Fig. 1) also contributed to greater recharge to
the eastern portion of the tailings aquifer during wet years
(Fig. 7), and therefore was partly responsible for the increased
sodium flushing.

5.4. Implications of soil evolution

The direction and magnitude of the changes in soil hydraulic
properties are generally consistent with studies at other reclama-
tion sites (Benson et al., 2007; Meiers et al., 2011). Although the
effect of soil evolution on saturated hydraulic conductivity and
the air-entry pressure were modest, they had a large impact on
the hydraulic function of the cover soil. Soil evolution throughout
the study period resulted in a 64% increase in simulated groundwa-
ter recharge compared to that simulated with unweathered (as-
built) LFH. The simulations suggest that if soil evolution had fin-
ished prior to the study period (i.e., the cover was completely
weathered or equilibrium LFH), it would have resulted in 30% more
groundwater recharge. This highlights the importance of soil evo-
lution in altering the partitioning of soil moisture and ensuring
the supply of groundwater to downgradient ecosystems. Further-
more, it suggests that inferring long-term hydrologic performance
of a reclamation cover soil from as-built hydraulic properties can
lead to significant deviations from the eventual performance.

Layered materials with a narrow pore-size distribution and a
large disparity in air-entry pressure will have a more pronounced
capillary barrier effect. Based on the calibrated soil hydraulic prop-
erties of weathered LFH, ongoing soil evolution will result in LFH
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with a lower air-entry pressure and a broader pore-size distribu-
tion, both of which will result in a weaker capillary barrier. This
is summarized by the lower moisture content associated with
the water-entry pressure of the weathered LFH (Fig. 6). As a result,
the threshold for water-entry is exceeded more frequently and for
a longer duration, which is the underlying cause for the greater
groundwater recharge following soil evolution. Furthermore, since
weathered LFH has a comparatively higher Ks compared to
unweathered LFH, and a similar Kwe to tailings sand, steady flow
characterized by relatively uniform wetting fronts may become
more common as a percolation mechanism. This potential shift
from finger flow to diffuse flow has profound implications on the
transport of solutes from the unsaturated zone of tailings sand
aquifers and other process-affected materials.

Previous studies have demonstrated the importance of vegeta-
tion growth in changing the structure of the soil (Angers &
Caron, 1998; Loch & Orange, 1997). However, the sparse and
immature vegetation associated with the early successional stage
of the upland during the study period suggest this may not have
been the most important mechanism of soil evolution at the site.
Consequently, freeze–thaw cycling may have been the primary fac-
tor in weathering the soil. Other studies that have examined the
evolution of cover soil hydraulic properties have noted that the sta-
bilization of these properties is associated with the number of
freeze–thaw cycles that the profile has experienced. The progres-
sive deepening of the interface between weathered and unweath-
ered LFH observed in the soil profiles is attributed to the near-
surface LFH experiencing more freeze–thaw cycles in any given
year, due to brief temperature fluctuations around 0 �C (data not
shown). By extension, the entire LFH profile experiences at least
one annual freeze–thaw cycle, and therefore even deep LFH
changes every year, albeit at a slower rate. Accordingly, a gradation
of weathering exists, with no clear boundary necessarily present
between weathered and unweathered LFH, as was represented in
the model. While this was intentionally done to avoid over-
parameterization, representing the evolution of the LFH in a realis-
tic gradational manner may have improved the overall calibration
of the model, and more accurately portrayed the progressive weak-
ening of the capillary barrier.

The inferred average rate of soil weathering resulted in a deep-
ening of the interface between weathered and unweathered LFH by
approximately 11 cm per year. This apparent rate of weathering
was intimately related to the climatic conditions observed at the
site during the 2014–2017 study period. Specifically, the frequency
and duration of temporary excursions above 0 �C during the winter
period influenced the number of freeze–thaw cycles that a partic-
ular portion of the subsurface experienced during a single year. The
majority of the upland (>80%) had experienced the requisite num-
ber of freeze–thaw cycles for the entire LFH profile to reach equi-
librium after 4 years. This is similar to soil evolution timelines at
other reclamation sites, where stabilization of soil hydraulic prop-
erties occurred after the profile experienced 4–5 freeze–thaw
cycles (Meiers et al., 2011; Benson et al., 2007).

5.5. Reclamation design

As vegetation establishes in the upland it is anticipated that
plants will take advantage of the high soil moisture maintained
by the capillary barrier by rooting directly above the LFH-tailings
sand interface. As a consequence of root water uptake from this
layer, soil water pressure would persist below the threshold
(wwe) needed to overcome the capillary barrier, resulting in less
frequent percolation events, particularly during the growing sea-
son. Root water uptake from this layer would also likely change
the relationship between cover soil thickness and recharge, negat-
ing any increases in groundwater recharge yielded from thicker
delling of a reclaimed upland in the early post-construction period, Science
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cover soils. Among the concerns regarding the construction of
groundwater-fed peatlands such as this, is the length of time it
takes to wet the aquifer and establish a hydraulic gradient towards
the fen. Postponing planting for several years would lengthen the
time following the completion of soil evolution but preceding the
meaningful establishment of vegetation. These conditions would
maximize the potential of the upland to partition soil moisture
to groundwater recharge.

6. Conclusion

Contrasting hydraulic properties between the LFH cover soil
and tailings sand caused the formation of a capillary barrier. This
barrier regulated the release of water to the tailings sand and
may have instigated unstable (finger) flow. The processes of soil
evolution substantially changed the hydrologic behaviour of the
cover soil by increasing saturated hydraulic conductivity by an
order of magnitude, decreasing the air-entry pressure by a factor
of 4, and decreasing the van Genuchten n parameter by a factor
of 2. The altered soil hydraulic properties associated with the
weathered LFH ultimately resulted in a greater proportion of soil
moisture partitioned to groundwater recharge due to the weak-
ened capillary barrier between the LFH cover soil and tailings sand.
However, soil evolution will likely be of greatest relevance to the
hydraulic function of the upland in the few intervening years after
the weathering is completed but prior to the development of dense
vegetation, and during snowmelt. Following this, root water
uptake will maintain the soil water pressure below the threshold
necessary to exceed the capillary barrier – except during particu-
larly large precipitation events or infiltration of detained
snowmelt.

This work has identified temporally stable hydraulic properties
for the LFH and tailings sand that are appropriate for use in predic-
tive modelling; however, the processes currently considered by the
model are inadequate to understand future groundwater recharge.
Specifically, since the aforementioned growth and development of
vegetation at the site is anticipated to substantially alter the parti-
tioning of soil moisture between evaporation, transpiration, and
groundwater recharge, future modelling work that is currently in
progress will explicitly include root-water uptake.

While climate was found to be the most important determinant
of recharge, cover soil thickness also had a profound influence on
the partitioning of soil moisture. Although soil evolution had a con-
siderable impact on altering the soil water budget, its dynamic
effects on recharge are brief due to the rapid stabilization period.
In contrast, the spatial variability of soil hydraulic properties was
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found to have an insignificant impact on the cumulative annual
water budget fluxes. This was determined to be a consequence of
the relatively homogeneous LFH cover soil. Ultimately, it will be
cover soil thickness, climate, and the patterns of vegetation that
will be the enduring sources of spatial and temporal variability
in groundwater recharge at the Nikanotee Fen Watershed.
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