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Abstract
Integrated surface water and groundwater models are well suited for evaluating the long-term performance of oil sands mine 
closure landscapes to optimize reclamation designs that satisfy performance criteria. However, the scale of the problem 
makes it difficult to evaluate a large number of design alternatives using numerical models, while at the same time satisfying 
numerical criteria, such as the courant and peclet numbers. The problem becomes particularly challenging in the design of 
permeable sand tailings hummocks overlying relatively impermeable composite tailings, where vertical advective flushing of 
process-affected water through the tailings hummocks is coupled to lateral transport of diffusive release from the underlying 
composite tailings. We developed an analytical solution that rapidly estimates long-term mass loadings from the sand tail-
ings without the challenges typically associated with numerical modelling. Advection and dispersion in the flushing zones, 
progressive diffusion into underlying low permeability layers, and purely diffusive release are all considered. A comparison 
of the analytical solutions to numerical simulations for a series of simple hypothetical cases demonstrated that the analytical 
solutions provide a reasonable simulation of the mass loadings from the reclaimed landscapes over the design life. Although 
the approach needs to be further verified and validated for more realistic complex mine reclamation conditions, the analytical 
framework provides a foundation for hydrologic analysis in mine reclamation and closure in the northern boreal environment.

Keywords  Mine reclamation design · Boreal hydrology · Surface water and groundwater interaction · Solute transport · 
Dispersion · HydroGeoSphere

Introduction

The Canadian Oil Sands in Alberta, Canada are the third-
largest proven crude oil reserve in the world (AER 2015; 
EIA 2015). Oil sands are naturally occurring mixtures of 
sand, clay, or other minerals with water and bitumen (AER 
2015). Land disturbed by surface mining of oil sands near 
Fort McMurray, Alberta, covers an area of 767 km2 (AER 
2015). Currently, five different operators run 14 oil sands 
surface mining projects in the North Athabasca area (Gov-
ernment of Alberta 2016). These operations generate large 

volumes of mine waste, such as shale overburden, lean oil 
sands, sand, and clay- and silt sized “fluid fine” tailings. 
Alberta’s land resource base is protected under Canada’s 
Environmental Protection and Enhancement Act (EPEA), 
under which the industry is legally obligated to reclaim all 
disturbed land to an equivalent pre-development capability, 
and return it to the Government of Alberta.

The natural boreal landscape consists of treed mineral 
uplands and organic wetlands (Buttle et al. 2000; Haines-
Young et al. 1994; Laudon et al. 2007). In these sub-humid 
boreal plains, water stored in the surface and subsurface is 
slowly transmitted through the connected networks of wet-
lands, draining into streams and major rivers (Devito et al. 
2012; Smerdon et al. 2005, 2007). The reclaimed landscape 
is supposed to provide the equivalent capability to store and 
transmit water under boreal climatic conditions with mini-
mal environmental impact (Poscente and Charette 2012). 
Sands tailings are easily available for construction of the clo-
sure landscape, but the hydraulically placed materials hold 
oil sands process-affected water (OSPW) which contains 
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elevated levels of salts and other constituents of interest 
(CIs). This requires that the rates of flushing and mass load-
ing from these landscapes be evaluated. The evaluation of 
the long-term performance of these closure landscapes is 
also made difficult by the large area of individual landforms, 
which often exceeds hundreds of hectares. Finally, the final 
design must be optimized based on the constraints imposed 
by four major criteria: material availability, geotechni-
cal stability, hydrotechnical aspects, and environmental 
performance.

The closure design example used for the purposes of this 
paper is that of a mined out open pit, back-filled with com-
posite tailings (CT), a mixture of fluid fine tailings (FFT) 
and sand tailings. An example is shown on Fig. 1. To create 
upland/wetland systems typical of coarse textured natural 
systems in the boreal forests, the CT filled pit will be covered 
with a series of upland sand hummocks. These hummocks 
will then be covered with soil covers to promote vegetation 
growth. Since the sand hummocks and underlying CT are 
constructed primarily by hydraulic transport using OSPW, 
they initially contain elevated levels of saline pore-fluid. The 

lowlands between the hummocks will remain wet through 
much of the year and will act as a marsh or wetlands.

The following criteria have to be met to maximize the 
environmental performance of this type of landscape: (1) the 
rate of shallow flushing of the sand hummocks is maximized 
while maintaining minimal separation between the root zone 
and the water table in the hummocks, which might contain 
OSPW; (2) the rate of deep flushing through the underly-
ing composite tailings is minimized to limit concentrated 
OSPW discharge at lower elevations within the landscape; 
and (3) the evapoconcentration of salts in low-lying areas 
between the landscapes needs to be minimized (Dobchuk 
et al. 2012; Nagare et al. 2015; Price et al. 2010; Rooney and 
Bayley 2011; Rowland et al. 2009). Evaluation of alternative 
designs against these criteria requires that simulation tools 
incorporate both surface water and groundwater processes 
(Devito et al. 2012; Nagare et al. 2015).

Numerical models are often used to evaluate the long-
term performance of mine sites following closure (Adams 
and Younger 2001; Bain et al. 2001; Cravotta et al. 2014; 
Dobchuk et al. 2012; Timms et al. 2014; Vandenberg et al. 
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Fig. 1   A conceptual model for reclamation and closure of oil sands 
surface mine sites: post-mining pre-reclamation stage with reclama-
tion stockpiles (upper left) and a final closure landscape equivalent to 
the natural boreal conditions (upper right) (after Devito et al. 2012). 

Cross-sections A–A’ and B–B’ are representative sand hummock 
(upland) and lowland (wetland) conceptualizations for which the sim-
ple analytic approach was developed
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2015). Given the tightly coupled surface water and ground-
water processes in boreal settings (Devito et  al. 2012; 
Smerdon et al. 2005, 2007), integrated surface water and 
groundwater flow and solute transport modelling (integrated 
modelling) are the most appropriate tools to evaluate post-
closure landscape performance (Nagare et al. 2015). Max-
well et al. (2014) indicate that there are a growing number 
of coupled and integrated hydrologic models being used 
to address a range of scientific questions at scales ranging 
from small catchment to large river basins (e.g. Hwang et al. 
2015; Jones et al. 2006; Kollet and Maxwell 2006; Panday 
and Huyakorn 2004; Park et al. 2011).

The use of integrated models is subject to some practi-
cal limitations given the scale of the individual landforms 
being simulated (Kollet et al. 2010; Maxwell et al. 2014). 
One of the key challenges, like most other models, is how to 
accurately represent mixing processes such as molecular dif-
fusion and mechanical dispersion without causing problems 
with numerical dispersion and oscillation (Anderson and 
Woessner 1992; Konikow 1996; Konikow and Bredefoeft 
1992). This is particularly problematic in closure landscapes 
where there is likely to be strong layering of the constructed 
hydrogeology (e.g. sand hummocks over lower hydraulic 
conductivity composite tailings) as well as strong initial 
concentration gradients (e.g. recharging meteoric water into 
hummocks containing OSPW). These challenges are also 
exacerbated by the need to create large-scale (temporal and 
spatial) models of many design alternatives.

In this paper, we describe the development of relatively 
simple analytical solutions to simulate the flushing of sand 
hummocks. The analytical solutions were developed to sup-
port the more complex numerical modelling efforts being 
used to assess environmental performance of alternative 
reclamation designs. For verification and illustration pur-
poses, the analytical solutions are compared to numerical 
solutions for simple hypothetical landforms, followed by a 
brief discussion on the evaluation of integrated environmen-
tal impacts from multiple landscapes and multiple mine sites 
in the context of the larger closure landscape.

Study Case Example

The conceptual model for this study assumes a series of ele-
vated, treed, sand tailings uplands (hummocks) draining into 
low-lying wetland areas (Fig. 1). Soil covers comprised of an 
upper layer of salvaged peat/mineral soil mixture overlying 
a layer of salvaged glacial clay soil are assumed to be placed 
over the hummocks to support revegetation (Barbour et al. 
2004; Dobchuk et al. 2012; Syncrude 2004). Shallower soil 
covers of similar material may also be placed in lowlands 
to provide substrate for wetland vegetation. The objective 
of the design landscapes is to provide ecological functions 

equivalent to natural boreal conditions, to maintain a degree 
of peat lands or wetlands capacity and to be re-vegetated 
with the plants native to the region.

Material balance limitations require that the geometry 
of the sand hummocks be optimized for a limited available 
volume of sand tailings. In some cases, pre-treatment of the 
sand tailings (e.g. cycloning) can be used to create more per-
meable layers of tailings sand, which would enhance shal-
low flushing in the root zone while maintaining separation 
between the rooting zone and the water table (Dobchuk et al. 
2012; McKenna 2002).

Meteoric water inputs to the upland hummocks will be 
partitioned into evapotranspiration (ET), overland runoff, 
and net percolation (recharge). Net percolation is expected 
to result in flushing of the upper portion of the hummocks 
prior to seeping into adjacent swales and low-lying wetland 
areas where it mixes with overland flow (Burgers 2005; Dob-
chuk et al. 2012; Syncrude 2004). At closure, the individual 
landforms will drain through surface outlets into a network 
of drainage channels connecting to a series of end pit lakes. 
Surface drainage networks are expected to dilute the salin-
ity released from the subsurface to minimize the environ-
mental impact of the salt release (CEMA 2014; Poscente 
2009; Poscente and Charette 2012). Given the large size 
of individual landforms, the design life for full evaluation 
of these structures in terms of hydrology and salt release 
requires a simulation period of up to ≈ 100 years (Poscente 
and Charette 2012). Longer periods may be required for full 
site-wide closure.

Analytical Approach for Mass Release

Conceptual Model

The conceptual model of flow and transport through the 
sand hummocks assumes that the dominant flushing mech-
anism will be water from the recharge areas (i.e. the topo-
graphically elevated sand hummocks) towards the discharge 
areas (i.e. the wetlands). The transport of solutes vertically 
through the hummocks and laterally within the unconfined 
flow system at the base of the hummocks (shallow flush-
ing zone) will be dominated by advective–dispersive trans-
port. However; the diffusive exchange of mass between this 
rapid flow system and the underlying low permeability CT 
must also be considered (Fig. 2). Analytical solutions were 
derived based on this conceptualization and compared to 
numerical simulations of the same conceptual models.

Mass Release from Upland Hummock Areas

Fluid flow and release of the solute mass from the sub-
surface in the upland areas of the reclaimed landscapes is 
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conceptualized as shown on Fig. 2a, b. The groundwater 
table is supported by the infiltration of meteoric water at the 
ground surface and groundwater seeps out along the toe of 
the hummock. The steady-state water table location can be 
approximated by the 1D unconfined flow equation as follows:

where H(x) is the head, x represents the distance from the 
toe of the hummock, K is the hydraulic conductivity of the 
reclamation material, and qr is the rate of recharge per unit 
recharge area. The solution for Eqs. 1a, 1b and the average 
water table elevation are given as:

Advective–dispersive flushing is assumed to be the domi-
nant process in the relatively permeable sand hummock. Dif-
fusive transfer from the underlying, less mobile CT to the sand 
hummock zone is controlled by the degree of flushing in the 
sand hummock. Flushing within the mobile zone in Fig. 2b 
was approximated using the advection–dispersion equation 
with the following initial and boundary conditions:

(1a)�

�x
KH(x)

�H(x)

�x
+ qr = 0

(1a)H(x = 0) = 0; �H∕�x|x=L = 0
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√
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where C is the concentration along the streamline coordi-
nate s after an elapsed time, t  , C0 is the initial concentra-
tion of a solute in the sand and composite tailings, vs is 
the linear groundwater velocity calculated from the rate 
of recharge per unit hummock width ( Q = qrL ), the aver-
age water table elevation, and the average porosity of the 
subsurface material ( n ) (i.e. vs = Q∕nd ≈ qrL∕nH̄ ). D is 
the coefficient of hydrodynamic dispersion, approximated 
as D = � ⋅ vs + � ⋅ Dfree , where � is the dispersivity, � is the 
tortuosity factor, and Dfree is the free-solution coefficient of 
molecular diffusion. The solution for Eqs. 3a, 3b, 3c is given 
as (Ogata and Banks 1961):

where erfc[] represents the complementary error function. 
The total mass flux at the outlet ( Qm(x = L, t) ) can now be 
evaluated from Eq. 4 as:

Cumulative mass release over time T  is given as:
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Fig. 2   a Conceptual model 
and b mathematical model 
representing salt transport from 
the sand tailings hummocks 
(as per transect AA in Fig. 1); 
c conceptual model and d 
mathematical model of vertical 
mass transport beneath flat lying 
wetlands (as per transect BB in 
Fig. 1)
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Diffusive mass release from the lower immobile to upper 
mobile zones is described by Eqs. 7a, 7b, 7c:

where Cimm is the concentration in the underlying CT and De 
is the effective diffusion coefficient in porous media gener-
ally defined as the product of the free solution diffusion coef-
ficient and the tortuosity factor ( De ≡ �Dfree ). Equation 7c 
assumes that the mobile zone concentration is approximated 
by piston flow. The solution for Eqs. 7a, 7b, 7c and the mass 
flux are then given as:

From Eq. 8b, cumulative mass flux is calculated as:

Mass Release from Lowlands and Wetlands

In the organic wetland and transitional lowland areas, it was 
assumed that the contribution of groundwater flow from the 
underlying immobile zone to transport is negligible, making 
diffusion the dominant mass transport process (Fig. 2b):

where it is assumed that concentration at ground surface is 
completely diluted by precipitation. From Eqs. 10a, 10b, 
10c, concentration, mass flux, and cumulative mass flux are 
derived as:
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The total cumulative mass flux from the landscape is now 
calculated by combining the contributions from the uplands 
and wetlands, as represented by Eqs. 6, 9, and 11.

Illustration of Analytical Solutions

The analytical solutions were evaluated for a hypothetical 
reclaimed landscape (Fig. 3). In this 1 km by 1 km hypo-
thetical landscape, a wetland in the middle is contained on 
three sides by 250 m wide and 10 m high hummocks and is 
assumed to freely drain on the fourth side. The porosity ( n ) 
of the soil was assumed to be 0.4 (McKenna 2002). When 
the hydraulic conductivity of the soil ( K ) is assumed to be 
2 × 10− 6 m/s with an average net percolation rate of 50 mm/
year ( qr = 3.13 × 104 m3/year) applied to the upland area, the 
average water table elevation ( H̄ ) is calculated to be 5.53 m 
above the surface elevation of the wetland (Eq. 1b). The 
groundwater stored within the hummock (one pore volume 

of saturated zone) is approximately 1.47 × 106 m3. Based on 
these values, flushing the hummock by piston displacement 
of the original OSPW is estimated to take about 47 years.

The analytical solutions for mass release from the upper 
flushing zone of the hummock area within the hypothetical 
landscape (Eq. 6) are illustrated in Fig. 4. The results indi-
cate that an increase in dispersivity slows down the flushing 
process (Fig. 4a), while increasing the hydraulic conduc-
tivity (Fig. 4b) and rate of recharge (Fig. 4c) enhance the 
rate of flushing. The base case analytical solution assumes 
K = 2 × 10− 6 m/s and qr =50 mm/yr, leading to a steady-
state water table elevation of 5.53 m in the sand hummocks 
above the wetland surface. However, an increase in hydraulic 
conductivity or a decrease in the qr will decrease the average 
water table elevation and the initial mass in the system. On 
the other hand, a decrease in hydraulic conductivity or an 
increase in qr will lead to a higher water table and greater 
initial mass in the system.

The diffusive mass transfer from the immobile zones in 
the upland and wetland areas (Eqs. 9 and 11) are illustrated 

(11b)qm(t) = −nDe

�C
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||||z=0 = nC0
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in Fig. 5. It is apparent that the diffusive mass release from 
the CT increases gradually as flushing of the hummock 
progresses, while the rate decreases systematically in the 
wetlands in accordance with a diffusive type behavior (i.e. 
qm ∼

√
1∕t ; ∫ qmdt ∼

√
t ). Figure 5a also illustrates three 

different cases where the effective diffusion coefficient used 
for uplands is approximated by the diffusion coefficient in 
porous media ( �Dfree ) or when it is adjusted by the distance 
between the source and the receptor (flushing zone) ( H̄ or 
0.5H̄ ). Both in upland and wetland areas, late-time behavior 
for cumulative mass loadings represents a purely diffusive 
release ( ∼

√
t).

Comparison to Numerical Solutions in Reclaimed 
Landscapes

Numerical simulations of the same hypothetical reclaimed 
landscape (Fig. 3) were compared to the analytical solutions. 
In the numerical model, the hummock is represented by high 
hydraulic conductivity zone (tailings sands) underlain by a 
relatively low permeability CT material (Fig. 6a). Fully-cou-
pled integrated surface water and groundwater flow and solute 
transport was simulated using the HydroGeoSphere (HGS) 
code (Aquanty 2017). Parameters used for the simulations are 
summarized in Table 1. A constant flux condition (i.e. net pre-
cipitation (NP)) was applied to the entire upland and a critical 
depth flow condition was used at the outlet of the surface 
domain. The subsurface was assumed to have no interaction 
with the surroundings except for the surface domain through 

first-order fluid and mass exchange. Transient transport simu-
lations were performed under a steady-state flow condition 
(Fig. 6b–d). For the best comparison to the analytic solutions, 
the initial solute concentration was assumed to be C0 in the 
saturated subsurface and zero in the vadose zone and in the 
overland. Figure 6b shows an example of the distribution of 
subsurface saturation with the groundwater table and Fig. 6c, 
d illustrate the distributions of surface water depth and the 
rate of fluid exchange for the case when NP is 50 mm/yr. 
The results in Fig. 6b–d clearly illustrate general hydrologic 
characteristics in the reclaimed landscape: net precipitation 
applied to the land surface infiltrates into the subsurface in 
the upland areas; groundwater seeps out at the toe of the hum-
mocks; and water is carried out of the domain by overland 
flow through the low-lying wetlands.

An initial comparison of the numerical solutions to the 
analytical solutions was made for the case in which mass is 
released only from the hummocks (Eq. 6), with the underly-
ing CT assumed to be inactive. The numerical simulations 
were conducted using different dispersivity values ( �L = 1, 
10, 100-m; �HT = 0.1�L and �VT = 0.01�L where �L , �HT and 
�VT are the longitudinal, transverse, and vertical transverse 
dispersivities, respectively) and the results were compared 
to the analytical solutions when D = �vs + �Dfree and � = 
10, 100, 250, and 500 m in Eq. 6. The results (Fig. 7) show 
that the water table location and the total mass stored in the 
hummock can be reasonably approximated using the ana-
lytical solution (i.e. Equation 1) and suggest that the rate of 
flushing of the uplands may not be sensitive to the intrinsic 
hydrodynamic dispersion of the medium ( �L , �HT , and �VT ). 

Fig. 3   A hypothetical reclaimed 
landscape representing wetland 
surrounded by upland hum-
mocks

1-km

1-km

200m
10m

250m
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The results also suggest that dispersion in the flushing zone 
can potentially be derived from variation of the travel dis-
tance along the streamlines from the inlet (water table) to the 
outlet (toe of the hummock). Thus, for similar systems, mass 
loading can be quantified by the analytical solution when 

mechanical dispersion is approximated using a dispersivity 
value equal to the width of the hummocks.

To compare the numerical and analytical solutions for 
the diffusive mass release from the low permeability CT, 
both the tailings sands and CT were included in the model. 
The simulations were conducted using three different hum-
mock geometries (i.e. L = 200, 250, or 300 m). Compari-
son of the diffusive mass release from the CT underlying 
the upland areas (Fig. 8a) shows that both numerical and 
analytical solutions have lower release rates at early times 
when flushing of the hummock is limited, transitioning to 
purely diffusive release at a later time (proportional to 

√
t ) 

once flushing of the hummock is nearly complete. It is nota-
ble that the transition between these two stages is faster in 
the analytical solutions. The mismatch between the diffusive 
mass loadings from analytical and numerical solutions is due 
to the simplifying assumptions in the analytical model. The 
analytical solutions assume “fresh” water at the surface in 
the wetland areas. Therefore, the analytical solution tends 
to overestimate the early time mass release. Overland water 
in the wetland areas in the numerical model is released from 
the hummocks and is not completely diluted. Despite the 
simplifying assumptions used for the analytical solutions, 
the results (Fig. 9) indicate that analytical solutions reason-
ably reproduce the average rate of release and the total mass 
released in 300 years. This shows that the analytical solutions 
can be effectively used to estimate the long-term mass load-
ings from the reclaimed landscapes. Further testing for more 
complicated and realistic reclaimed landscapes with transient 
climatic conditions will help confirm real-world applications 
of the analytical approach. Practical considerations include 
dispersion due to transient fields (e.g. Kim et al. 2000), which 
can be effectively simulated by integrated models.

Estimation of Integrated Environmental Impacts

An oil sands mine site consists of multiple open pits, tailings 
ponds, and overburden dumps. It is important to estimate 
the cumulative environmental impacts of multiple reclaimed 
landforms within each of the mine sites. Although a compre-
hensive numerical model can be used for this purpose, the 
computational cost can be prohibitive if the design details 
are included in the numerical model as the model needs to 
be revised for each design iteration. Considering the iterative 
nature of design and performance evaluation, a practical and 
flexible analysis framework that can adapt to changes with 
minimal effort is most desirable.

When a downstream compliance boundary (CB) is 
expected to be influenced by multiple sources, the impacts 
can be assumed to be additive. Impacts from each of the 
point sources can be characterized by using the source 
characteristics (a release function) and a system response 
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function, which is defined as the impact from the unit release 
from the source on the CB.

(12)Mi(t) = ∫
t

0

Si(t)Ri(t − �)d�

where Mi(t) is the mass loading at the compliance bound-
ary from the ith source at time t, Si(�) is the release function 
from the ith source at time � ( 0 ⩽ � ⩽ t ), and Ri(t − �) is the 
mass loading after time (t − �) elapsed at the compliance 
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Fig. 5   Cumulative normalized mass release from the immobile zone underlying, a upland and b wetland

Fig. 6   a The hypothetical reclaimed landscape; b saturation distribution; c surface water depth distribution; and d fluid exchange between sur-
face and subsurface from a steady-state integrated surface water and groundwater simulation
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boundary when unit source is released at time 0. As the load-
ing is assumed to be additive, the integrated impact ( M(t) ) 
is evaluated as:

Due to the regional nature of the response functions, 
such as the degree of the proximity of the sources to major 

(13)M(t) =

N∑
i

Mi(t) =

N∑
i
∫

t

0

Si(�)Ri(t − �)d�

streams and rivers and their interconnectivity, and mul-
tiple complex pathways between a source and compli-
ance boundary, numerical modelling is expected to be an 
efficient analytical tool. In the approach described using 
Eqs. 12 and 13, each of the release and response functions 
are assumed to be independent from each other and thus, 
the integrated impacts can be easily re-evaluated for any 
changes by adjusting the components influenced by the 
changes.

An Illustrative Example

A 100 km by 200 km hypothetical catchment was used to 
illustrate estimating the integrated environmental impacts 
(Fig. 10). The catchment was assumed to be drained by the 
200 km long main stream located in the middle-ground sur-
face slopes linearly along the direction perpendicular to the 
main stream (x-direction) and quadratically along the direc-
tion parallel to the stream (y-direction), since the elevation 
is specified by z = 0.01x + 0.001y + (0.0001y)2 . For illustra-
tion purposes, only surface water flow was considered where 
four source zones (S1–S4, see Fig. 10a) were assumed to 
influence the downstream compliance area located at the 
domain outlet (CB).

Figure 10b shows the simulated steady-state water depth 
distribution for NP = 100 mm/year applied to the hypo-
thetical catchment. Figure 9c illustrates the concentration 
distribution after a month of a tracer solute was introduced 
at each of the source locations with a unit release rate. The 
response functions between the sources and compliance 
area were derived by calculating the mass flux at the outlet 
resulting from this instantaneous unit mass release at each 

Table 1   Reference parameters used for integrated surface water 
and groundwater flow and transport simulations in the hypothetical 
reclaimed landscapes

Surface Uplands Wetlands

Manning’s roughness coefficient 0.095 s/m1/3 0.015 s/m1/3

Rill storage height 0.015 m 0.015 m
Obstruction storage height 0.01 m 0.01 m
Coupling length 0.1 m 0.001 m
Longitudinal dispersivity 10.0 m 10.0 m
Transverse dispersivity 1.0 m 1.0 m

Subsurface Tailings Sands Fine tailings

Hydraulic conductivity 2.0 × 10− 6 m/s 1.0 × 10− 9 
m/s

Porosity 0.4 0.4
Specific storage 1.0 × 10− 5 m− 1 1.0 × 10− 5 

m− 1

van Genuchten α (reference) 2 m− 1 1.12 m− 1

van Genuchten β (reference) 4.36 1.25
Longitudinal dispersivity 10.0 m 10.0 m
Transverse dispersivity 1.0 m 1.0 m
Vertical transverse dispersivity 0.1 m 0.1 m
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source zone. The simulated response functions (Fig. 10d) 
indicate that the mass released at the sources reaches the 
outlet within a month (5 to 20 days) in the hypothetical 
catchment. It is worth noting, however, that responses can 
be delayed significantly (months to years) depending on 
the importance of subsurface transport when there are 
multiple pathways between the sources and compliance 
boundary through both the surface and subsurface. The 
analytical and numerical solutions were compared for the 
mass loadings at the outlet of the domain (CB) using speci-
fied mass release rates for four source zones to verify the 
approach (Fig. 11a). The results (Fig. 11) indicate that the 
solutions calculated using Eqs. 12 and 13 agree well with 

the numerical solutions obtained from transient transport 
simulations.

Summary and Conclusions

Simple analytical solutions were derived to estimate the 
mass release from the reclaimed landscapes consisting of 
forested uplands and low-lying wetlands. In the shallow 
mobile zones of the upland areas, release of the mass was 
assumed to be dominated by advection and mechanical 
dispersion. Diffusive mass transfer from the relatively less 
mobile deeper zone to the more mobile shallow hummock 
zone was assumed to be a function of the degree of flush-
ing in the shallow flushing zone. In the wetland areas, mass 
removal was assumed to be diffusive, with the assumption 
that the top of the domain (ground surface) is regularly 
flushed by precipitation. The analytical solutions based on 
this conceptualization illustrate that mass release is domi-
nated by flushing of upland subsurface materials until most 
of the pore volume is flushed, followed by an increasing 
contribution from diffusion in the later stages. Due to the 
conceptualization and simplifying assumptions used to 
derive the analytic solutions, they are most realistic when 
the variability of salt concentration is limited in the sub-
surface saturated zone. The amount of mass stored in the 
vadose zone is relatively small compared to the mass in the 
saturated zone of the upland hummock areas.

An integrated surface water and groundwater flow and 
transport model was used to simulate mass release from the 
hypothetical reclaimed landscapes. Comparisons between 
numerical and analytical solutions indicate that the ana-
lytical solutions capture the average rate of release and 
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the long-term cumulative mass release from the landscape 
over a 100 to 300 year time frame. The analytical approach 

requires an appropriate estimate of the average recharge 
rate and assumes high flushing efficiency in the shallow 

Fig. 10   a A hypothetical catchment with four source zones and a compliance boundary is used to b simulate overland flow and c solute trans-
port; d response functions are defined as the mass loading at the compliance boundary for given instantaneous unit mass release at source zones
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flushing zone. Despite the many simplifying assumptions, 
the analytical solutions can provide practical and reasonable 
estimates for the mass release from the landscapes and can 
be used more efficiently to estimate the changes in mass 
release caused by the changes in landscape design. Also, 
comparisons between the numerical and analytical solutions 
show that in similar systems: (1) the rate of flushing of the 
uplands may not be sensitive to the intrinsic hydrodynamic 
dispersion of the medium ( �L , �HT and �VT ); (2) dispersion 
in the flushing zone can potentially be derived from varia-
tions in the travel distance along the streamlines; and (3) 
advective–dispersive mass loading from the hummocks can 
be analytically quantified by approximating mechanical dis-
persion using a dispersivity value equal to the width of the 
hummocks.

Mine reclamation design is constrained not only by envi-
ronmental performance but also by geotechnical and hydro-
technical stability and material balance. Thus, optimal mine 
reclamation and closure requires multiple design iterations. 
Due to the complex and iterative nature of the engineering 
design and performance evaluation, the analytical solutions 
derived in this study can serve as a simple but efficient quan-
titative performance evaluation tool. Evaluation of integrated 
environmental impacts from multiple point sources charac-
terized by the release functions (multiple landscapes and 
multiple mine sites in a regional context) can be achieved 
by combining source characteristics with system response 
functions between the sources and compliance boundary. 
Although the combined analytical and numerical approach 
described in this study needs to be further verified and vali-
dated for more realistic complex mine reclamation condi-
tions, it is believed that the framework provided in this paper 
can provide a foundation for hydrologic analysis of mine 
reclamation and closure in the northern boreal environment.
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