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Abstract In this paper, a conceptual model was devel-
oped to predict the seepage of oil sands process-affected
water with capabilities of evaluating the transport and
attenuation of naphthenic acids through the dykes and
the foundations of oil sands tailings pond. The model
incorporates naphthenic acid diffusion, adsorption, dis-
persion, advection, and biodegradation, and was
modeled through the commercial software tools to pre-
dict naphthenic acid fate in both spatial and time scales.
The tailing pond of the Muskeg River Mine in the
Athabasca oil sands deposit was investigated in the case
study. The comparison between the onsite monitoring
data and the simulation results was in good agreement.
In addition, limiting factors for migration of naphthenic
acid were also discussed based on a parametric sensitiv-
ity study.
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1 Introduction

The extraction of crude oil from oil sands produces the
oil sands process water (OSPW), which is eventually
discharged into tailing ponds for storage. The OSPW

contains traces of chemicals that are added in the pro-
duction processes of oil sands and also chemicals that
are extracted from oil sands, especially a complex mix-
ture of organic acids—naphthenic acids (NAs)
(Mackinnon and Boerger 1986; Clemente and Fedorak
2005; Grewer et al. 2010). The concentration of NAs in
tailings ponds could be as high as 40 to 120 mg/L
(Schramm et al. 2000). Predicting the migration of
chemicals that exist in OSPW, particularly, NAs through
the foundations of oil sands tailing ponds has become
important to the design, the construction, and the use of
oil sands tailing facilities. The prediction is also needed
for designing mine site reclamation. The importance is
partly due to the increasing volume of OSPW in tailing
ponds. It is estimated that there will be over 1 billion m3

of tailings that will require reclamation by 2025
(Quagraine et al. 2005).

As the migration and the fate of NAs in oil sand
tailing facilities are of concern to oil sands producers,
federal and provincial regulators, and also the public,
many conceptual models have been developed to make
evaluations and predictions. For example, predicting
geochemical transport in field conditions by using con-
ceptual models has been successfully validated in pre-
vious studies (Holden et al. 2013; Fala et al. 2013).
Savard et al. (2012) simulated groundwater flow and
used transport models to analyze the migration of chlo-
ride and metal ions under field conditions. In terms of
NAs, onsite characterization work and field studies have
been conducted on NA occurrence and fate in oil sand
tailings (Headley and McMartin 2007). In addition,
conceptual modeling started to make predictions on
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NAmigration for oil sand tailing facilities. For example,
Wang et al. (2013) did testing to extract NA transport
properties and also used decoupled mass transport prop-
erties to simulate a simple 1D tailing pond, which shows
the feasibility of using a prediction model. However,
few full-scale modeling on NAmigration has been done
to interpret real field monitoring data at current stage.

In this paper, a modeling tool was developed to
simulate the OSPW seepage flow in a 2D manner. In
addition, all identified NA transport and attenuation
mechanisms are fully coupled together, which enhanced
the capabilities to precisely predict NA migration and
fate in the foundation of oil sand tailing pond. In addi-
tion, a specific case study of the full-scale tailing pond at
Muskeg River Mine site was performed to see if the
proposed conceptual model can be validated. A
multiparametric sweep was performed to calibrate key
transport coefficients from the samples measured in lab
conditions. Based on further sensitivity studies, the im-
pact of limiting factors for NA migration was also
discussed in the end.

2 Conceptual Model

The foundation of an oil sand tailing pond consists of
several layers with different materials. To estimate
OSPW seepage, the classic Darcy’s law was applied to
calculate the water flow velocity through each founda-
tion layer:

u ¼ −
ki
μ

∇p−ρg
� �

¼ −Ki∇H ð1Þ

where u is the OSPW seepage flow velocity, p is the
water pressure in pore, g is the gravity vector, H is the
hydraulic head, μ is the dynamic viscosity of the water,
and ki and Ki denote permeability and hydraulic con-
ductivity for the foundation layer constructed by mate-
rial i, respectively.

Furthermore, Darcy’s law was coupled with general
mass transport equation (William 1998) in the regime of
the porous foundation layers to investigate the migration
and fate of NAs with the OSPW seepage flow. Here, the
main identified transport and attenuation mechanisms
for NAs in this study include adsorption, diffusion,
dispersion, advection, and degradation.

As the seepage flow velocity is usually sufficiently
low, the adsorption can be evaluated by the equilibrium

status when the species concentrations on the sorbent
get balanced with the concentration in the solution
phase. There are many equilibrium adsorption models
that have been previously studied (Travis and Etnier
1981). In this study, a linear adsorption model was
adopted as the NA concentration in OSPW is very low
(Bayard et al. 1998)

kd;i ¼ cs;i
c

ð2Þ

where kd, i is the adsorption coefficient for NAs, cs, i is
the NA mass that adsorbed on the surface of sorbent
with unit mass, and c is the NA concentration in solution
phase.

Diffusion is a kind of mass transport mechanism by
spreading materials from high-concentration region to
low-concentration region, which is the result of random
molecular collision. Here, Dd, i is the effective diffusion
coefficient for NAs in the foundation layer built with
material i, which is estimated as follows:

Dd;i ¼ Dεi
τ i

ð3Þ

where D is the diffusion coefficient in solution phase,εi
is the porosity, and τi is the tortuosity. For simplification,
we used the widely accepted Millington and Quirk
model to evaluate the tortuosity here.

τ i ¼ εi
1=3 ð4Þ

Dispersion is defined as the spreading material due to
some irregular microscopic feature such as random dis-
tribution of pore size in porous medium. It is known that
dispersion is often more significant than diffusion in
advection-diffusion scenarios for porous medium. Here,
De, i is the dispersion coefficient for material i. Gener-
ally, the dispersion coefficient is proportional to the
dispersity αi and the magnitude of flow velocity U
(Fel and Bear 2010).

De;i ¼ αiU ð5Þ
Totally, the combination of diffusion flux and disper-

sion flux Jd, i in porous material i can be deducted. Both
of them are proportional to the negative of NA concen-
tration gradient in solution phase.

Jd;i ¼ − Dd;i þ De;i
� �

∇c ð6Þ
Another key transport mechanism is advection which

means that species migrate with the fluid motion.
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Specifically in this study, NA transports via OSPW
seepage flow. So, the advection flux Ja can be specified
as follows:

Ja ¼ uc ð7Þ
Through literature review, we found that NAs are

quite chemical stable and hard to interact with other
processing chemicals added in oil sand extraction (Han
et al. 2009). The NA degradation is mainly attributed to
some kinds ofmicrobial bacteria (Toor et al. 2013); thus,
this mechanism is also called biodegradation. In addi-
tion, some NAs may undergo rapid photodegradation,
but this kind of NA degradation is not considered here
for the seepage flow, which is not under direct UV
exposure. In real engineering practice, the bio-
geochemical reactions between NAs and bacteria are
still too complicated to be fully determined. As a result,
it is common to use the half-life of first-order reaction to
simply evaluate the biodegradation rate of NAs
(Headley et al. 2002).

R ¼ c� ln 2ð Þ
t1=2

ð8Þ

where t½ is the estimated half-life for NAs.
Based on mass conservation, we finally get the fol-

lowing mass transport equations for the migration of
NAs with considering the OSPW seepage flow in the
layer with material i.

εi þ ρb;ikd;i
� � ∂c

∂t
þ ∇⋅ − Dd;i þ De;i

� �
∇cþ uc

� �
¼ R ð9Þ

where ρb, i is the bulk density for material i. On the
interfaces between different foundation layers, the seep-
age flow velocity u and the NA concentration in the
solution phase c are considered to be consistent.

3 A Case Study for Muskeg River Mine

3.1 The Mine Site Description

The Muskeg River Mine is located between the Atha-
basca River and the Muskeg River in Alberta Canada.
An open-pit mine is situated in the northern part of the
mine site, and the tailing pond is located in the south of
the mine site near the confluence of the two rivers. The

tailing infrastructure of the Muskeg River Mine, which
began operations in December 2002, was in this case
study. All construction information about the tailing
pond and monitoring data used for comparison and
analysis come from open sources (Yasuda 2006;
Yasuda et al. 2010).

The oil sands tailing pond at the Muskeg River Mine
is enclosed by a ring tailings dyke. The foundation is an
“overburden starter dyke” constructed with relatively
impermeable materials called lean oil sands. As the
water level in the tailing pond rose, the dyke was grad-
ually raised and expanded over the starter dyke using the
relatively coarse tailing sand from primary extraction. In
the Muskeg River Mine, it is reported (Yasuda et al.
2010) that the Pleistocene sand (Pf-sand) and associated
larger grain size granular are widely presented over the
source of oil sands—McMurray Formation. In addition,
many peat layers usually can be found over fluvial sand
and gravel deposit in the Athabasca mine area. Howev-
er, most of the peat layers in the Muskeg River Mine
were removed before mining operation and only a small
portion is left on site.

In this study, a cross section at the south of the tailing
pond shown in Fig. 1 was selected for modeling. The
first simulation is fromDecember 2002 to October 2004
to calibrate the transport coefficients used in further
simulation. The second simulation timeframe is set from
October 2004 to May 2006 as onsite measurements are
available to compare. There was no major dyke expan-
sion construction during the second period. The config-
uration of the cross section for study is illustrated in
Fig. 2. The tailing pond is located at the top right corner
of the figure. The area in yellow denotes the body of the
dyke which is constructed with coarse sand. The char-
acterization from exploratory boreholes revealed that
some of the boreholes struck thick (< 3 m) Pf-sand.
For simplification, a Pf-sand layer with 3-m thickness
(2 m in wet area) is assumed to be located on the top of
the McMurray Formation foundation in the model. In
addition, the structure of starter dyke built by lean oil
sand and the several peat soil layers with approximately
3-m thickness has also been assumed.

In general, simulation of seepage of OSPW
along with NA transport and attenuation was per-
formed. Specifically, the NA diffusion, dispersion,
advection, and biodegradation were integrated in
the modeling. The commercial software COMSOL
was used to build the fully coupled NA transport
models.
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3.2 Hydrogeological Simulation

To simulate the OSPW seepage water, all physical prop-
erties of geologic materials and dyke materials were
estimated by laboratory experiments and the typical value
reported by Albian Sands Energy Inc. (ASE), the mining
company. Monitoring data related to hydrogeology used
in this study mainly come from the previous work by
Yasuda (2006). In his primary modeling study, the stud-
ied section was divided into several domains by monitor-
ing locations. The hydraulic modeling was simply esti-
mated by separated 1D and 2D domains using the hy-
draulic heads frommonitoring as boundary conditions. In
our study, we integrated the studied section as a whole in
2D manner and apply the measured hydraulic heads only
for the boundary conditions of two ending edges, which
is able to make more reliable estimation of the seepage
flow in the foundation layers. The calculated hydraulic
head profile within the domain is used to compare with
those monitoring data for model validation.

The hydraulic conductivity for the material in each
foundation layer was estimated by characterization data
given in Table 1. The anisotropy of hydraulic

conductivity was also considered in the modeling. Due
to lack of water retention properties, nonlinearity of
permeability was neglected and the Darcy’s law was
applied to calculate the seepage flow.

In terms of boundary conditions, the bottom surfaces
of the McMurray Formation layer were defined as no
flux for both of seepage and NAmigration. Based on the
hydraulic head profiles obtained from onsite monitor-
ing, it was observed that precipitation seems to have
very limited impact on the seepage for this site; thus, no
recharge from precipitation was considered in the
modeling. According to the measurement shown in
Table 2, the hydraulic head boundary conditions on the
bottom of tailing pond were set to 299.77 m which is
measured onsite. However, there is a maximum 0.25-m
hydraulic head difference at the outer ditch south during
the monitoring period (2004–2006). As we focus on
long-term (multiyears) rather than short-term
(seasonal) hydraulic impact on NA migration, average
groundwater velocity is sufficient to estimate the advec-
tion and dispersion of NAs through the foundation
layers. Thus, the hydraulic head boundary conditions
on the model left edge were set to 277.3 m. As a result,

Fig. 1 Satellite view of site in
Dec 2004 (from Google Earth)

Fig. 2 Geometry configuration of the tailing pond of the Muskeg River Mine
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the discussion of the seepage flow in our model is
simply assumed to be at steady state without considering
any seasonal fluctuation.

In addition, the approximate average flow rate
measured at the outtake drain pipes was estimated
to be 0.6 L/s, which is mainly seepage water
collected by internal drains. The drain pipe covers
an approximately 150-m wide section of the dyke,
so the discharge rate per meter length on the
internal drains was estimated to be 4 × 10−3 L/s/
m. The approximate average flow rate in the outer
ditch was estimated to be 50 L/s. According to
data reported by ASE, much of this outer ditch
flow came from the dyke drain collected from
inner ditch, and it was considered that only a
small portion (< 5%) of the total flow rate in the
outer ditch came from the discharge of the wet
area. As an approximately 250-m wide section of
the wet area is observed to contribute to the seep-
age into the outer ditch, the discharge rate per
meter length on the surface of wet area was esti-
mated to be < 0.01 L/s/m.

A parametric study on water discharge rates was
performed to further calibrate the proposed OSPW
seepage model. The model was calibrated by

perturbing the water discharge rate on the bottom
of inner ditch as currently no techniques are able
to measure this rate. According to the onsite mon-
itoring data, the discharge rate on the bottom of
inner ditch is estimated to be 4 × 10−3 L/s/m. In
our study, the perturbation of this discharge rate
remains within a reasonable interval of a single
order of magnitude from the initial values (from
0.1x to 10x). In addition, the water discharge rate
into the wet area is also very difficult to measure
or estimate onsite. As mentioned above, less than
5% of the total water flow rate in the outer ditch
is estimated to be the discharge rate contributed by
the wet area in previous study. Our preliminary
calculation found that 5% of the total water flow
rate is a little high, which is not able to generate a
hydraulic head profile to match the onsite mea-
sured one. So, we also perturbed the water dis-
charge rate ranging from 1 to 5% of total flow rate
from the wet area into the outer ditch in our
parametric study.

Based on the parametric study, the discharge rate on
the bottom of the inner ditch was calibrated to 4 ×
10−2 L/s/m, and the discharge rate into the wet area
was calibrated to 4% of the total water flow rate mea-
sured from the outer ditch, as the scenario with these
values shows the most similar pattern to what we found
from the monitoring data. The contour of calculated
hydraulic head and also the seepage flow direction are
plotted in Fig. 3. The plotting shows that the main
pathway for the seepage flow is from the bottom of
tailing pond to the wet area. As shown in Table 2, the
measured hydraulic head for the tailing pond and the
outer ditch south were directly used as boundary condi-
tions for the calculation; the hydraulic heads for the
other 4 locations (inner ditch north, inner ditch south,
wet area north, and outer ditch north) were used for

Table 1 Hydraulic conductivity for each layer

No. Domain Materials Kh

(m/s)
Anisotropy (Kv/
Kh)

1 Tailing dyke Tailing sand 2e−5 0.1

2 Peat Peat 9e−6 0.5

3 Pf-sand Pf-sand 2e−4 1

4 Starter dyke Lean oil
sands

1e−8 0.5

5 McMurray
Formation

Oil sands 2e−8 0.1

Table 2 Comparison of measured and calculated hydraulic head

Locations Measured head (m) Calculated head (m)

Tailing pond (B.C.) 299.77 299.77

Inner ditch north (cross section) High 280.23, low 279.98 280.63

Inner ditch south (cross section) High 280.08, low 279.83 280.42

Wet area north (cross section) High 277.61, low 277.58 277.50

Outer ditch north (cross section) High 276.95, low 276.87 276.95

Outer ditch south (B.C) High 277.44, low 277.19 277.3
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comparison. The measured hydraulic heads show good
agreement with the simulated results at these monitoring
locations.

3.3 NATransport and Attenuation

To fully investigate the NA transport and attenuation
with OSPW seepage and their fate within the tailing
pond infrastructure, the profile of seepage flow velocity
calculated from hydrogeology modeling was imported
to the advection term presented in Eq. (7).

Naphthenic acids are a diverse group of cyclopentyl
and cyclohexyl carboxylic acids and are classified into
several groups in terms of z value and n value. The

former is related to the number of carbon rings in a
molecule, and the latter is the carbon number of the
molecule, thus proportional to the molecular mass
(Rogers et al. 2002). At the Muskeg River Mine, the
characterization and comparison of NAs based on z and
n values showed that the group with z = − 4 was the
most common type (Yasuda 2006). In terms of molecu-
lar size, the n numbers 12 to 14 were most abundant
species from tailings water. Further investigation indi-
cates that all the samples from different locations have
similar distribution of species. Yasuda provided mea-
sured NA concentrations in different monitoring loca-
tions from October 2004 to May 2006, as shown in
Table 3. Some measurements in May 2006 are missing

Fig. 3 Calculated hydraulic head and seepage flow direction

Table 3 Measurement of NA concentration

No. Locations Oct 2004 NAs (mg/L) Jun 2005 NAs (mg/L) May 2006 NAs (mg/L)

0 Tailing pond 28.9 29.3 –

1 Inner ditch north

Deep 15.2 14.7 –

Mid 12.5 14.3 –

Shallow 12.0 21.2 –

2 Inner ditch water 11.4 11.6 –

3 Inner ditch south

Deep 15.6 14.2 –

Mid 15.5 13.8 –

Shallow 11.4 13.4 –

4 Wet area north 10.4 11.3 –

5 Wet area

Measurement 1 7.4 8.1 9.7

Measurement 2 7.8 – 10.3

6 Outer ditch south

Deep < 1.0 < 1.0 –

Mid < 1.0 < 1.0 1.2

Shallow < 1.0 1.1 –
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as those of piezometer for collecting samples were
demolished at that time. The boundary conditions for
mass transport modeling in Eq. (9) include the inflow
NA concentration at the bottom of the tailing pond was
set to 29 mg/L based on the monitoring data from
October 2004 and June 2005 shown in Table 3. The
bottom of the inner ditch, the wet area, and also the
model left edge were set to open boundary condition for
NA transportation as follows:

n⋅Dd∇c ¼ 0 if n⋅u≥0
c ¼ cout if n⋅u < 0

(
ð10Þ

where n denotes the normal vector of the boundary
surface and cout is the NA concentration for potential
backflow, which is set to 0.1 mg/L (Savard et al. 2012).
cout for the bottom of the inner ditch was calculated
instantly by combining NA concentration from two
inner drains.

In terms of diffusion, it was assumed that the
NAs have a uniform diffusivity 5 × 10−6 cm2/s in
the solution phase. The porosities for all material
were approximately set to 0.3. In addition, the
NAs were considered to be biodegraded in the
foundation layers, and the half-life was set to be
3.9 × 104 days (Wang et al. 2013). The initial NA
concentration in the McMurray Formation layer
and starter dyke was defined as 4.4 mg/L, which
was considered to represent the maximum contri-
bution from the lean oil sands as background
according to onsite observations. Regarding the
adsorption term, it is found that the NA adsorption
coefficient kd may significantly correlated to the
amount of bitumen doped on the sands. So kd may
range from 0 to 10 mL/g depending on the resid-
ual bitumen content. In this study, parametric stud-
ies were performed on the adsorption coefficients
for the Pf-sand layer (low bitumen content) and
also for the body of the dyke (high bitumen

Fig. 4 NA concentration in Oct 2004. a Simulated NA concentration. b Comparison of measurement and simulation
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content), where both of the adsorption coefficients
were assumed to be in the range of 0.1 to 10 mL/
g.

Due to the high heterogeneity of the dyke ma-
terials, the effect of dispersion was also considered
in our models. The dispersion coefficient can usu-
ally be expressed as dispersity time flow rate ac-
cording to Eq. (5). The previous characterization
study from Wang (2013) shows that the NA
dispersity for a similar sand material is 90 cm,
which was based on a 10-cm lab column test.
However, dispersity in the field is different from
values measured in a laboratory, it is commonly
observed that the dispersity is proportional to the
scale of the geometry. As there is no characteriza-
tion for the dispersity of the foundation layers in
the Muskeg River Mine, another parametric study
was performed on the NA dispersity based on the
perturbation of Wang’s measurement (from 0.1x to

10x). Consequently, two NA absorption coeffi-
cients for different layers as well as the NA
dispersity, totally three parameters were swept si-
multaneously to calibrate NA transport and atten-
uation modeling in our study.

By comparing the simulation results from the para-
metric sweeping, it was determined that the absorption
coefficient 0.1 mg/L for the Pf-sand layer, 0.2 mg/L for
the body of the dyke, and also 0.1x for dispersity mean
that dispersity 9 cm based on 10-cm column test makes
the simulated NA concentration in October 2004
achieve a similar pattern measured from the field. All
of above adjusted values were then used in the model as
calibrated scenario for second calculation from October
2004 to May 2006.

The calculated contours of NA concentration
from October 2004 to May 2006 for the calibrated
scenario are plotted in Figs. 4,5,6. Moreover, com-
parisons between the simulation results and the

Fig. 5 NA concentration in Jun 2005. a Simulated NA concentration. b Comparison of measurement and simulation
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measured ones are also given. In general, a good
agreement is shown between the modeling and the
measurement. Especially, the modeling results cap-
ture the gradient change of NA concentration

measured from the inner ditch area (no. 1 to no.
3). For the monitoring location far away from the
dyke (no. 5 wet area and no. 6 outer ditch south),
the simulated concentration seems a little below

Fig. 6 NA concentration in May 2006. a Simulated NA concentration. b Comparison of measurement and simulation

Fig. 7 Impact of biodegradation, adsorption coefficient, and dispersity
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the measured value. A reasonable explanation is
that the expansion of dyke was not considered and
simulated in our study. This study assumed that
the configuration had no change during the simu-
lation period; however, the dyke body was gradu-
ally raised and expanded as the water level in the
pond rose in operation practice, which made NAs
may migrate further and faster during early opera-
tion period.

In conclusion, the observations on the simulation
results from this case study show that the NA migration
through the foundation of tailing pond in Muskeg River
Mine is mainly via OSPW seepage in the Pf-sand layer.
However, the simulations results from Fig. 3 predict that
NAs should not be able to escape this tailing collection
system due to the negative direction of seepage flow
around the outer ditch region, which results from its
hydraulic management design.

3.4 Sensitivity Study

In general, NAs are a complex mixture with a wide
range of physical and chemical properties, and rates of
biodegradation, adsorption, and dispersion depend in
size and structure of NAs. For example, the rate of
degradation is higher for lower molecular weight mole-
cules having lower n values (Clemente et al. 2004).
Through analyzing the simulation results of the para-
metric sweeping performed in the previous section, the
sensitivities of three important transport and attenuation
coefficients, biodegradation, adsorption rate, and
dispersity, were also investigated to evaluate how the
variation of these parameters impacts NAmigration and
fate. Figure 7 shows a comparison of NA concentration
in the middle of our study area (from wet area to inner
ditch) for four scenarios in October 2004. The top left
contour is for the calibrated scenario obtained in
Section 3.3; the top right is for the scenario without
considering biodegradation; the bottom left is for the
scenario with 2× adsorption coefficient, 0.2 mg/L ad-
sorption rate for the Pf-sand layer, and 0.4 mg/L for the
body of the dyke; the bottom right is for the scenario
with 2x NA dispersity (18 cm based on 10-cm column
testing).

From Fig. 7, it is found that there is no significant
difference between the calibrated scenario and the
scenario without biodegradation. The simulation re-
sults indicate that in this case study, natural NA
biodegradation rate has limited impact in terms of

time scale on NA migration. This is consistent with
the conclusions from a previous field study (Oiffer
2006). As a key attenuation mechanism, NA adsorp-
tion rate can significantly affect NA concentration
and its migration in the field: a fairly higher adsorp-
tion capacity is able to bring aqueous concentrations
lower. In addition, we also found that a higher
dispersity also makes lower NA concentration status
than the calibrated one. The reason we tend to
attribute is that the higher dispersity makes more
evenly distributed NA concentration in spatial scale,
which may decrease the NA concentration gradient

∇c in Eq. (6) and thus slows down the total diffusion
and dispersion terms presented in Eq. (9).

4 Summary

In this paper, a new 2D conceptual model was
developed to predict OSPW seepages and also
evaluate the transport and the attenuation of NAs
along the flow paths of OSPW. A full-scale case
study of the tailing pond located at the Muskeg
River Mine was conducted to test and refine the
proposed model. The simulation results show good
agreement with the onsite monitoring data in terms
of hydraulic heads and NA concentration profiles.
Moreover, the observation from our modeling re-
sults also reveals a potential pathway for NA
migration and confirms the effectiveness of the
tailing pond’s hydraulic design to prevent NA mi-
gration into the environment. The sensitivities of
transport coefficients were also studied, which pro-
vided us deeper understandings in the impact from
variations of physical and chemical properties and
the limiting factors for NA migrations. The limi-
tation of this case study is that the calibration and
refinement of the proposed model are based on
limited available site data. Further calibration and
refinement of the model with more monitoring
data are desired. In the next step, we are improv-
ing the models’ capabilities to simulate an
expanding dyke body to better reflect the real
operation practice in oil sand tailing ponds. The
refined NA transport model coupled with hydraulic
simulation can be applied to investigate the fates
of other reactive contaminants, if the correspond-
ing chemical interaction properties are available.
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