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As an important part of a transition zone surrounding a lake, lakeshore plays a critical role in connecting
hydrology and biochemistry between surface water and groundwater. The shape, slope, subsurface
features, and seepage face of a lakeside slope have been reported to affect water and nutrient exchange
and consequently the water quality of near-shore lake water. Soil tank experiments and Hydrus-2D
model simulations were conducted to improve our understanding of the influence of slope revetment
materials (SRMs) on water flow and solute transport in a lakeshore zone. The low hydraulic conductivity
of SRMs affected flow patterns in the lakeshore zone and resulted in a local increase of the groundwater
table near the slope face. Water and solute flux distributions on the slope face under bare-slope condi-
tions followed an exponential function. Fluxes were concentrated within a narrow portion of the slope
surface near the intersection point between the lake water level and the slope face. Surface pollutants
(for example from fishponds and paddy fields surrounding a lake) were transported into the lake along
shallow groundwater through both unsaturated and saturated zones. The SRMs on the slope face affected
the ratio of water and solute fluxes in the unsaturated zone, increasing along with the decline of the
hydraulic conductivity of SRMs. Furthermore, as the hydraulic conductivity of SRMs decreased, the reten-
tion time and the potential for oxygen reduction correspondingly increased, which affected the nitrogen
transport and transformations in the lakeshore zone. Simulated and experimental results indicate that if
concrete along the shoreline of Lake Taihu is replaced with a relatively high-conductivity lime or the
slope is left bare, water fluxes will increase less than solute fluxes, which will rise significantly, in partic-
ular in the unsaturated zone and along the seepage face. On the other hand, the largest water and solute
fluxes along the shoreline for the bare and lime-slope conditions will be located higher at the slope than
for the concrete-slope conditions. Hydrus-2D provided a good description of complicated hydrodynamic
and solute transport/transformation conditions in the lakeshore zone.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Lakeshore is an important component of the transitional zone
surrounding a lake and plays a critical role in connecting hydrolog-
ical and biogeochemical cycles of near- and off-shore regions
(Ostendorp, 2004). Lake water, groundwater, and soil water mutu-
ally interact in the lakeshore zone, while pollutants are subject to
concurrent transport and transformation processes under these
complex hydrological conditions. The lakeshore zone is often con-
sidered an effective buffer region that retards pollution from sur-
rounding land areas before it enters into lake water (Howarth
et al., 2011). Recently, increasing attention has been given to the
importance of a riparian zone (including a lakeshore) and attenua-
tion of nitrates and other pollutants in this region (Ostendorp,
2004; Burgin and Groffman, 2012). A large number of studies have
been carried out evaluating the effects of the slope, width, and
shape of a lakeshore on hydrological and solute cycles in this zone
(Cey et al., 1998; Genereux and Bandopadhyay, 2001; Li et al., 2007;
Zhu et al., 2012). However, the effects of different slope revetment
materials (SRMs) used on a lakeshore slope on hydrological and
biogeochemical processes still have not been thoroughly studied.
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In essence, SRMs used on the waterside slope affect local
hydraulic conductivities (Mohamed, 2006) and consequently the
flow direction and fluxes, flow pathways, retention times, and even
the soil reduction–oxidation potential (Lee, 2000; Lassabatere
et al., 2004; Bouazza et al., 2006). The hydraulic conductivity of
the near shore region significantly affects inflow/outflow hydrody-
namics of a shoreline (Lee, 2000). Genereux and Bandopadhyay
(2001) reported for inflow lakes that adding low-conductivity lake
sediments, and decreasing their conductivity, produced a shift of
groundwater seepage further offshore. Increasing the anisotropy
of the surrounding porous medium had the same effect.

SRMs used in China mainly include concrete (with an extremely
low conductivity), but also other materials such as ecological con-
crete (with a medium–high conductivity), lime with geotextiles
(with a relatively low conductivity), and other materials (Wang
and Luo, 2006; Yao and Yue, 2012). The present shoreline of Lake
Taihu, the third largest freshwater lake in China, is almost entirely
covered by a concrete material on the waterside slope in order to
protect people and agricultural crops against floods (Hu et al.,
2011). During the past several decades, the importance of the con-
crete lake shoreline to prevent erosion due to floods and wind
waves could not been questioned. Nevertheless, as public prefer-
ence for natural landscaping increased in importance and the
near-shore lake water quality decreased, detrimental functions of
the concrete lakeshore started to be discussed and questioned.
Some researchers have suggested that the concrete shoreline
should be replaced with materials that are more natural in order
to rebuild the connection between near-shore and off-shore zones.
Some have suggested that the lake shoreline should be returned to
natural conditions (namely natural soils with grass) (Yang et al.,
2005; Shaw et al., 2011). Others have insisted that the flood control
function of the lake shoreline should be preserved by using a low
conductivity material with embedded geotextiles (Nahlawi et al.,
2007; Lamy et al., 2013). However, it is not well understood how
such changes would alter hydrological and biogeochemical
processes in the lakeshore zone. Hydraulic coupling between Lake
Taihu and groundwater is difficult to assess through in-situ obser-
vations because of the presence of the concrete material at the lake
shoreline. Therefore, before making any engineering decisions, pre-
liminary studies have to be carried out to evaluate the effects of
different SRMs on hydrological and biochemical processes in the
lakeshore zone. More research is also definitely needed to evaluate
the effects of the lake water level on shoreline groundwater
processes (Schneider et al., 2005).

The exchange of water and solutes between groundwater and
lakes is a complex process, and it is still a challenge to understand
its temporal and spatial variability (Kidmose et al., 2011). Models
are useful tools for identifying various hydrological factors that
affect groundwater and solute discharge fluxes into sensitive sur-
face water bodies such as lakes and wetlands (Lee, 2000; Simpson
et al., 2003). The Hydrus-2D model, which has been used widely
in similar research studies (e.g., Lee, 2000), was therefore used to
simulate these processes in order to improve our understanding
of water flow and nitrate transport processes in the lakeshore zone.

To improve our understanding of environments of lakeshore
zones, we have conducted both laboratory soil tank experiments
and corresponding numerical simulations using the Hydrus-2D
model. Obtained data were analyzed to reveal general characteris-
tics of water and nitrogen regimes in the lakeshore zone covered
using three different SRMs. The effects of SRMs on distributions
of water and solute fluxes on the slope face were studied in partic-
ular. Furthermore, relative fractions of water and solute fluxes
passing through seepage face and submerged zones on the slope
face were compared for the three SRM-cover conditions in order
to better understand the transport pathways from land surface pol-
lutant sources (for example from fish ponds or paddy fields).
2. Material and methods

2.1. Soil tank experiment

2.1.1. Design and set-up
A large soil tank (Fig. 1a) was used to simulate water flow and

solute transport in the lakeshore zone. The tank was filled with soil
layer by layer; each evenly compacted using a heavy object. The
lakeside slope (a) was set at about 35�. Two thin PVC (Polyvinyl
chloride) panels vertically divided the tank into three sections with
different surface covers (Fig. 1b). Namely, one section was covered
with a concrete material (with a low hydraulic conductivity),
another section with a lime material (with a moderate conductiv-
ity), and the center section remained bare (additional soil was
added to have the same embankment thickness). The SRMs (lime
or concrete) only covered the upper section of the slope, while
the lower section of the slope (beneath 30 cm) was filled with
rocks. The groundwater table (GWT) was constant upstream (the
HP boundary in Fig. 1a), supplied by two submerged pumps with
flow meters. The lake water level (LWL, the AO boundary in
Fig. 1a) was kept constant as well, controlled using overflow
troughs with flow meters. The fishpond was set up on the land
surface 95 cm away from the upstream boundary and its leaching
flux (10 cm day�1) with pollutants was controlled by one micro
pump. Before the experiments, steady-state water flow conditions
in the soil tank were established by maintaining constant water
levels upstream (GWT) and downstream (LWL) for about one
month. Selected soil physical and chemical properties are listed
in Table 1.

Multiple experiments were concurrently carried out in three
sub soil tanks, in order to better understand the effects of different
SRMs on flow patterns and solute transport in the lakeshore zone.
Based on field observations carried out in the lakeshore zone of
Lake Taihu, average groundwater gradients were set at three typi-
cal values of 0.063, 0.043, and 0.022 m m�1, corresponding to the
dry (a LWL was 30 cm), normal (40 cm), and wet (50 cm) seasons,
respectively (Fig. 1c). The GWT at the upstream boundary (line HP
in Fig. 1a) was kept constant (60 cm) in all experiments. The ratio
d/D represents the ratio between the relative distance from point O
to the entire length of the slope face (D). Variables d30, d40, and d50

represent the distances on the slope face from point O to the inter-
section points B, C, and D of LWLs with the slope face, respectively
(Fig. 1c).

Solutes were mixed into the assumed fishpond (or a paddy
field) after a steady state water flow was reached. A solution of
NaNO3 and NaCl was mixed into the fishpond along with pumped
water. The concentrations of chloride and nitrate were 10.0 mg L�1.
The experiment representing dry-season conditions was
conducted first. After the experiment was finished, the soil tank
was slowly flushed for about one month until solute concentra-
tions at all observation points stabilized. Then, the experiment
representing the normal season was carried out, followed by the
experiment representing the wet season.
2.1.2. Measurements and analysis
Inflow fluxes through the upstream boundary (the HP line in

Fig. 1a) were recorded using flowmeters connected with pumps.
Groundwater table data were observed from scales connecting
stainless steel tubes in the soil tank. The tubes were installed
beneath the groundwater table 100, 200, 290, 420 and 465 cm
away from the upstream boundary (Fig. 1a). Soil solutions were
collected every ten days using porous ceramic suction cups at
S1–S11 (Fig. 1a). The residual solution in the suction cups was
cleansed using an injector each time before sampling. The cups
were then evacuated to about 80 kPa by a vacuum pump with a



Fig. 1. Schematic of the experimental set-up (a), slope revetment materials (b), and the detail of the slope face (c). All units are in cm.

Table 1
Physical and chemical properties of soil materials used in the soil tank experiments.

Layer Soil particle size distribution (%) Bulk density (g cm�3) Organic matter (%) pH (H2O)

Sand (>0.05 mm) Silt (0.002–0.05 mm) Clay (<0.002 mm)

Lakeshore 87.4 10.2 2.4 1.43 0.18 6.9
Lime 58.9 31.4 9.7 1.59 0.10 7.4
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tensiometer. The concentrations of chloride and nitrate were ana-
lyzed using a continuous flow auto-analyzer.

2.2. Hydrus-2D model

2.2.1. Model description
The Hydrus-2D model (Šimůnek et al., 2008) was concurrently

used to simulate the laboratory tank experiments to improve our
understanding of the flow and transport patterns in the lakeshore
zone. Considering the two-dimensional isothermal uniform Darcian
water flow in a variably-saturated rigid porous medium, and
assuming that the air phase plays an insignificant role in the liquid
flow process, the governing water flow and solute transport equa-
tions are given by the Richards and convection–dispersion equa-
tions, respectively. Both governing equations are numerically
solved in Hydrus-2D using the method of finite elements. An
appropriate spatial discretization is crucial to avoid numerical
oscillations and to achieve acceptable mass balance errors
(Šimůnek et al., 2008). The total number of triangular finite ele-
ments (FE) was 18,167 in all simulations. At the slope surface and
near the fishpond (areas with large pressure head gradients), the
size of FE was approximately 1 cm, while in other parts of the trans-
port domain it was approximately 1–6 cm. Time steps were auto-
matically controlled by the Hydrus-2D model within the initially
specified range of 10�7 and 0.1 day. As suggested in the manual of
the Hydrus-2D model for minimizing or eliminating numerical
oscillations, the Peclet (Pe) and Courant (Cr) numbers were con-
trolled by a stability condition ‘‘Pe � Cr 6 2’’ (Šimůnek et al., 2012).

2.2.2. Input parameters
The Hydrus-2D input parameters are required to characterize

two main sets of processes: the soil hydraulic parameters for water
flow and solute transport and reaction parameters for solute
transport. The initial estimates of the van Genuchten (1980) soil



Fig. 2. Simulated and observed groundwater tables under bare-, lime-, and
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hydraulic parameters (hr, hS, a, and n: residual and saturated water
contents, and two shape parameters, respectively) were estimated
using the RETC software by fitting retention data, h(h), measured
using the pressure chamber apparatus. The pore connectivity
parameter (l) was assumed equal to an average value (0.5) for
many soils. The solute transport parameters were considered using
the following values: the molecular diffusion coefficient in free
water (Dw) for NO3

�was 1.64 cm2 day�1, the initial longitudinal dis-
persivity (aL = 45 cm) was assumed to be one-tenth of the travel
distance, and the initial transverse dispersivity (aT = 4.5 cm) was
considered to be equal to one-tenth of the longitudinal dispersivity
(Gelhar et al., 1985; Phogat et al., 2012). Denitrification rates were
initially assumed to be the same (namely Kdn = 0.02 day�1) in all
soil materials and then adjusted to 0.015 day�1 according to
measured data.
concrete-slope conditions during the dry, normal, and wet seasons. The letter ‘‘O’’
indicates the end of the slope (see also Fig. 1c). The water level at the upstream
boundary was kept at 60 cm, while at the downstream boundary at 30 cm, 40 cm,
and 50 cm to represent the dry, normal, and wet seasons. The horizontal distance is
measured from the upstream boundary (as seen in Fig. 1a).
2.2.3. Initial and boundary conditions
The initial distribution of the pressure head was set to decrease

linearly with a unit gradient (hydrostatic equilibrium) from the
bottom to the top of the soil profile. The initial chloride and nitrate
contents in the soil were zero. The groundwater table at the
upstream boundary was assumed to be 60 cm above the bottom
of the soil profile. The groundwater table at the downstream
boundary reflected the water level in the lake (LWL). A potential
seepage face boundary condition was assigned to the part of the
boundary above the LWL when there was no cover or when lime
was placed on the slope. The nodes with an active seepage face
were assigned a pressure head equal to zero. This part of the
boundary was assigned a ‘‘no flow’’ boundary condition when con-
crete was present on the slope. A constant flux boundary condition
(10 cm day�1) was assigned to the boundary representing the fish-
pond. Evaporation was neglected in order to investigate only the
effects of SRMs. A third-type boundary condition (a Cauchy bound-
ary condition) was used at both upstream and downstream bound-
aries for solute transport.
2.3. Model evaluation

Simulated values of the groundwater table, total water fluxes,
and chloride and NO3

��N concentrations in the soil were compared
with the corresponding measured data from the soil tank
experiments. The correspondence between simulated and
observed data was evaluated using the coefficient of determination
(r2) at p = 0.05 and the root mean square error (RMSE). The RMSE
was calculated as

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

1
ðSi �MiÞ2

r

where Si and Mi are simulated and measured values, respectively,
and n is the number of compared values. Optimum values of r2

and RMSE are 1 and 0, respectively.
3. Results

3.1. Model calibration and validation

Observed GWTs and inflow fluxes were used to further calibrate
the soil hydraulic parameters, obtained earlier from laboratory
retention data, using Hydrus-2D. Simulated GWTs showed a good
agreement with observed data (Fig. 2, RMSE = 0.39 cm, n = 54,
r2 = 0.97) for calibrated soil hydraulic parameters. Simulated
groundwater fluxes into the lake were compared with total water
fluxes, which included upstream inflow and fishpond leakage
(RMSE = 26.4 cm2 day�1, n = 108, r2 = 0.96).
Chloride and nitrate concentrations observed in soil tank
experiments with a bare slope face during the wet season were
used to calibrate the transport and reaction parameters in
Hydrus-2D. Selected calibration results for chloride and nitrate
concentrations at six observation points near the lakeshore zone,
namely S1–S3 and S5–S7, are displayed in Fig. 3. The calibrated lon-
gitudinal dispersivity (aL) and transverse dispersivity (aT) were
7.0 cm and 0.5 cm, respectively, which are far lower than their
respective initial values (45 cm and 4.5 cm). The difference
between chloride and nitrate concentrations was used to calibrate
the denitrification rate. RMSEs for the calibrated model are about
0.14 mg L�1 (n = 69, r2 = 0.97, Fig. 3a) for chloride and 0.16 mg L�1

(n = 70, r2 = 0.96, Fig. 3c) for nitrate. Corresponding observed con-
centrations (under bare-slope conditions) during the wet season
were then used to validate the solute transport and reaction
parameters. RMSEs for the validation run are 0.15 mg L�1 (n = 72,
r2 = 0.94, Fig. 3b) for chloride and 0.18 mg L�1 (n = 66, r2 = 0.93,
Fig. 3d) for nitrate. Simulated chloride and nitrate concentrations
matched the observed data very well. The overall good description
of observed groundwater tables and fluxes, and chloride and
nitrate concentrations, implies that the calibrated parameters
(Table 2) used in Hydrus-2D are reasonable.

Fig. 3e and f additionally show a comparison of experimental
and simulated (with calibrated parameters) results during the
wet season when the shoreline is covered with either lime or con-
crete, respectively. This comparison should validate the adequacy
of applied boundary conditions at the downstream boundary, rep-
resenting either an impermeable or partially permeable shoreline
cover. The observed and simulated nitrate concentrations agreed
well with a RMSE of 0.22 mg L�1 (n = 68, r2 = 0.94; Fig. 3e) for a lime
cover and a RMSE of 0.21 mg L�1 (n = 70, r2 = 0.93; Fig. 3f) for a con-
crete cover. Consequently, the downstream boundary conditions
for water flow (a seepage face above LWLs and a constant pressure
head below LWLs) and solute transport are feasible.

Overall, Fig. 3 shows that chloride and nitrate had similar distri-
butions (although at a different level due to nitrification, Fig. 3a
and c) at all observation points. However, significant changes exist
between the dry and wet seasons (Fig. 3a and b), which indicates
that the LWL affected the solute transport into lake water. Addi-
tionally, as show in Fig. 3d–f (for the wet season), significant differ-
ences can be found in nitrate concentrations at S1 and S2 between
bare-, lime-, and concrete-cover conditions. This implies that SRMs
on the lakeshore slope affected the nitrate transport into the lake-
shore zone.



Fig. 3. Selected simulated and observed concentrations of chloride (Cl�, a–b) and nitrate (NO3
�, c–f) near the lakeshore slope under bare (for dry and wet seasons), lime (wet

season), and concrete (wet season) slope cover (lines: simulated by Hydrus-2D; symbols: observed during the soil tank experiments). Results (for the dry season and the bare
slope) displayed in (a) and (c) were used for model calibration and those (for the wet season and the bare slope) displayed in (b) and (d) for model validation. Results in (e)
and (f) were used to test the validity of the downstream boundary condition. C0: the input solute concentration from the fishpond/paddy field.

Table 2
Optimized values of the residual water content, hr, the saturated water content, hs, van Genuchten’s shape parameters, a, and n, the saturated hydraulic conductivity, Ks, the
longitudinal dispersivity, aL, the transverse dispersivity, aT, and the denitrification rate, Kdn.

Material Soil type hr (cm3 cm�3) hs (cm3 cm�3) a (cm�1) n Ks (cm day�1) aL (cm) aT (cm) Kdn (day�1)

Lakeshore Loamy sand 0.055 0.40 0.121 2.16 338.9 7.0 0.5 0.015
Lime Loamy sand 0.090 0.35 0.061 1.45 30.2 7.0 0.5 0.015
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3.2. Groundwater table gradients in the lakeshore zone

Both GWT and LWL control the hydrology of the lakeshore zone
as well as its transmissivity. In particular, compared to a relatively
stable GWT, the LWL is subjected to frequent fluctuations in
response to rainfall and wind waves on the lake shoreline. Addition-
ally, the LWL can, in general, gradually rise or fall during an entire
hydrological year. However, SRMs on the slope alter the hydrologi-
cal cycle in the lakeshore zone and the associated transport and
transformation of solutes. Fig. 2 shows the position of the GWT
corresponding to three different LWLs. GWT gradients increased
with the decline of the LWL, providing that the GWT remained
stable off the lakeshore zone. During the dry season, the GWT under
bare-slope conditions connected smoothly with lake water, with an
average gradient of about 2.2%. On the other hand, under lime- or
concrete-slope conditions, the GWT gradients in the lakeshore zone
were smaller overall, but precipitously dropped near the slope face.
Lee (2000) has also observed a rapid, steep water table mounding in
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the near-shore region of Lake Barco (in Florida, USA). During the
normal and wet seasons, the gradients near the slope face were
affected by SRMs. The gradients were smaller when the surface
was covered with concrete as compared to the lime cover. Thus, it
can be seen that SRMs affected the GWT gradients once the lake
water submerged a part of the SRM. Overall, based on simulated
results, there was a relatively small increase in the groundwater
table near the slope face when the shoreline was covered with con-
crete rather than with lime. Beneath the fishpond (100 cm from an
upstream boundary), a barely visible mound of GWT occurred due
to the continuous vertical flux from the fishpond.

3.3. Water flux distributions on the slope-face

The distribution of water fluxes (per a unit width of the tank
and per a unit length of the slope face) on the slope face was sig-
nificantly different for different SRMs during three seasons (Fig. 4
left). Overall, the maximum fluxes declined when the LWL
increased (from levels for the dry season to the wet season). For
Fig. 4. Distributions of water (left) and nitrate (right) fluxes along the slope under bare-
and wet (c, f) seasons. See Fig. 1c for the definition of letters A, B, C, D, and O.
the concrete-cover conditions (Fig. 4a–c), the distribution of water
fluxes were similar for all three seasons (i.e., wet, normal, and dry)
and occurred within the same spatial extent (OB, Fig. 1c). For the
bare- and lime-cover conditions, the spatial extent of water fluxes
on the slope increased with an increase in the LWL. The major
water fluxes occurred in a narrow range of the slope face near
the water level in the lake (LWL). During the dry season, the max-
imum fluxes for the bare-, lime-, and concrete-slope conditions
were 175.1, 102.3, and 286.2 cm day�1, respectively, and they were
all located near point B (the bottom end of SRM, Fig. 4). When lime
was used as a cover material, two flux peaks existed during both
normal and wet seasons, reflecting the location of two materials
(soil and lime) on the slope. One peak was located at point B (the
bottom end of the lime cover), and another at point C or D (the cor-
responding intersect points of the LWL with the slope face during
the normal and wet seasons, respectively, Fig. 1b and c). Overall,
water fluxes near the slope bottom (point O) were very low, imply-
ing that only little water exchange occurred between groundwater
and lake water at this location.
, lime-, and concrete-slope conditions at 120 day during the dry (a, d), normal (b, e),
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3.4. Solute concentration and flux distributions on the slope-face

While nitrate flux distributions (per a unit width of the tank and
a unit length of the slope face) along the lakeshore slope are dis-
played in Fig. 4 (right), the solute concentration distributions (for
both chloride and nitrate) along the lakeshore slope are shown in
Fig. 5. In general, solute fluxes closely resemble water fluxes
(Fig. 4 left). Also, chloride and nitrate concentration distributions
along the slope face are very similar (Fig. 5). While both chloride
and nitrate are not retarded, nitrate concentrations are reduced
due to denitrification. Positions (d/D) of peak values of chloride
concentrations were slightly higher than those of nitrate during
the three seasons under the bare-, lime-, and concrete-slope condi-
tions. Differences in solute concentrations in the three seasons
mainly resulted from different ratios of the water flux from the
fishpond (which was constant) to the groundwater flux (which
decreased with an increase in the LWL). As the water level in the
lake increased, the solute concentrations on the slope also gradu-
ally increased (due to the higher ratio of the fishpond flux to the
Fig. 5. Distributions of chloride (left) and nitrate (right) concentrations on the slope unde
(b, e), and wet (c, f) seasons. See Fig. 1c for the definition of letters A, B, C, D, and O. The ve
the input solute concentration from the fishpond/paddy field.
groundwater flux). On the other hand, as the overall thickness of
the groundwater increased, water and solute fluxes decreased,
resulting in more vertical solute dispersion (Figs. 5 and 6). A com-
mon phenomenon was that all peak values were located in the
SRM zone (namely above point B, Fig. 1c and Fig. 4 right), even dur-
ing the dry season (when the LWL was at point B).

When SRMs were partly submerged in lake water during the
normal and wet seasons, the solute distributions on the slope face
were affected by the SRMs (Fig. 5b and c). Although solute concen-
trations along the slope were more broadly distributed than water
fluxes, solute fluxes closely reflected water fluxes, being concen-
trated in a narrow portion of the slope (Fig. 4 right). Major nitrate
transport occurred through a narrow zone at the upper slope-face.
Except for the concrete-slope (assumed no-flow) conditions, a
small portion of solute transport occurred through the seepage face
above the LWL (Fig. 6).

Fig. 5 shows that solute flux distributions on the slope face are
different from water flux distributions. Water fluxes displayed two
peaks during the normal and wet seasons when two surface
r bare-, lime-, and concrete-slope conditions at 120 day during the dry (a, d), normal
rtical green dashed lines indicate the extent of saturated and unsaturated zones. C0:
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materials (i.e., lime and soil, or concrete and soil) were used on the
slope face. Fig. 6 also shows that in the lakeshore zone, peaks of
nitrate concentrations during the dry and normal seasons occurred
above those of the GWT, while during the wet season they were
near the GWT. As the LWLs increased, nitrate concentration
plumes became more extended in both horizontal and vertical
directions. Higher LWLs thus shortened the water and nitrate
transport pathways. Additionally, as the hydraulic conductivity of
the cover material decreased (for example from bare, to lime,
and to concrete), more nitrate was transported through the slope
face at the bottom of the slope (at point O). Particularly for the con-
crete cover, the SRM significantly altered both the water and
nitrate flow paths (Fig. 6).
3.5. Water and solute transport through the seepage face

Due to the presence of a seepage face on the slope above the LWL,
water and solutes flowed into the lake through both the seepage face
and the submerged zone (Fig. 6). The water flux (per a unit width of
the tank) decreased with the decline in the hydraulic permeability of
SRMs from bare conditions, to lime, and to concrete (Fig. 7a). Differ-
ences in the total flux became more significant during the normal
and wet seasons when a part of the SRMs were submerged. During
the dry season, the fraction of the total flux due to the flux through
the seepage face declined from 8.5% for a bare soil, to 2.2% for a lime
cover, and to zero for a concrete cover. During the normal and wet
seasons, these fractions dropped from 9.1% to 4.3%, and to zero,
and from 6.7% to 2.9%, and to zero, respectively.

A fraction of solutes transported through the unsaturated zone
and the seepage face was in general larger than a corresponding
fraction of water. For the conservative solute chloride, the quantity
traveling through the submerged zone on the slope face was almost
the same for all conditions (Fig. 7b). On the other hand, the quanti-
ties of chloride traveling through the seepage face were signifi-
cantly different, and decreased with the decline in the hydraulic
conductivity of SRMs. The difference in the chloride flux (per a unit
width of the tank) between different scenarios mostly resulted from
the solute flux through the seepage face. On the other hand, the
chloride fluxes through the seepage face declined with the increase
of the LWL for all SRM conditions.

The nitrate fluxes (per a unit width of the tank) through both
the seepage face and the submerged zone are markedly lower than
the chloride fluxes due to denitrification. During the dry season,
the nitrate fluxes through the submerged zone were almost the
same for different SRM conditions (Fig. 7c), while through the
seepage face they decreased from 242.5 mg cm�1 day�1 for bare
soil, to 138.0 mg cm�1 day�1 for a lime cover, and to zero for a con-
crete cover. However, during the normal and wet seasons, the
nitrate fluxes through both the seepage face and the submerged
zone decreased with a decline in the hydraulic conductivity of
SRMs. A decline in the total solute fluxes through the seepage face
was much more significant than through the submerged zone. Dur-
ing the dry, normal, and wet seasons, the ratios of the solute flux



Fig. 7. Fluxes of water (a), chloride (b), and nitrate (c) through the seepage face and the submerged zone of the slope face under bare-, lime-, and concrete-covered conditions
at 120 day during the dry, normal, and wet seasons.
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through seepage face to the total solute flux decreased from 22.4%
for bare soil, to 14.2% for a lime cover, and to zero for a concrete
cover, from 20.2% (bare), to 11.1% (lime), to zero (concrete), and
from 11.4% (bare), to 7.6% (lime), to zero (concrete), respectively.
4. Discussion

4.1. Flux distributions on the slope-face

Previous studies have reported that the flux distribution along a
slope-face follows an exponential function, increasing with the dis-
tance from the lake bottom (McBride and Pfannkuch, 1975;
Winter, 1978; Shaw et al., 1990). Namely, the flux gradually
increases with d/D and rapidly ascends near the LWL on the slope
face. Shaw et al. (1990) found, based on field observations using
seepage meters in Narrow Lake (Alberta), that the average seepage
flux decreased with the distance from the shore. Genereux and
Bandopadhyay (2001) reported, using MODFLOW simulations, that
seepage rates on a lakebed could be fitted well with an exponential
function. Li and Wang (2007) also reported that the seepage flux
along a lakeshore could be well fitted with an exponential function,
and that the largest fluxes occurred within a narrow portion of the
slope near the LWL. Our simulations (Fig. 4) confirm these results
when the hydraulic conductivity of the slope face is uniform, such
as under bare-slope conditions. For three LWLs, half of all water
enters the lake within 0.18D, 0.24D, and 0.31D from point O under
bare-slope conditions, and within 0.23D, 0.31D, and 0.38D under
lime-slope conditions, respectively. Very similar results were pre-
viously reported in the literature. For example, Lee (2000) reported
for hypothetical steady-state conditions that all predicted ground-
water inflow into Lake Barco occurred within 5 m off the shore in
water less than 0.4 m deep, and the majority of inflow occurred
within 3 m off the shore in water less than 0.3 m deep. Wilson
and Gardner (2006) also found that, at all stages of the tide, the
largest velocities of groundwater flow developed just below the
intersection of the tide at the river bank, and most flow occurred
within 15 m of the river.

However, some field studies have shown non-exponential rela-
tionships of the seepage flux on the slope face (Cherkauer and
Nader, 1989; Shaw and Prepas, 1990; Schneider et al., 2005). This
is because hydraulic properties (such as the hydraulic conductivity)
were unevenly distributed along the slope face in most field studies.
Kishel and Gerla (2002) found a high degree of seepage heterogene-
ity across a 170-m2 area near the lakeshore of the Shingobee Lake
(USA). Likewise, Guyonnet (1991) showed how small-scale sedi-
ment variations in relatively thin, either high- or low-permeability
layers can have a significant effect on the seepage distribution.
Genereux and Bandopadhyay (2001) reported that low-permeability
lakebed sediments could have a major effect on the spatial distribu-
tion of the lake-bed seepage in both inflow or flow-through lakes,
even when the sediments are of a constant thickness over the entire
lake bed. The lower the permeability of lake-bed sediments, the
more even the distribution of seepage fluxes. In a small area exam-
ined, the discharge flux irregularly decreased with the distance into
the lake, indicating that sediment heterogeneity plays an important
role in the distribution of groundwater discharge (Kishel and Gerla,
2002). In addition to these factors, the regional hydrogeology signif-
icantly affects the seepage distribution on the slope face. Our simu-
lated results also show that when different types of materials
cover the slope face, the flux distribution does not follow the expo-
nential distribution (Fig. 4). These conflicting results suggest that
underlying processes controlling the lakeshore seepage need addi-
tional clarification (Schneider et al., 2005).

The well-fitted exponential distributions were usually derived
for hypothetical or theoretical conditions using mostly model sim-
ulations, rather than collected experimental data. Additionally, the
vertical hydraulic conductivity significantly affected the seepage
flux distributions. Genereux and Bandopadhyay (2001) found that
seepage rates along the lake bed simulated using the 2D MOD-
FLOW model were significantly different from those simulated
using the 3D model.
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Furthermore, we can see that the exchange of water and solutes
at the slope bottom (near point O) was significantly smaller com-
pared to those at points B, C, and D during three seasons (Fig. 6).
This implies that solutes accumulate near point O. Many studies
(i.e. Fischer et al., 2005; Boulton et al., 2010; Stelzer et al., 2011)
reported that nutrients or pollutants are prone to accumulate at
the bottom of the hyporheic zone.

4.2. Seepage face

A portion of water flowing through a seepage face is an impor-
tant characteristic of the exchange between ground water and sur-
face water. Many simulated and observed results have reported the
existence of a seepage face and its effects on water flow and solute
transport (Vachaud et al., 1973; Simpson et al., 2003; Rushton,
2006; Chenaf and Chapuis, 2007). For example, in a sand box
experiment involving radial flow and transport, Simpson et al.
(2003) found that the flow velocity through the seepage face was
about 30% higher than at the base of the aquifer, while the solute
transport patterns were strongly influenced by the flow character-
istics of the system. Yakirevich et al. (2010) also reported that a
seepage face might be responsible for causing the early arrival of
solutes and the overall shape of the BTCs. Yuan et al. (2011)
reported that if the solute originates from the near shore surface
land, such as wetlands, the solute flux from the seepage face pro-
vides an important source of solute for surface water.

Our simulated results show that when the source of surface pol-
lution is on the land surface near the lake, both water and pollu-
tants flow into the lake partly through the seepage face (Figs. 6
and 7). Moreover, the ratios of water and solute fluxes through
the seepage face to the total fluxes through the entire slope face
fluctuate with the LWL. They accounted for about 6.7–9.1% of the
total discharge under bare-slope conditions, while they were only
about 2.2–4.3% under lime-slope conditions. The seepage face
length on the slope face is easily influenced by the surface water
level, which is further affected by wind waves and precipitation.
However, we could not confirm that the seepage face has an accel-
erating effect on the solute transport due to different flow paths to
the slope face. The distribution of hydraulic conductivity on the
slope face also affects the seepage face length.

Additionally, the seepage face is also a connecting interface
between groundwater and atmosphere. Groundwater flows through
the soil towards an open boundary where the environmental fac-
tors, which may affect various reaction rates such as nitrification
and denitrification, are very different. Burgin and Groffman (2012)
reported that soil O2 was consistently lower in the area closest to
the stream and increased further from the stream. In this case, the
nitrification rate increases and the denitrification rate decreases
rapidly near the seepage face (Burgin and Groffman, 2012).

5. Conclusions

Lakeshore is an important transition zone connecting lake
water and surrounding groundwater. The hydrological connectiv-
ity significantly affects the exchange of water and solutes between
surface waters and groundwater and the flux distribution of water
and solutes on the slope face. Slope revetment materials artificially
change the local hydrological connectivity by altering the hydrau-
lic conductivity of the slope face and consequently change the
hydrological dynamics and nutrient discharge into lake water.

Based on the soil tank experiments and Hydrus-2D simulations,
the distributions of water and solute fluxes and solute concentra-
tions on the shoreline face depend largely on the distribution of
the soil hydraulic conductivity of the slope face. Uneven distribution
of the hydraulic conductivity results in a non-exponential distribu-
tion of water and solute fluxes. Most water and solute discharge into
the lake within a narrow zone near the intersection point of the lake
water level and the slope face. Relatively low-conductivity slope
revetment materials change the seepage flow path, increase the
seepage face length, and increase the ratio of water and solutes
transported through the unsaturated zone. These changes may
affect denitrification processes in the near-shore region, by chang-
ing local water contents in the lakeshore zone. Relatively low
exchange of water and solutes at the lakeshore bottom may lead
to the accumulation of pollutants at the bottom of the hyporheic
zone. The Hydrus-2D model proved to be a useful tool for analyzing
the hydrodynamics and solute transport in a lakeshore zone and for
providing better understanding of associated factors and processes.
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Šimůnek, J., van Genuchten, M.T., Šejna, M., 2012. The HYDRUS Software Package for
Simulating the Two- and Three-Dimensional Movement of Water, Heat, and
Multiple Solutes in Variably-Saturated Porous Media. PC-Progress, Prague.
Stelzer, R.S., Bartsch, L.A., Richardson, W.B., Strauss, E.A., 2011. The dark side of the
hyporheic zone: depth profiles of nitrogen and its processing in stream
sediments. Freshw. Biol. 56, 2021–2033.

Vachaud, G., Vauclin, M., Khanji, D., Wakil, M., 1973. Effects of air pressure on water
flow in an unsaturated stratified vertical column of sand. Water Resour. Res. 9
(1), 160–173.

van Genuchten, M.T., 1980. A closed-form equation for predicting the hydraulic
conductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44 (5), 892–898.

Wang, X., Luo, J., 2006. A preliminary study of ecological embankment construction
for urban river restoration. J. Fudan Univ. (Nat. Sci.) 45 (1), 120–126.

Wilson, A.M., Gardner, L.R., 2006. Tidally driven groundwater flow and solute
exchange in a marsh: numerical simulations. Water Resour. Res. 42, W01405.
http://dx.doi.org/10.1029/2005WR004302.

Winter, T.C., 1978. Numerical simulation of steady-state three dimensional
groundwater flow near lakes. Water Resour. Res. 14 (2), 245–254.
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