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Abstract A 1D numerical model is constructed to investigate
the impact of sedimentation and sea level changes on transport
of Cl− in the aquifer–aquitard system in the Pearl River Delta
(PRD), China. The model simulates the evolution of the ver-
tical Cl− concentration profiles during the Holocene.
Sedimentation is modeled as a moving boundary problem.
Chloride concentration profiles are reconstructed for nine
boreholes, covering a wide area of the PRD, from northwest
to southeast. Satisfactory agreement is obtained between sim-
ulated and measured Cl− concentration profiles. Diffusion
solely is adequate to reproduce the vertical Cl− concentration
profiles, which indicates that diffusion is the regionally dom-
inant vertical transport mechanism across the aquitards in the
PRD. The estimated effective diffusion coefficients of the
aquitards range from 2.0 × 10–11 to 2.0 × 10–10 m2/s. The ef-
fective diffusion coefficients of the aquifers range from
3.0 × 10–11 to 4.0 × 10–10 m2/s. Advective transport tends to
underestimate Cl− concentrations in the aquitard and overes-
timate Cl− concentrations in the basal aquifer. The results of
this study will help understand the mechanisms of solute
transport in the PRD and other deltas with similar geological
and hydrogeological characteristics.
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Introduction

Sedimentation has been found to have an important impact on
the transport of chloride (Cl−) in porous media, especially in
low-permeability sediment such as silt and clay (Beekman
1991; Beekman et al. 2011). Numerical simulations show that
the shapes of the modeled Cl− concentration profiles are con-
trolled by sedimentation and Cl− concentration at the upper
boundary (Jiao et al. 2015; Kuang et al. 2015). Although sed-
imentation is very important to the transport of Cl− in
Quaternary sediment, numerical studies on Cl− transport with
sedimentation included are limited (Beekman 1991; Beekman
et al. 2011; Tokunaga et al. 2011; Jiao et al. 2015; Kuang et al.
2015). Beekman (1991) and Beekman et al. (2011) used the
numerical model EMSD (Erosion-Mixing-Sedimentation-
Diffusion) to investigate the Cl− transport mechanisms in sed-
iment from a former brackish lagoon in the Netherlands.
Tokunaga et al. (2011) simulated the Cl− concentration
profile in a coastal area in Japan. Jiao et al. (2015)
reconstructed the historical conservative transport of
pore-water Cl− concentration profile in sediment below
the seabed in Hong Kong, China. Researchers (Middelburg
and de Lange 1989; Eggenkamp 1994; Eggenkamp et al.
1994; Groen et al. 2000) also used the analytical solution
derived by Ogata and Banks (1961) to reconstruct the Cl−

concentration profile.
The Pearl River Delta (PRD) is located in the south-

ern part of China (Fig. 1). The Quaternary stratigraphy
of the PRD is characterized by an aquifer–aquitard sys-
tem with laterally extensive aquitards. The aquifer–
aquitard system in the PRD has been found to have
abnormally high concentrations of ammonium (Jiao
et al. 2010). Elevated concentrations of arsenic have
also been identified in the confined basal aquifer underlying
the aquitard (Wang et al. 2012). Studies have been conducted
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to investigate the hydrogeochemical characteristics of the
aquifer–aquitard system in the PRD (Wang and Jiao 2012;
Wang et al. 2013b).

Studies on solute transport in the aquifer–aquitard system
in the PRD are very limited (Wang et al. 2013a; Kuang et al.
2015). Using a one-dimensional (1D) numerical model with
MODFLOW-96 (McDonald and Harbaugh 1988; Harbaugh
and McDonald 1996) and MT3D (Zheng 1990), Wang et al.
(2013a) simulated the salinity profiles of two boreholes.
Sedimentation was simulated by three separated sub-models
at different times. Kuang et al. (2015) constructed a 1D
numerical model to investigate the vertical transport
mechanisms of Cl−, δ2H and δ18O in a borehole in
the PRD. The continuous sedimentation process was in-
cluded in the model as a moving upper boundary. There
have been no published studies on the regional vertical
transport mechanisms of Cl− across the PRD.

The aim of this study is to investigate how the Cl−

concentration in the aquifer–aquitard system is con-
trolled by sedimentation and sea level changes.
Measured Cl− concentration profiles of nine boreholes
across the PRD will be used to systematically investi-
gate the vertical transport mechanisms of Cl− in the
aquifer–aquitard system.

Study area

The Quaternary sediment in the PRD consists mainly of two
terrestrial units and two marine units. The two terrestrial units
are called T1 and T2 and the two marine units are called M1
and M2 (Zong et al. 2009b). From young to old, the strati-
graphic sequence in the PRD is M1, T1, M2, and T2. The
oldest unit T2 (sand and gravel) was deposited in a number
of paleo-valleys before the last transgression in the late
Pleistocene—Marine Isotope Stage (MIS) 5. The older marine
unit M2 (silt and clay) was deposited during the last intergla-
cial period. During the last glacial period (MIS 4-2), the sea
level regressed and the upper part of M2 was subaerially ex-
posed and weathered (Zong et al. 2009b). During the same
period, the younger terrestrial unit T1 (alluvial sand and grav-
el) was deposited along paleo-river channels. In the early
Holocene, the rapid rise in sea level caused widespreadmarine
inundation and sedimentation. The youngest unit M1 (silt and
clay) was deposited as a result of the rapid sea level rise. In
many places, M2 and T1 are missing (Jiao et al. 2010). M1
and M2 are aquitards and T1 and T2 are aquifers. T2 is the
basal confined aquifer.

The Quaternary stratigraphy of the PRD is dominated by the
two areally extensive clay-rich aquitards (Zong et al. 2009b;

Fig. 1 Locations of the boreholes
and the paleo-shorelines in the
PRD. The inset map, showing the
location of the PRD, was
modified from Wang et al.
(2013a). The paleo-shorelines
were obtained based on Li and
Qiao (1982), Li et al. (1991), and
Zong et al. (2009a)
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Jiao et al. 2010; Wang and Jiao 2012; Wang et al. 2013b). The
two aquitards are characterized by very low hydraulic conduc-
tivity. The vertical hydraulic conductivity of the soft soil in the
PRDwith depth ranges from 2.4 to 12 m below ground surface
was found to range from 10–10 to 10–8 m/s (Chen et al. 2003).
On the basis of slug test analysis, researchers found that the
horizontal hydraulic conductivity of the aquitards ranges from
2.2 × 10–10 to 8.2 × 10–9 m/s (Jiao et al. 2010; Wang et al.
2013a; Yang et al. 2015). The vertical hydraulic conductivity
is expected to be even lower (Jiao et al. 2010). The bedrock
underlying the Quaternary sediment in the PRD consists of a
series of Tertiary red continental clastic rocks such as siltstone
and mudstone (Huang et al. 1982; Long 1997). The hydraulic
conductivity of the bedrock is considered to be much lower
than the overlying unit T2 (Wang et al. 2013a). The topography
of the PRD is very gentle and the water table is shallow every-
where, suggesting sluggish regional flow towards the coastline
(Jiao et al. 2010; Wang et al. 2012). The regional groundwater
flow in the basal aquifer (T2) in the PRD is stagnant and paleo-
seawater originated fromHolocene transgression is still trapped
in this unit (Wang et al. 2012).

A total of nine boreholes (MZ4, SD1, SD4, SD14, SD15,
SD20, LL1, SL10, and SL13) with measured Cl− concentra-
tion profiles were used in this study (Fig. 1). The locations of
the boreholes were obtained from Jiao et al. (2010) and Wang
and Jiao (2012). The boreholes cover a wide area of the PRD,
from northwest to southeast. The borehole depths and strati-
graphic units were obtained based on previous studies (Jiao
et al. 2010; Wang 2011; Zong et al. 2012; Wang et al. 2013a,
b), as shown in Fig. 2. For most of the boreholes, there are
only two stratigraphic units, with M1 overlying T2. Only two
boreholes (SD14 and SD15) have unit M2 and only one bore-
hole (SD15) has all four stratigraphic units.

Numerical simulation

Mathematical model

In aquifer–aquitard systems dominated by areally extensive
aquitards, a 1D model has generally been used to simulate
Cl− transport (Desaulniers et al. 1981, 1986; Desaulniers and
Cherry 1989; Johnson et al. 1989; Hendry et al. 2000;
Beekman et al. 2011; Tokunaga et al. 2011; Kuang et al.
2015). The governing equation for 1D Cl− transport in the
aquifer–aquitard system of the PRD can be written as
(Zheng and Bennett 2002)

∂
∂z

ϕD
∂C
∂z

� �
−
∂ vϕCð Þ

∂z
¼ ϕ

∂C
∂t

ð1Þ

where C is the Cl− concentration, D is the coefficient of hy-
drodynamic dispersion, v is the average linear pore-water

velocity in the vertical direction,ϕ is the porosity of the porous
medium, z is the depth, and t is time. The coefficient of hy-
drodynamic dispersion is defined as D =De +αv, where De is
the effective diffusion coefficient and α is the dispersivity of
the porous medium. The quantity v is defined as v = q/ϕe,
where q is the Darcy velocity and ϕe is the effective porosity.
The effective porosity was assumed to be equal to the porosity,
i.e., ϕe = ϕ (van der Kamp et al. 1996; Hendry and Wassenaar
1999). The porosities of the aquifer and the aquitard were set
to be 0.3 (Jiao et al. 2010; Wang et al. 2013a) and 0.5 (Fetter
2001), respectively. Advection in the aquifer–aquitard system
was assumed to follow Darcy’s law and there is no threshold
hydraulic gradient (Neuzil 1986). According to previous stud-
ies (Beekman et al. 2011; Tokunaga et al. 2011; Wang et al.
2013a; Kuang et al. 2015), compaction-driven flow was ig-
nored. In addition, the aquifer and the aquitard were assumed
to be individually homogeneous.

The upper boundary of the model locates at the surface of
M1, which is the sediment-water interface. It is very important
to determine the sea level changes in the Holocene because
M1 is deposited during this period (Zong et al. 2009a, b). Sea
level changes in the PRD have been extensively studied (Yang
and Xie 1985; Li et al. 1991; Long 1997; Zong 2004). Some
researchers presented comparisons of these sea level curves
(Long 1997; Wang 2011; Wei andWu 2011). A simplified sea
level curve used herein is shown in Fig. 3a. The sea level at 10
thousand calendar years before present (ka BP) has been
found to range from 30 m to over 100 m below present.
Then the sea level rose rapidly and reached the present level
at about 6 ka BP (Chen et al. 1990; Zong 2004; Yim et al.
2006; Wu et al. 2007; Wei and Wu 2011; Zong et al. 2012).
The sea level remained relatively stable after 6 ka BP (Wu
et al. 2007; Wei and Wu 2011). Monsoonal discharge became
one of the dominant mechanisms for sedimentation in the
PRD (Zong et al. 2009a). The paleo-shoreline positions are
obtained from the literature (Li and Qiao 1982; Li et al. 1991;
Zong et al. 2009a), as shown in Fig. 1.

The upper boundary is a moving boundary with the mov-
ing rate equal to the sedimentation rate (Beekman et al.
2011; Tokunaga et al. 2011; Jiao et al. 2015; Kuang et al.
2015). Downward diffusion of Cl− and sedimentation were
assumed to occur simultaneously (Tokunaga et al. 2011; Jiao
et al. 2015; Kuang et al. 2015). The model begins at the
beginning of the deposition of M1 and stops at present time.
Previous studies show that the time when M1 began to
deposit is approximately 10 ka BP (Lan 1991; Zong et al.
2012; Wang et al. 2013a). On the basis of the changes of the
simplified sea level (Fig. 3a), the changes of Cl− concentra-
tion at the upper boundary with time during the last 10 ka
can be divided into three periods (Kuang et al. 2015), name-
ly the marine period from 0 to t1, the transition period from
t1 to t2, and the terrestrial period from t2 to t3. The time t = 0
represents the time when M1 began to deposit (10 ka BP).
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The time t1 indicates the time at 6 ka BP when the sea level
reached the present level. The time t2 represents the time
when the paleo-shoreline passed the location of the borehole
and is determined by comparing the positions of the bore-
hole and the paleo-shorelines. The determined t2 for each
borehole is shown in Fig. 2. It can be seen that t2 ranges
from 0.3 to 4.0 ka BP. The time t3 corresponds to the time at
present when the model terminates.

The variations of Cl− concentration with time at the upper
boundary during different periods were determined as follows
(Kuang et al. 2015). During the first time period (0–t1), M1
was deposited under seawater and the Cl− concentration at
sediment-water interface (upper boundary) is the Cl− concen-
tration of the seawater. During the second time period (t1–t2),

the seawater became increasingly shallow and the place where
a borehole is located changed into a typical situation in an
estuary environment. The water above the sediment (M1)
may be a mixture of river water and seawater. The Cl− con-
centration of the mixed water was assumed to decrease line-
arly with time during this period. During the third time period
(t2–t3), the Cl

− concentration at the upper boundary was set to
be zero. The upper boundary condition can then be written as
(Kuang et al. 2015)

C ¼
Cs;
Cs−Cu

t1−t2
t þ Cut1−Cst2

t1−t2
;

0;

8><
>:

0 < t≤ t1
t1 < t≤ t2
t2 < t≤ t3

ð2Þ
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Fig. 2 Schematic of the boreholes with stratigraphic units, borehole depths, and time periods. The numbers on the far right of each log are dates in ka BP.
Also shown is the thickness of M1 in each time period



where Cs is the Cl
− concentration of the seawater and Cu is the

Cl− concentration of the mixed water at t2. A schematic of the
variations of Cl− concentration with time at the upper bound-
ary is given in Fig. 3b.

The lower boundary was set to be the surface of the bed-
rock. Due to the fact that the permeability of the bedrock is
much lower than the overlying units, a zero-diffusion flux
boundary condition was assumed, which can be expressed as

∂C
∂z

¼ 0; z ¼ L ð3Þ

where L is the depth of the bedrock.
The initial distribution of Cl− concentration in the units

below M1 is unknown. A uniform Cl− concentration was as-
sumed in all the units below M1 at the time of M1 deposition.
The initial condition can be expressed as

C ¼ C0; t ¼ 0 ð4Þ

Numerical solution

The mathematical model was solved numerically by using a
block-centered upstream finite difference scheme (Kuang
et al. 2015). A uniform grid size of Δz = 0.1 m was set for
all the boreholes. In order to reduce error, geometric means of
interblock porosities and coefficients of hydrodynamic disper-
sion were used (Haverkamp and Vauclin 1979; Hornung and

Messing 1983). The Thomas algorithm (Wang and Anderson
1982) was used to solve the resulting linear matrix system.

Sedimentation was simulated by successively adding
blocks to the existing model domain (Paul et al. 2001;
Schrag et al. 2002; Beekman et al. 2011; Jiao et al. 2015;
Kuang et al. 2015). A block with thickness equal to Δz was
added to the sediment column when the product of sedimen-
tation rate and simulation time equalsΔz. The number of time
steps that the model domain moves up, Δz, is calculated as

n ¼ Δz

uΔt
ð5Þ

where u is the sedimentation rate and Δt is the time step.
Sedimentation is continuous and the sedimentation rate in each
time period was calculated as the thickness of sediment divided
by the sedimentation time. The sedimentation rate is uniform in
each time period and it varies in different time periods.

Results and discussion

Chloride concentration profiles

In the model, the thicknesses of M1 at times t1 and t2 for each
borehole were first specified and then slightly adjusted accord-
ing to the agreement between simulated and measured data. The
determined thickness values are shown in Fig. 2. As t2 ranges

Fig. 3 Simplified sea level curve
in the PRD and upper boundary
conditions (modified from Kuang
et al. 2015). a Sea level curve in
the PRD during the last 10 ka, b
temporal changes of Cl−

concentration at the upper
boundary during the last 10 ka
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from 0.3 to 4.0 ka BP, the thickness ofM1 during the period from
t2 to t3 ranges from 2 to 16 m. It is reasonable that the longer the
time of sedimentation, the thicker the stratum. Borehole LL1 is
the farthest from the sea and it has the thickest M1 during t2
and t3. On the other hand, borehole MZ4 is the nearest
to the sea and has the thinnest M1 during t2 and t3.

The calculated sedimentation rates range from 0.65 to
10.00 mm/year (Table 1). Such sedimentation rates compare
favorably with previous studies, which range from 0.76 to
40.00 mm/year (Huang et al. 1982; Chen and Luo 1991;
Zong et al. 2006; Shi et al. 2010). On the basis of Eq. (5),
the time step in each time period can be determined. For each
borehole, Δt was set to make sure that n is an integer. The
determinedΔt for each time period is also listed in Table 1. It
can be seen thatΔt ranges from 4.65 to 5.71 years. Formost of
the time periods, Δt is around 5 years.

Initially, the system was assumed to be filled with freshwater
and the Cl− concentration of the freshwater was set to be C0 = 0
(Table 2). This is the case for all the boreholes except MZ4 and
SD14. For borehole SD14, the initial Cl− concentrationwas set to
beC0 = 10.0 g/L because of the thickM2 unit. Zong et al. (2012)
shows that SD14 is located in a depositional center. Although the
sea level is much lower than the present level at 10 ka BP, some
Cl− could remain inM2 and T2. So, it is reasonable to assume an
initial Cl− concentration in the units below M1 for SD14.

In the simulations, Cs was adjusted according to the agree-
ment between simulated and measured data. Theoretically, Cs

should be equal to the Cl− concentration of standard seawater,
i.e.,Cs = 19.0 g/L. The adjusted values ofCs are shown in Table
2. There are only three boreholes (MZ4, SD14, and SD15) with
Cs = 19.0 g/L, others are lower than 19.0 g/L. These three bore-
holes are the deepest ones among the nine boreholes. The low-
estCs is that in SD4, which is only 2.6 g/L. The values ofCs for
other boreholes range from 8.8 to 14.0 g/L. Previous studies
show that the water salinity distribution in the Pearl River estu-
ary is complicated (Long 1997; Pan et al. 2001; Zong et al.
2010). It is reasonable that the determined Cs value changes

with space. Meanwhile, Cu was also determined according to
the measured data. The estimated Cu for all the boreholes is 0
except MZ4 (Table 2). The Cu value for MZ4 was chosen to
obtain a better fit between simulated and measured data.

A comparison of simulated and measured Cl− concentra-
tion profiles for the nine boreholes is shown in Fig. 4. For each
measured profile, the deepest data point represents the Cl−

concentration of groundwater in the basal aquifer. Similar to
previous studies, the fit between the simulated and measured
Cl− concentration profiles was visually optimized
(Desaulniers et al. 1986; Kuang et al. 2015). Satisfactory
agreement was obtained for each borehole. For boreholes
SL10 and SL13, the agreement is very good. For MZ4,
SD1, and SD14, the measured data are relatively scattered,
but the calculated curves represent the general trend of the
measured data. A reasonable fit is obtained for each of these
boreholes. For boreholes SD20 and SD15, the Cl− concentra-
tion in the aquifer is overestimated and underestimated,
respectively. All the simulations were conducted with v = 0,
so D =De. This means that diffusion solely is adequate to
reconstruct the measured Cl− concentration profiles. The his-
torical transport of Cl− in the PRD is controlled by diffusion.

The trial and error method was used to estimate the
effective diffusion coefficients of the aquitard and
aquifer. The initial values of De were obtained based
on previous studies, which range from 1.0 × 10–11 to
13.1 × 10–10 m2/s (Desaulniers et al. 1981, 1986; Johnson
et al. 1989; Eggenkamp et al. 1994; Groen et al. 2000;
Hendry et al. 2000; Tokunaga et al. 2011; Wang et al.
2013a; Jiao et al. 2015; Kuang et al. 2015). The estimated
De of the aquitard ranges from 2.0 × 10–11 m2/s to 2.0 × 10–10

m2/s (Table 3). The estimated De of the aquifer ranges from
3.0 × 10–11 m2/s to 4.0 × 10–10 m2/s (Table 3).

The thickness of the aquifer has a significant influence
on the Cl− concentration profiles. When the aquifer is
thick, the Cl− concentration profile shows a subsurface
maximum (Fig. 4). The Cl− concentration first increases
with depth, reaches a maximum, and then decreases with

Table 2 Initial chloride concentration and chloride concentration at the
upper boundary

Borehole C0 (g/L) Cs (g/L) Cu (g/L)

MZ4 6.7 19.0 2.0

SD20 0 12.5 0

SD15 0 19.0 0

SD4 0 2.6 0

LL1 0 8.8 0

SL13 0 12.0 0

SL10 0 8.8 0

SD1 0 14.0 0

SD14 10.0 19.0 0

Table 1 Calculated sedimentation rates and time steps

Borehole u (mm/year) Δt (years)

0–t1 t1–t2 t2–t3 0–t1 t1–t2 t2–t3

MZ4 5.00 2.46 6.67 5.00 5.09 5.00

SD20 2.25 1.85 10.00 5.56 5.40 5.00

SD15 0.75 1.46 10.00 5.13 5.27 5.00

SD4 0.65 1.33 4.00 5.13 5.00 5.00

LL1 2.50 3.00 4.00 5.00 5.56 5.00

SL13 2.00 1.80 2.00 5.00 5.05 5.00

SL10 4.00 1.20 5.00 5.00 5.21 5.00

SD1 3.50 3.33 4.00 5.71 5.00 5.00

SD14 4.00 2.00 2.00 5.00 5.00 5.00
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Fig. 4 Comparison of simulated
and measured Cl− concentration
profiles for the nine boreholes
(measured data from Wang et al.
2013b)
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depth. Examples can be seen from boreholes MZ4, SD20,
SD15, and SD4. When the aquifer is relatively thin, the
Cl− concentration increases gradually with depth and only
a very slight decrease can be seen after the maximum
concentration is reached. Examples can be seen from
boreholes LL1, SL13, and SL10. Both simulated and
measured data show such patterns. For thick aquifers,
the diffusion front does not reach the bottom of the
aquifer at the end of simulation. So the Cl− concentra-
tion in the lower part of the aquifer is still the initial
Cl− concentration. However, when the aquifer is thin,
the diffusion front reaches the bottom of aquifer a short
time after the commencement of diffusion and then the
Cl− concentrations of the entire aquifer increase with
time.

Historical chloride concentration profiles

The vertical Cl− concentration distribution at any time of
sedimentation can be obtained by the numerical model.
Two examples of Cl− concentration profiles at specified
times of sedimentation are shown in Fig. 5. The selected
boreholes SD20 and SL13 represent the cases of thick
and thin aquifers, respectively. For both cases, the initial
Cl− concentrations were set to be zero. The upper end of
each curve at a specified time represents the water-
sediment interface or the upper surface of M1 at that
time. The curve of 0 ka BP represents the Cl− concentra-
tion profile at present (t3), which is the curve used to fit
the measured data. The evolution of historical Cl− con-
centration profiles can be clearly seen in Fig. 5. Such Cl−

concentration profiles will help us to understand the his-
torical Cl− concentration distributions. At the end of sim-
ulations, the diffusion front reaches only about 40 m
deep for SD20 because the aquifer is very thick. For
SL13, the Cl− concentration of the groundwater in the
aquifer increases from 0 g/L at the start of sedimentation
to 8.5 g/L at present.

Sensitivity to effective diffusion coefficient

To illustrate the effect of the effective diffusion coefficient of
the aquitard on the simulated Cl− concentration profiles, differ-
ent De values were chosen for the aquitard and two examples
are shown in Fig. 6. Similar to the previous section, boreholes
SD20 and SL13 were selected. The results for other boreholes
are either similar to SD20 or SL13, depending on the thickness
of the aquifer. It can be seen that the distributions of Cl− con-
centrations in both the aquitard and the aquifer are affected by
different De values (Fig. 6). When De increases, the Cl

− con-
centrations in the aquitard tend to be smaller and the Cl−

concentrations in the aquifer tend to be larger. The best
fit is obtained when De = 2.0 × 10− 11 m2/s for SD20 and
De = 1.0 × 10− 10 m2/s for SL13, which is also shown in
Fig. 4. The calculated curves significantly underestimated the
measured data for the aquitard when De = 8.0 × 10

− 11 m2/s for
SD20 and De = 4.0 × 10

− 10 m2/s for SL13. For SD20, the theo-
retical curves overestimated the Cl− concentration in the aquifer
for all the De values. For SL13, the best fit satisfactorily recon-
structed the measured data for both the aquitard and the aquifer.

Sensitivity to groundwater flow

Observed groundwater levels in piezometers with differ-
ent depths show downward hydraulic gradient in the PRD
(Jiao et al. 2010; Wang et al. 2013a). To investigate the
effect of groundwater flow on the transport of Cl−, three
different downward groundwater velocities (Darcy veloc-
ity) were chosen (Fig. 7). The groundwater velocity was
only assigned to the period from t2 to t3 because, in other
periods, the sediment column is under seawater and
groundwater velocity was assumed to be 0. The best-fit
De for both the aquitard and the aquifer were used. The
dispersivities of the aquitard and the aquifer were set to be
0.09 and 1.0 m, respectively (Gelhar et al. 1992; Wang
et al. 2013a; Kuang et al. 2015).

A comparison of Cl− concentration profiles for different
downward groundwater velocities with the measured profile
for boreholes SD20 and SL13 is shown in Fig. 7. For both
boreholes, the best fit is obtained when q=0. Including a
groundwater velocity does not improve the agreement be-
tween simulated and measured data. When a groundwater
velocity exists, the Cl− concentrations in the aquitard tend to
be underestimated and the Cl− concentrations in the aquifer
tend to be overestimated. This further confirms that the trans-
port of Cl− in the aquifer–aquitard system in the PRD is con-
trolled by diffusion.

Limitations

The results of this study present an improvement in modeling
solute transport in the PRD. The constructed numerical model

Table 3 Effective
diffusion coefficients of
the aquitard and the
aquifer

Borehole De (m
2/s)

Aquitard Aquifer

MZ4 2.0 × 10–11 3.0 × 10–11

SD20 2.0 × 10–11 4.0 × 10–11

SD15 1.0 × 10–10 2.0 × 10–10

SD4 4.0 × 10–11 8.0 × 10–11

LL1 1.0 × 10–10 3.0 × 10–10

SL13 1.0 × 10–10 1.5 × 10–10

SL10 1.0 × 10–10 2.0 × 10–10

SD1 1.0 × 10–10 2.0 × 10–10

SD14 2.0 × 10–10 4.0 × 10–10
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Fig. 6 Comparison of Cl−

concentration profiles for
different aquitard effective
diffusion coefficients for
boreholes SD20 and SL13

Fig. 5 Chloride concentration
profiles at different times of
sedimentation for boreholes
SD20 and SL13
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will also help understand the mechanisms of transport of con-
taminants in the PRD. Furthermore, this study may be instruc-
tive for solute and contaminant transport in other deltas with
geological and hydrogeological characteristics similar to the
PRD. However, several assumptions and simplifications were
used in the model. Density difference was ignored in the mod-
el. Compaction-driven groundwater flow was also ignored.
The 1D model was used to simulate the measured Cl− con-
centration profiles. The model was applied to each of the
boreholes and simulated the measured Cl− concentration pro-
file separately. Lateral advection was not included in the
model.

Conclusions

A 1D numerical model is employed to explore the vertical
transport mechanisms of Cl− across a large region of the
PRD. The model is constructed based on the sea level changes
of the PRD in the Holocene. Sedimentation in the model is
continuous and the sedimentation rate varies as the deposition-
al environment in the PRD changes. The model reproduces
measured Cl− concentration profiles in nine boreholes.
Overall, satisfactory agreement is obtained between simulated
and measured data. In some boreholes, the agreement is very
good. The shapes of the simulated Cl− concentration profiles

are significantly affected by the thickness of the aquifer.
Chloride concentration profiles in thick aquifers show a sub-
surface maximum but Cl− concentration profiles in thin aqui-
fers do not. Diffusion solely is adequate to reconstruct the Cl−

concentration profiles in all the boreholes. A downward
groundwater flow does not improve the agreement between
simulated and measured data. The Cl− concentrations in the
aquitard are underestimated and the Cl− concentrations in the
aquifer are overestimated when there is a vertical groundwater
flow. The transport of Cl− in the aquifer–aquitard system in the
PRD is controlled by diffusion, and vertical groundwater flow
in the areally extensive aquitards is negligible.

The variation of Cl− concentrations at the upper boundary
with time takes into account the evolution of the site from the
submarine environment to the terrestrial environment. The
goodness of fit between simulated and measured data
indicates that the time-dependent upper boundary is ap-
plicable across the region. This study helps understand
the vertical transport mechanisms of other solutes in the
areally extensive aquifer–aquitard system in the PRD. It
also improves understanding of time-dependent bound-
ary conditions for solute transport across the region.
The model simulations can also be used to improve
understanding of the mechanisms of long-term solute
transport in other areas with hydrogeological character-
istics similar to the PRD.

Fig. 7 Comparison of Cl−

concentration profiles for
different groundwater velocities
for boreholes SD20 and SL13
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