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Abstract Generation, accumulation and migration of
ammonium in the coastal aquifer-aquitard system of the
Pearl River Delta, China, are a result of complex and long-
term processes including sea-level changes, shoreline
migration, sedimentation, decomposition of organic mat-
ter, solute-transport processes, and chemical reaction
during the Holocene. Simulation of long-term ammonium
distribution is not well addressed in the literature due to
the difficulties in quantifying the complex geochemical
processes. Salinity and ammonium profiles in the aqui-
tards at two typical sites were obtained from geochemical
analyses of soil and water samples. One-dimensional
numerical models were used to integrate present knowl-
edge of stratigraphy, historical evolution of the geological
system during the Holocene, and the processes related to
the generation and migration of ammonium. The ammo-
nium generation and accumulation were approximated by
an exponential function, and a moving boundary condition
was used to reflect the sea-level changes during the
Holocene. The observed salinity profiles were used to
estimate flow and dispersion parameters, then the ob-
served ammonium profiles were used to estimate the
reactive parameters related to ammonium generation. The
reasonably good match between the simulated and

observed results demonstrates that the models can capture
the dominant processes that control the generation and
movement of ammonium.

Keywords Numerical modeling . Ammonium . Marine
sediments . Solute transport . China

Introduction

Contamination of groundwater by nitrate or ammonium has
been an issue over the last 40 years. Generally, nitrogen in
groundwater originates from anthropogenic sources such as
landfills and fertilized farmland. However, natural nitrogen-
rich groundwater has also been found in certain aquifers. For
example, the high nitrate concentration of groundwater (up
to 3,100 mg/L) in Runnels Country, West Central Texas,
USA, originates from oxidation of natural organic nitrogen
in the soil and leaching of nitrite under extensive terraced
fields (Kreitler and Jones 1975). In a glacial till of southern
Alberta, Canada, high concentrations of nitrate result from
the oxidation of ammonium within the tills (Hendry et al.
1984). In the semi-arid Kalahari, Botswana, high concen-
trations of nitrate in the groundwater originate from leaching
of nitrogen in the unsaturated zone (Stadler et al. 2008).
Some aquifers bear ammonium-rich groundwater originat-
ing from overlying clay-rich aquitards. In east-central
Illinois, USA, high concentrations of ammonium (up to
28.8 mg/L) were observed as early as the 1940s and are
possibly related to the buried organic material in Robein silt
(Roy et al. 2003). Carpenter et al. (2009) reported that an
ammonium concentration of 36 mg/L as nitrogen was
observed in an artesian well drilled in the Wood River
Wetland, Upper Klamath River Basin, USA, and they
concluded that ammonium had most probably been released
from the overlying peat soil into the confined aquifer.

The natural process of nitrogen release into the aquifer
reflects one of the roles of aquitards in hydrogeochemical
systems; aquitards are a source of reactive minerals and
exchangeable ions for adjacent aquifers (Back 1986).
Many studies on transport of stable isotopes such as δ18O
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and δ2H (Fetter 1993; Ortega-Guerrero et al. 1997; Birks
et al. 2000; Hendry and Wassenaar 2000; Hendry and
Woodbury 2007; Hendry et al. 2011), and major ions
(Hendry and Wassenaar 2000) in aquitards have revealed
that migration of solutes in these low-permeability media
is dominated by diffusion. The migration of nitrate and
ammonium is sensitive to geochemical reactions. With
detailed geochemical profiling in a silt-rich aquitard,
Robertson et al. (1996) reported that sulphur-based
denitrification can control the vertical distribution of
nitrite in the aquitard. For ammonium, both abiotic
reactions such as sorption and cation exchange as well
as biological nitrification can significantly affect ammoni-
um transport and attenuation in soils (Buss et al. 2004).

Decomposition of organic matter can contribute ammo-
nium in an aquitard and this process acts as the natural source
of ammonium or nitrate in adjacent aquifers (Kreitler and
Jones 1975; Roy et al. 2003). There have been various one-
dimensional (1D) transport models which treated stable
isotopes or major ions such as Cl− as conservative
environment tracers to study flow and transport in thick
aquitards (Birks et al. 2000; Hendry and Woodbury 2007).
Numerous existing studies applied geochemical modeling to
investigate pollutant transport and hydrochemical evolution
in aquifers (Zheng and Bennett 2002; Dai et al. 2006; Toth
and Katz 2006; Sharif et al. 2008; Thomas et al. 2012).
However, no similar studies focus on ammonium transport
in aquitards. Such a study is difficult because ammonium is
highly active and its generation involves the complicated
processes of organic matter decomposition.

This study focused on the generation and migration of
ammonium in the aquitard–aquifer system in Pearl River
Delta (PRD), China, which has groundwater with natural-
ly occurring high ammonium concentrations up to
390 mg/L (Jiao et al. 2010). A field investigation was
carried out to collect soil and water samples to determine
the geochemical profiles at two typical sites. After
analyzing the sedimentary history and sea-level changes
during the Holocene, a conceptual model was proposed,
thereby providing a platform to study the generation and
migration of ammonium over the past 10,000 years. The
generation, migration, and accumulation of ammonium
involve many parameters including hydraulic, reactive,
and transport parameters. An attempt was made to
describe the processes using simple functions with few
parameters. Numerical models based on a 1D finite-
difference method were used to study the salinity and
ammonium profiles and identify various parameters.
Observed hydraulic data and salinity profiles were firstly
used to identify the advection–dispersion parameters.
Then, observed ammonium profiles were used for further
identification of the chemical reaction parameters related
to ammonium generation.

Site background

The study site is located in the PRD in Guangdong
Province, China (Fig. 1). The Pearl River enters the South

China Sea and is a general name of the river system which
includes three major tributaries of West River, North
River, and East River. The delta was formed by
Quaternary sediments and has been influenced by several
transgression events since the early Pleistocene (Huang et
al. 1982; Li et al. 1990; Zong 2004).

Four boreholes, SD14, ZK18, Δ22 and MZ04 with
comprehensive geochemical data were key sources of
information for this study. Among them, SD14 and
MZ04 were drilled specifically for this study; Δ22 and
ZK18 were drilled for previous studies by Lan (1991)
and He (2006). Optically stimulated luminescence
(OSL) age dating was carried out for four core samples
in MZ04. The age data suggested that the aquitard at
MZ04 was all formed in the Holocene, and stratigraphic
unit M2 (see Fig. 2) was missing from this site. The
borehole SD14, however, does not have age informa-
tion. The location of ZK18 (Fig. 1) is relatively close to
SD14 (the distance between them is 2.4 km) and they
are separated by a small river, so the 14C age data from
ZK18 were projected to SD14 to approximately repre-
sent the age of the sediment units at the same depth.
Simplified profiles of these boreholes are shown in
Fig. 2. Generally, the Late Quaternary stratigraphic
sequence consists mainly of two terrestrial (T1 and
T2) and two marine (M1 and M2) units (Zong et al.
2009) with properties described in the following.

M1 is the younger Holocene marine unit and consists
of sediments of dark to gray clay and silt, with clayey
sand interbeds, and was deposited following the rapid
postglacial rise in sea level. T1 is the younger terrestrial
unit developed about 10 ka BP (thousand years before
present) when the sea level was about 50 m lower than
the present sea level. T1 has a composite of fine to
coarse sand or weathered clay but locally it may be
absent due to erosion of the early Holocene sediments.
M2 is the older marine unit and consists of sediments of
dark to gray clay and silt deposited during the
Pleistocene. M2 was first exposed in a terrestrial
environment for at least 80 ka (Huang et al. 1982) and
was then submerged again during the Holocene. The top
part of M2 is believed to have been eroded in the early
Holocene. Locally the entire M2 unit may be eroded by
paleo-rivers. T2 is the older terrestrial unit. It consists of
gravel and sand deposited in the early Pleistocene.

The bedrock below T2 is characterized by a series
of Tertiary red beds (Huang et al. 1982), which are
relatively much less permeable compared to the
overlying T2 deposits. M1 and M2 are aquitards,
while T2 is the basal aquifer. T1 can be a thin aquifer
if it consists of sand and gravel, or an aquitard if it
consists of clayey soil. Overall, the system is domi-
nated by areally extensive aquitards.

According to Zong (2004), since 6 ka BP, the sea level
had been approximately stabilized at 0 m and the shoreline
had moved gradually seaward with sediments from the
PRD river system. Three paleo-shorelines at three differ-
ent historical times are presented in Fig. 1 according to Li
and Qiao (1982) based on their archeological evidence.
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Similar results can also be found in Li et al. (1990). As
can be seen, the shoreline moved to the location of SD14
and MZ04 at about 1 ka BP and 0.3 ka BP, respectively.
This provides approximate information on the timing
when the upper boundary condition at the borehole sites
changed from a submarine environment to a terrestrial
environment.

At the MZ04 site, a borehole (also called MZ04) was
drilled in February 2009 into the basal aquifer using a rotary
drilling method with fresh water as drilling fluid. Eight drive-
point piezometers were installed around MZ04 at different
depths ranging from 2.9 to 35 m in April 2009 using the
techniques from Waterloo University (Broholm et al. 1994).
The locations of the piezometers are shown in the inset of
Fig. 1. Automatic water-level sensors were installed in these
piezometers. The water levels from these piezometers are
generally within 2.5 m from ground surface. The flow is

generally downward in the aquitards as indicated by the
observed groundwater level (Yun et al. 1981).

Geochemical studies

Geochemical characteristics
The aquifer–aquitard system in PRD is an extremely
reducing environment and contains an exceptionally large
total ammonium mass (Jiao et al. 2010). Ammonium
occurs at concentrations up to 390 mg/L in the basal
aquifer and the concentrations in the pore water in the
aquitards are about three to four times higher. This
ammonium is natural, areally extensive (the aquifer area
with ammonium >10 mg/L is at least 1,600 km2) and
originated in the organic-rich aquitards (Jiao et al. 2010).
It is interesting to note that recently groundwater with

Fig. 1 Location of the study area and paleo-shorelines (dashed lines) in the Pearl River Delta, China. The inset shows eight piezometers
(1–8) installed around MZ04. The paleo-shorelines are presented according to Li and Qiao (1982): A, the shoreline in the early Qing
Dynasty (about 300 years BP); B, the shoreline in the early Song Dynasty (about 1 ka BP); C, the shoreline during 5–6 ka BP
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high ammonium concentration was also found in the
Holocene unconfined coastal aquifer of the Po River Delta
lowland in Italy (Mastrocicco et al. 2012), which has
geological conditions and history very similar to the PRD.

Detailed information on organic materials in aquitards
in some boreholes was available from Lan (1991) and Jiao
et al. (2010). In silt and clay samples in Δ22, total organic
carbon (TOC) was 7.2–13.1 g/kg in M1 and 5.8–10.8 g/kg
in M2. Sediment samples from SD14 showed that the
average TOC and TN (total nitrogen) in M1 were 13.4 and
1.3 g/kg, respectively.

Methane (CH4) and hydrogen sulfide (H2S) gases were
detected at some boreholes in the aquifer–aquitard system
when the Guangdong Hydrogeological Team conducted
the regional hydrogeological survey in the PRD (Yun et al.
1981). This suggested that the chemical environment in
the system is highly anoxic. Decomposition of organic
matter in this anoxic environment is very slow and NH4

+

can be produced in the process of decomposition.

Methodology of data analyses
About 1,000 sediment samples from the aquitard cores
were collected for sediment and pore-water chemical
analyses. Details of the field sample collection were
presented in Jiao et al. (2010). A major effort was made
to estimate water-soluble and total ammonium from the
sediment samples, which were extracted by deionized
water and KCl solution, respectively, as described in the
following.

Milli-Q deionized water (18.2 MΩ) was used to extract
water-soluble ammonium in the sediment samples at the
sediment to deionized water weight ratio of 1:10. The
sediment and water were mixed and sealed in a beaker,
then shaken and centrifuged to separate the sediment and
the solution. For this study, 10 g sediment sample and
100 ml deionized water were used. The sediment sample

was still wet, with a water content w, which was defined as
the mass of water divided by the total mass of the soil
sample. The total volume of the solution in the beaker was
100 ml+(10g×w)/ρ, where ρ is the density of the pore
water in the sediment and was assumed to be 1 g/ml. If
this solution is measured to have an ammonium concen-
tration of Cext (mg/L), then the ammonium concentration
of the original pore water in the sediment sample is:

C ¼ Cext 100þ 10� wð Þ �=½ �
10� wð Þ �=

ð1Þ

where C is the reconstructed concentration (mg/L) in the
original pore water in the sediments.

The aforementioned solution was also measured for
chloride (Cl−) and total dissolved solids (TDS). An
equation similar to Eq. (1) was used to reconstruct the
Cl− concentration in the original pore water. However,
the measured TDS was not reconstructed into that of
the original pore water. The raw TDS data estimated
directly from the solution can provide the relative
change of TDS with depth. The maximum TDS is
close to 40 g/L, which provokes a question as to
whether it is valid to use constant density, ρ, in Eq.
(1). To examine this issue, ρ0(ρ0 + TDS) was used,
where ρ0 is the density of pure water, to check the
error of using ρ01 g/mL. In the case of calculating
TDS, an iteration process was needed. It was found
that the concentrations of solutes are slightly under-
estimated by using the constant density but the relative
errors are less than 3.7%. This density-dependent
calculation was carried out for NH4

+ and Cl− when
TDS measurements were available at the same depth.
However, the error remained in some constructed
results when TDS measurements were not available;
however, the error is small, thus its influence on the
numerical analysis was neglected.

Fig. 2 A simplified geological profile between boreholes SD14 and MZ04 on the basis of this study and the paper by Lan (1991).
Quaternary sediments are grouped into four units: M1, T1, M2 and T2. Age of the sediments is detected with the methods of 14C (ZK18,
D22) or OSL (MZ04)
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For this study, a neutral 2M KCl solution was used to
extract total NH4

+ in the sediments at room temperature.
A mixture of 10 g sediment sample taken from the
aquitard sediments and 100 ml of the KCl solution was
shaken on a reciprocating shaker and then transferred into
a centrifuge tube. The ammonium measured from the
solution after centrifuging represents the total ammonium,
which includes water soluble and exchangeable ammoni-
um. Exchangeable ammonium was calculated as the
difference between the total ammonium extracted by
KCl solution and water-soluble ammonium extracted by
deionized water. Note that sometimes the terminology
“exchangeable ammonium” was used in the literature to
refer to the total NH4

+ extracted with KCl (e.g. Carter and
Gregorich 2008).

Geochemical profiles in boreholes SD14 and MZ04
Reconstructed Cl− concentration in the pore water and raw
TDS data in SD14 are shown in Fig. 3a. There is a good
correlation between reconstructed Cl− and raw TDS.
Overall, both Cl− and TDS increase with depth in unit
M1, then decrease with depth roughly after the interface of
M1 and M2 at about 25 m. In the later modeling study, the
raw TDS data were converted to relative TDS, which was
defined as the ratio between the raw TDS to that of
standard seawater, which is characterized by Cl−019 g/L
and TDS035 g/L.

From borehole MZ04, pore water of core samples was
obtained directly by centrifuging the rock samples (these
samples are hereafter called centrifuge samples) to
measure ammonium and other chemicals. Groundwater
samples were also collected at this site from piezometers
1–8, using a peristaltic pump (hereafter called piezometer
samples). Both types of samples were subsequently
assayed for ammonium and other chemical characteristics.
The profiles of Cl− and TDS concentrations with depth in
the centrifuge (pore water) and piezometer (groundwater)
samples from the MZ04 site are shown in Fig. 3b. Both
Cl− and TDS concentrations initially increase with depth
and then slightly decrease with depth after about 25 m.

For the MZ04 site, NH4
+ results were obtained from

both centrifuge samples and piezometer samples. Overall,
the piezometer samples have higher concentration than the
centrifuge samples. A plausible reason was that some
ammonium was probably lost as NH3 gas in the processes
of performing sample collection and handling, especially
during the centrifuging step. Thus, the observed in situ
NH4

+ data from the piezometer sample, which was in
equilibrium with the aquifer pore water, was expected to
be more reliable. Overall, the ammonium increased with
depth until about 30 m. The piezometer installed at 35 m
depth, which was near the top of the basal aquifer,
indicated a sudden drop in NH4

+. While the vertical
distribution of ammonium in the aquitard is probably
mainly controlled by diffusion, the ammonium concentra-
tion in the aquifer may be influenced by the regional
advection. In comparison with ammonium, the amount of
nitrate and nitrite in the aquitard is extremely small (less

than 0.2 mg/kg as N, data not shown here), which was a
natural consequence of the anoxic environment.

For the SD14 site, piezometer and centrifuge samples
were not available. In total, 40 soil samples at different
depths were analyzed for total ammonium. The total
ammonium was then divided by the distribution coeffi-
cient Ks (see “Adsorption of ammonium” section) to
estimate the water-soluble ammonium in the original pore
water. Details of the method can be found in Wang (2011).
The pore-water ammonium-concentration data are shown
in Fig. 3c. Initially, ammonium increases with depth,
approaching maximum at around 25 m and then decreases
with depth. Compared with MZ04, the aquitard at SD14
site has much higher ammonium.

Conceptual model

The distributions of ammonium and salinity in the PRD
aquitard are the result of complex and long-term processes
including changes of sea level and shoreline, deposition of
sediments, decomposition of buried organic matter as well
as solute transport processes such as diffusion, dispersion
and advection. However, in the modeling analysis,
simplifications are necessary to capture the primary
mechanisms that control the temporal and spatial distri-
butions of the solute of interest.

As discussed in many previous studies (Ortega-
Guerrero et al. 1997; Birks et al. 2000; Hendry and
Woodbury 2007; Hendry et al. 2011), it was adequate to
use 1D models to study the profiles of chemicals in the
system dominated by areally extensive aquitards, assum-
ing that the lateral flow-transport processes were negligi-
ble. The units M1, T1, M2 and T2 were included in the
model. The bedrock was considered as an impervious
bottom boundary. At the top, the boundary condition
changed with the time-dependent depth of seawater and
thickness of the aquitard. However, the impact of variable
fluid density on the flow of pore water was ignored. A
linear equilibrium adsorption was adopted in transport of
dissolved ammonium.

The changes at the top boundary, as well as the
evolution of geochemical and hydraulic conditions in the
last 10,000 years, were approximately divided into three
key periods—the marine period (P1), the transition period
from marine to bay (P2), and the terrestrial period (P3), as
described in the following (Fig. 4).

Marine period (P1) was from 10 ka BP to 6 ka BP. At
the beginning of P1, because the site had been exposed to
a terrestrial environment for over 80 ka (Huang et al.
1982), the aquifer (T2) and the units T1 and M2, if they
existed, were assumed to be saturated with freshwater, and
nitrogen in any form was negligible. Holocene marine
sediments in unit M1 with the age between 10 ka BP and
6 ka BP were deposited on the top of older units. The
Holocene sediments were rich in organic materials. Pore
water in the sediments was assumed to be hydrostatic and
entirely originated from seawater. At the seabed or above
the sediments, the concentrations of Cl− and TDS were
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constant and equal to values for those of standard
seawater, which was used as the top boundary condition
for salinity transport in the 1D vertical model. Initial pore
water in the units below M1 was assumed to be fresh, with
ammonium concentration equal to zero. When seawater
flooded over the land, only downward diffusion of salinity
through these units was considered. The release rate of
ammonium was assumed to be relatively rapid in this
period when the Holocene sediments were newly

deposited. Transport of dissolved ammonium in the pore
water was controlled by the diffusion process with a
constant zero concentration at the top boundary and a no-
flux boundary at the bedrock. Driven by the concentration
gradients of solutions, there was downward diffusion of
solutions from M1 into the underlying units.

The transition period from marine to bay (P2) was from
6 ka BP to the time t3, where t3 denotes the time for the
change of the top surface from a marine to bay

Fig. 3 Vertical distribution of solutes at the sites of SD14 and MZ04. a Reconstructed Cl− in pore water and raw TDS data from the
solution extracted by deionized water at SD14; b Cl- and TDS profiles at MZ04; c Water soluble NH4 estimated from total NH4 at SD14;
and d Water-soluble NH4 profiles from centrifuge and piezometer samples at MZ04
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environment (Fig. 4). The top elevation of the aquitard
increased to 0 m (current sea level) at t3. At the sites of
SD14 and MZ04, t3 was 1.0 ka BP and 0.3 ka BP,
respectively, according to the change of the paleo-
shoreline with time (Fig. 1). The lower part of Holocene
marine sediments in unit M1 with an age between 6 ka BP

and t3 were deposited during this period. The hydraulic
condition was still assumed to be hydrostatic, so that only
diffusion occurred in solute transport. Salinity of pore
water in the surface sediments was assumed to be that of
seawater. However, when the paleo-seabed was shallow,
the salinity of seawater should be decreased due to the
influence of fresh water from the PRD river system.
According to the observations of seawater in the Ling
Ding Bay (Pan et al. 2002; Bao and Ren 2005), when the
depth of the seabed was less than 5 m, the salinity of
seawater was less than standard seawater and decreased
with the thickness of water body. A linear depth-
dependent relation (TDS decreasing from 35 g/L with
seabed depth of 5 m to zero g/L with seabed depth of
zero) was applied in this study to handle the top boundary

condition for salinity transport in pore water. The release
rate of ammonium in the previously deposited sediments
became slower because the rate of decomposition of
organic matter decayed with time. This time-dependency
of ammonium release will be analyzed in section “Release
of ammonium from decomposition of organic matter”.

The terrestrial period (P3) was from t3 (ka BP) to
present (Fig. 4). At the beginning of P3, most of the
Holocene sediments had been deposited and the surface
environment changed from marine to terrestrial. A
downward flow of pore water was developed due to
infiltration of precipitation, as observed from the hydraulic
head profile at MZ04 (Jiao et al. 2010). Hydraulic head at
the upper boundary of the model gradually increased from
zero to what was observed at present, so a time-dependent
hydraulic gradient and flow velocity were used in the
aquitard. This downward flow caused advection and
hydraulic dispersion in solute transport. At the upper
boundary, both concentrations of salinity and ammonium
were treated as zero. Thus, an intrusion of fresh water into
the salty pore water and the release of ammonium from

Fig. 4 Simplified sea level curve and history of sedimentary environment in the Pearl River Delta in the past 10,000 years: a simplified
sea level curve, b changes of seabed level and M1 thickness. P1, P2 and P3 represent marine period (P1), transition period from marine to
bay (P2), and terrestrial period (P3), respectively. In the P3 period, land was formed due to accumulation of sediments
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the marine sediments were simulated. In this period, the
release rate of ammonium in the lower part of M1
deposited in the period P1 was relatively very slow.

In all the three periods, it was assumed that the
velocities of pore water flow in the units T1 and M2 were
the same as that in unit M1. However, the flow within the
basal aquifer, T2, was ignored.

Parameterization of geochemical processes

Release of ammonium from decomposition
of organic matter
In this study, it was assumed that ammonium in the
aquitard-aquifer system originated entirely from nitrogen
mineralization (N-mineralization) during decomposition
of organic matter. In this process, organic nitrogen was
converted to ammonia and ammonium by microbes,
which is also known as ammonification. The ammonia
was dissolved first into pore water and became ammoni-
um. Then, ammonium in pore water was partly adsorbed
into an immobile phase. Decay of ammonium in the
sediments also occurred. This can be contributed by
escape as NH3 and N2 gas, partly by nitrification. Under
anaerobic condition, N2 gas can be produced by anaerobic
ammonium oxidation (anammox) via anammox bacteria.

The time-dependent rate of ammonification can be
estimated with an empirical exponential equation
(Stanford and Smith 1972; Burdige 1991; Camargo et al.
2002) as long as N-mineralization follows first-order
kinetics:

N i ¼ Nmax 1� exp �btð Þ½ �; ð2Þ

rN ¼ dN i

dt
¼ Nmax

b
exp �btð Þ ð3Þ

where Ni and Nmax are the time-dependent and maximum
values of the accumulated concentration of inorganic-N,
respectively, rN is the N-mineralization rate, β is the decay
exponent, and t is the elapsed time. If the observation
begins from the elapsed time t0, Eq. (2) can be rewritten as

N i ¼ N1 þ N2 1� exp �btð Þ½ � ð4Þ
where t is the time from the beginning of the observation,
and

N1 ¼ Nmax � Nmax exp �bt0ð Þ;N2 ¼ Nmax exp �bt0ð Þ
ð5Þ

Equation (4) is the same equation proposed by Jones
(1984) and was proved to be correct because it fit well
with experimental results (Camargo et al. 2002). In this
study, it was assumed that N-mineralization started as
soon as the marine sediments were formed. Thus, the age

of the marine sediments was also the elapsed time of N-
mineralization. It was also assumed that the values of
Nmax and β were uniformly distributed along the vertical
soil profile in unit M1.

In this study, decay of ammonium by nitrification was
ignored because the concentrations of NO2

− and NO3
− in

the sediments were extremely low, as stated earlier.
Escape of NH3-gas and N2-gas would be significant in
the pore water near the land surface. This was reflected
largely in the model because an upper boundary was set
there with zero concentration of ammonium. For deep
buried sediments, it was assumed that the escape of NH3-
gas and N2-gas was negligible. Thus, in this study,
ammonium was the only component of the inorganic-N
and Eq. (2) directly described the release of ammonium
from decomposition of organic matter.

Adsorption of ammonium
Ammonium in pore water can be adsorbed onto the sediment
particles by both physical adsorption and cation exchange.
The equilibrium distribution between adsorbed NH4

+ and
dissolved NH4

+ can be described with the adsorption
coefficient, Ks, defined as (Krom and Berner 1980)

Ks ¼ �b
�

C

C
¼ Kd

�b
�

ð6Þ

where Kd is the distribution coefficient, ρb is the bulk
density of the media, θ is the effective porosity, C and C
are the concentration of the adsorbed phase [MM−1] and
the dissolved phase [ML−3], respectively.

In the study area of the PRD, water soluble NH4
+ in

pore water in sediment samples extracted by deionized
water and the total NH4

+ of sediment samples at the same
depth extracted by KCl were obtained from 73 soil
samples in 16 boreholes. There was a good correlation
between water soluble NH4

+ and the total NH4
+ with a

correlation coefficient of 0.91 (Wang 2011). Then, the
Ks value was estimated as the ratio of exchangeable
ammonium and total ammonium. A mean value of
Ks01.325 was calculated. This value was very close to
Ks01.3±0.1 reported by Mackin and Aller (1984) who
believed that their value could be applied to a wide
range of marine environments.

The distribution coefficient, Kd, was applied to deter-
mine the retardation factor for transport analysis of
dissolved ammonium:

R ¼ 1þ Kd
�b
�

¼ 1þ Ks ð7Þ

With the value of Ks, the retardation factor of the
aquitard media was estimated as R02.325.

Accumulation of dissolved ammonium in pore water
Accumulation of dissolved ammonium in pore water of
the marine sediments is a dynamic balance between N-

968

Hydrogeology Journal (2013) 21: 961–976 DOI 10.1007/s10040-013-0976-1



mineralization and ammonium adsorption. Under equilib-
rium adsorption, the relationship between total ammonium
NH4

+ and dissolved ammonium is [NH4
+]0(θ/ρb)(1+

Ks)[NH4
+]s. Combing this relation with Eq. (2), the time-

dependent concentration of dissolved ammonium can be
described as

NHþ
4

� �
s ¼ Cmax 1� exp �btð Þ½ � ð8Þ

where Cmax 0 Nmax (ρb/θ)/(1+Ks) and is the potential
maximum concentration of dissolved ammonium (kg/m3).
The values of Cmax and β at the sites of MZ04 and SD14
were identified by calibrating the models with observation
data of salinity and ammonium profiles and are discussed
in detail in section “Modeling results and discussion”.

Note that if no other processes were involved, the
distribution of ammonium would be only dependent on
the age (or depth) of the sediments and controlled by the
two parameters in Eq. (8). However, Eq. (8) only gave the
potential concentration of dissolved ammonium from
accumulation; whereas other transport processes such as
diffusion, dispersion and advection movement were
expected to modify the accumulated ammonium calculat-
ed by Eq. (8).

Transport models of salinity and dissolved
ammonium

Transport equation and parameters
According to Zheng and Bennett (1995, 2002), 1D
vertical transport can be generally described by

R
@C

@t
¼ D

@2C

@z2
� u

@C

@z
� lRC þ qs

�
Cs ð9Þ

where C is the concentration [ML−3] of the solute, u is the
seepage velocity [LT−1], D is the dispersion coefficient
[L2T−1], l is the decay constant or reaction rate constant
[T−1], qs is the flow rate of source fluid per unit volume
[T−1], Cs is the concentration of the source fluid, [ML−3],
and z is depth.

The dispersion coefficient is

D ¼ De þ au ¼ De þ a
V

�
ð10Þ

where De is the effective diffusion coefficient [L2T−1] and
α is the dispersivity [L], V is the Darcy velocity [LT−1].
The empirical value of the effective diffusion coefficient,
De02×10

−10 m2/s, was used as an initial value following
Konikow and Arévalo (1993) and Hendry and Wassenaar
(2000) and later modified when calibrating the transport
model. The effective porosity was specified as θ00.15 for
the aquitards, which was less than the total porosity of
about 55% (Yun et al. 1981). This was a moderate
effective porosity according to empirical values of silt
and clay soils (Fetter 1993). A larger effective porosity,
θ00.30, was applied to the confined aquifer (T2). The

dispersivity, α, was initially set to be 1 m and then
calibrated with observed salinity profiles. Darcy velocity
V in the periods of P1 and P2 was set to 0 so only
diffusion was considered (D 0 De) in solute transport.
In the period P3, a downward velocity was applied
which linearly increased from zero at t3 to the
maximum V-value (Vp) at present. The value of Vp at
the MZ04 site was estimated using the observed
groundwater level in the piezometers. At the SD14 site,
there were no observed piezometric data and this value
was estimated by calibrating the transport model.

The relationship between dissolved and adsorbed
phases was considered in the retardation factor under the
assumption of isotherm equilibrium adsorption. For
ammonium transport, the factor is given by Eq. (7). For
salinity transport, it was assumed that Cl− and TDS would
not be influenced by any adsorption and ion-exchange
behaviors so that R01 was used.

As discussed in section “Release of ammonium from
decomposition of organic matter”, the decay of ammoni-
um due to complicated geochemical processes other than
time-dependent rate of ammonification was ignored. Thus,
100 was applied for ammonium transport. For salinity
transport, 100 was also applied.

Treatment of sink and source terms in transport
modeling
Continuously released ammonium from decomposition of
organic matter can be directly considered as the source
term for the transport of dissolved ammonium in pore
water. This was handled by the term qsCs/θ in Eq. (9).
However, there are significant uncertainties in determining
qs, which is the release rate of water from decomposition
of organic matter, and assessing the impact of this source
flux on seepage of the pore water. Also Cs, the
concentration of dissolved ammonium in the released
water, is a difficult item to quantify. As analyzed in section
“Accumulation of dissolved ammonium in pore water”,
vertical distribution of dissolved ammonium is controlled
by two processes: one is the accumulation processes due
to release of ammonium from decomposition of organic
matter as described in Eq. (8); the other is the transport of
ammonium (diffusion, dispersion and advection in pore
water) which results in redistribution of ammonium.
Accordingly, to avoid the difficulty in determination of
qs and Cs, simulation of ammonium profiles in each of the
three periods (P1, P2 and P3) was undertaken with a two-
step approach. At the first step, the increase of accumu-
lated ½NHþ

4 �s during the first period was estimated with
Eq. (8), which was then added to the initial concentration
to prepare a modified initial ammonium profile for the
second period. At the second step, redistribution of
½NHþ

4 �s via diffusion, dispersion or advection movement
during the second period was simulated. The result of the
second step was then used as the initial condition for the
third period. With this two-step approach, the sink and
source terms for ammonium transport were not explicitly
presented in the ammonium transport model.
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Numerical solutions
In this study, 1D flow and transport models were run with
MODFLOW-96 (McDonald and Harbaugh 1988; Harbaugh
and McDonald 1996) and MT3D (Zheng 1990), which are
finite difference models. A single column grid was used and
the grid interval was uniform and equalled 0.5 m. Three sub-
models were built for the three periods, using the different
boundary and initial conditions discussed previously.
Results of the early period were used as the initial condition
in the next period. The method of characteristics (MOC) was
applied to handle the advection of transport with nonzero
seepage velocity (Zheng 1990).

Five parameters, Cmax, β, De, α and V, were estimated in
the modeling of ammonium transport. To identify these
parameters, the modeling work was divided into two steps.
In step 1, salinity was treated as a conservative natural tracer
and transport of salinity was simulated to identify key
parameters such asDe, α and V, with a trial and error method
to give the best fit to the observed salinity data. In step 2, the
profile of non-conservative ammonium was simulated, with
the previously identified values ofDe,α and V, to identify the
values ofCmax and β in Eq. (8) by calibrating the model with
the observed ammonium data. Simulated water soluble
NH4

+ results from the numerical model were externally
converted to the concentration of N to compare with the
observed data at sites MZ04 and SD14.

Modeling results and discussion

Site MZ04
At the MZ04 site, the fine sand of unit T1 was combined
with the confined aquifer T2 since the weathered clay and
the unit M2 do not exist (Fig. 2). Therefore, the dissolved
ammonium directly diffused into the basal aquifer in the
P1 and P2 periods and then the transport was enhanced by
downward flow in the P3 period. The starting time of P3
(t3) was taken as 0.3 ka BP which was the time when the
shoreline moved across the site (Fig. 1).

Hydraulic conditions in P3 were different from that in
P1 and P2. Water-level information in piezometers with
different depth showed a downward flow through the
aquitard (Jiao et al. 2010). The flow rate of pore water can
be determined with the observed hydraulic gradient if
hydraulic conductivity of the aquitard is known. Slug tests
were carried out in the piezometers and the data were
analyzed by Yang et al. (2011). The estimated hydraulic
conductivities are shown as triangles in Fig. 5a, which
indicates that the aquitard is significantly heterogeneous.
Assuming a uniform downward flow rate, the change of
water level can be estimated as

dwðzÞ ¼ d0 � Vp

Z z0

z

dz

K
¼ d0 � VpDz

XM
i¼1

1

Ki
; ð11Þ

where dw is the depth of water level [L], z is the depth below
the ground surface [L], K is hydraulic conductivity [TL−1],
Vp is the vertical Darcy velocity that is positive when it is

downward [LT−1], Ki is a step function introduced to
describe K(z), Δz was set to be 0.1 m, M is the number of
steps between z and z0, and d0 and z0 are 2.34 and 35 m,
respectively, representing the depth of water level (2.34 m)
in the deepest piezometer at the depth of 35 m. Finally, both
the downward flow rate, Vp, and the profile of hydraulic
conductivity, K(z), were obtained by matching the ground-
water level observed in the eight piezometers. The estimated
flow rate was 5.2×10−4 and 4.2×10−4 cm/d according to
water-level observations in 2009 and 2010, respectively,
which gave an average value of 4.7×10−4 cm/d. This value
was used as the maximum value of Darcy velocity in the
period of P3. The modeled and observed head profiles are
shown in Fig. 5b.

Salinity transport in the periods P1–P3 was first
simulated and the observed result at the end of P3 (salinity
profile at present) was used to compare with the simulated
salinity profile. Using the trial and error method, De00.2×
10−10 m2/s and α00.09 m were obtained, which led to a
reasonably good match between the simulated profile
(solid line) with the observed relative salinity profiles
based on the piezometer samples and centrifuge samples,
as shown in Fig. 6c. The simulated relative salinity profile
at the end of P1 and P2 using these parameter values are
shown in Fig. 6a and b, respectively.

Then, the estimated values of De and α were applied
directly in the ammonium transport model. The other
parameter values, Cmax0377 mg/L and β00.45 ka−1, were
obtained by calibration of the model with the observed
ammonium profile at present (the end of P3). The
simulated ammonium profile is shown as a solid line in
Fig. 6f. It can be seen that the simulated ammonium
distribution matches reasonably well with the observed
concentration of ammonium in piezometer samples.
However, this simulated result is significantly larger than
that observed profile based on centrifuge samples.

When the ammonium profile obtained with centrifuge
samples was simulated, the parameter values obtained
were: De02.0×10

−10 m2/s, α00.4 m, Vp017.6×10
−4 cm/

d, Cmax0336 mg/L, β00.45 ka−1. The result is shown in
Fig. 6f as a dashed line. To reproduce the centrifuge,
sample ammonium required a more rapid transport model
using larger values of α, and Vp. However, this set of
parameters cannot produce a simulated salinity profile
which matches well with the observed one. Thus, the
previous set of parameters obtained by matching the
ammonium data in piezometer samples was accepted as
the final parameters. The reasonably good match between
the modeling and observation results demonstrated that
the conceptual model proposed in this study can capture
the dominant processes that control the generation and
movement of ammonium at the MZ04 site.

Site SD14
At the site of SD14, the dissolved ammonium generated in
unit M1 cannot directly migrate into the basal aquifer but
must pass through the older marine unit M2. The starting
time (t3) of P3 was taken as 1.0 ka BP, which was the time
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when the paleo-shoreline moved across the site (Fig. 1). It
was assumed that the age of sediments of M1 at the
interface between M1 and M2 was 10 ka BP. Depths with
14C age data are marked on the columns in Fig. 2. Linear
interpolation was applied to estimate the age of sediments
at other depths. Different from MZ04 site, there was no
observed hydraulic head in the aquitard, so the flow
velocity of pore water had to be identified during model
calibration.

The salinity transport model was run first to identify
the values of De, α and Vp by calibrating the model
against the observed salinity profile at present. The
following parameters were obtained: De02.0×10

−10 m2/
s, α00.03 m and Vp011.8×10

−4 cm/d. The simulated
results are shown as the solid lines in Fig. 7. Figure 7c
shows that the match between the simulated and the
observed salinity profiles is reasonably good.

For ammonium transport, Cmax01,916 mg/L and β0
0.08 ka−1 were identified with the trial and error method
using the estimated dissolved [NH4

+] data. This β-value
was significantly lower than that of MZ04 site but the
Cmax value was much larger. As shown in Fig. 7f (solid
line), the simulated ammonium profile matches the general
pattern of the observed ammonium distribution.

Discrepancy between simulated and observed results
can be also observed from Fig. 7c and f. Salinity was
underestimated in M2. This discrepancy may be caused by
the assumption that the initial salinity in M2 was ignored.
Both salinity and ammonium concentrations were under-
estimated in the upper part of M1. The exact reasons were
unknown. The salinity and ammonium concentrations in
the shallow part of the system should be sensitive to the
complicated sea-level fluctuations and sedimentary con-
ditions in the Holocene. However, the model was based on

a simplified sea-level curve and sedimentary history
(Fig. 4). The modeling results at the SD14 site were
relatively less reliable comparing with MZ04 site because
SD14 site had less data, e.g. it had less age information
and there was no information on water level. However, the
model adequately reproduced the shapes of solute profiles
(Fig. 7c and f).

Discussion
As demonstrated in the simulations at the two sites, the
conceptual model and the modeling results can generally
recapture the key geochemical and transport progresses of
salinity and ammonium in the aquitard–aquifer system in
the past 10,000 years. Evolution of the ammonium profile
was controlled by decomposition of organic matter
(determined by Cmax and β), the deposition age of
Holocene sediments (indicated by burial depth), diffusion
in the three periods (controlled by De) and advection–
dispersion in the period of P3 (controlled by Vp and α).
The vertical distribution of ammonium was characterized
by the bell-shaped profile. As can be seen in Figs. 6d–f
and 7d–f, in the period of P1, the maximum concentration
of ammonium was close to the bottom of M1 because the
diffusion effect was not significant. In P2, the center of the
bell became flat and the maximum ammonium increased
due to continuous accumulation of ammonium, and the
peak moved up by downward diffusion (Figs. 6e and 7e).
This change in the shape became more significant in P3
and the front moved down due to downward flow of pore
water. For example, at SD14, the peak of ammonium
concentration was approximately located at the depth of
25 m at the end of P1 (Fig. 7). It moved upward to the

Fig. 5 Relationship between permeability and hydraulic gradient in the aquitard: a Estimated hydraulic conductivity (K) profile from the steady
flow model (line) and slug tests (triangles); b Water level depth observed in piezometers in 2009 (symbols) and estimated with the steady flow
model (line). Model-A and Model-B in b are modeling results using downward Darcy velocity of 5.2×10−4 and 4.2×10−4cm/d, respectively
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depth of ~20 m at the end of P2. However, at the end of
P3, it moved downward almost to the depth of 25 m again.

Dependency of the ammonium profile at the end of P3 on
the key parameters was briefly investigated by comparison
of modeling results with different parameter values. Results
of eight typical cases are shown in Fig. 8. Ranges of the
parameter values were specified according to the previous
modeling analysis at the two sites, as listed in Table 1. The
differences between cases A and B at site MZ04 and
between cases E and F at site SD14 show that the advection
(no advection if Vp00) does not significantly change the
shape of the ammonium profile but increases the depth of
maximum ammonium concentration. This increase in the
depth of maximum ammonium is more significant at the site

SD14 where Vp and t3 are greater than those at the
MZ04 site, implying more rapid advection and longer
time for the downward mitigation of maximum concen-
tration. The β-value in case A is about 5.6 times that in
case D, whereas other parameter values are the same. As
a result, the maximum ammonium concentration in case
A is about 2.3 times that in case D. A similar difference
exists between cases E and F, which indicates that the
maximum ammonium concentration at the end of P3 is
sensitive to the β and thus increases with the increase of
the β-value. The effect of De can be seen in a
comparison of cases B and C. The value of De in case
C is an order of magnitude larger than the De-value in
case B, implying a stronger diffusion of solutes.

Fig. 6 Modeling results of a–c salinity profiles and d–f NH4
+ profiles at MZ04 (solid lines) at the end of the three periods (P1, P2, P3).

Dashed line in f is the result of rapid transport to match ammonium data of centrifuge (pore water) samples
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Consequently, both the depth and the value of the
maximum ammonium concentration decrease in case C.
The smaller peak ammonium concentration and the
higher position of the peak in H in comparing with
case G can be also partly explained by the effect of
larger De-value. The impacts of Cmax and α on the
maximum ammonium concentration are not explicitly
shown. However, according to Eq. (8) one can easily
expect that the maximum ammonium concentration is
proportional to the value of Cmax. This relationship can
be identified when case F is compared with the case B
and when case H is compared with case D. The
influence of the dispersivity, α, is similar to that of De

but it can be enhanced by Vp because the dispersion is
linked to αVp.

The decay exponent of ammonification, β, is an
important parameter for assessing the continuity of
ammonium release in the marine sediments. This param-
eter controls the potential maximum amount of ammoni-
um which could be released from decomposition of
organic matter. The estimated values of the decay
exponent in this study were β00.45 ka−1 for MZ04 and
β00.08 ka−1 for SD14. It was about 4- or 5-order
magnitude lower than that obtained by Burdige (1991)
and Camargo et al. (2002) with experimental tests of soil
samples. The low value of the decay exponent likely

Fig. 7 Modeling results of (a–c) salinity profiles and (d–f) NH4
+ profiles at SD14 (solid lines) at the end of three periods. Triangles and

dots are observed data
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represented the slow N-mineralization for deeply buried
sediments in an extremely reducing environment. It was
noted by Burdige (1991) that the decay exponent rapidly
decreases with depth in the sediments in the southern
Chesapeake Bay, USA, although his study was limited to
a depth less than 15 cm. Thus, this small value of the
decay exponent may represent the situation of deep
sediments in the PRD. As reported in Muller and
Mangini (1980), the first-order decay constant of organic
carbon in Late Quaternary sediment cores from the North
Pacific can be as small as 3.2×10−6 to 27.5×10−6 year−1.
The magnitude of this decay constant was close to the β-
values (9.0×10−5year−1 for SD14 and 4.5×10−4year−1 for
MZ04) obtained in this study.

From Eq. (2), the degree of ammonium accumulation
can be defined as the ratio:

N i Nmax= ¼ 1� exp �btð Þ; ð12Þ
For example at the site MZ04 the identified β-value is

0.45 ka−1, then the Ni/Nmax ratio was 98.9% for sediments
deposited 10 ka BP and was 36.2% for sediments formed
1 ka BP. At the site SD14 the identified β value was
0.08 ka−1, thus the Ni/Nmax ratio was only 55.1% for the

sediment formed 10 ka BP and was only 7.7% for the
sediment formed 1 ka BP. This indicated that there was
high percentage of metabolizable ammonium which still
remained in the organic matter in unit M1 at SD14 to be
released in the future.

Limitations
Several simplifications and assumptions were used in the
conceptual model. Heterogeneous deposition of organic
materials and occasional temporal variation in chemical
properties of seawater during the Holocene were not
considered. Thus, the modeling results represented the
average behavior and overall trend of the geochemical
processes.

Density difference was ignored. The density-driven
flow could be significant when seawater intrusion occurs
in the sediments during the transgression in the Holocene.
Ignoring this process in P1 and P2 may be a reason for
underestimation of the salinity in the lower part of the
aquitard (Fig. 7c). The density-driven flow could also
partly explain why observed NH4

+ in M2 at SD14 site was
generally larger than the simulation.

It is possible that there was some relic nitrogen
produced in M2 before the transgression in the Holocene
and it transformed into ammonium. TOC and TN in M2
were still high (Wang 2011). The ammonification rate in
M2 should be significantly slower than that in M1 because
M2 was exposed to the land over 80 ka years. However,
ammonium accumulation via direct decomposition of
organic materials in M2 was ignored in this study. How
to include the relic nitrogen and ammonification in M2
during the Holocene requires further investigations.

In addition to the complex geochemical processes,
sediment compaction, regional subsurface flow and
human activities can complicate the behaviors of salinity
and ammonium transport in the aquitard as well as in the
confined aquifer. An integrated model combining all these
processes will be a topic for further investigations.

Summary and conclusions

The coastal organic rich aquifer–aquitard system in the
Pearl River Delta, China, is an extremely reducing
environment. The abnormally high concentration of

Fig. 8 Different modeling results of the ammonium profile at the
end of period P3 with different key parameter values (presented in
Table 1) for a cases A–D at site MZ04 and b cases E–H at site
SD14

Table 1 Parameter values in different cases with respect to Fig. 8

Site Case Vp β De Cmax α t3
10−4cm/d ka−1 10−10m2/s mg/L cm ka BP

MZ04 A 4.7 0.45 0.2 377 0.09 0.3
B 0.0 0.45 0.2
C 0.0 0.45 2.0
D 4.7 0.08 0.2

SD14 E 11.8 0.45 2.0 1916 0.03 1.0
F 0.0 0.45 2.0
G 0.0 0.08 0.2
H 11.8 0.08 2.0
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ammonium in the system has been generated as a result of
decomposition of organic materials in the aquitard.
Chemical analyses of pore water samples abstracted from
sediments in cores and groundwater samples directly
collected in piezometers at two sites, MZ04 and SD14,
showed that Cl−, TDS and ammonium increase with
depth, approach a maximum, and then decrease with depth
in the lower part of the aquitards or near the basal aquifer.

An examination of the sedimentary history in the
Holocene indicated that the evolution of geochemical and
hydraulic conditions could be conceptualized into a model
of three periods: P1, marine period; P2, transition period
from marine to terrestrial; and P3, terrestrial period. In P1,
as sea level began to rise and sediments of M1 started to
deposit, decomposition of organic matter in M1 began to
occur. The unit M1 was full of seawater, which diffused
into the underlying units that used to be saturated with
freshwater due to long exposure to the land when sea level
was much lower. A hydrostatic status was assumed in
periods P1 and P2 and diffusion was the dominant process
of solute transport. In P3, coastal land was formed and a
downward flow was applied with a gradient gradually
increasing from 0 to the current observed value, and the
solute migration was controlled by advection–dispersion
processes. There were always two processes occurring
simultaneously: (1) generation and accumulation of
ammonium due to decomposition of organic materials
and (2) redistribution of the dissolved ammonium in the
aquitard–aquifer system, mainly controlled by advection–
dispersion processes. Release of ammonium from decom-
position of organic matter was parameterized with an
exponential equation in which the ammonification rate in
the Holocene sediments was a function of deposition time.
Accumulation of dissolved ammonium due to decompo-
sition of organic matter was then estimated using a linear
equilibrium adsorption. Transport of dissolved ammonium
was analyzed using the advection–dispersion equation and
simulated with 1D numerical transport models via
MODFLOW and MT3D. Variable hydraulic conditions at
the top boundary condition of solute transport were
considered according to the sea-level change and the
sedimentary history.

The models were calibrated against the observed salinity
and ammonium profiles at the two sites. Many parameters
were involved. Flow and transport parameters De, α and Vp

were estimated by calibrating the models with the profile of
salinity, which was assumed to be conservative, and reactive
parameters Cmax and β were estimated by calibrating the
models with observed ammonium profiles. The models
reproduced the evolution of salinity and ammonium profiles
at the two sites in the Holocene. The reasonably good match
between the calculated salinity and ammonium profiles and
those observed at the present indicated that the models
captured the dominant processes in ammonium accumula-
tion and transport in the past 10,000 years. It was indicated
that the advection transport driven by downward flow in the
aquitards for thousands of years can significantly increase
the depth of the maximum ammonium concentration. This
study represented the first effort to simulate the generation

and movement of ammonium in the recent geological time
and the methods, discussion and parameters obtainedmay be
insightful to ammonium studies in other coastal river plains
of similar geology and geohistory.
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