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• Aquitard porewater components are similar to that of groundwater in the aquifer.
• Influence of the aquitard on Cl− concentrations in the basal aquifer is strong.
• Total NH4+ available in the aquitard determines NH4+ concentrations in the aquifer.
• Aquitard controls significantly groundwater chemistry in the basal aquifer.
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Aquitards are capable of generating and preserving large amounts of chemicals. The release of the chemicals
from the aquitards poses a potential contamination risk to groundwater that may be used as a drinking water
source. This work aimed to identify the contribution of hydrogeochemical processes in the aquitards to
groundwater hydrochemistry in the underlying confined basal aquifer by studying the coastal Quaternary
aquifer–aquitard system of the Pearl River Delta, China. The system was submerged by paleo-seawater in
the early Holocene and mainly receives infiltration of precipitation at present, as indicated by investigations
on stable isotopes (δ2H, δ18O), water chemistry (SO4

2− and Cl−) and salinity. Significant correlations between
total dissolved solids in the basal aquifer and the thickness of the overlying aquitard further suggested the
contribution of the aquitard to the groundwater hydrochemistry in the aquifer. Significant correlations
between the chloride concentrations in aquitard porewater and that in groundwater in the aquifer, and
between the thickness of the aquitard and the chloride concentrations in groundwater indicated the strong
influence of the aquitard on the chloride in the aquifer. This is probably because the low-permeability
aquitard is capable of preserving the paleo-seawater in the aquifer and releasing the salinity from the
aquitard down to the aquifer via downward flow or diffusion. Isotopic and geochemical studies revealed
that the aquitard is also responsible for generating and preserving large amounts of naturally occurring
ammonium. Analysis between the concentrations of ammonium in groundwater in the basal aquifer and
the total available ammonium in aquitard sediments suggested that the former is significantly controlled
by the latter.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Confined or semi-confined Quaternary aquifers are of primary
interest for water supplies because groundwater in these aquifers is
not difficult to exploit. They are often under the protection of low-
permeability aquitards and are subject to lower contamination risks of
anthropogenic pollutants compared to shallow unconfined aquifers.
Many studies are concerned with the hydrogeochemical processes
within the Quaternary aquifers that control groundwater evolution
(Bouhlassa and Aiachi, 2004; Guo and Wang, 2004; Pulido-Leboeuf,
852 2517 6912.
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2004; Lorite-Herrera et al., 2008; Unsal and Celik, 2008; Fattah, 2012),
leaving geochemical processes and hydrochemical characteristics of
aquitards above and below the aquifers relatively less studied. However,
aquitards can be geochemically active, and are capable of generating and
preserving large amounts of chemicals. Dissolved ammonium in the
aquitard accumulated in the aquitard porewater, and the transport of
dissolved ammonium in porewater was simulated using 1D numerical
transport models (Wang et al., 2013). The behaviour of ammonium in
groundwaterwas compiled by Erskine (2000). Groundwater ammonium
concentrations were found to generally increase with increasing salinity
(Manning and Hutcheonb, 2004). The release of the chemicals from the
aquitards poses a potential contamination risk to groundwater in the
aquifer that may be used as a drinking water source. Distribution and
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transport of solutes in clay-rich aquitard confining unites were widely
studied to predict the long-term migration of contaminants into the
underlying aquifer (Hendry and Wassenaar, 2000, 2004). In this coastal
aquitard, diffusion was identified to be the dominant process of solutes
transport at the early stage of the Holocene, and the solute migration
was suggested to be largely controlled by advection–dispersion processes
after the delta was exposed to the air (Wang et al., 2013). Study on a
glacial aquifer–aquitard system demonstrated that dissolved minerals
from the overlying till aquitard can be fed into the underlying aquifer,
which acted as a chemically inactive lateral transmission zone (Fortin
et al., 1991). Understanding the contribution of hydrogeochemical
processes in aquitards to regional groundwater hydrochemistry will
benefit the evaluation, management and protection of groundwater
resources in confined aquifers.

This study aimed to identify the contribution of hydrogeochemical
processes in the aquitards to the regional groundwater hydrochemistry
by carrying out a study at the Quaternary aquifer–aquitard system in
the Pearl River Delta (PRD), China, which is located in the coastal
areas of South China Sea. Some aspects of hydrogeochemical conditions
and geochemistry of this coastal groundwater system have been well
documented in previous studies (Jiao et al., 2010; Wang and Jiao,
2012; Wang et al., 2012). The study of Wang and Jiao (2012) demon-
strated the spatial distribution of groundwater mineralization in the
basal aquifer, and suggested that groundwater in the confined basal
aquifer was mainly composed of paleo-seawater and infiltrated rain-
water. It also demonstrated that various water–rock interactions
in the aquifer have modified groundwater hydrochemistry from a
conservative mixing between paleo-seawater and local precipitation.
One of themost noticeablemodifications is the occurrence of ammonium
in groundwater. It was found that ammonium-rich groundwater is
widely distributed in the confined basal aquifer and the total area with
ammonium concentration over 10 mg/L is over 1600 km2. Geochemical
analyses suggested that ammonium in groundwater in the confined
basal aquifer of the PRD is naturally originated in the overlying
Holocene-Pleistocene aquitard (Jiao et al., 2010). Study of Wang et al.
(2012) found that the concentrations of sulphate in aquitard porewater
weremuch lower than that of the conservativemixing between seawater
and fresh groundwater. On the bases of these studies, this work probed
geochemistry and hydrochemistry of the overlying aquitard by adopting
isotopic, geochemical and hydrochemical methods. Influences of the
aquitard on groundwater hydrochemistry in the basal aquifer were
evaluated.

2. Site background

Around and within the PRD, there are bedrock outcrops formed
from Cambrian to Tertiary (Fig. 1A). The plain areas are developed
under the interactions between the rivers and South China Sea during
the late Quaternary. Thickness of Quaternary sediments varies from
several meters to less than 70 m (Wang, 2011). There are a few sites,
such as Towns of Beijiao, Xintan, Huangpu, Dongfeng, Minzhong and
Shuangshui, generally have relatively thick sediments. (Huang et al.,
1982; Wang, 2011). The sediments are generally consisted of four
sequences: two marine sequences and two terrestrial sequences
(Fig. 1B) (Yim, 1994; Yim et al., 2002; Zong et al., 2009a). Prior to
the last transgression in the late Pleistocene, a layer of sand and gravel
alluvial sediments called T2 was widely distributed in paleo-valleys of
the PRD. During the interglacial period started about 130 ka before
present, a unit of silt and clay marine sediments called M2 overlaid on
T2. After that, the upper part of M2 was largely weathered when the
sea level was low, and formed a layer of weathered clay in most of the
plain areas. Meanwhile, a layer of alluvial sediments of sand was laid
down along paleo-river channels. Both the weathered clay and alluvial
sediments were formed during the last glacial period and called T1.
After 8.2 calibrated ka before present, a large-scale transgression in
the Holocene caused by rapid rise of sea level formed a layer of younger
marine silt and clay sediments, called M1 (Zong et al., 2009a). A simpli-
fied cross-section of the stratigraphic units of Quaternary sediments is
provided in Fig. 1B. Marine units of silt and clay (M1 and M2) form
the aquitards, and the alluvial sediments of sand and gravel at the bot-
tom of the Quaternary form the major confined basal aquifer.

The delta plain area has an elevation ranging from 6–9 m above
sea level in the north and northwest to 1–2 m near the coast (GHT,
1981). Water level contour map for the confined aquifer is shown in
Fig. 1A. The water level elevation ranged from less than 0.5 m near
the coast to over 4 m in the inland area. It is demonstrated that
regional groundwater flow of the confined basal aquifer is towards
east or southeast (Fig. 1A). Overall the hydraulic gradient is small,
indicating that the regional groundwater flow is slow. Information
on vertical flow in the aquifer–aquitard system is limited. Water levels
from the piezometer cluster at MZ4 showed a downward vertical flow
(Jiao et al., 2010). The vertical groundwater velocities at different
depth of the aquitards were estimated to range from 0.39 × 10−3 to
1.84 × 10−3 m/year (Wang, 2011), indicating very slow vertical flow
within the aquitard.

3. Methods

Forty boreholes were drilled using rotary drilling method in the
plain area of the delta during the dry seasons (between November
and February) from 2007 to 2009. During borehole drilling, sediment
samples from the center part of the drilling cores were collected at
the interval of one to two meters and preserved in plastic sampling
bags. MZ4 and SL10 were chosen for more detailed sampling and
the boreholes drilled in these sites are called key boreholes. Push
down drilling method using heavy hammer without flushing liquid
was adopted to drill the key holes. The sediment samples in the key
holes were centrifuged to obtain porewater directly.

Temporary wells were made after drilling and the open intervals
were screened in the basal aquifer. After adequate well development,
various groundwater sampling and aquifer testing were carried out in
the holes. Groundwater was sampled when the pumped water from
the borehole became clean. Groundwater collected from each site
was filtrated by passing through 0.45 μm filter paper and fill in one
125 ml high density polyethylene bottle for major anion analysis.
Water and sediment samples were stored in coolers with frozen
blue ice in the field and analyzed in the laboratory as soon as possible.
Ammonium concentrations in groundwater were analyzed using HI
93733 Ammonia ion specific meter (ISM) immediately after sam-
pling. This ammonium ISM adopted the Nessler Method (APHA,
1992), which is approved by United States Environmental Protection
Agency. YSI 6-Series MultiparameterWater Quality Sondes (6920 V2)
(YSI, 2006) were directly put in each well at the middle of the basal
aquifer to measure total dissolve solids (TDS) and other aquifer
parameters.

Clustered piezometers were installed at the location of MZ4
with the help of the University of Waterloo, Canada. Water samples
were collected from these piezometers, which are called piezometer
water hereafter, filled in 50 ml centrifuge tubes, acidified with 10 M
HCl and frozen immediately after sampling. Stable nitrogen isotope
(δ15N) of porewater samples were analyzed in the laboratory of the
University of Waterloo.

In total 196 sediment samples from nine boreholes were used to
reconstruct chloride concentrations of aquitard porewater. Before
analysis, sediment samples were weighted and air-dried to estimate
water content. For each analysis, chloride was extracted according
to the procedure introduced by Miller and Curtin (2008). Extraction
at sediment/water ratio of 1:2 was adopted as studies have shown
good correlations between chloride in 1:2 extracts versus saturation
paste extracts (Hogg and Henry, 1984). Chloride concentrations were
reconstructed by converting chloride amounts in extracted solutions
into porewater. Seventy-four bulk sediment samples from two key
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boreholes (MZ4 and SL10) were selected for direct porewater analysis.
For each analysis, about 2 kg of wet sediment sample were centrifuged
for 45 min and porewater samples were collected after centrification.
Both extracted solution and centrifuged porewater were filtrated
by passing through 0.45 μm membrane filters before analysis. Chloride
concentration analysis was performed by ion chromatography at
the Civil Engineering Department, The University of Hong Kong. Total
dissolved solids (TDS) of piezometer water and centrifuged porewater
were analyzed usingHANNAHI 8733Multi-Range ConductivityMeters.

Exchangeable NH4
+ is defined as NH4

+ that can be extracted at room
temperature with a neutral K salt solution (Maynard et al., 2008). Both
exchangeable ammonium and water-soluble ammonium are available
for groundwater, and they are called total available ammonium in this
study. Total available ammonium in aquitard was extracted using
2.0 M neutral KCl solution with a sediment and solution weight ratio
of 1:10 (Magill and Aber, 2000; Shahandeh et al., 2005; Maynard
et al., 2008). Sediment and KCl solution were mixed in a baker,
and shaken for one hour on a reciprocating shaker. After mechanical
shake, intermixture was centrifuged for about 10 min, and the solution
was filtrated by using advantec 5C filter paper (Tan, 2005). Extractions
can also be used to analyze nitrate and nitrite nitrogen in aquitard
sediments (Maynard et al., 2008). HI 93733 Ammonia ISM was
employed to measure the concentrations of both water-soluble and ex-
changeable ammonium in extracted solutions. Method of standard ad-
dition was used for data quality control and the recovery rates were
within 96.2–103.4%. Sediment NO3

−\N and NO2
−\N were analyzed by



666 Y. Wang et al. / Science of the Total Environment 461-462 (2013) 663–671
Lachat QuikChem 8000 Flow Injection Analyzer (FIA) at the School of
Biological Sciences, The University of Hong Kong.

For total nitrogen (TN) and total organic carbon (TOC) analyses,
sediment samples were oven dried at a temperature of 55 °C for
72 h. Dried sediments were treated with 1 MHCl to remove inorganic
carbon and then dried in the same way again. Dried samples were
ground into powder with a particle size less than 75 μm using an
agate pestle and mortar. TN and TOC in sediment samples (HCl-treated
sediment) were determined on ThermoQuest Italia S.P.A. EA 1110
at State Key Laboratory of Marine Geology, Tongji University, China.

4. Results and discussion

4.1. Origins of porewater in the aquifer–aquitard system

Understanding groundwater components both in the aquifer and
aquitard is helpful to identify hydrochemical relationship between
aquitard and aquifer, and therefore the influence of the aquitard on
groundwater quality. Groundwater in the confined basal aquifer is
known to be mainly composed of terrestrial freshwater and paleo-
seawater (Wang and Jiao, 2012). To identify components of porewater
in the aquitard, stable oxygen isotope (δ18O), chloride and TDS concen-
trations in piezometer water were analyzed. Studying on stable oxygen
isotope can efficiently help to identify the origins of groundwater,
as these values can provide important information on sources of the
recharge including precipitation and seawater. Fresh groundwater con-
tains low chloride, low TDS and δ18O value close to that of local precip-
itation, while seawater contains high chloride, high TDS and δ18O value
around 0‰. Fig. 2A shows the plots of Cl− versus δ18O and TDS versus
δ18O of the piezometer water samples, together with the chemistry of
the end-members of fresh groundwater and seawater. These plots sug-
gested that porewater in the aquitard is a mixture of local precipitation
and seawater. The plot of chloride versus TDS of aquitard porewater
from SL10 and MZ4 shown in Fig. 2B demonstrated that the points are
close to or on the theoretical mixing line between fresh groundwater
and seawater, indicating that the elevated salinity of the aquitard
porewater is mainly derived from seawater. Removal of sulphate oc-
curred in the aquitard porewater, and this can mainly be attributed to
sulphate reducing process, as abundant authigenic pyritewas identified
from sediments in the aquitard (Huang et al., 1982; Lan, 1991; Wang
et al., 2012). Because sulphate reduction to form authigenic pyrite
involves bacterial activities, which needs relatively long time to occur,
therefore, sulphate reduction is an indicator of long residence time of
seawater in the aquitard (deMontety et al., 2008). Themost appropriate
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explanation for the occurrence of seawater with long residence time
in the aquitard is that seawater was also derived during Holocene trans-
gression, just like the seawater in the confined basal aquifer as concluded
by Wang and Jiao (2012).

4.2. Influence of aquitard on salinity of the groundwater in the basal aquifer

The entire plain area of the PRDwas almost submerged by seawater
at the early stage of the Holocene transgression, as the earliest paleo-
shoreline of the PRD was identified to be 6800 calibrated years before
present (cal. yr BP) near the apex of the delta plain (Zong et al.,
2009b). The whole basal aquifer was believed to be filled with
paleo-seawater in the early Holocene and then experienced gradually
freshening by receiving precipitation. The degree of freshening of the
basal aquifer was believed to be mainly related to the time when the
delta was elevated and exposed to the land surface, which can be indi-
cated by the age of the shoreline. This is generally true as the contour
map of groundwater salinity demonstrated that salinity generally in-
creases from northwest to southeast, which is consistent with the ad-
vancement direction of the paleo-shoreline (Fig. 1 in the
supplemental section). However, locally the salinity distribution does
not follow the pattern suggested by the paleo-shoreline. For example, sa-
linity varied from b1 g/L to 15–20 g/L at the approximate locations of
paleo-shoreline of 1000 cal. yr BP (Fig. 1 in the supplemental section). A
few places such as Beijiao, Xintan andHuangpu have abnormally high sa-
linity. This salinity distribution cannot be explained directly by the distri-
bution of the hydraulic head (Fig. 1A), the gradient of which is the major
driver of the regional flow. Thus, influences on this salinity distribution
are most likely from the aquitard.

To find out the control of the aquitard on the distribution of brackish
groundwater in the confined basal aquifer, profiles of chloride concen-
trations in aquitard porewaterwere examined. Chloridewas chosen be-
cause aquitard porewater is mainly composed of paleo-seawater and
local precipitation as indicated in Section 4.1, and chloride is regarded
as a good tracer of seawater by many studies due to its conservative
nature (Pulido-Leboeuf, 2004; Appelo and Postma, 2005; Yamanaka
and Kumagai, 2006; de Montety et al., 2008).

The chloride concentration of aquitard porewater in nine boreholes
(SD14, SD1, LL1, SL10, SD15, SL13, SD20, SD4 and SD6)was reconstructed
bymixing deionizedwater to the sediments using themethodmentioned
in Section 3. The chloride profiles from these boreholes are shown as
rhombuses in Fig. 3. The chloride concentration of aquitard porewater
in two boreholes (MZ4 and SL10) was directly measured in porewater
from centrifuged samples. The profiles from these boreholes are shown
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as triangles in Fig. 3A and E. For comparison purpose, the chloride concen-
tration in porewater of borehole SL10wasmeasured using bothmethods
and shown in Fig. 3E. The chloride concentration of centrifugedporewater
shows greater fluctuation than that of the reconstructed data, but the
overall trend is similar. These boreholes were located at areas with a
wide range of groundwater salinities (Table 1). As shown in Fig. 3, the
chloride concentration in most of the holes increased with depth but
then became relatively constant after a certain depth. The chloride
concentration in SD20, however, increased with depth first, approached
a peak at the depth around 18 m, and then decreased gradually towards
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Table 1
Boreholes located at areas with different salinity concentrations in groundwater in the
basal aquifer.

Borehole Salinity in groundwater in the
basal aquifer (as TDS) (g/L)

SD6 b1
SD4 1– 5
SD20 5–10
LL1 10–15
SD14, SD1, SD15, SL10, SL13 15–20
MZ4 >25
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increase the chloride concentration of the groundwater in the basal
aquifer. The areas with abnormally high salinity happened to be the
sites with relatively thick sediments of the PRD (Huang et al., 1982;
Wang, 2011) where the aquitard is very thick. Thus it can be concluded
that the spatial distribution of the aquitard thickness is a controlling factor
for preserving the high salinity paleo-seawater.

The correlation between the aquitard thickness and the chloride
concentrations in groundwater in the basal aquifer and that between
the chloride of aquitard porewater and the chloride of the ground-
water in the basal aquifer are shown in Fig. 4A and B, respectively.
The former has a correlation coefficient r of 0.85 at the significance
level of 0.01 and the latter has a correlation coefficient of 0.73 at
the significance level of 0.01. These significant correlations confirm
the strong influence of the aquitard on the chloride in the aquifer
by preserving the paleo-seawater in the aquifer or/and transporting
paleo-seawater down to the aquifer. As shown in Fig. 3, the chloride
concentration of the groundwater in the aquifer is usually lower
than that of the aquitard porewater immediately above the aquifer.
This suggests that the chloride of the aquifer may not only influenced
by the aquitard but also regional flow, which gradually flush away the
paleo-seawater. This flushing process seems most obvious in SD20,
which led to a reduction in the chloride even in the aquitard.

4.3. Influence of geochemical processes within the aquitard to
hydrochemistry of groundwater in the confined basal aquifer

Occurrence of ammonium in groundwater obviously modified
groundwater hydrochemistry from a conservative mixing between
paleo-seawater and local precipitation. In this study, stable nitrogen
isotope analysis of ammonium was carried out to verify the sources
of ammonium in the groundwater system in the PRD region. Stable
nitrogen analysis is one of the most efficient ways to identify the
sources of inorganic nitrogen as values of δ15N significantly vary with
different natural and anthropogenic nitrogen sources: synthetic nitro-
gen fertilizers are fixed from atmosphere nitrogen and generally have
δ15N values around 0‰; δ15N values of ammonium in groundwater
originated from natural organic matter range from about 4‰ to 8‰;
feedlot runoff generally contains much higher δ15N values than any
- 
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The δ15N values of porewater from the piezometers installed at
different depths at MZ4 site, together with the ammonium concentra-
tion of the porewater samples from the same piezometers, are shown
in Fig. 5. While the ammoniumconcentration varies a lotwith depth, the
δ15N values do not change much with depth and fall within a range of
4.7–7.4‰, suggesting the natural sedimentary organic matter source
for ammonium. This conclusion is consistent with the geochemical
studies of Jiao et al. (2010).

The distribution of ammonium in groundwater in the basal aquifer
demonstrated spatial variations (Fig. 2 in the supplemental section).
Ten boreholes from areas with different ammonium concentrations
were analyzed for the relation of total available ammonium contents
in the aquitard sediments and ammonium concentrations in ground-
water in the aquifer. These boreholes were grouped on the basis of
ammonium concentration of the basal aquifer, as shown in Table 2.
The profiles of total available ammonium in sediments are shown in
Fig. 6. The figure indicated significant vertical and horizontal variations
of total available ammonium in the sediments of the aquifer–aquitard
system. An interesting feature from this figure is that the highest total
available ammonium contents in the aquitard from boreholes within
the same group, whichwere grouped based on the ammonium concen-
tration in the aquifer, are very close to each other. For example, the
highest ammonium content in SD14 and SD 18 in Group I is around
700 mg/kg. The highest ammonium content in other groups are around
300 mg/kg, 150 mg/kg and 30 mg/kg for Group II, III and IV boreholes,
respectively. This observation suggested that the spatial variations of
total available ammonium in aquitard sediments are consistent with
that of ammonium in groundwater in the basal aquifer. Further analysis
between the concentrations of ammonium in groundwater in the basal
aquifer and the total available ammonium in aquitard sediments,
demonstrated very well correlation (correlation coefficient is 0.94 at
the significance level of 0.01, see Fig. 3 in the supplemental section),
and this suggested that the concentrations of ammonium in ground-
water in the basal aquifer are significantly controlled by contents of
total available ammonium in aquitard sediments.

Total available ammonium in sediments is composed of both
exchangeable and water soluble ammonium, which are available for
groundwater in different ways. Exchangeable ammonium is adsorbed
on various adsorption sites and can be released from sediments into
porewater via cation exchange processes. Studies of Wang and Jiao
(2012) indicated thatmagnesiumderiving fromapaleo-seawater source
is the major cation that significantly exchanges with exchangeable
ammonium in this aquifer-aquitard system. Water soluble ammonium
is directly dissolved in porewater. Ammonium in aquitard porewater
r = 0.85
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can accumulate to very high concentrations, as reconstructed ammonium
concentrations in the aquitard porewater were found to range from
1.4 to 6 times greater than ammonium concentrations in the basal
aquifer (Jiao et al., 2010). Through advection–dispersion processes,
and porewater squeezing due to gradual consolidation of sediments,
ammonium can migrate from the aquitard porewater to groundwa-
ter in the basal aquifer.

The average total available ammonium in aquitard sediments of dif-
ferent borehole groups ranges from 14.6 to 372.6 mg/kg. The boundary
between aquitard and the underlying aquifer was marked in the pro-
files in Fig. 6 so that the change in total available ammonium crossing
the boundary can be observed. Most of the profiles show that there is
a great drop in the total available ammonium from aquitard to aquifer.

In total, 125 samples from 13 boreholes were used to study various
geochemical parameters of the aquitard. Average TOC and TON concen-
trations in aquitard sediments were measured to be 9989.3 mg/kg and
748.2 mg/kg, respectively, suggesting abundant sedimentary organic
matter in the aquitard. The stable carbon isotope values (δ13C) ranged
from−29.0 to−21.2‰, and TOC/TN ratios from 0.5 to 25.7, suggesting
the sources of sedimentary organic matter were dominantly terrestrial
C3 plants. Freshwater aquatic plants and plankton and marine organic
matter also presented but to a relatively small proportion (Wang,
2011). TN contents in sediments ranged from b0.01 to 2.12 g/kg,
with an average of 0.83 g/kg, and TIN contents in sediments ranged
from b0.01 to 0.57 g/kg, with an average of 0.12 g/kg, indicating that
a significant portion of nitrogen in sediments exists in the form of
inorganic nitrogen compounds. Previous studies indicated that inorgan-
ic nitrogen in sediments is predominantly in the form of ammonium
and nitrate, and the amount of nitrite can normally be neglected except
in neutral to alkaline sediments receiving ammonium (Keeney and
Nelson, 1982; Maynard et al., 2008). Contents of all these inorganic
nitrogen compounds in sediments have been analyzed for this study.
Nitrate and nitrite nitrogen in 208 aquitard samples of 14 boreholes
Table 2
Groups of boreholes located at areas with different ammonium concentrations in
groundwater in the basal aquifer.

Group Borehole NH4
+ in groundwater in

the basal aquifer (mg/L)

Group I SD14, SD18 100–200
Group II SD2, SD3, SD20 50–100
Group III SD4, SD10, SD19 10–50
Group IV SD5, SD6 b10
were generally less than 0.4 mg/kg. Therefore, nitrate and nitrite
nitrogen contents in the aquitard can be neglected compared with
ammonium nitrogen. Rather low contents of nitrate and nitrite nitro-
gen, but abundant amounts of TOC, TON and ammonium nitrogen
in sediments suggested that this aquifer–aquitard system is a strong
anaerobic environment that is good for mineralization of sedimentary
organic matter, but against ammonium nitrification. Aquitard sedi-
ments, such as clay and silt particles, various minerals and sedimentary
organic matter, having lots of adsorption sites available for exchange-
able ammonium, are good for ammonium preservation.

4.4. Influence of the overlying Quaternary aquitard to TDS of groundwater
in the confined basal aquifer

The aquitard plays an important role in generating and preserving
large amount of chemicals because of its low permeability and strong
reducing conditions. The thicker the aquitard, the larger amounts of
chemicals it can generate and preserve. These chemicals can be sub-
sequently fed into aquifers via various processes, causing the increase
of TDS concentrations of groundwater. A correlation analysis between
TDS values of groundwater in the confined aquifer and thickness
of the overlying aquitard was done for 37 boreholes drilled for this
study. The results demonstrated that correlations between TDS values
of groundwater in the basal aquifer and thickness of the overlying
is statistically significant (r = 0.78 at 0.01 significance level), see Fig. 4
in the supplemental section. This verifies that the overlying aquitard
could significantly control groundwater chemistry in the basal aquifer.

5. Conclusions

The aquifer-aquitard system in the PRD was submerged by paleo-
seawater in the early Holocene and then receives infiltration of local
precipitation. Porewater in the aquitard and groundwater in the basal
aquifer are mainly composed of paleo-seawater and infiltrated precipi-
tation. The progressively decreasing chloride concentrations in the
aquitard towards the ground indicated that infiltration of local precipi-
tation is gradually driving paleo-seawater down through the aquitard.
Under this recharge mechanism, the spatial distribution of the aquitard
thickness is a controlling factor for the high salinity paleo-seawater in
the aquifer. Significant correlations between the highest chloride con-
centrations in aquitard porewater and chloride in groundwater, and be-
tween the thickness of the aquitard and chloride in groundwater
confirm the strong influence of the aquitard on the chloride in the aqui-
fer by preserving the paleo-seawater in the aquifer or/and transporting
paleo-seawater down to the aquifer. Regional groundwater flow at
some locations might also cause obvious reduction of chloride concen-
trations in the confined basal aquifer.

The δ15N\NH4
+ values in porewater were identified to range from

4.7‰ to 7.4‰. The results verified the natural source of the widely
distributed ammonium in the confined basal aquifer. Total available
ammonium in sediments from ten boreholes from areas with differ-
ent ammonium concentrations in the aquifers were analyzed, and
the results demonstrated significant vertical and horizontal variations
of total available ammonium of the aquifer–aquitard system. Obser-
vations on total available ammonium in sediments indicated that spa-
tial variations of total available ammonium in aquitard sediments are
consistent with that of ammonium in groundwater in the basal aqui-
fer. Further analysis between the concentrations of ammonium in
groundwater in the basal aquifer and the total available ammonium
in aquitard sediments suggested that the concentrations of ammoni-
um in groundwater in the basal aquifer are significantly controlled by
contents of total available ammonium in aquitard sediments. Geo-
chemical and isotopic analyses on aquitard sediments revealed that
the aquitard is a strong reducing environment, containing abundant
terrestrial C3 plants and various adsorption sites. Therefore, the
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aquitard is good for sedimentary organic matter mineralization, am-
monium preservation, but against ammonium nitrification.

TDS in groundwater in the basal aquifer is an indicator of the con-
sequences of various hydrogeochemical influences on groundwater
chemistry. Significant correlations between TDS values of ground-
water in the confined basal aquifer and the thickness of the overlying
Quaternary aquitard (r = 0.78 at the significance level of 0.01) verified
that the overlying aquitard can significantly control groundwater chem-
istry in the basal aquifer.
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