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s u m m a r y

The Pearl River Delta (PRD), located in the coastal area of South China, contains a large confined Quater-
nary aquifer. This aquifer has been identified to have high concentrations of total dissolved solids–ranging
from 1 g/l in the inland area to 26.8 g/l near the southeast shoreline. This work aims to investigate the
origin of groundwater salinity and the major hydrogeochemical processes controlling the groundwater
evolution in the confined basal aquifer of the PRD. A total of 40 boreholes were drilled in the PRD during
2007–2009, and groundwater samples were collected for major ion (Ca2þ; Mg2þ; Naþ; Kþ; NHþ4 ;
Cl�; SO2�

4 and HCO�3 ) and isotope (d18O, d2H, 3H, d13C and 14C) analyses. These analyses demonstrate that
groundwater in the confined basal aquifer is recharged by local rainwater and seawater, and seawater is
the major salinity source for groundwater. The contribution of seawater varies from less than 1% in the
inland areas to 74% near the shoreline. SO2�

4 reduction and methanogenesis occur in this reducing confined
aquifer. The results of ion exchange show that Mg2+ exchanges mainly with the NHþ4 ion, which is derived
from the mineralization of sedimentary organic matter. Ion exchange between Na+ and Ca2+ and ground-
water facies suggest that the brackish aquifer in the northwest inland area is undergoing freshening. 3H
analysis suggests that infiltrated rainwater is younger than seawater. 14C analysis indicates that the sea-
water most likely infiltrated into the confined basal aquifer during the Holocene transgression period.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Groundwater salinization occurs in many coastal aquifers (Lou-
vat et al., 1999; Edmunds and Milne, 2001; de Montety et al., 2008;
Somay and Gemici, 2009). The origin of groundwater salinity in
coastal aquifers has been studied by many researchers, and various
sources of groundwater salinity have been identified, including
wastewater (Ghabayen et al., 2006), fossil seawater (Tijani, 2004),
and modern seawater induced by excessive groundwater pumping
(Kim et al., 2003). Groundwater salinity in coastal aquifers has been
studied in parts of Southeast Asia (Samsudin et al., 2008; Praveena
et al., 2011), but the contribution of paleo-seawater intrusion to
groundwater salinization in these areas is not clear.

Seawater intrusion is frequently observed in both confined and
unconfined coastal aquifers (Groen et al., 2000; Jorgensen, 2002;
Kim et al., 2003; Bouchaou et al., 2009; El Yaouti et al., 2009;
Somay and Gemici, 2009), but few studies have investigated the
hydrogeochemical processes in confined coastal aquifers that are
intensively influenced by paleo-seawater intrusion. Understanding
the processes and factors that control the evolution of brackish
groundwater in subsurface system is of scientific and practical
importance. Confined aquifers overlain by organic matter-rich
ll rights reserved.
aquitards, with groundwater having a long residence time, can
experience complex hydrogeochemical processes that control the
groundwater evolution.

The plain of the Pearl River Delta (PRD) has an area of 6932.5 km2

(excluding the area of Hong Kong) (Huang et al., 1982). This region
has seen rapid population increase and economic growth particu-
larly since the 1980s. The water supply of this region relies almost
entirely on surface water due to abundant rainfall and the well-
developed river network. However, rapid population and economic
growth have led to the deterioration of surface water quality
through pollution and declining river discharge (Cheung et al.,
2003; Lu et al., 2009). Surface water alone can no longer meet the
needs of the region, and people are looking to groundwater as an
alternative supply. However, groundwater in many areas of the
southern part of the PRD has been found to have total dissolved sol-
ids (TDS) of over 10 g/l (GHT, 1981). The recent increase in ground-
water exploitation in the PRD has necessitated an evaluation of the
origin of the salinity and an understanding of the chemical evolution
of the groundwater resources in this region.

This research project was undertaken to determine the source(s)
of salinity of brackish groundwater and to identify the hydrogeo-
chemical processes related to groundwater evolution in the con-
fined coastal aquifer of the PRD. To accomplish these goals, the
spatial distribution of the brackish groundwater was mapped, and
the origins of its salinity were investigated using hydrochemical
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and isotopic techniques. The major ion compositions and d13C val-
ues of inorganic carbon in groundwater were used to determine the
hydrogeochemical processes, and Pearson’s correlation analysis
(Davis, 2002) was used to evaluate the ion exchange behaviour of
the major cations. Radiocarbon dating was carried out to estimate
the residence time of the brackish groundwater in the confined ba-
sal aquifer.

This study concerns the impact of sea-level changes during a
period of paleo-intrusion on coastal aquifer systems, with an
emphasis on naturally-occurring high salinity groundwater.
Although NHþ4 is not generally regarded as a main component of
either seawater or fresh groundwater, it exists in significant
amounts in many coastal aquifers (Correll et al., 1999; Berg et al.,
2001; Bratton et al., 2004; Santos et al., 2008). Naturally occurring
NHþ4 , deriving from mineralization of sedimentary organic matter,
has been identified as one of the major ions (concentrations up to
390 mg/l) in most of the confined basal aquifer of the PRD (Jiao
et al., 2010). Unlike many other studies that only focus on the
ion exchange of major cations of seawater (Ca2+, Mg2+, Na+, K+) in
coastal aquifers (Martinez and Bocanegra, 2002; Appelo and Post-
ma, 2005; Capaccioni et al., 2005), this investigation examines the
ion exchange behaviour of naturally occurring NHþ4 with the major
cations of seawater. The findings should be useful for understand-
ing the salinity processes of other coastal aquifers and other major
estuaries in which sedimentary settings are largely influenced by
transgressions, such as in the coastal aquifers of Malaysia (Samsu-
din et al., 2008) and the Netherlands (Post et al., 2003). Also, the
major hydrogeochemical processes identified in the confined basal
aquifer in this research can help to understand the groundwater
evolution in other anoxic coastal aquifers, for example, the Ganget-
ic plain in West Bengal and the Hanoi area in Vietnam (Berg et al.,
2008; Chetia et al., 2011), which also contain abundant sedimen-
tary organic matter in the sediments.
2. Geological and hydrogeological settings

Geologically, the Pearl River drainage basin (Fig. 1) was formed
by the Tibetan Plateau uplifting during the Tertiary and Quaternary
periods (Aitchison et al., 2007). The Pearl River Delta is largely cov-
ered with Quaternary sediments, and has an elevation ranging
from 6 to 9 m above sea level in the north to 1–2 m near the coast
(GHT, 1981). Bedrocks of Cambrian to Tertiary age crop out around
and within the delta (Fig. 1).

During the Holocene period, the PRD experienced large-scale
transgression. Studies on diatoms and radiocarbon dates by Zong
et al. (2009b) suggest that the rapid sea level rise between 9000
and 7000 calibrated years before present (cal. yr BP) initiated the
formation of deltaic sequence. The most landward shoreline
(6800 cal. yr BP) occurs around the apex of the deltaic plains (Zong
et al., 2009b), and a paleo-shoreline estimated to have formed 2000
cal. yr BP (Li et al., 1991) is located in the center of the PRD
(Fig. 1A). Therefore, the PRD plain was inundated by the sea for
several thousand years, providing a long period of interaction be-
tween paleo-seawater and groundwater in the Quaternary aquifer
system.

The formation and evolution of the PRD during the late Quater-
nary period have been extensively studied (Huang et al., 1982; Wu
et al., 2007; Yim et al., 2008; Zong et al., 2009a). The Late Quater-
nary stratigraphic sequence consists mainly of two terrestrial (T1
and T2) and two marine (M1 and M2) units (Zong et al., 2009a)
(Fig. 1B). The oldest terrestrial unit of sand and gravel (T2) is
widely distributed in paleo-valleys prior to the last transgression
in the late Pleistocene period and forms the basal confined aquifer
in the region. The oldest marine unit of silt and clay (M2), formed
during the last transgression in the late Pleistocene period, rests on
T2. During the last glacial period, the upper part of M2 was exten-
sively weathered due to the low sea level. During this time, a youn-
ger terrestrial unit of sand and gravel was laid down along paleo-
river channels. Both the weathered clay and the young terrestrial
unit constitute T1. Beginning at 8.2 cal. ka BP, a rapid postglacial
rise in sea level resulted in the deposition of unit M1, with a thick-
ness of 5–20 m (Zong et al., 2009a). Because they consist of very
fine-grained silt and clay, M1 and M2 are effective aquitards in
the PRD groundwater system. The calibrated 14C ages available
from studies on the PRD (Huang et al., 1982; Li et al., 1991; Zong
et al., 2009a,b), are shown in Fig. 1B. Rainwater locally infiltrates
through the thick aquitard, or enters the aquifer through the re-
charge areas near the west and north boundaries of the delta,
where the marine deposits are in contact with coarse colluvial
and alluvial deposits, and flows laterally through the basal aquifer
to the sea. The general direction of regional groundwater flow in
the sand and gravel basal aquifer of the PRD is southeast toward
the coast (Jiao et al., 2010).
3. Field and laboratory studies

A total of 40 boreholes were drilled in the PRD in the dry season
(from December to March) during 2007–2009 (Fig. 1A). After dril-
ling, steel pipes with diameter of 110 mm were emplaced to make
temporary wells, and the open intervals were screened in the basal
aquifer. Well development was carried out, and groundwater was
sampled after the pumped water from the borehole became clean.
Enough groundwater was collected from each site to fill two
125 ml, high density polyethylene bottles after filtering by passing
the water through 0.45 lm filter paper. One bottle that was used
for major cation (Ca2+, Mg2+, Na+, K+) measurements was treated
with double distilled nitric acid until the pH was below 2; the un-
treated water from the other bottle was used for major anion (Cl�

and SO2�
4 ) analyses. These samples were preserved in coolers with

frozen blue ice and analyzed within two weeks of sampling.
Groundwater samples from 21 boreholes were collected in
250 ml Pyrex glass bottles for d18O, d2H and 3H analyses. In addi-
tion, groundwater of seven boreholes was sampled for measure-
ment of inorganic 14C using the sampling system designed by the
Institute of Hydrogeology and Environmental Geology, Chinese
Academy of Geological Sciences. One to five 25 l samples were col-
lected in plastic barrels at each site depending on the concentra-
tions of dissolved inorganic carbon (DIC) in groundwater
samples. Variable amounts of FeSO4, saturated NaOH solution (car-
bonate-free), and polyacrylamide solution were added to each bar-
rel, and the DIC was precipitated with BaCl2 as BaCO3. The
sampling system was designed to prevent any atmospheric CO2

contamination. Raw groundwater was placed directly in 1 l plastic
sampling bottles for d13C of DIC analysis. The samples were kept at
4 �C before analysis.

After groundwater sampling, YSI 6-Series Multiparameter
Water Quality Sondes (6920V2) (YSI, 2006) were placed in each
well at the middle of the basal aquifer to measure pH, temperature,
TDS and the oxidation–reduction potential (ORP) of the groundwa-
ter. Several readings were taken after equilibrium was achieved
between the sondes and the groundwater, and stable values were
used. The sondes were checked before every use adopting standard
solutions and calibration was carried out if necessary. Hach Digital
Titrator Kits and HANNA HI 93733 Ammonia Ion Specific Meters
were used to measure alkalinity and NHþ4 , respectively, in the field
immediately after water sampling. Concentrations of HCO�3 were
calculated after Rounds (2006). The method of standard addition
(Harris, 2003) was used to ensure data quality.

d18O, d2H and 3H were analyzed at the Institute of Hydrogeology
and Environmental Geology, Chinese Academy of Geological



Fig. 1. (A) Geological map modified from 1:250,000 hydrogeology map of the PRD provided by the Guangdong Geological Survey; and (B) cross-section from hole HJ1 to GK2.
Sediment ages are indicated as calibrated 14C ages (cal. ka BP). The lines between the sediment cores marked off the deltaic sequences formed in the late Quaternary period.
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Sciences. d13C of DIC was analyzed at the Hohai University. Major
anion (Cl� and SO2�

4 ) analyses were performed by ion chromatog-
raphy, and dissolved organic carbon (DOC) analyses were carried
out on an IL550 TOC-TN Analysis System. Both the major anion
and DOC analyses were carried out at the Civil Engineering Depart-
ment, The University of Hong Kong. d18O and d2H results are ex-
pressed in notation as per mil relative to Vienna Standard Mean
Ocean Water (VSMOW). Major cations were analyzed by ICP-AES
at the Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences.
4. Distribution of groundwater salinity and spatial evolution of
water facies in the confined Quaternary aquifer

Data from 113 boreholes (Fig. 1A) were used to generate a con-
tour map of TDS (Fig. 2). Among them, 37 samples were collected
during this study, the others came from other geological and
hydrogeological surveys conducted by organizations of the Guang-
dong Geological Survey and the South China Sea Institute of Ocean-
ology, Chinese Academy of Sciences. Fig. 1 shows all the 113
boreholes from which salinity data are obtained, and TDS data ob-
tained during this study are presented in Table 1. For simplicity,
Fig. 2 only shows the boreholes drilled for this study, the chemical
data from which are used for detailed discussion in this paper.
These boreholes are grouped as LL, SD, MZ, and SL samples accord-
ing to their geographic locations (Fig. 2).

Groundwater salinity was evaluated on the basis of TDS. Fig. 2
shows the distribution of groundwater samples from the confined
basal aquifer with salinities P1 g/l. The brackish water extends
about 75 km inland from the sea. All of the brackish water samples
with salinities >10 g/l are located within 56 km from the sea. TDS
in Beijiao, Sanjiao and Minzhong are high, with concentrations
up to 11, 25.8 and 26.8 g/l, respectively. These areas are Quaternary
depocenters of the PRD (Huang et al., 1982) and have greater thick-
nesses of marine deposits.

The spatial evolution of groundwater facies is evident when the
water chemistry data (Table 1) from the four groups of samples (LL,
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Fig. 2. Map showing the distribution of mineralized groundwater in the basal aquifer.
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SD, MZ, and SL) are plotted in a Piper diagram (Fig. 3). In the south-
western part of the study area, most of the SL samples are NaCl-
type (see green1 triangles in Fig. 3). Sample SD6, which is located
outside the brackish groundwater area (Fig. 2), is classified as typ-
ical Ca(HCO3)2-type (Fig. 3), characterized by very low Cl� and TDS
concentrations. Hence, the groundwater from SD6 is considered as
the end-member of fresh groundwater in the PRD (Table 1). In the
northwest part of the brackish groundwater area, LL2, SD3, SD5
and SD11 samples also belong to the Ca(HCO3)2-type; LL4 and
SD2 samples are of the NaHCO3-type; and the rest of the SD sam-
ples, which are located closer to the coast, have Na–Cl facies. LL1
and SD1 samples from Beijiao are of the NaCl-type, unlike other
samples of these groups. Their distinct water facies is probably
due to their locations in the Beijiao depocenter (Huang et al.,
1982). Apparently thicker marine sediments and deeper aquifers
result in higher groundwater salinity. All of the MZ samples are
from sites very close to the sea, and they are all of the NaCl-type.
In general, NaCl-type water indicates a strong seawater influence
in coastal areas. Because the regional groundwater flow is gener-
ally from the northwest to the southeast, the groundwater salinity
increases and the groundwater facies generally evolves from Ca(H-
CO3)2-type and NaHCO3-type to NaCl-type along the regional
groundwater flow path (Fig. 3).
1 For interpretation of colour in Figs. 1–9, the reader is referred to the web version
of this article.
5. Origin of brackish groundwater

5.1. Identification of groundwater origin by d18O and d2H isotope
analyses

d18O and d2H values can provide information on precipitation,
evaporated surface water and seawater sources, and thus can help
to identify the origins of groundwater salinity. The d2H and d18O
values of the investigated groundwater samples are shown in
Table 1. The d18O values of modern surface seawater in South China
Sea are between �0.2‰ and 0.5‰ (Su, 2001), very close to 0‰ of
the VSMOW. Data provided by the International Atomic Energy
Agency (IAEA/WMO, 2005) show that the long-term weighted
mean values of d18O and d2H of precipitation in Hong Kong—lo-
cated southeast of the PRD (Fig. 1A)—are �6.29‰ and �42.5‰,
respectively. Weighted mean values of d18O and d2H of the rainfall
in Guangzhou, which is located in the northern part of the PRD, are
�5.2‰ and �41‰, respectively. The Hong Kong meteoric line,
which is considered to be the representative local meteoric water
line (LMWL), is defined by Zhang et al. (2009) based on the follow-
ing equation: d2H = 8.1303 � d18O + 11.392.

The d18O and d2H values of groundwater samples are highly var-
iable: between �2.1‰ and �6.6‰ for d18O and between�10‰ and
�43‰ for d2H. The most d18O and d2H depleted samples
(d18O 6 �6‰ and d2H 6 �40‰) are located in the northwestern
and southwestern parts of the PRD aquifer. The most d18O and
d2H enriched samples are from the MZ group, located close to



Table 1
Hydrochemical and isotopic parameters of groundwater in the confined basal aquifer of the PRD and typical seawater.

Field code Sampling
date

Depth of the
aquifer (m)

Lab
code

Ca2+

(mg/l)
Mg2+

(mg/l)
Na+

(mg/l)
K+

(mg/l)
Cl�

(mg/l)
SO2�

4

(mg/l)

HCO�3
(mg/l)

NHþ4
(mg/l)

TFe
(mg/l)

pH Temp.
(�C)

TDS
(mg/l)

ORP
(mV)

d2H
(‰)

d18O
(‰)

Tritium
(TU)

d13C (‰)

Top Bottom

LLZK01 28–December–2008 32.8 37.4 LL1 65.8 263 3273 165 5914 <LOD 462.6 295 <LOD 7.3 24 11,000 �210 �37 �6.5 1.5 ± 1.3 6.66
LLZK02 29–December–2008 18.3 28.2 LL2 63.2 11.5 63 6.5 48 9.8 372.4 16.1 <LOD 7.4 23.4 620 �125 �21 �2.9 9.9 ± 1.7
LLZK03 31–December–2008 14.0 20.0 LL3 46 9.5 96 6.5 182 52.1 164.7 8.5 37.9 6.5 23.6 605 �211 �32 �5.2 2.9 ± 1.2 �1.3
LLZK04 30–December–2008 16.9 17.6 LL4 77.8 9.3 99.3 6 98 18 342.3 1.2 0.2 7.4 23.9 680 �198 �40 �6.1 5.2 ± 1.3
SLZK01 6–January–2009 21 22.8 SL1 265.7 234 1393 51.3 3871 51.7 69.5 38.7 86.7 6.3 24.1 6560 �44.1 �39 �6.2 1.9 ± 1.1 �2.3
SLZK02 6–January–2009 22.6 31.4 SL2 140.4 113 1650 66.6 3367 <LOD 365.6 56 7.4 7 24.5 6110 �159 �40 �5.6 1.6 ± 1.0
SLZK03 7–January–2009 22.7 30 SL3 279.4 164 1332 55 3396 17.6 157.3 19.7 37.2 6.8 24.1 5750 �52.6 �37 �6.2 1.7 ± 1.1
SLZK05 13–January–2009 15.6 17.8 SL5 15.2 11.7 149.3 12.5 248 2.8 93.9 3.8 31.1 6.8 24.2 710 �45.9 �43 �6.4 3.3 ± 1.5
SLZK06 13–January–2009 14.2 25.6 SL6 13.4 10 301.3 18.8 452 16.3 78.1 2.2 4.7 6.6 23.6 1110 �34.1 �40 �6.4 2.1 ± 1.0
SLZK07 13–February–2009 22.2 32.8 SL7 302.8 339 4286 121 8196 <LOD 141.2 135 30.9 7.3 24.5 15,000 �272 �28 �5 1.5 ± 1.2 �12
SLZK08 14–February–2009 14.4 22.2 SL8 530.6 245 1400 27.2 3512 10.4 31.7 34.6 101.6 5.9 23.8 6000 �250 �43 �6.6 1.2 ± 1.3 �3.2
SLZK10 15–February–2009 27.5 29.5 SL10 131.5 288 4911 152 7765 <LOD 763.9 249 3.2 7.8 24.7 15,980 �314 �27 �4.9 1.8 ± 1.3 3.39
SLZK11 17–February–2009 10.4 14.5 SL11 290.7 381 4120 123 8330 77.9 748.4 27.9 6.4 7.4 24.6 14,660 �270 �34 �5.2 2.0 ± 1.2
SLZK12 17–February–2009 28.1 29 SL12 53.1 14.8 109.3 6.5 150 55.3 138.8 1.6 0.8 7.2 22.2 690 �261 �40 �6.4 6.4 ± 1.2
SLZK13 18–February–2009 18.9 22.5 SL13 767 372 3946 59.2 8471 26 191.4 51.6 13.6 6.9 24.9 15,430 �225 �28 �4.6 <1.0
SLZK14 19–February–2009 23.2 28 SL14 133 197 2485 86.8 3968 232 537.6 15.3 0.2 7.5 24 8870 �192 �40 �5.9 3.4 ± 1.1
MZZK01 22–February–2009 35.5 43.6 MZ1 321.5 514 7146 207 13,704 <LOD 626.5 370 15.7 7.5 25.5 25,170 �187 �14 �2.8 3.4 ± 1.1 �1.1
MZZK02 21–February–2009 21.9 28 MZ2 778.2 541 4678 101 9764 706 34.2 84 294.2 5.9 24.4 17,590 �40.3 �24 �4.2 2.3 ± 1.2
MZZK03 22–February–2009 27 33 MZ3 180.9 515 6340 204 13,001 <LOD 310 224 2.6 7.5 24.5 25,740 �197 �17 �2.6 2.4 ± 1.2
MZZK04 23–February–2009 34.4 51 MZ4 153 594 8546 253 14,065 <LOD 1121 347 0.7 8.1 25 26,770 �143 �10 �2.1 1.9 ± 1.2
MZZK05 25–February–2009 40 48 MZ5 125.2 275 3494 88.5 6622 <LOD 334.5 187 4.2 7.5 24.6 12,100 �219 �35 �5.4 3.2 ± 1.5
SDZK01 28–January–2008 36.4 39.9 SD1 497.8 486 3719 136 8271 <LOD 1400 309.6 21.2 6.7 24 15,670 �126
SDZK02 13–January–2008 20.9 26.3 SD2 43.3 35.5 223.2 21.9 348 2.4 618.3 59 0.5 7.3 24 1483
SDZK03 5–January–2008 11.7 18 SD3 69.2 22.5 39 14 70 0.6 418.2 58.9 0.9 7 24 754 �192
SDZK04 16–January–2008 18.6 24.2 SD4 98.9 29 684.8 19.7 1345 19.9 34.6 14.7 21.9 6.4 24 2645
SDZK05 10–January–2008 8.1 14 SD5 128.6 30.2 105 11 179 41.8 465.5 3.3 1.8 7.1 24 1000
SDZK07 16–December–2007 10.2 15 SD7 352 216 1478 53.4 3481 347 334.2 8 <LOD 7.1 23.7 7650 �187
SDZK10 31–December–2007 22.2 24.9 SD10 686.3 129 1314 31.9 3947 182 12.7 17.6 37.0 6.6 23.5 7160 �63
SDZK11 30–December–2007 3.4 9.9 SD11 67 15.3 68.6 7.1 86 9.3 279.7 11.1 <LOD 7.3 24 620
SDZK13 17–January–2008 28.3 40 SD13 89.5 163 1173 56.5 2263 9 411 57.2 8.9 7.5 24 5820
SDZK15 29–December–2007 30.2 36 SD15 319.2 456 3906 93.8 7970 50.4 390.4 116.5 <LOD 7.6 24.2 16,740 �293
SDZK17 17–December–2007 14.5 20 SD17 1396 605 2493 90.4 8387 490 366.9 15.4 <LOD 6.4 24.2 14,880 �120
SDZK18 23–December–2007 42 46.6 SD18 463.4 711 6384 239 13,085 <LOD 1026 101.6 <LOD 7.9 24.4 25,810 �337
SDZK19 19–December–2007 25.2 28.3 SD19 618.2 234 1226 38.4 4747 88.8 29.1 48.7 451.9 5.7 24 8450
SDZK20 25–December–2007 25 29.8 SD20 563.6 214 1251 38.1 4121 15.2 3.7 65.8 107.1 6.7 24.2 7940 �109
SDZK06 8–January–2008 6.6 16.8 SD6 77.7 16.2 24 8.4 5.8 4.2 352.8 0.8 1.8 7.2 24.2 490 �173

Seawater 410 1350 10,500 390 19,000 2700 142 34,500 0 0.15

d18O and d2H data are reported in d(‰) as a deviation from the V-SMOW, and d13C is reported as a deviation from the V-PDB; ‘‘<LOD’’ indicates lower than limit of determination.

116
Y.W

ang,J.J.Jiao
/Journal

of
H

ydrology
438–

439
(2012)

112–
124



Fig. 3. Piper diagram showing the spatial evolution of groundwater chemistry
along the regional groundwater flow path in the confined Quaternary basal aquifer.
Arrows in the diagram indicate the regional groundwater flow direction from
northwest to southeast.
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the sea. d18O and d2H values for groundwater samples generally in-
crease towards the sea (Figs. 2 and 4), suggesting that the enrich-
ment can be attributed to the influence of seawater. In Fig. 4,
measured values of d18O and d2H from the investigated groundwa-
ter samples are plotted and compared with the LMWL and a con-
servative mixing line between groundwater and seawater. The
measured d18O and d2H values deviate from the LMWL but are clo-
sely aligned with the conservative mixing line, indicating that
groundwater in the confined basal aquifer is recharged by the infil-
tration of local precipitation and seawater.

Relatively high d18O and d2H values (0‰) along with high con-
centrations of Cl� and TDS are indicators of the seawater, whereas
low d18O and d2H values and low Cl� and TDS contents are charac-
teristics of fresh groundwater derived from local rainfall. To verify
the relationships between groundwater salinity and seawater
-55
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Fig. 4. d2H versus d18O values of groundwater samples compared with the local
meteoric water line and a groundwater and seawater conservative mixing line.
influence, variations of d18O and d2H values versus concentrations
of Cl� and TDS are provided in Fig. 5.

The relationships between stable isotopes (d18O and d2H) and
salinity (Cl� and TDS) (Fig. 5) show that most of the groundwater
samples lie between the local precipitation and seawater end-
members, and the linear relationships between stable isotopes
and salinity indicate a single source of TDS and Cl�. Moreover,
the enrichment of d18O and d2H is clearly associated with the in-
crease in TDS and Cl� (Fig. 5), suggesting that the groundwater
originated from the mixing of infiltrated rainwater (fresh ground-
water) and seawater from the South China Sea. The relatively hea-
vier isotopic values of groundwater in well LL2 (d18O = �2.9‰,
d2H = �21‰) may be due to evaporative enrichment rather than
seawater infiltration, because this water has low salinity
(TDS = 620 mg/l). Further investigation is needed to test this
hypothesis. In contrast, the highest d18O and d2H values occur in
the MZ samples, which are from the aquifer close to the coast
and which have relatively high concentrations of TDS and Cl�.

5.2. Hydrochemical characteristics and evidence of seawater influence
as indicated by major ions

Major ions (Ca2þ; Mg2þ; Naþ; Kþ; NHþ4 ; Cl�; SO2�
4 and HCO�3 ),

radioactive (3H) and stable (d13C) isotopes and other water param-
eters (total iron (TFe), pH, temperature, TDS and ORP) are shown in
Table 1. Typical major ion concentrations of seawater (Goldberg
et al., 1971) are provided as end-member values. The relationships
between the major ions in the groundwater samples; and the com-
positions of typical seawater and fresh groundwater as well as
their theoretical mixing line are shown for reference in Fig. 5.

Cl� is one of the most abundant major ions in the groundwater
samples (Table 1). A highly linear relationship can be identified be-
tween Cl� and TDS (r = 0.99 at the 0.01 significance level), which
suggests that both of them are mainly from a single source. Values
of Cl� and TDS of all the groundwater samples are closely aligned
on the theoretical mixing line between fresh groundwater and sea-
water (Fig. 6A), indicating that salinity in groundwater is derived
from a marine source, and the difference in salinity for different
samples is due to the variation of the seawater contribution.

Most of the major cations (Na+, K+ and Mg2+) correlate well with
Cl� (r > 0.92 at the 0.01 significance level) (Fig. 6B–D), suggesting
that they are most likely derived from the same source. Again, con-
centrations of Na+, K+, Mg2+ and Cl� lie on, or close to, the theoret-
ical mixing line between seawater and fresh groundwater (Fig. 6B–
D), indicating that their compositions also reflect the mixing pro-
portions of these two end-members. However, freshwater/seawa-
ter mixing is not the only process that drives the hydrochemistry
of the brackish groundwater. Some obvious deviations from the
mixing line are observed for K+, Mg2+ and Ca2+ as well as SO2�

4

and HCO�3 (Fig. 6C–G and Table 2). The ratios of SO2�
4 =Cl� in all

samples are lower than that expected from a simple mixing of
freshwater and seawater (Fig. 6F), indicating significant removal
of SO2�

4 from the groundwater system. Abnormally high NHþ4
concentrations of natural origin suggest significant degradation
of sedimentary organic matter (Jiao et al., 2010). Associated
hydrogeochemical processes will be discussed later.

5.3. Tritium (3H) identification

3H is frequently used as an age tracer in groundwater systems
and as an indicator of groundwater sources (Rozanski, 1985; Clark
and Fritz, 1997; Bouchaou et al., 2009). The 3H contents of precip-
itation, 15.3 TU and 18.6 TU in Hong Kong and Guangzhou, respec-
tively, represent the modern meteoric signal (IAEA/WMO, 2005).
3H values for the PRD groundwater vary from <1 to 9.9 TU and
three groups of samples are identified (Fig. 7). The highest values



Fig. 5. (A) Variations of d18O values versus Cl�; (B) variations of d2H values versus Cl�; (C) variations of d18O values versus TDS; (D) variations of d2H values versus TDS.
Precipitation values of Guangzhou and Hong Kong and seawater values (0‰ for d2H, and South China Sea isotope value for d18O) are provided as end-members for reference.
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(LL2 = 9.9 TU, LL4 = 5.2 TU, SL12 = 6.4 TU, group I) were found
northwest of the brackish groundwater area, indicating recent
rainwater infiltration, whereas relatively low (3H < 3.5 TU) concen-
trations were found in some groundwater samples with low salin-
ity (TDS < 1200 mg/l) (LL3, SL5 and SL6, group II), suggesting a long
residence time of infiltrated rainwater. Groundwater samples with
high salinity (TDS > 5000 mg/l) (group III) have comparatively low
3H values (<3.5 TU) (Table 1), indicating that brackish groundwater
is relatively 3H depleted. It can be inferred that 3H free groundwa-
ter (3H 6 1 TU) from borehole SL13 was recharged before the 1960s
(Clark and Fritz, 1997).

No obvious relationships can be observed between 3H and d18O,
or between 3H and d2H (Fig. 8). This lack of correlation probably
indicates the mixing of three types of water: d18O, d2H and 3H de-
pleted old rainwater (before the 1960s); d18O and d2H depleted but
3H enriched modern precipitation (after 1960s); and paleo-seawa-
ter which has enriched d18O and d2H values but low 3H activities.

5.4. Quantification of seawater intrusion

The seawater fraction in the groundwater samples can be esti-
mated using Cl� as a conservative tracer, as shown in the following
mixing equation (Appelo and Postma, 2005):

fsea ¼
msample �mfresh

msea �mfresh
ð1Þ

where msample is the sample Cl� concentration, mfresh is the freshwa-
ter Cl� concentration, and msea is the seawater Cl� concentration.
Applying this equation to our measurements shows a wide range
of seawater contributions to groundwater, from <1% to 74% (the
second column of Table 2). The high seawater fractions (>50%) are
found in the southeast part of the PRD, whereas the relatively low
seawater fractions (<50%) are found in the northwest and south-
west parts.

6. Water–rock interactions

The consequences of a marine influence on groundwater chem-
istry in a reducing environment can be evaluated by comparing the
chemical compositions of samples with the theoretical composi-
tion obtained from a conservative mixing between seawater and
fresh groundwater (Appelo and Postma, 2005; Yamanaka and
Kumagai, 2006; de Montety et al., 2008). For conservative mixing,
the concentration of each ion can be calculated using the seawater
fraction (fsea)

mimix ¼ fsea �mi;sea þ ð1� fseaÞ �mi;fresh ð2Þ

where mi,sea and mi,fresh indicate ion concentrations in seawater and
freshwater, respectively. Using the seawater and typical Ca(HCO3)2-
type groundwater (SD6) as end-members, enrichment (positive val-
ues) or depletion (negative values) of the ion concentrations mi,react

due to reactions is calculated by

mi;react ¼ mi;sample �mi;mix ð3Þ

where mi,sample indicates the ion concentration of the groundwater
sample. The results are shown in Table 2. Major ions and d13C are
used to highlight hydrogeochemical processes occurring in the
aquifer and to evaluate the consequences of water–rock interaction.

6.1. Redox processes

6.1.1. Sulphate reduction
Most of the investigated samples are depleted in SO2�

4 (up to
45.2 meq/l) relative to the seawater–freshwater mixing line. SO2�

4

depletion is widely observed in aquifers affected by seawater
intrusion (Chapelle and Mcmahon, 1991; Stoessell et al., 1993; Bar-
becot et al., 2000; Yamanaka and Kumagai, 2006; de Montety et al.,
2008). In most cases, such depletion can be attributed to SO2�

4

reduction, although gypsum precipitation has been observed in
some cases (Gomis-Yagues et al., 2000). SO2�

4 reduction is likely
to occur in confined aquifers in accordance with

2CH2OþSO2�
4 ! 2HCO�3 þH2S

CH2O is used as a simplified representation of organic matter
(Appelo and Postma, 2005). Abundant sedimentary organic matter
in Quaternary sediments and dissolved organic carbon in the aquifer
(Jiao et al., 2010), as well as ORP values ranging from �34.1 mV to
�337 mV (Table 1), suggest medium to strong reducing conditions
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Fig. 6. Relationships between Cl� and TDS (A), Cl� and Na+(B), Cl� and K+ (C), Cl� and Mg2+ (D), Cl� and Ca2+ (E), Cl� and SO2�
4 (F), Cl� and HCO�3 (G). Seawater and freshwater

end-members and their theoretical mixing line are provided for reference. All the data are from boreholes drilled for this study, except in (A), which includes TDS and Cl� (in
blue circles) data collected from previous studies.
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consistent with SO2�
4 reduction. Abundant Fe-oxides—such as

hematite, magnetite, limonite and ilmenite—were identified in sed-
iments of the PRD (Huang et al., 1982; Lan, 1991). Under these cir-
cumstances, the H2S produced by SO2�

4 reduction may be
completely consumed (Jakobsen and Postma, 1999), and microbial
reduction of SO2�

4 can lead to the formation of Fe-sulfide minerals
(FeS2) (Brown and Schoonen, 2004). These processes can cause
the SO2�

4 versus Cl� ratios of samples to deviate negatively from
the theoretical fresh water–seawater mixing line (Fig. 5F). They
can also reduce the SO2�

4 concentrations to very low levels, even be-
low the limit of determination (Table 1). This result is also consis-
tent with the abundant authigenic pyrite identified in the PRD
Quaternary sediments (Lan, 1991).

The possibility of gypsum precipitation, which can cause SO2�
4

depletion together with Ca2+ depletion, was explored by calculat-
ing the saturation indices (SIs) of gypsum. SI values (=log(IAP/K),
where IAP is the ion activity product, and K is the equilibrium
constant), were calculated using the geochemical code PHREEQC-
2 (Parkhurst and Appelo, 1999). When the SI of a mineral is >0,
the mineral is supersaturated, and precipitation is possible; and
when the SI of a mineral is <0, the mineral is undersaturated and
dissolution may occur (Appelo and Postma, 2005). Given that the
SIGypsum values are quite negative in most of the groundwater sam-
ples (Table 3), gypsum precipitation cannot be the explanation for
the SO2�

4 depletion in the groundwater of the confined basal aqui-
fer. The slight excess of SO2�

4 in SL12 and SD5 probably indicates
dissolution of gypsum (SIGypsum < 0).
6.1.2. Methanogenesis
The d13C of DIC analysis was used to determine the origin of

HCO�3 in the PRD groundwater, because d13C values vary widely in
different carbon reservoirs and can provide relevant information
about the origin and evolution of the carbon in groundwater (Clark



Table 2
Conservative mix concentrations and reacted amounts of major ions (in meq/l).

Sample code fsea Ca2+ Mg2+ Na+ K+
SO2�

4
HCO�3 NHþ4

Mix React Mix React Mix React Mix React Mix React Mix React

LL1 0.31 9.06 �5.77 35.92 �14.02 142.70 �0.41 3.26 0.97 17.56 �17.56 4.71 2.88 16.39
LL2 0.00 3.93 �0.77 1.60 �0.64 2.01 0.72 0.24 �0.08 0.22 �0.01 5.77 0.33 0.89
LL3 0.01 4.04 �1.74 2.38 �1.59 5.23 �1.05 0.31 �0.14 0.61 0.47 5.75 �3.05 0.47
LL4 0.00 3.97 �0.08 1.89 �1.12 3.21 1.10 0.27 �0.11 0.36 0.01 5.76 �0.15 0.07
MZ1 0.72 15.87 0.21 81.51 �38.70 329.52 �18.83 7.27 �1.98 40.59 �40.59 3.29 6.98 20.56
MZ2 0.51 12.42 26.49 58.45 �13.40 235.03 �31.66 5.24 �2.67 28.94 �28.94 4.01 �3.45 4.67
MZ3 0.68 15.25 �6.21 77.40 �34.49 312.66 �37.01 6.91 �1.67 38.51 �14.23 3.42 1.66 12.44
MZ4 0.74 16.18 �8.53 83.62 �34.11 338.18 33.38 7.46 �2.22 41.66 �41.66 3.23 15.15 19.28
MZ5 0.35 9.68 �2.88 40.07 �17.14 159.68 �7.78 3.63 �1.36 19.65 �19.65 4.58 0.91 10.39
SL1 0.20 7.27 6.01 23.97 �4.51 93.70 �33.13 2.21 �0.89 11.52 �10.44 5.08 �3.94 2.15
SL2 0.18 6.83 0.19 21.02 �11.65 81.61 �9.87 1.95 �0.24 10.03 �10.03 5.17 0.82 3.11
SL3 0.18 6.85 7.12 21.19 �7.52 82.31 �24.42 1.97 �0.56 10.11 �9.75 5.16 �2.59 1.09
SL5 0.01 4.10 �3.34 2.77 �1.79 6.81 �0.32 0.34 �0.02 0.81 �0.75 5.74 �4.20 0.21
SL6 0.02 4.28 �3.61 3.96 �3.13 11.70 1.40 0.45 0.03 1.41 �1.07 5.70 �4.42 0.12
SL7 0.43 11.05 4.09 49.28 �21.07 197.42 �11.08 4.44 �1.33 24.31 �24.31 4.29 �1.98 7.50
SL8 0.18 6.96 19.57 21.87 �1.44 85.09 �24.23 2.03 �1.33 10.46 �10.24 5.14 �4.62 1.92
SL10 0.41 10.68 �4.10 46.76 �22.78 187.09 26.45 4.22 �0.32 23.03 �23.03 4.37 8.15 13.83
SL11 0.44 11.17 3.37 50.06 �18.35 200.64 �21.51 4.51 �1.36 24.70 �23.08 4.27 8.00 1.55
SL12 0.01 4.02 �1.36 2.19 �0.96 4.46 0.29 0.29 �0.13 0.52 0.64 5.75 �3.48 0.09
SL13 0.45 11.29 27.06 50.89 �19.90 204.02 �32.44 4.58 �3.06 25.12 �24.58 4.24 �1.10 2.87
SL14 0.21 7.36 �0.71 24.54 �8.16 96.03 12.03 2.26 �0.03 11.81 �6.97 5.06 3.75 0.85
SD1 0.44 11.12 13.77 49.72 �9.18 199.22 �37.54 4.48 �0.99 24.53 �24.53 4.28 18.68 17.20
SD2 0.02 4.19 �2.02 3.35 �0.39 9.21 0.49 0.40 0.17 1.10 �1.05 5.72 4.42 3.28
SD3 0.00 3.95 �0.49 1.75 0.12 2.65 �0.96 0.26 0.10 0.29 �0.28 5.77 1.09 3.27
SD4 0.07 5.06 �0.12 9.19 �6.77 33.12 �3.35 0.91 �0.40 4.05 �3.64 5.54 �4.97 0.82
SD5 0.01 4.04 2.39 2.36 0.15 5.16 �0.59 0.31 �0.03 0.60 0.27 5.75 1.88 0.18
SD7 0.18 6.93 10.67 21.69 �3.69 84.35 �20.09 2.01 �0.64 10.37 �3.13 5.15 0.33 0.44
SD10 0.21 7.34 26.98 24.41 �13.66 95.52 �38.39 2.25 �1.43 11.74 �7.95 5.06 �4.86 0.98
SD11 0.00 3.96 �0.61 1.82 �0.54 2.92 0.06 0.26 �0.08 0.33 0.10 5.77 �1.18 0.62
SD13 0.12 5.86 �1.39 14.56 �0.95 55.14 �4.15 1.38 0.07 6.76 �6.58 5.37 1.37 3.18
SD15 0.42 10.85 5.11 47.96 �9.94 192.00 �22.16 4.32 �1.92 23.64 �22.59 4.33 2.07 6.47
SD17 0.44 11.22 58.56 50.40 0.04 202.00 �93.61 4.54 �2.22 24.87 �14.67 4.26 1.76 0.86
SD18 0.69 15.33 7.84 77.89 �18.67 314.67 �37.11 6.95 �0.82 38.76 �38.76 3.40 13.42 5.64
SD19 0.25 8.04 22.87 29.10 �9.59 114.71 �61.40 2.66 �1.68 14.11 �12.26 4.92 �4.44 2.71
SD20 0.22 7.49 20.69 25.43 �7.60 99.70 �45.30 2.34 �1.36 12.26 �11.94 5.03 �4.97 3.66

Fig. 7. Variation of tritium (TU) versus TDS (mg/l).
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and Fritz, 1997). Inorganic carbon evolution in a confined carbonate
matrix aquifer receiving soil CO2 results in d13C values of about
�15‰ (Clark and Fritz, 1997). However, high d13C enrichment—be-
tween�3.21‰ and 6.66‰—does not indicate the impact of soil CO2,
but rather reflects a significant input of inorganic carbon produced
by methanogenesis (Aravena et al., 1995). The main carbon path-
ways for methanogenesis are CO2 reduction,

CO2 þ 4H2 ! CH4 þ 2H2O

and acetate fermentation,

CH3COOH! CH4 þ CO2

As a result of isotopic fractionation, both the above pathways pro-
duce d13C enriched CO2 (Games et al., 1978; Balabane et al.,
1987), and the acetate fermentation reaction leads to a strong
d13C enrichment of the DIC (d13C close to +10‰) (Whiticar et al.,
1986; Clark and Fritz, 1997). Inspection of the two methanogenesis
reactions suggests that CO2 reduction consumes CO2 and acetate
fermentation produces it. Ultimately, as CO2 reduction is always
accompanied by fermentation reactions that produce more CO2,
both reactions result in the net production of CO2 (Klass, 1984).
d13C values increase with HCO�3 concentrations (Fig. 9), and this ver-
ifies that HCO�3 is significantly influenced by methanogenesis. The
significance of methanogenesis in the aquifer is confirmed by the
existence of CH4 gas in the Quaternary aquifer identified by the
Guangdong Geological Survey. Gas samples collected from the Qua-
ternary aquifer revealed that CH4 was up to 87.6% of the total gas
volume (Zhao, 1974).

Unlike the influence of methanogenesis on d13C values in
groundwater, SO2�

4 reduction can lead to depletion of d13C. This is
likely due to SO2�

4 reduction requiring organic matter in the confin-
ing layer, which generally has depleted d13C values by around
�27 ± 3‰ (Clark and Fritz, 1997; Barker et al., 1998; de Montety
et al., 2008). Isotope modeling by Bishop and Lloyd (1990) demon-
strates that d13C value declines by about 3‰ when the SO2�

4 is re-
duced by 1.04 meq/l in their investigated water. The reduction of
SO2�

4 in groundwater samples in the PRD is much greater, up to
41.66 meq/l (Table 2). However, an insignificant correlation be-
tween d13C values (Table 1) and reaction amounts of SO2�

4 (Table
2) (correlation coefficient r = 0.13 at the 0.05 significance level)
suggests that the role of SO2�

4 reduction on d13C depletion is largely
masked by methanogenesis. The strong influence of methanogene-
sis on d13C values is evident in samples having similar reaction
amounts of SO2�

4 but different NHþ4 concentrations. For example,
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Fig. 8. Variations of tritium (TU) versus d18O values (‰) (A) and tritium (TU) versus d2H values (‰) (B) of investigated groundwater samples.

Table 3
Saturation indices for carbonate minerals and gypsum calculated with PHREEQC.

Gypsum Calcite Dolomite Gypsum Calcite Dolomite
CaSO4:2H2O CaCO3 CaMg(CO3)2 CaSO4:2H2O CaCO4 CaMg(CO3)3

LL1 – �0.14 0.68 SL12 �1.99 �0.46 �1.17
LL2 �2.66 0.26 0.11 SL13 �2.08 0.09 0.24
LL3 �2.06 �1.13 �2.61 SL14 �1.64 0.47 1.46
LL4 �2.33 0.31 0.03 SD1 – 0.53 1.43
MZ1 – 0.75 2.11 SD2 �3.59 0.13 0.52
MZ2 �0.71 �1.70 �3.19 SD3 �3.89 �0.06 �0.28
MZ3 – 0.21 1.26 SD4 �2.44 �1.72 �3.63
MZ4 – 1.20 3.40 SD5 �1.87 0.30 0.31
MZ5 – 0.19 1.09 SD7 �1.03 0.3 0.73
SL1 �1.95 �1.26 �2.23 SD10 �1.04 �1.33 �3.04
SL2 – �0.09 0.08 SD11 �2.67 0.07 �0.16
SL3 �2.35 �0.37 �0.61 SD13 �3.05 0.29 1.19
SL5 �3.77 �1.52 �2.81 SD15 �2.14 0.7 1.94
SL6 �3.14 �1.91 �3.62 SD17 �0.62 0.08 0.16
SL7 – �0.04 0.34 SD18 – 1.48 3.53
SL8 �2.4 �1.73 �3.43 SD19 �1.44 �1.92 �3.90
SL10 – 0.81 2.34 SD20 �2.21 �1.90 �3.86
SL11 �1.98 0.76 2.01

‘‘–’’ indicates where saturation index calculation was not possible because one of the constituent elements was below the detection limit.
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groundwater samples of SL7 and SL10 have similar reduced
amounts of SO2�

4 (24.31 meq/l and 23.03 meq/l, Table 2), but
SL7—with lower NHþ4 indicating less significant methanogenesis
process—has lower d13C values (Table 1). Most d13C elevated values
are found in groundwater samples having extremely elevated NHþ4
concentrations. For example, NHþ4 concentrations of LL1 and SL10—
with d13C values of 6.66‰ and 3.39‰, respectively—are 295 and
249 mg/l, respectively (Table 1). In general, methanogenesis is
the most important factor controlling d13C values of groundwater
in the confined basal aquifer.
6.2. Ion exchange processes

Cation exchange is a common process in coastal aquifers af-
fected by seawater intrusion. In addition to major cations derived
Fig. 9. Relation between HCO�3 (mg/l) and d13C of DIC (‰).
from seawater, NHþ4 ions derived from the mineralization of sedi-
mentary organic matter are also involved in water–rock exchange.
In this medium to strong reducing confined basal aquifer, ORP val-
ues range from �337 to �34.1 mV (Table 1), and NO�3 —N and
NO�2 —N concentrations are less than 5 mg/l and 0.09 mg/l (unpub-
lished data), respectively. Therefore, NHþ4 nitrification is not signif-
icant. Without significant nitrification, NHþ4 concentrations in
groundwater should be mainly influenced by sorption, which is
primarily controlled by cation exchange processes in porous media
(Buss et al., 2004). Because exchanges among major cations result
in ion concentrations above or below values predicted from con-
servative mixing, Pearson’s correlation analysis was used to ana-
lyze the correlations of NHþ4 concentrations with the reaction
amounts of major cations of seawater (Ca2+, Mg2+, Na+, K+) (Table
4). Pearson’s correlation analysis is useful for this purpose because
the correlation matrix can indicate associations between individual
parameters that demonstrate the overall coherence of the data set
and point out the participation of individual variables under vary-
ing controlling factors (Helena et al., 2000). The software package
SPSS16.0 for windows (SPSS Inc., Chicago, IL, USA, 2007) was used
for this statistical calculation. To ensure that each variable was
weighted equally in the statistical analysis, all the data were con-
verted into their standard scores (Davis, 2002).

Statistically significant correlations (r = �0.77, at 0.01 signifi-
cance level) were observed between NHþ4 concentrations and the
reaction amounts of Mg2+, indicating that NHþ4 concentrations tend
to be higher where Mg2+ concentrations are lower than conserva-
tive mixing values (Table 2). According to Domenico and Schwartz
(1998), the Mg2+ normally has a stronger affinity for cation



Table 4
Correlation analyses on NHþ4 concentrations and reaction amounts of K+, Na+, Ca2+ and
Mg2+.

NHþ4Sample KþReact NaþReact Ca2þ
React Mg2þ

React

NHþ4Sample 1.00

KþReact �0.25 1.00

NaþReact 0.14 0.54* 1.00

Ca2þ
React

�0.24 �0.59* �0.84* 1.00

Mg2þ
React

�0.77* 0.54* �0.03 0.15 1.00

* Correlation is significant at the 0.01 level (2-tailed), n = 35.

Table 5
14C activity and the uncorrected ages of groundwater samples.

Sample code 14C activity (pmC) Uncorrected age (ka)

LL1 47.4 ± 3.0 6.2 ± 0.5
LL3 76.6 ± 1.4 2.2 ± 0.2
SL1 44.3 ± 3.2 6.7 ± 0.6
SL7 43.4 ± 4.0 6.9 ± 0.8
SL8 34.6 ± 5.3 8.8 ± 1.3
SL10 40.6 ± 2.3 7.5 ± 0.5
MZ1 39.0 ± 2.3 7.8 ± 0.5

C-14 data is reported as percent of modern carbon (pmC).
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exchange sites than the NHþ4 ; thus the negative correlation between
them suggests that Mg2+ can significantly exchange with NHþ4 . Cor-
relation coefficients between NHþ4 and the reaction amounts of
other cations (K+, Na+ and Ca2+) are insignificant (Table 4). The reac-
tion amount of K+ correlates positively with both Na+ (r = 0.54) and
Mg2+ (r = 0.54), suggesting that K+ has similar behaviour to Na+ and
Mg2+.

Many of the samples show excess Ca2+, whereas some samples
are Ca2+ deficient (Table 2). Ca2+ enrichment or depletion may be
caused by the dissolution or precipitation of carbonate minerals
in the aquifer; however, this could not explain the simultaneous
deficiency or enrichment of Na+ in most of the samples (Table 2).
Ca2+ and Na+ demonstrate opposite behaviour, and the reaction
amounts of Na+ shows significant negative correlation with those
of Ca2+ (r = �0.84). Cation exchange processes, which commonly
occur in coastal aquifers affected by seawater intrusion, most likely
explain the opposite behaviour of Na+ and Ca2+. When seawater in-
trudes into a fresh groundwater aquifer, exchangeable Ca2+ will be
replaced by Na+:

Naþ þ 1=2Ca� X2 ! Na� Xþ 1=2Ca2þ

When fresh groundwater intrudes into an aquifer that is saturated
with seawater, exchangers will be taken up by Ca2+:

Na� Xþ 1=2Ca2þ ! Naþ þ 1=2Ca� X2

where X indicates the sediment exchanger. The sandy-clay matrix of
the aquifer gravel, containing Fe-oxides with high cation exchange
capacity (Appelo and Postma, 2005), appears to be the exchanger
in the PRD aquifer. Most of the samples show a deficiency of Na+

(NaþReact < 0), indicating that the aquifer is significantly influenced
by seawater; although some samples—mainly those with low salin-
ity—show an excess of Na+ (NaþReact > 0) and a deficiency Ca2+

(Ca2þ
React < 0), suggesting that ion exchange was affected by an influx

of fresh water (Table 2). This is consistent with the high salinity of
NaCl-type groundwater, whereas low-salinity groundwater indi-
cates a freshening process (Fig. 3). The NaHCO3-type groundwater
identified in LL4 and SD2 is a typical groundwater type indicating
that the coastal aquifer is undergoing freshening (Appelo and Post-
ma, 2005). The excess Na+ in MZ4, SL10 and SL14—indicating fresh-
ening of the aquifer—is inconsistent with other high-salinity
samples in the area, suggesting the influence of local factors that in-
duced freshwater flow into the basal aquifer. For example, water
levels in SL10 and SL14 were almost 8 m lower than the typical
water level in this region, indicating a cone of depression probably
caused by the local pumping of brackish water for lobster farms. At
MZ4, the hydraulic profile shows that there is a vertical downward
flow (Jiao et al., 2010) and there is a slow but constant freshwater
supply from the shallow aquifer to the confined basal aquifer.

6.3. Influence of carbonate equilibrium

Although the deviation of Na+ from the theoretical mixing line
between seawater and fresh groundwater is mainly due to ion ex-
change with Ca2+ in the aquifer, the values of excessive Ca2+ are
smaller than the values of Na+ deficiency (Table 2). This could be
due to the precipitation of calcite and/or dolomite gypsum, be-
cause Ca2+ derived from ion exchange processes, Mg2+ originated
from seawater, and HCO�3 derived from the reductive reactions
could cause the supersaturation of Ca2+ with regard to calcite
and/or dolomite according to

Ca2þ þ 2HCO�3 $ CaCO3 þ CO2 þH2O

Ca2þ þMg2þ þ 4HCO�3 $ CaMgðCO3Þ2 þ 2CO2 þ 2H2O

Therefore, the precipitation of Ca2+ is possible. To verify this possi-
bility, the saturation indices of groundwater samples were calcu-
lated for carbonate minerals. Many samples show supersaturation
with respect to calcite and/or dolomite (SIcalcite > 0 and/or SIdolo-

mite > 0) (Table 3). Therefore, precipitation of calcite or dolomite is
likely to occur and this could be an important factor to control
Ca2+ concentrations in groundwater. This process can also explain
a greater depletion of Mg2+ than can be accounted for only by ion
exchange (Table 2). In addition, such precipitation can also limit
the enrichment of HCO�3 derived from the redox processes of the
groundwater system.
7. Discussion of groundwater residence time

Radiocarbon dating is based on measuring the loss of the parent
radionuclide (14C) in a sample. Groundwater age is calculated by
the exponential loss of the parent according to its half-life
(5730 years). The representative decay equation is

at ¼ a0 � e�kt ð4Þ

where a0 is the initial activity of the parent nuclide, and at is its
activity after time t. The decay constant, k is equal to ln2/t1/2, and
t1/2 is the decay half-life of radiocarbon (Clark and Fritz, 1997).
The uncorrected groundwater ages are shown in Table 5.

Relatively low 14C activities (34.6 ± 5.3–76.6 ± 1.4 pmC) indicate
an apparent groundwater residence time of 8.8 ± 1.3–2.2 ± 0.2 ka
(Table 5). Because 14C activities are influenced by geochemical pro-
cesses, the analyzed groundwater samples are not as old as the
uncorrected groundwater ages shown in Table 5; instead, the
uncorrected values can be considered as the upper limits of the
ages. Geochemical processes and reactions such as dissolution of
calcite or dolomite, exchange with the aquifer matrix, oxidation
of sedimentary organic matter within the aquifer, diffusion of 14C
into the aquifer matrix, SO2�

4 reduction, incorporation of geogenic
CO2 and methanogenesis can cause significant dilution and loss
of 14C (Aravena et al., 1995; Clark and Fritz, 1997). Thus, ignoring
such processes can lead to an over-estimation of groundwater
ages.

The major hydrogeochemical processes related to inorganic
reactions have been studied in this research. A comprehensive cor-
rection of the 14C dates will require measurement of d13C and 14C
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values of organic carbon in groundwater, and these data will be ad-
dressed in our future research. A study on a confined aquifer,
which has similar conditions as the confined basal aquifer in the
PRD—i.e., influenced by methanogenesis, ion exchange, incongru-
ent dissolution of dolomite, and degradation of sedimentary organ-
ic matter—demonstrated that groundwaters with 14C activities of
33.7–43.7 pmC show apparent ages of 0.9–2.1 ka (Aravena et al.,
1995). Therefore, as discussed above, it can be confirmed that
although the seawater in the PRD confined basalt aquifer was re-
charged during the Holocene transgression, the apparent ground-
water ages should be much younger than the uncorrected ages.
8. Conclusions

Groundwater with high salinity exists widely in the confined
Quaternary aquifer of the PRD, and the high salinity groundwater
area (TDS > 1 g/l) extends about 75 km inland from the sea. Hydro-
chemical and stable isotopic investigations of the groundwater
samples reveal that brackish groundwater mainly originates from
the mixing of seawater and natural fresh groundwater. The calcu-
lated seawater percentages of the groundwater samples vary sig-
nificantly from northwest to southeast of the PRD, with a
maximum of 74% near the sea. 3H analysis suggests that seawater
in the confined basal aquifer is apparently older than the infiltrated
rainwater. 14C dating suggests that the seawater in the confined
basal aquifer was derived from the Holocene transgression.

Groundwater chemistry of the confined basal aquifer has been
modified by a series of hydrogeochemical processes mainly due
to the presence of abundant sedimentary organic matter and the
long residence time. These reactions caused an increase in NHþ4 , a
decrease in Mg2+ and SO2�

4 , and an increase in Ca2+ and HCO�3 in
some investigated groundwater samples. NHþ4 derived from miner-
alization of sedimentary organic matter exchanges mainly with
Mg2+ derived from the seawater. SO2�

4 concentrations are signifi-
cantly limited by SO2�

4 reduction process. Carbonate equilibrium
is one of the important constraints that limit the concentrations
of Ca2+, Mg2+ and HCO�3 in some of the groundwater samples. Along
the regional groundwater flow path, the groundwater facies gener-
ally evolves from Ca(HCO3)2-type and NaHCO3-type to NaCl-type,
indicating that the northwestern part of the brackish aquifer is
undergoing a freshening process.
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