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Groundwater within the coastal aquifer systems of the Daweijia area in northeastern China is characterized by a
large of variations (33–521mg/L) inNO3

− concentrations. Elevatednitrate concentrations, in addition to seawater
intrusion in the Daweijia well field, both attributable to anthropogenic activities, may impact future water-
management practices. Chemical and stable isotopic (δ18O, δ2H) analysis, 3H and CFCs methods were applied
to provide a better understanding of the relationship between the distribution of groundwater mean residence
time (MRT) and nitrate transport, and to identify sources of nitrate concentrations in the complex coastal aquifer
systems. There is a relatively narrow range of isotopic composition (ranging from −8.5 to −7.0‰) in most
groundwater. Generally higher tritium contents observed in thewet season relative to the dry seasonmay result
from rapid groundwater circulation in response to the rainfall through the preferential flow paths. In the well
field, the relatively increased nitrate concentrations of groundwater, accompanied by the higher tritium contents
in thewet season, indicate the nitrate pollution can be attributed to domesticwastes. The binary exponential and
piston-flow mixing model (BEP) yielded feasible age distributions based on the conceptual model. The good
inverse relationship between groundwater MRTs (92–467 years) and the NO3

− concentrations in the shallow
Quaternary aquifers indicates that elevated nitrate concentrations are attributable to more recent recharge for
shallow groundwater. However, there is no significant relationship between the MRTs (8–411 years) and the
NO3

− concentrations existing in the carbonate aquifer system, due to the complex hydrogeological conditions,
groundwater age distributions and the range of contaminant source areas. Nitrate in the groundwater system
without denitrification effects could accumulate and be transported for tens of years, through the complex
carbonate aquifer matrix and the successive inputs of nitrogen from various sources.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Increasing groundwater salinization has become one of the major is-
sues in many coastal aquifers, impairing groundwater utilization for vari-
ous purposes. This salinizationmay also be occurring alongside significant
Cycle & Related Land Surface
l Resources Research, Chinese
increases in population and an increased water demand for industry,
agriculture and tourism development. These factors have increased the
pressure on freshwater supply in coastal areas. The deterioration of coast-
al aquifers due to salinization may endanger future water exploitation
(Vengosh et al., 1999). There are a number of mechanisms that have the
potential to lead to salinity in coastal regions: (i) agricultural return
flows from local groundwater extraction (Bouchaou et al., 2008;
Cruz-Fuentes et al., 2014); (ii) a high degree of evaporation in residual sa-
linewater (McCaffrey et al., 1987; Han et al., 2014); (iii) recharge/leakage
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of imported salt water from the sea for fishing industries (Chang and Li,
2011); (iv) seawater intrusion/tidal flat/sea level rising (Werner et al.,
2013); (v) saltwater upconing from underlying aquifers (Barlow, 2003;
Szynkiewicz et al., 2008) or downward movement of shallow saline
groundwater from upper aquifers under extensive pumping (Vengosh
andBen-Zvi, 1994;Guo et al., 1995; Cary et al., 2015); (vi)mixingmodern
recharged water with the palaeo-seawater (brines) (Yechieli et al., 1992;
Han et al., 2011, 2012); (vii) sewage effluents (Vengosh et al., 1998); and
(viii) water–rock interaction (Jones et al., 1999; Vengosh et al., 2007; de
Montety et al., 2008;Mongelli et al., 2013;Merchán et al., 2015). For a re-
liable watermanagement/protection plan and to prevent further deterio-
ration, it is essential to study the major geochemical processes that
modify hydrochemical compositions of waters salinized by seawater in-
trusion and to elucidate the salinity sources and flow paths that exist in
the coastal aquifer.

Carbonate aquifers are often a prolific groundwater source, and
therefore much research has been dedicated to karst aquifers. These
aquifers are characterized by complex hydrogeological conditions. This
study will focus on the coastal aquifers in the Daweijia area of Dalian
City, northeastern China, composed of upper Quaternary sediments
and underlying Cambrian–Ordovician limestone and dolomitic lime-
stone. Current studies on coastal carbonate aquifers throughout the
world are undertaken in aquifers with lower nitrate concentrations
than those of the Daweijia area. For example, NO3

− concentrations are
less than 265 mg/L in groundwater from carbonate aquifers along the
Mediterranean coast (Schiavo et al., 2006; Ghiglieri et al., 2012), less
than 80 mg/L along the Gulf of Mexico (Andrews, 1994; Katz, 2004;
Katz et al., 2004), and less than 20 mg/L along the Caribbean coast
(Mutchler et al., 2007; Young et al., 2008;Null et al., 2014). In the coastal
carbonate aquifer of the Daweijia area, NO3

− concentrations are charac-
terized by high values reaching 521 mg/L.

The major ion geochemistry of groundwater in coastal carbonate
aquifers has been used in conjunction with multiple environmental
tracers (e.g., δ18O, δ2H, 3H, CFCs, 14C) for defining the recharge patterns
of karst aquifers (including recharge origin, amount and distribution)
(Jones et al., 2000; Horst et al., 2008; Charideh and Rahman, 2007;
Frot et al., 2007; Murad et al., 2011; Khaska et al., 2013), building
hydrogeological conceptual models (Falcone et al., 2008; Frondini,
2008; Long et al., 2008; Cerar and Urbanc, 2013), assessing possible an-
thropogenic influences on groundwater (Katz et al., 2004; Schiavo et al.,
2006; El Yaoutia et al., 2009; Urresti-Estala et al., 2015) and estimating
the residence time of younger groundwaters and flow rates (Katz,
2004; Horst et al., 2008; Ettayfi et al., 2012). In this study, we report
the major chemical and δ18O–δ2H, 3H and CFC compositions of ground-
water from the coastal aquifers in the Daweijia area of Dalian City,
north-eastern China. We present a comprehensive overview of the en-
vironmental isotope variations in the groundwater of the Daweijia
coastal area. This study aims to (i) estimate the groundwater mean res-
idence times in this area, (ii) provide a better understanding of the rela-
tionship between groundwater age distributions and nitrate transport
in the complex coastal aquifer systems, and (iii) evaluate the contribu-
tion to themodification of groundwater quality from anthropogenic in-
puts and seawater intrusion.

2. Study area

The Daweijia area (39°09′– 39°13′ N and 121°37′– 121°47′ E) that
forms the northern part of Dalian City is located in the coastal basin of
LiaoDong Peninsula, northeast China. The coastal basin opens in the
west towards the Bohai Sea, about 45 km north of Dalian City. The
study area lies within a catchment with an area of approximately
66 km2. The area is characterized by anoceanic and temperatemonsoon
climate, with a mean annual rainfall of 600 mm and an average annual
temperature of 10.5 °C. Daweijia River is the largest stream in this area
and runs ephemerally through the whole region from east to west. The
land use and the extent of the coastal basin can be seen from Fig. 1.
The area is a typical fault and fold belt, including two groups
of faults: NW normal faults (F1 and F2, Fig. 2) and NE reverse faults
(F3 and F4, Fig. 2), and an asymmetrical NW-syncline. Two hydrological
units constitute the major water reservoirs in this study area. They in-
clude the shallow Quaternary aquifer (QA) and the deep carbonate
rock aquifer (COA). Quaternary sediments ranging in thickness from
10 to 40 m are composed of sand, silt and gravel. The underlying
carbonated rock aquifers (COA) are hosted by Sinian, middle Cambrian
to middle Ordovician limestone, which is characterized by uneven
karstification. Karst is well developed in the synclinal axis and near
the impermeable boundary. The COA is semiconfined due to the occur-
rence of a clay loam layer. However, the variations of groundwater level
are in accordance with that in the QA suggesting strong hydraulic con-
nection (Yang, 2011). Groundwater in this complex hydrogeological
system is recharged from vertical infiltration of precipitation, the lateral
influx of karst groundwater, and inflow from the east. Prior to develop-
ment (before the 1960s), groundwater discharged by means of springs
along the coastline and flowed into the Bohai Sea (Jin and Wu, 1990).
The Daweijia well field was established near the fault zone (F1, in
Fig. 2) in 1969 and was a major supply of groundwater to Dalian City
in the 1970s (Lü, 1980). The main production wells include CG2, CG3,
CG7, and CG17 (Fig. 2) with depths of 90–120 m. In the dry season,
the Quaternary aquifer readily becomes de-watered. The unplanned
groundwater pumping that commenced in the 1970s has broken the
natural hydrodynamic balance in the coastal aquifers, producing contin-
uous groundwater level decline in the central area of the Daweijia well
field. The hydrogeologic cross-sections (Fig. 3) show the groundwater
flow patterns in these coastal aquifers.

Seawater intrusion, mainly caused by unplanned groundwater ex-
ploitation, was observed for the first time in this coastal area as early
as 1964 (the earliest in China). Due to the intensive abstraction, ground-
water levels fell to −9 m.a.s.l in the vicinity of the well field in June
1980, and resulted in gradual, serious seawater intrusion, leading to
groundwater salinization (Yang, 2011). Groundwater levels appeared
to rise (2m.a.s.l in the central of well field) in June 2009, after cessation
of groundwater exploitation in 2001 (Song, 2013). Fan (1984)described
the relationship between seawater intrusion and groundwater hydrau-
lic dynamics and calculated the amount of extracted groundwater re-
sources. Jin and Wu (1990) evaluated the distribution and features of
seawater intrusion and the vertical heterogeneity of the carbonate aqui-
fers by using electrical logging of well fluid, and determined the optimal
pumping position. Wu (1990) established a groundwater management
model, taking themaximumquantity of groundwater exploitation as an
objective function, for optimizing the abstraction plan in the carbonate
aquifer system. Zhao (1991) delineated the characteristics of karstified
development in this area and discussed the relationship between sea-
water intrusion and the distribution of groundwater depression. Wu
et al. (1994) analyzed the patterns of seawater intrusion and proposed
controlling countermeasures. Nevertheless, few studies have identified
a hydrogeological conceptualmodel, geochemical processes and the an-
thropogenic impact on groundwater salinization in Chinese coastal car-
bonate aquifers. Two tasks not undertaken in previous studies are 1) to
establish the reliable conceptual model of the groundwater flow sys-
tems in this coastal area, and 2) to determinewhether the current salin-
ity distribution is the result of long-term (natural) processes or recent
(anthropogenic) changes.

3. Sampling and analytical techniques

3.1. Sampling and chemical analysis

68 water samples (65 groundwater samples from pumping wells
and 3 seawater samples) were taken during four sampling campaigns
(November 2005, June 2006, July 2007, and August 2010) along an ap-
proximately 10 km cross-section in the Daweijia area of Dalian City.
The wells are production wells for irrigation and domestic supply. The



Fig. 1. Location of the study area with (A) the land use map and (B) the regional geological background of the study area (modified fromWu and Jin, 1990). Data of land use is from “En-
vironmental & Ecological Science Data Center, National Natural Science Foundation of China, 2000”. The numbers in the legend for B correspond to: 1—Quaternary sediments (gravel and
sand loam); 2—Ordovician and Cambrian (mainly limestone); 3—Upper Sinian (Siltstone, quart sandstone); 4—Middle Sinian (limestonewith chert and siliceous dolomitic limestone);
5— Lower Sinian (Sandstone, phyllite and slate); 6— Presinian (granite porphyry); 7— Presinian (migmatitic granite); 8— anticline; 9— syncline; 10— catchment area of Daweijia River;
11— Fault. The white box in Fig. 1.B represents the location of Fig. 2.
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depth of the screened intervals of these wells range mostly from
65–100m below ground surface (Table 1). The mean depth of screened
intervals for the Quaternary aquifer and the carbonate aquifer is 15 m
and 95 m, respectively. All wells were purged for at least half an hour
andwater sampleswere collected after constant values of electrical con-
ductivity (EC) and oxidation-reduction potential (ORP) had been
established. Some parameters (e.g. pH, EC and temperature) weremea-
sured in the field using a portableWM-22EPmeter at eachwell. Seawa-
ter samples were collected directly offshore. Samples were analyzed for
chemical, multiple isotopic, CFCs and tritium contents. Anions and cat-
ions of water samples were filtered using 0.45 μm millipore syringe fil-
ters and stored in new rinsed HDPE bottles at 4 °C in a cool room. For
cation analysis, the samples were acidified to a pH b 2 with ultrapure
Fig. 2. Sampling sites in the Daweijia area and the contour lines of electrical conductivity (EC) o
LEGEND: 1. Well field location; 2. Main town; 3. Normal and reverse faults; 4. Buried fault; 5.
August. 2010; 7. Sampling wells: ● from carbonated aquifer (depth N 80 m),○ from Quaterna
HNO3. Given that pH values of most groundwater samples range from
7.0 to 8.5, the major C species is dissolved as HCO3

−, indicating that
using HCO3

− rather than total DIC will not influence the results. The
HCO3

− concentrations were determined as total alkalinity and were ti-
trated with 0.22 N H2SO4 within 24 h of sampling. Major chemical anal-
yses was undertaken at the Laboratory of Physics and Chemistry,
Institute of Geographic Sciences and Natural Resources Research,
Chinese Academy of Sciences (CAS). The major hydrochemical ions
were analyzed with the ion chromatograph (SHIMADZU). The ion bal-
ance errors of hydrochemical analyses were generally within ±6% for
non-diluted samples and±15% for diluted samples that showed higher
salinisation. The groundwater samples have been classified as either
fresh (TDS b 1 g/L) or brackish (1 g/L b TDS b 10 g/L).
f groundwater. I–I' and II–II' are marked to show the hydrogeologic cross-sections in Fig. 3.
Groundwater flow direction; 6. Contours for ECvalues of the investigated groundwater in
ry aquifer (depth b 40 m); 8. Seawater sampling site.



Fig. 3. Hydrogeological cross-sections of I–I' and II–II' (see Fig. 2 for location). Geology is modified after LNR (2006). The strata marks: O1 — Lower Ordovician; Є3 — Upper Cambrian
(limestone with shale), Є2 — Middle Cambrian, Є1 — Lower Cambrian, Z3b — Upper Sinian, Z2g — Ganjingzi group of Middle Sinian. Explanation: 1. Sand and gravel; 2. Middle and fine
sand; 3. Clayey sand; 4. Sandy Clay; 5. Clay; 6. Limestone; 7. Dolomite; 8. Shale; 9. Sandstone; 10. Dolerite; 11. Fault zone; 12. Karst cave and fracture; 13. Groundwater level; 14. Ground-
water flow direction; 15. Concentrated groundwater exploitation zone; 16. Outflow perpendicular to this plane.
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As a conservative tracer, Cl− concentration can be used to estimate
the fraction of seawater (FSW) in the collected groundwater samples:

FSW ¼ Cl½ �sample− Cl½ �fresh
Cl½ �sea− Cl½ �fresh

: ð1Þ

Based on conservative mixing of salt water and fresh water, the
chemical reactions occurring during the fresh- and salt-water interac-
tion can be deduced (Appelo and Postma, 2005) for a better under-
standing of the hydrochemical processes in the coastal aquifer. Here,
given the two end-member water samples (mixing between rainwater
as fresh water and seawater as salt water), the concentration of an ion i
can be calculated by:

mi;mix ¼ FSW �mi;sea þ 1−FSWð Þ �mi;fresh ð2Þ

wheremi is the concentration of the ion i (in meq/L); FSW is the fraction
of seawater in the collected groundwater; andmix, sea and fresh refer to
the conservative mixture and the end members of seawater and fresh-
water, respectively. The change of the concentration due to reactions,
mi,react can be obtained by:

mi;react ¼ mi; sample−mi;mix ð3Þ

where mi, sample is the measured concentration of ion i in the water
sample. For example, it can be expressed as Nareact, Careact, Mgreact, and
SO4,react.
The stable isotopes 18O and 2H and of the water samples were mea-
sured using mass spectrometry, with a Finnigan MAT253 after on-line
pyrolysis and using a Thermo Finnigan TC/EA (Temperature Conversion
Elemental Analyzer) method. This analysis was performed in the
Institute of Geographic Sciences and Natural Resources Research,
Chinese Academy of Sciences. The δ18O and δ2H values are expressed
in conventional δ (‰) notation and calculated with respect to
VSMOW and calibrated using IAEA standards. The analytical precision
was±2‰ for δ2H and±0.5‰ for δ18O. The results are shown in Table 1.

3.2. Chlorofluorocarbons (CFCs) analysis

After the wells were purged, water samples were collected directly
from the borehole using a Cu-tube sampling pipe for CFC analysis. This
pipe was placed in the bottom of a 50 mL borosilicate ampoule, inside
a beaker, and filled until no bubbles appeared in the ampoule. The sam-
ple was then sealed underwater to minimize atmospheric contamina-
tion, strictly following the protocols described by Busenberg and
Plummer (1992). A total of 11 water samples were collected for CFCs
(CFC-11, CFC-12 and CFC-113) analysis. The CFC contents were deter-
mined within 1 month of sample collection using a purge-and-trap
gas chromatograph procedure with an electron capture detector work-
ing in constant-current mode (which has been described in detail by
Oster et al., 1996), in the Laboratory of Groundwater Chronology, Insti-
tute of Geology and Geophysics, Chinese Academy of Sciences. The re-
sults reported by the laboratory were converted to equivalent air
mixing ratios for comparison to atmospheric mixing ratios, following



Table 1
Major ion concentrations and chemical-physical parameters.

Sample Sampling
time

Ele.
(m.a.s.l.)

WellDepth
(m)

Screen Interval
(m)

T
(°C)

pH EC
μs/cm

Ca
mg/L

Mg
mg/L

Na
mg/L

K
mg/L

Cl mg/L SO4
mg/L

NO3

mg/L
HCO3

mg/L
TDS
mg/L

Fresh groundwater from the carbonate aquifers:
CG4 Nov. 2005 25 100 70–95 14.6 7.90 849 73.8 33.8 33.4 0.6 85.3 44.1 46.6 201.3 418.3
CG20 Nov. 2005 19 105 76–101 14.1 7.84 942 67.8 51.7 16.2 4.3 88.1 59.5 238.3 406.6
CG4 Jun. 2006 25 100 70–95 14.9 7.26 860 101.7 43.1 48.9 0.8 87.7 51.5 49.2 360.5 563.1
CG8 Jun. 2006 8 95 65–92 18.6 6.37 1317 137.1 27.9 55.1 0.2 136.2 74.9 238.7 128.5 734.4
CG3 Jul. 2007 12 110 72–98 13.8 7.28 1703 140.0 43.4 108.9 2.2 351.3 92.8 76.2 240.8 935.2
CG4 Jul. 2007 25 100 70–95 14.8 7.23 863 84.9 28.1 30.8 1.1 103.3 47.6 48.1 249.4 468.6
CG8 Jul. 2007 8 95 65–92 12.9 7.34 1361 146.1 27.4 49.9 1.4 143.6 68.5 309.8 163.4 828.4
CG10 Jul. 2007 5 90 59–86 16.2 7.39 1413 149.0 30.2 61.4 4.2 202.5 110.8 181.7 213.6 846.5
CG12 Jul. 2007 36 100 68–93 15.0 6.65 1214 116.3 23.3 67.1 1.2 194.0 65.8 62.1 272.4 665.9
CG13 Jul. 2007 5 100 74–92 13.5 7.00 1560 202.6 36.9 48.0 0.8 152.0 174.5 161.8 375.6 964.4
CG14 Jul. 2007 49 128 85–118 14.8 7.35 755 76.4 24.3 19.7 1.5 65.2 44.3 65.2 220.8 406.9
CG3 Aug. 2010 12 110 72–98 19.3 7.31 986 115.8 37.8 47.2 1.5 209.5 93.8 60.3 282.8 707.2
CG4 Aug. 2010 25 100 70–95 16.1 7.23 1015 119.6 38.5 50.5 1.2 261.0 109.7 60.9 247.1 764.9
CG6 Aug. 2010 34 120 75–112 21.7 7.32 796 99.4 24.1 38.2 1.2 141.6 67.1 43.1 250.1 539.7
CG9 Aug. 2010 9 100 68–92 18.8 7.56 846 113.6 17.4 44.4 6.5 203.8 101.8 147.9 134.0 702.4
CG14 Aug. 2010 49 128 85–118 22.0 7.57 749 94.5 31.9 24.5 1.0 105.7 65.1 69.1 238.1 510.9

Brackish groundwater from the carbonate aquifers:
CG1 Nov. 2005 10 100 71–93 13.1 7.64 2900 219.0 91.9 228.1 2.6 556.2 117.2 112.9 132.0 1393.7
CG2 Nov. 2005 14 120 72–107 14.1 7.24 2400 269.1 61.7 180.2 2.7 318.4 120.0 260.1 159.8 1292.1
CG3 Nov. 2005 12 110 72–98 13.1 7.71 3340 261.3 103.7 318.6 1.0 726.5 99.9 32.6 248.8 1668.0
CG5 Nov. 2005 33 120 75–112 12.6 7.81 3030 145.4 42.7 213.8 0.0 573.6 98.5 52.4 60.1 1156.5
CG1 Jun. 2006 10 100 71–93 14.9 7.31 2890 284.5 114.0 312.2 3.7 596.6 135.3 124.8 253.8 1698.1
CG2 Jun. 2006 14 110 72–107 13.2 7.04 2110 151.2 48.4 103.2 1.5 323.3 142.7 321.5 174.2 1178.9
CG3 Jun. 2006 12 110 72–98 13.2 7.22 2300 158.9 54.2 175.6 3.5 511.2 109.4 79.6 120.8 1152.8
CG7 Jun. 2006 14 92 59–88 13.3 6.80 2290 325.5 91.2 194.8 1.8 375.9 160.9 332.0 159.8 1562.0
CG9 Jun. 2006 9 100 68–92 13.0 7.07 2180 413.8 44.3 109.2 1.7 239.4 64.0 422.0 357.0 1472.9
CG1 Jul. 2007 10 100 71–93 15.8 7.07 2710 219.7 70.6 200.9 3.9 618.3 142.9 204.7 286.7 1604.3
CG2 Jul. 2007 14 120 72–107 13.8 7.02 2080 200.4 50.7 112.8 3.3 354.6 126.5 357.2 174.9 1292.9
CG5 Jul. 2007 33 120 75–112 15.8 7.05 2470 137.3 51.1 230.2 8.2 577.9 142.7 147.8 278.1 1434.2
CG7 Jul. 2007 14 92 59–88 13.8 6.80 2280 202.7 49.8 101.0 1.3 400.4 131.6 395.2 140.5 1352.4
CG9 Jul. 2007 9 100 68–92 13.9 7.10 2260 265.7 36.8 85.6 2.3 290.7 133.3 521.3 220.8 1446.0
CG1 Aug. 2010 10 100 71–93 18.2 7.15 2280 212.5 72.3 184.0 3.5 561.0 201.4 282.6 282.8 1658.7
CG2 Aug. 2010 14 120 72–107 16.0 6.49 2050 187.7 48.5 106.0 2.3 288.4 189.2 263.9 199.4 1185.7
CG7 Aug. 2010 14 92 59–88 17.0 6.56 1761 198.5 51.1 97.8 1.0 892.9 240.5 334.7 145.9 1889.5
CG10 Aug. 2010 5 90 59–86 21.5 7.35 1586 207.7 42.4 62.0 26.4 923.5 306.9 295.7 205.4 1967.3
CG12 Aug. 2010 36 100 68–93 20.0 7.34 1362 183.0 31.9 81.3 1.6 380.8 146.2 90.1 318.5 1074.2
CG17 Aug. 2010 15 110 68–97 14.2 6.95 1370 149.1 38.3 82.9 1.5 343.4 134.1 278.8 163.7 1109.9
CG19 Aug. 2010 12 62 43–59 14.5 6.72 1481 220.0 72.1 70.6 2.0 390.0 219.1 265.6 446.5 1462.6

Fresh groundwater from the Quaternary aquifers:
QG3 Nov. 2005 92 8.4 6–7.5 12.5 7.75 636 98.8 15.8 22.0 2.5 43.6 54.8 63.8 198.3 400.4
QG4 Nov. 2005 103 14 7–13 15.5 8.04 1024 134.4 38.2 38.0 5.4 70.8 90.1 116.8 302.3 644.9
QG1 Jun. 2006 14 17 9–16 13.5 7.16 1555 206.8 67.9 138.4 1.4 202.9 130.5 45.2 371.3 978.7
QG3 Jun. 2006 92 8.4 6–7.5 12.8 7.49 618 67.5 12.8 18.9 2.9 39.7 61.6 51.7 123.0 316.6
QG4 Jun. 2006 103 14 7–13 13.2 7.38 781 125.2 33.4 42.9 11.4 61.8 68.6 81.7 304.0 577.1
QG3 Jul. 2007 92 8.4 6–7.5 13.3 7.37 649 82.7 14.3 20.0 3.5 48.1 72.2 64.3 180.6 395.3
QG4 Jul. 2007 103 14 7–13 12.8 7.26 844 87.2 21.8 23.7 5.9 65.0 80.8 107.2 166.3 474.7
QG9 Jul. 2007 13 20 12–17 13.1 6.90 1298 109.3 29.7 93.5 0.2 152.9 119.9 238.2 174.9 831.0
QG13 Jul. 2007 12 11 6–10 12.8 7.15 1267 134.8 15.2 40.4 0.0 122.1 94.0 223.7 200.7 730.6
QG3 Aug. 2010 92 8.4 6–7.5 18.3 6.96 821 118.3 21.6 28.6 4.0 103.3 135.4 74.7 190.5 581.2
QG4 Aug. 2010 103 14 7–13 23.0 7.47 912 99.1 40.0 42.5 13.1 203.3 145.2 80.2 241.1 744.0
QG7 Aug. 2010 14 28 15–24 13.1 7.60 1242 156.2 27.5 82.1 1.0 254.5 54.4 146.6 262.0 853.4

Brackish groundwater from the Quaternary aquifers:
QG5 Nov. 2005 12 12 7–11 14.1 7.45 2360 275.6 55.3 184.3 0.9 292.2 95.2 280.3 206.1 1286.8
QG6 Nov. 2005 2 14 8–13 13.0 7.78 2740 158.3 77.9 316.5 4.8 491.6 108.1 33.8 296.8 1339.4
QG2 Jun. 2006 12 22 15–21 15.2 6.99 2310 244.9 66.3 198.5 3.6 315.7 134.2 386.3 512.7 1605.7
QG5 Jun. 2006 12 12 7–11 12.4 7.02 2150 270.4 67.5 286.6 0.6 330.1 135.1 324.9 362.4 1596.3
QG11 Jun. 2006 5 17 8–15 13.9 7.18 2820 153.8 69.2 229.2 4.4 448.3 207.6 190.6 200.9 1403.4
QG2 Jul. 2007 12 22 15–21 15.1 6.58 2260 208.4 52.6 131.3 2.2 369.8 140.4 517.2 63.1 1453.5
QG5 Jul. 2007 12 12 7–11 13.8 7.00 2050 137.5 30.1 124.5 0.8 320.9 116.9 355.0 177.8 1174.7
QG10 Jul. 2007 3 10 6–9 13.1 7.06 2900 84.2 37.5 185.5 2.7 672.3 198.8 127.8 316.8 1467.3
QG11 Jul. 2007 5 17 8–15 14.0 6.98 2950 132.8 43.2 158.1 4.4 593.7 263.0 259.0 278.1 1593.3
QG5 Aug. 2010 12 12 7–11 17.1 7.01 1903 208.4 44.7 146.0 0.5 281.3 254.3 337.3 199.4 1372.2
QG8 Aug. 2010 2 15 9–14 16.4 7.44 1633 154.6 47.5 134.5 2.7 269.8 285.9 256.9 220.3 1262.0
QG9 Aug. 2010 13 20 12–17 20.7 7.29 1289 151.4 49.1 67.8 7.6 299.4 216.2 133.5 241.1 1045.6
QG10 Aug. 2010 3 10 6–9 13.9 7.16 2210 128.2 51.0 286.1 12.8 640.6 211.5 156.1 309.6 1641.1
QG11 Aug. 2010 5 17 8–15 23.2 7.44 2780 205.8 74.8 295.5 11.1 469.4 344.9 259.5 291.7 1806.8
QG12 Aug. 2010 14 17 12–16 14.2 7.02 2210 274.7 49.6 154.6 2.3 386.2 368.8 347.9 300.7 1734.4

Seawater from Bohai Sea:
SW4 Nov. 2005 15.0 8.63 49,100 500.9 1409.6 9635.2 229.0 19,137.2 2248.0 237.9 135.0 33,465.3
SW2 Jul. 2007 25.0 7.81 48,100 146.8 645.3 5827.2 182.6 19,089.6 2648.8 47.1 149.1 28,661.9
SW1 Aug. 2010 26.8 7.65 43,800 324.5 978.8 7626.0 289.1 16,683.9 4116.0 1092.0 163.7 31,192.2
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themethod of Plummer andBusenberg (1999). The instrumentwas cal-
ibrated to standards at the beginning and ending of each day keeping
the test stable, with the error less than 2% for CFC-11 and CFC-12, and
5% for CFC-113. CFC apparent ages of water samples can be calculated
using the method of Plummer et al. (2006), assuming a recharge tem-
perature of 13 °C (mean air temperature) and a recharge elevation of
100 m.a.s.l. Although apparent ages represent ideal conditions with no
mixing, they provide a good first approximation for groundwater age.
The analyzed results are reported on the calibration scale (Prinn et al.,
2000) and shown in Table 2.

3.3. Tritium (3H) contents analysis and mean residence time (MRT)
estimation

Tritium contents of 42 water samples (including 41 groundwater
samples and 1 seawater sample) were determined on electrolytically
enriched water samples by low-level proportional counting (Eichinger
et al., 1980) at the Institute of Hydrogeology and Environmental Geology,
Chinese Academy of Geological Sciences. The results are reported in triti-
um units (TU), with an error of ±0.5 ~ 1.2 TU. The tested results are
shown in Table 2.

Lumpedparametermodels (LPMs) have been effectively used for es-
timating groundwater MRT in many natural systems, particularly in
karst aquifers (Mangin, 1994; Zuber et al., 2004; Olsthoorn, 2008;
Table 2
Stable isotopes composition, tritium (3H), and CFC concentrations in water samples.

Sample Sampling
time

WellDepth
(m)

Screen interval
(m)

δ18O
(‰)

δ2H
(‰)

CG1 Nov. 2005 100 71–93 −7.2 −57
CG1 Jun. 2006 100 71–93 −7.8 −57
CG1 Jul. 2007 100 71–93 −6.8 −53
CG1 Aug. 2010 100 71–93 −7.9 −57
CG2 Nov. 2005 120 72–107 −7.2 −59
CG2 Jun. 2006 120 72–107 −8.5 −57
CG2 Jul. 2007 120 72–107 −7.2 −55
CG2 Aug. 2010 120 72–107 −8.2 −59
CG3 Nov. 2005 110 72–98 −7.1 −62
CG3 Jun. 2006 110 72–98 −7.4 −57
CG3 Jul. 2007 110 72–98 −8.3 −57
CG3 Aug. 2010 110 72–98 −8.4 −57
CG4 Nov. 2005 100 70–95 −7.6 −61
CG4 Jul. 2007 120 70–95 −7.2 −56
CG4 Aug. 2010 100 70–95 −8.2 −59
CG5 Nov. 2005 120 75–112 −6.9 −60
CG7 Aug. 2010 92 59–88 −8.1 −58
CG20 Nov. 2005 105 76–101 −7.0 −51
CG12 Jul. 2007 100 68–93 −8.0 −59
CG12 Aug. 2010 100 68–93 −8.3 −59
CG9 Aug. 2010 100 68–92 −10.0 −65
CG19 Aug. 2010 62 43–59 −8.3 −57
CG10 Aug. 2010 90 59–86 −8.0 −57
QG2 Jun. 2006 22 15–21 −8.8 −58
QG2 Jul. 2007 22 15–21 −7.2 −54
QG3 Nov. 2005 8.4 6–7.5 −7.4 −62
QG3 Jun. 2006 8.4 6–7.5 −9.1 −58
QG3 Aug. 2010 8.4 6–7.5 −8.2 −56
QG4 Nov. 2005 14 7–13 −8.2 −58
QG4 Jun. 2006 14 7–13 −7.5 −59
QG5 Nov. 2005 12 7–11 −7.3 −57
QG5 Aug. 2010 12 7–11 −8.1 −57
QG6 Nov. 2005 14 8–13 −6.9 −57
QG7 Aug. 2010 28 15–24 −7.3 −52
QG11 Jun. 2006 17 8–15 −7.8 −58
QG11 Jul. 2007 17 8–15 −7.0 −55
QG11 Aug. 2010 17 8–15 −7.8 −57
QG8 Aug. 2010 15 9–14 −8.4 −57
QG9 Aug. 2010 20 12–17 −8.2 −59
QG10 Aug. 2010 10 6–9 −7.9 −56
QG12 Aug. 2010 17 12–16 −8.2 −57
Seawater Nov. 2005 −0.5 −17

C — the CFC concentration exceeds that for solubility equilibrium with modern air.
Long and Putnam, 2009). Although these models are simple and repre-
sent ideal systems, they require less data than more complex methods.
Three LPMswere chosen for each aquifer. For the COA, The exponential
mixing model (EPM), the binary exponential piston model (BEP) and a
two compartment dispersion model with binary mixing (BDD) were
implemented. For the QA, both the BEP and the BDD models were also
used in addition to the dispersion model (DM). Each of these models
is based on an idealized representation of groundwater flow and age.
By usingmultiplemodels, we can capture the possible ranges of age dis-
tributions at the site. The applicability of these models is discussed in
Section 5.3.2. The TracerLPM (version 1) workbook (Jurgens et al.,
2012), available from U.S. Geological Survey can be used for estimating
groundwater age distributions using tritium data. TracerLPM provides
solutions for the convolution integral for each of the LPMs used in this
study.

4. Results

4.1. Chemical composition of groundwaters

The results of the hydrochemical analyses of thewater samples from
the coastal aquifer can be seen in Table 1. The groundwater from the
karstified COA is characterized by a wide range of EC values
(749–3340 μs/cm), temperatures ranging from 12.6 to 22.0 °C and pH
3H
(TU)

σ
(TU)

CFC-11
(pptv)

CFC-12
(pptv)

CFC-113
(pptv)

CFC-12
apparent age (a)

8.4 0.7 pptv
7.6 0.7 242 269 43 29

13.4 1.4 14 345 45 25
11.4 1.2
8 0.6
5.3 0.7 C 545 73 7
9.6 1.0 C C C
8.8 1.2
2.8 0.6
5 0.6 C 377 67 22.5
9.2 1.2 20 433 67 20.5
9.6 1.2
5.7 0.6

10.3 1.1 50 390 163 22.5
8.9 1.3
7.2 0.7

11.4 1.2
2.7 0.6

10.1 1.1
15.3 1.3
7 0.9
9.7 1.0
9.2 1.0
7.5 0.5 114 403 50 21

12.3 1.2 20 429 66 20.5
5.6 0.6
5 0.6
3.4 1.5
5.7 0.6
5.6 0.6
7.4 0.6
9.2 1.0
9.4 0.7

11.8 1.2
7 0.5 C 342 45 24.5
9.9 1.1 13 345 41 25
9 1.0

11.6 1.2
9.7 1.1
9.9 1.1

11.8 1.2
3.8 0.6



Fig. 5.Nareact vs. (a) (Ca+Mg)react and (b) SO4react for the collected groundwater samples.
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values between 6.4 and 7.9. The groundwater from the QA shows the
similar ranges for EC (618–2950 μs/cm), withwater temperatures rang-
ing from 12.4 to 23.2 °C, and pH values from 6.6 to 8.0. The local seawa-
ter has high EC values (43,800–49,100 μs/cm). The water types change
from Ca(·Mg)–HCO3·Cl type to Ca(·Na)–Cl(·HCO3) type to Na·Ca–Cl
type, from the east towards the sea.

The plots of major ions/Cl ratios vs TDS (Fig. 4) show that only a
small number of samples are located along or close to the mixing line
between seawater and freshwater. With increasing TDS, the points of
most groundwater samples in Fig. 4 have a pronounced excursion
away from the mixing line and are scattered with a decreasing trend.
Based on themethod of Appelo and Postma (2005), depletion or enrich-
ment of major cations (Fig. 5) can be calculated by comparing the theo-
retical concentration and the measured concentration. Most of
groundwater displays significant Na+ deficiencies (Na-react) compared
to a pure mixingmodel, with a maximum depletion of 20meq/L for the
groundwater sample collected from CG10.

Nitrate concentrations in the investigated groundwaters range from
32.6 to 521.3 mg/L with a mean value of 191.2 mg/L. These values seri-
ously exceed the safe drinkingwater guidelines (20mg/L) in China. The
higher concentrations of NO3

− mainly occur in the brackish groundwa-
ter collected from the western part of the Daweijia well field (Fig. 6).
The groundwater from the QA and the COA have similar ranges (33.8–
517.2 mg/L and 32.6–521.3 mg/L, respectively) and average values
(194.8 mg/L and 183.8 mg/L, respectively) of NO3

− concentrations.
Compared with the average NO3

− concentrations measured for ground-
water in theQAand COA in 1962 of 9.9mg/L and 10.9mg/L, respectively
(Lü et al., 1981), the current NO3

− concentrations are significantly
elevated. The anthropogenic pollution to the groundwater environment
has become increasingly serious in the past decades.

4.2. Stable isotopes (δ18O–δ2H)

The δ18O and δ2H values of the sixty-eight groundwater samples
(Table 2) plot mostly to the lower right of the Global Meteoric Water
Line (GMWL: δ2H = 8δ18O +10; Craig, 1961), and close to the local
Fig. 4. Relationship between TDS and (a) Na/Cl, (b) Ca/Cl, (c) Mg/Cl, and (d) SO4/Cl for groundw
compositions in rainwater (R) are from Zhang et al. (2012), and seawater data (sw) are from C
meteoric water line (LMWL). The LMWL, which can be represented as
δ2H = 7.7δ18O + 8.7 (Zhang et al., 1991) (Fig. 2), was obtained using
δ18O and δ2H values of average monthly rainfall (IAEA/WMO/GNIP)
monitored at Yantai station (39°05′09″N, 117° 11′47″E) some 187 km
ater. Percentages refer to the fraction of seawater in the groundwater samples. Chemical
lark and Fritz (1997).
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SW of study area. The groundwater samples have δ18O values ranging
from −10.3 to −5.1‰ and δ2H values ranging from −65 to −51‰,
with mean values of −7.7‰ and −57‰ respectively. Most of the
water samples collected in the relatively dry season (November 2005
and June 2006) show δ2H depletion relative to that of waters sampled
in the wet season (July 2007 and August 2010) (Fig. 7a). The local sea-
water is weakly depleted in δ18O values (−1.9 ~ −0.8‰) relative to
the modern ocean waters (0‰, Clark and Fritz, 1997). As shown in the
insert diagram in Fig. 7a, there is no obvious mixing trend between sea-
water and fresh groundwater. There is a relatively wider range of δ18O
values for the groundwater samples collected from the COA (Fig. 8). In
the recharge area, fresh groundwater from the QA is slightly heavy in
δ18O values with a median value of −7.5‰, compared with median
value of −8.1‰ in the deep brackish groundwater of the COA. The
groundwater investigated in this study displays a narrow range of
δ18O compositions.

4.3. Chlorofluorocarbons (CFCs) and tritium contents in the groundwater

Eleven groundwater samples collected from the study area were an-
alyzed for CFC concentrations, including CFC-11 (12.5–242.1 pptv), CFC-
12 (269.1–544.6 pptv) and CFC-113 (41.2–162.8 pptv) under the air-
water balance at the determined recharge temperatures. Results could
not be obtained for one sample (CG2 collected in July 2007) due to con-
centrations exceeding equilibrium with air.

The tritium concentrations of 41 groundwater samples have a wide
range, with values between 2.7 and 15.3 TU (Table 2) and a mean
value of 8.5 TU. In comparison to the tritium contents (2.7–11.8 TU
with mean 7.2 TU) of fresh groundwater, there is a relatively wide
range (2.8–15.3 TU, with mean 9.2 TU) of tritium contents in brackish
groundwater. 2006 was a relatively dry year, and sampling was under-
taken prior to the wet season. Generally, groundwater collected in the
wet season (Jul. 2007 and Aug. 2010) has higher tritium contents
(3.4–15.3 TU with mean 10.1 TU) than water samples collected in the
dry season (2.7–9.4 TU, with mean 6.2 TU, Nov. 2005 and Jun. 2006).
This suggests a fast groundwater response to the rainfall in the coastal
aquifers. The distribution of tritium concentrations varies with distance
from the coast (Fig. 9). Tritium concentrations show an increasing trend
from the recharge area towards the coastal area. The groundwater is
mainly recharged by the infiltration of precipitation and mountain
front lateral flow in the aquifers of the Daweijia area.

5. Discussion

5.1. Groundwater flow system

Stable isotopic compositions (δ18O and δ2H) are useful for determin-
ing the origin and movement of groundwater as they are generally
modified by meteoric processes only and are not changed readily as a
result of water–rock interactions at low temperatures (e.g., Sidle,
1998). The scatter points of δ18O–δ2H values of most groundwater sam-
ples from the COA and QA are close to the LMWL, suggesting rapid re-
charge of the groundwater aquifers by local precipitation. The fresh
groundwater from the COAhas a relatively wider range of isotopic com-
positions, for both δ18O and δ2H values, reflecting that groundwater
flow dynamics are relatively complex due to the existence of dual po-
rosity in the karst system.

The δ18O–δ2H relationship for the groundwater samples can be de-
fined by the following linear regression equations: δ2H_0.73 δ18O
−52.2 for the dry season (November 2005, June 2006) and δ2H_2.66
δ18O −35.7 for wet season (July 2007, August 2010). The lower slope
of these equations relative to that of the LMWL (slope = 7.7) in the
study area suggests evaporation is likely to be occurring prior to re-
charge of the aquifers. It is noted that the d-excess (d-excess = δ2H-
8δ18O defined by Dansgaard, 1964) of most groundwater samples col-
lected in the dry season is lower than that of the rest of the groundwater
samples collected in the wet season. The relatively higher d-excess
values in some groundwater samples (e.g., CG8, CG9) collected in sum-
mer (values higher than 10, the y-intercept of the GMWL) may be con-
tributed by secondary evaporative processes locally prior to recharge. In
contrast, these samples were collected from greater depths (90–100)
and still have a higher concentration of nitrate (148–521mg/L), indicat-
ing relatively rapid incorporation of recycledprecipitation and irrigation
return flow. This has also been confirmed by using fluid electric logging
method (Wu and Jin, 1990).

Some shallow brackish groundwater from the QA displays a similar
isotopic composition with groundwater from the COA suggesting good
connection between the two aquifers. Brackish groundwater observed
at some locations close to the SE fault (F1) has become fresh in recent
years (e.g., CG3, CG5 and CG9). However, no obvious alteration is
observed in the isotopic compositions. Around the Daweijia well field,
the deeper groundwater from the COA is mainly characterized by
Ca–Cl type water with narrow δ18O values ranging from −8.1
to −7.0‰. NO3

− concentrations of groundwater samples in some wells
(e.g., CG7, CG2 and CG17) are high (ranging from 263.9 to 334.7 mg/L
in Aug 2010). However, NO3

− concentrations obtained from CG3 are
relatively low (ranging from 32.6 to 79.6 in the monitoring periods).
This suggests that the wells CG7, CG2 and CG17 might be connected
along permeable conduits, which has been also observed by using
fluid electric logging method (Wu and Jin, 1990). For the shallow
groundwater samples near the Daweijia well field (e.g., QG2, QG5,
QG7, andQG9), higher δ18O valuesmay have resulted from the recycling
of irrigation return flows. These wells also have higher NO3

− concentra-
tions (255–517mg/L), indicating that apart from CG3, other investigat-
ed deeper groundwater is affected by the vertical flow to great extent.

5.2. Origin of groundwater salinity and anthropogenic input

The relationships between major ions/Cl ratios and TDS (Fig. 4) in
groundwater samples indicate that other sources besides rainwater
infiltration and seawater intrusion can be responsible for modifying
the chemical compositions of groundwater. The enrichments of Ca2+

and SO4
2− (Fig. 5a and b) suggest that strong water–rock interaction

(e.g. cation-exchange reactions between groundwater and the
clay-rich materials of the aquifer, dissolution/precipitation of carbonate
minerals) and anthropogenic input might take place in the aquifers. If
we assumed that Cl mainly originated from historical seawater intru-
sion without anthropogenic contribution, we can calculate the fraction
of seawater to be less than 5% in the collected water samples. Cl can
be also contributed by anthropogenic activities, hence the fraction of
seawater is readily overestimated. The δ18O–δ2H relationship (Fig. 7)
and the graph of δ18O vs. Cl concentration (Fig. 10) do not show obvious
mixing processes between seawater and freshwater in the aquifers.
Currently, themixingprocesses between fresh groundwater and seawa-
ter are very limited. When seawater intrudes into a freshwater coastal
aquifer, a depletion of Na is associatedwith a cation exchange processes.
Shifting hydrochemical composition towards the Ca–Cl water type oc-
curring in the deep groundwater (e.g., wells CG7 and CG10) from the
COA indicates that seawater intrudes into this coastal fresh water aqui-
fer. Just like the findings of Wu and Jin (1990), the potential flow path
could be defined again fromCG10→ CG1→ CG2→ CG7withmixing be-
tween fresh groundwater and seawater of varying extent. Compared
with the higher fraction (20%) of seawater intrusion measured in 1982
during the intensive groundwater abstraction (Fan, 1984), the minor
evidence of seawater intrusion currently indicates that the restrictive
measures on groundwater abstraction have been effective in reducing
the degree of seawater intrusion.

The nitrate (NO3
−) contaminationmeasured in the collected ground-

water samples varies over a wide range (32.6–521.3 mg/L, with mean
191.2 mg/L). This is attributed to the extensive irrigation activities in
the study area. The relationship between NO3

− concentration and the
fraction of seawater (Fig. 11a) can be used to identify the NO3

− sources



Fig. 6. Variation of NO3
− concentration in the groundwater with the distance from coast.

See Fig. 5 for legend.
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as either agricultural contamination or seawater intrusion. The offshore
seawater displays higher NO3

− concentrations (up to 1092 mg/L in Aug.
2010). Near the coastal area, the NO3

− concentrations in the groundwa-
ter increase with the fraction of seawater, indicating seawater as the
source. Near the Daweijia well field, groundwater with a lower fraction
of seawater shows higher NO3

− concentrations, suggesting the contam-
ination originates from using agricultural fertilizer in this part of the
catchment. The plot of NO3

−/Cl− ratio vs. Cl− (Fig. 11b) shows that the
ratios of brackish groundwater samples decline with an increase in
Cl− concentrations. Most of the brackish groundwater presents lower
NO3

−/Cl− ratios under the higher Cl−-bearing seawater intrusion into
the fresh water aquifer. However, compared with the relatively lower
NO3

−/Cl− ratio (~0.01) in the Bohai seawater, the increase in the NO3
−/

Cl− ratios of some fresh and brackish groundwater indicates a strong
anthropogenic contamination, especially from excessive use of
Ca(NO3)2-fertilizers. The similar Cl− concentrations andNO3

−/Cl− ratios
in fresh and brackish groundwater from the QA and COA is consistent
with other observations of aquifer connection and rapid infiltration.

5.3. Groundwater mean residence times

5.3.1. Chlorofluorocarbons (CFCs) and groundwater apparent ages
Concentrations of CFCs can be used to interpret groundwater age in

the coastal aquifers based on historical data for atmospheric mixing
ratios of these compounds over the past 60 years. The accuracy of this
information will depend on the reliability of the concentration data (i.e.
susceptibility to contamination, degradation and retardation) and the
ability of the model of age frequency to represent the system. CFC-12
and CFC-113 concentrations in many water samples plot within regions
bounded by piston flow and binary mixing of young and old water
(Fig. 12A). Groundwater from location CG2 collected in June 2006 is
Fig. 7. δ2H vs. δ18O values for the groundwater samples collected from the Daweijia area: (a) at
somewhat elevated in CFC-12 relative to CFC-113 (Fig. 12A) indicating
this is a relatively young sample (post-1990 recharge dates). The
piston- flow line for CFC-113 turns over in water recharged after 1995.
The sample that appears enriched in CFC-12 could result from mixtures
of recent and somewhat older water. Only groundwater collected from
CG3 in June 2006, which plots outside the region bounded by piston
flow and binary mixing, has been affected by contamination or degrada-
tion processes (Fig. 12B). Using the method proposed by Plummer et al.
(2006), the CFC-12 apparent age can be regarded as the recommended
age due to less potential for contamination during sampling, lower solu-
bility in water, and less bias due to hydrodynamic dispersion than the
other CFCs (Plummer et al., 1993; Busenberg et al., 1993). Apparent
ages (CFC-12) of 10 groundwater samples ranged from 7 to 29 years
using CFCs data (Table 2). The ‘young fraction’ is the fraction of a water
sample that contains a detectible CFCs and tritium concentration caused
by the post-1950s recharge. According to the method described by Han
et al. (2012), the fraction of youngwater can be estimated from the bina-
ry mixing model curves based on CFC-113 and CFC-12 concentrations in
groundwater. The fraction of young water in the selected water samples
from the COA ranges from 0.52 to 0.87.

Tracer-tracer concentration plots have some advantages over plots
comparing apparent ages and tracer ratios for reflecting more directly
the measured quantities and potential mixtures (Plummer et al.,
2006). Because atmospheric 3H concentrations have been elevated for
a long time, old water components can be identified by anomalously
low 3H values in comparison with CFC-12 (Fig. 12B). The relationship
between 3H and CFC-12 (Fig. 7B) shows that most points plot below
the piston-flow line. This suggests mixtures lie between piston-flow
and binary mixing of modern (2000) and old (pre-3H and pre-CFC)
water, particularly in wells with screened intervals greater than 20 m.
Strong evidence for mixing (of any type) is indicated by the absence
of any samples retaining the decayed, initial 3H activity from the mid-
and late-1960s bomb peak (Fig. 12B). The low 3H activities in water
samples coincide with higher CFC concentrations (Fig. 12B). The inten-
sive agricultural activities in this study area can explain this apparent in-
congruence (Horst et al., 2008). In this area, groundwater is extracted
for irrigation, and some portion of the water is recycled. The CFC con-
centration in irrigation return flow can be increased through contacting
the higher CFC content in the air. Thus, the extracted groundwater re-
infiltrates with successive irrigation cycles and increases CFC concentra-
tion in aquifers. Tritiumcontent in groundwater is not affected by return
flow during the irrigation process. The apparent ages of groundwater
estimated from CFC-12 concentrations range from 7 to 29 years with
young water fractions from 0.52–0.93 (CFC-113/CFC-12 ratio). These
might be underestimated for young groundwater in this area. Shallow
groundwater (i.e. QG2) near the well field indicated young apparent
ages (CFC-12)with N90% youngwater, indicating a fast and a direct con-
nection to recharge zones, presumably irrigation return flows.
different sampling times; (b) for different groundwater types. See Fig. 5 for legend in (b).



Fig. 9. Measured tritium concentrations of groundwater samples vs. distance from coast.
See Fig. 5 for legend.
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5.3.2. Groundwater MRTs
Tritium (3H) is a naturally radioactive isotope of hydrogen (t1/2 =

12.3 a) and is not affected significantly by reactions other than
ratioactive decay. High tritium contents are observed in groundwater
suggesting the presence of a fraction of the groundwater that is less
than ~50 years old (Clark and Fritz, 1997). The tritium contents of
groundwater in the west of the Daweijia well field showed wide varia-
tions (2.7–15.3 TUwith mean value of 8.5 TU) (Fig. 4). This may be due
to the contribution of complex hydrogeologic conditions with flow pro-
cesses resulting in mixtures between water with high tritium contents
(recently recharged water) and stored water with low tritium content.

The tritiumage can be estimatedbyusing lumpedparametermodels
(LPM) (Maloszewski and Zuber, 1996; Zuber et al., 2001), which are an
effective tool for analyzing karst groundwater systems (Mangin, 1994).
Determining the input history for tritium is the key to calculating the
groundwater age. Using the method discussed by IAEA (1992), the his-
torical tritium concentrations in precipitation (Fig. 13) can be recon-
structed from the available data in the International Atomic Energy
Agency (IAEA) records. The reconstruction was undertaken using re-
cords from Shijiazhuang and Ottawa, Canada. The Shijiazhuang station
can be regarded as a representative site for north China. The recon-
structed tritium curve (1953–2008) shows similar fallout patterns
throughout the Northern Hemisphere.

The conceptual model of the Daweijia area is very similar to that of
Tampa, Florida (Eberts et al., 2012). Both aquifers are described as car-
bonate aquifers overlain by unconsolidated sediments. The LPMs ap-
plied to the carbonate aquifer of the Daweijia area included the EPM
(the combined exponential and piston-flow model, Zuber et al., 2004),
the BEP (BMM-EMM-PFM, a binary mixing model with an exponential
mixing model and piston-flow model, Eberts et al., 2012) and the BDD
(BMM-DM-DM, a binary mixing model with two-component disper-
sion model, Zuber et al., 2004) models. The inclusion of binary mixes
is a convenient way to account for water older than the range of envi-
ronmental tracers. The BDD model was thought to be potentially rele-
vant because karst features can result in macro-dispersion. While the
binary exponential piston flow model (BEP) also was considered to be
conceptually feasible due to the hydrochemical evidence indicating
that the production well produced a mixture of upper Quaternary
groundwater and the deeper carbonate groundwater. Parameters for
the BEP model are mean age of the mixture (tmean), mean age of the ex-
ponential component (told), and age of the piston-flow component
(tyoung). For the unconfined Quaternary aquifer, we applied the DM
Fig. 8. Box diagrams showing variations of δ18O values for different groundwater types
(CG-F fresh groundwater in the COA; CG-B brackish groundwater in the COA; QG-F
fresh groundwater in the QA; QG-B brackish groundwater in the QA).
(dispersionmodel), the BEP and the BDDmodels. The relevant parame-
ters and themodel results were shown in Table 3. We assumed that the
groundwater flow patterns are stable for different time periods in the
carbonate aquifer system.

The simulated shapes of the age distributions from the different
models can be seen for three selected wells (Fig. 14). Water from the
well CG2 had a wide range of ages (Fig. 14a). The BEP model indicated
a mean age of 163 years with a young water fraction (mean age 7
years) of approximately 28%. The BDD model, which considers disper-
sivemixing along theflowpath, reported amean age older than that ob-
tained from the BEP model. For the EPM model, the adjustment of the
two parameters was unable to produce an acceptable match to the
data, suggesting the model was unable to reflect the mixing conditions.
Good fits are obtained with the EPM for the wells CG2 and CG3, with a
MRT of roughly 100 years. Due to the complex porosity (conduits, fis-
sures, matrix) existing in carbonate aquifer systems, the groundwater
MRTs calibrated using observed 3H data represent mixtures of water
from conduits or fissures aswell as stagnantwater in the limestonema-
trix (Maloszewski and Zuber, 1996). Using the binarymixingmodel, the
age of the old component was adjusted to best match the tritium data
on the model curve. However it is hard to represent the tritium-free
water, which could be of greater age than the model showed. Conse-
quently, it is meaningful to discuss the mean age of the young compo-
nent and its fraction in the water sample.

The lower tritium contents of thewells (e.g., CG3, QG3) can result in a
relatively highermean age of the young component (around40 years). In
contrast, well CG3 has lower NO3 concentrations and a mean age of the
young component of 46 years using the BEP model (Fig. 14b). Although
both of CG2 and CG3 are located around the Daweijia wellfield, these re-
sults suggest that there is no direct hydraulic connection between them.
Fig. 10. Graph of δ18O vs. Cl concentration of groundwater samples. The dashed line refers
to the conservativemixing line between fresh groundwater (QG3) and seawater. See Fig. 5
for legend.



Fig. 11. (a) Relationship between Fsw and NO3
− concentration and (b) variations of NO3/Cl ratios with Cl concentrations of groundwater. See Fig. 5 for legend.
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This has been confirmed by the hydrochemical data previously.Well CG4
located near the fault zone in the upstream area has a MRT of 95 years
using the EPM. Alternatively, the mean age of the young component in
CG4 is 4 years with β = 0.7 using the BEP model, and 45 years with
β=0.65 using the BDDmodel. CG4 is also a productionwell usedmainly
for local domestic supply. Low nitrate concentrations (46–61mg/L), sug-
gests that groundwater at this location has a relatively low contribution
of recent waters. For the wells CG5 and CG 12 located in the southern
hills (surface elevation ~35 m), the BEP model predicts a mean age of
the young component of 6 years (Table 3). Using the both the BDD and
the BEP model for groundwater collected from CG7 and CG10 suggests
that the two-component flow models are poor representations of the
groundwater age distribution at these locations. Even with mean age of
the young component of 1 year, the models cannot explain the tritium
Fig. 12. Relationships between environmental tracer concentrations in groundwaters
from the coastal aquifers of the Daweijia area. A. CFC-113 vs. CFC-12; B. 3H vs. CFC-12.
CFC data are available at http://water.usgs.gov/lab/. Model lines are included for piston
flow and binary mixing between modern (2000) and old (tracer-free) water. The “+”
signs on the piston-flow line indicate year of recharge.
data. This is due to the calculated mean age of the old component still
being very young. The MRT of well CG1 located in the west of well field
is 88 years using the EPMmodel. The mean age of young component in
CG1 is 4 years with an old water fraction of 0.64 using the BEP model,
and 40 years with an old water fraction of 0.49 using the BDD model.

Wells QG3 and QG4 are situated at a higher elevation in the up-
stream area of the aquifer. An initial estimate for the dispersion param-
eter (DP) was obtained by adjusting the parameter value until the DM
best matched the measured tritium data. The MRTs obtained using the
DM are around 120 years (Table 3). QG3 (Fig. 14c) and QG4, located
in the shallow Quaternary aquifer of the upstream area, have relatively
lower tritium contents (3.4–5.7 TU). The greater mean ages obtained
using the BEP and BDD models with varied old water fraction (about
0.93 and 0.7, respectively) can be explained by the retarded effects of
diffusive exchange between mobile and stagnant water in the aquifer
matrix. Additionally, these waters had relatively low nitrate concentra-
tions (less than 100 mg/L). The young component of water found using
the BDD model and data for wells QG2 and QG5, located near the well
field, was found to have a low value for the dispersion parameter
(b0.01), suggesting a local origin of that component with MRTs of 53
and 68 years, respectively. The mean age of young component was de-
termined to be 4–7 years, and 30 years for the BEP and BDDmodels, re-
spectively. Both wells reported a similar old water fraction (about 0.6).
In the past three decades, there has been groundwater depression near
the well field making the well screens closer to the point of recharge
(where age is zero). Thus, the shallow groundwater in the well field
has a relatively young age. For wells QG6, QG8 and QG11, the BEP is
more representative of the conditions due to the aquifer in this location
being confined by clay. The groundwater at these locations has a mean
age of young component of 4–5 years with and oldwater fraction of 0.5.
This can be verified by the presence of distant flow components with
high nitrate contents (more than 250 mg/L). Unfortunately, the lack of
Fig. 13. Re-constructed tritium-input concentration in precipitation at Shijiazhuang.

http://water.usgs.gov/lab/


Table 3
Model results fitted to the measured tritium data given in Table 2.

Site Model tmean tyoung told β DP η Σ(TU)

CG1 EPM 88 1.96 0.61
BMM-EMM-PFM 142 4 220 0.64 0.71
BMM-DM-DM 168 40 303 0.49 0.8 0.83

CG2 EPM 111 1.63 0.66
BMM-EMM-PFM 163 7 225 0.72 0.43
BMM-DM-DM 211 45 285 0.70 0.8 0.71

CG3 EPM 94 1.88 1.26
BMM-EMM-PFM 411 46 460 0.88 1.27
BMM-DM-DM 303 45 321 0.93 0.8 0.91

CG4 EPM 95 1.84 0.42
BMM-EMM-PFM 183 4 260 0.70 0.66
BMM-DM-DM 217 45 311 0.65 0.8 0.94

CG5,CG12 EPM 84 1.08 0.64
BMM-EMM-PFM 49 6 199 0.23 0.23
BMM-DM-DM 191 28 350 0.51 0.8 1.12

CG7 EPM 61 1.40 0.00
BMM-EMM-PFM 15 1 20 0.76 0.00
BMM-DM-DM 11 5 20 0.40 0.8 0.00

CG10 EPM 76 1.07 0.00
BMM-EMM-PFM 8 1 20 0.37 0.00
BMM-DM-DM 8 1 20 0.33 0.8 0.00

CG20 EPM 295 1.15 0.00
BMM-EMM-PFM 416 45 420 0.99 0.33
BMM-DM-DM 445 45 500 0.88 0.8 0.00

QG2 DM 53 0.002 0.70
BMM-EMM-PFM 92 7 132 68.4 0.00
BMM-DM-DM 186 30 323 53.1 0.8 1.14

QG3 DM 125 0.23 0.49
BMM-EMM-PFM 467 40 500 0.93 0.41
BMM-DM-DM 374 50 500 0.72 0.8 0.42

QG4 DM 119 0.219 0.00
BMM-EMM-PFM 198 4 200 99.0 0.05
BMM-DM-DM 351 30 500 68.3 0.8 0.11

QG5 DM 68 0.033 0.01
BMM-EMM-PFM 194 4 312 0.62 0.00
BMM-DM-DM 204 30 338 0.56 0.8 0.92

QG8,QG6 DM 68 0.033 1.05
BMM-EMM-PFM 100 4 188 0.52 0.00
BMM-DM-DM 149 30 338 0.39 0.8 1.04

QG9 DM 81 0.508 0.00
BMM-EMM-PFM 277 4 500 0.55 0.00
BMM-DM-DM 115 10 500 0.22 0.8 0.00

QG11 DM 67 0.03 0.55
BMM-EMM-PFM 254 5 500 0.50 0.32
BMM-DM-DM 187 27 307 0.57 0.8 0.75

DM is dispersion model; EPM is the exponential piston-flow model; BMM-EMM-PFM is
binary exponential and piston-flow mix; BMM-DM-DM is binary dispersion model
under an assumption of a two-component flow. β, the fraction of old (tritium-free) flow
component in total flow; DP, the dispersion parameter; η, the ratio of the total volume
of the system to the volumewith exponentialflow;∑, goodness offit, which is the square
root of differences between the observed data and the simulated result, divided by the
number of data; tmean, mean age; tyoung, mean age of young component; told, calculated
mean age of old component. For the model related to BMM, the tmean can be estimated
from the relationship: tmean = (1− β) × tyoung + β × told (Zuber et al., 2001).

Fig. 14. Simulated groundwater age distributions for a CG2, b CG3, and c QG3. The fraction
of the sample represents the proportion of age corresponding to a given age increment. In-
dividual curves correspond to different models as shown in the graph.
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historic tritium observations precluded more detailed model calibra-
tions of MRTs in this study.

The chemical and stable isotopic compositions of groundwater
samples in the Quaternary and carbonate aquifers show similar charac-
teristics, indicating good hydraulic connection between two aquifers.
Combined with the different LPM models (Fig. 15), the binary mixing
model can reflect the actual conceptual model. A feasible model may
be found by comparing the simulated and measured tritium results
(Fig. 15). The model with consistently lower errors can be regarded as
the most conceptually feasible model in this area. Generally, the BEP
model can most reasonably describe the carbonate aquifer in which
very youngwater that travels along conduit features mixes in a produc-
tion well with water from the rock matrix. We also found that for the
water samples with higher tritium contents ranging between 10 and
16 TU, the BEP model result is more feasible than those obtained using
the BDD model. Thus, apart from groundwater at wells CG3, CG20 and
QG3, the mean age of the young component ranges from 1 to 7 years
with a wide range of old water fractions (0.23–0.99). CG3 and QG3 are
likely contain a large component of old water due to their relatively
high mean age of young component (around 50 years).

The MRTs obtained from the tritium contents of groundwater sam-
ples range from 8 to 467 years; whereas the fraction of old water varies
between 0.22 and 0.99. The presence of nitrate in the shallow QA and
the deep COA, and the relatively wide range of the MRTs indicate the
coastal carbonate aquifer creates a complex mixture of waters existing
in different porosities (conduits, fissures, matrix). Production wells in-
vestigated in this study have been used for public supply and have
long screened intervals (more than 30 m) at a large depth. It is likely
that no flow lines exist with extremely short transit times.

5.4. Nitrate transport pattern in groundwater flow system

Groundwater in carbonate aquifers is particularly susceptible to agri-
cultural activities, which can readily cause nitrate contamination (Coxon
et al., 1999; Katz, 2004). The anthropogenic input (e.g., agricultural fertil-
izer, septic tank drainage, untreated sewage effluent)may be responsible
for the elevatednitrate concentrations of the groundwater underlying the



Fig. 15. Scatter plots for comparing the measured 3H data and the simulated 3H data for
different LPM models. BEP is the binary exponential and piston-flow mixing model
(BMM-EMM-PFM); BDD is the binary mixing model with a two-component dispersion
model (BMM-DM-DM).
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Daweijia well field in the past several decades. The total NO3
− concentra-

tions (NO3,t) of groundwater can be described as follows:

NO3;t ¼ NO3;r þ NO3;a þ NO3;d þ NO3;s ð4Þ

whereNO3,r−NO3
− contributed from rainwater;NO3,a−NO3

− contribut-
ed from agricultural fertilizer utilization; NO3,d − NO3

− contributed from
domestic wastes (e.g., septic tank leakage, sewage effluent); NO3,s −
NO3

− contributed from seawater intrusion. The mean volume-weighted
NO3

− concentration of rainwater is ~3.4 mg/L in this area (Zhang et al.,
2012), and the estimatedNO3

− concentrations contributed from rainwa-
ter is only 2.7 mg/L annually according to the water balance calculations
in the local groundwater flow system (CGS, 2007). This is mainly
recharged from precipitation infiltration, with 78.3% of the total recharge
water volume. Compared with NO3,t concentration of as much as several
hundreds, NO3,r can be negligible. Thus, the NO3,t can be expressed by:

NO3;t ¼ NO3;a þ NO3;d þ NO3;s: ð5Þ

The highest NO3
− concentrations occur in the aquifers underlying ag-

ricultural fields (e.g., QG2, CG9). Some wells (e.g., CG1, CG7, CG10,
CG12) showahigh chloride concentration aswell as lownitrate concen-
trations and lowNO3/Cl ratios (Fig. 11), indicating that the groundwater
salinity is likely derived from seawater intrusion. The recent seawater
has low tritium contents (3.8 TU in Nov.2005, measured in this study)
with distinct nitrate concentrations (averagely 370 mg/L in February,
and b62 mg/L in August, Chen, 2008) and NO3/Cl ratios (~0.01). The
highest Fsw occurred in wells CG10 (4.7%) and CG7 (4.6%). Thus, the
highest contribution of NO3

− from seawater is unlikely to exceed
20 mg/L, indicating that the seawater intrusion will be very limited for
modifying groundwater quality in the coastal aquifers. Increased nitrate
concentrations in most of the collected groundwater samples were
characterized by a narrow range (−8.5 ~ −7.0‰) of δ18O values
(Fig. 16) with varying tritium contents between the wet and dry sea-
sons. This indicates groundwater with lower evaporation prior to re-
charge originating from a local small area rather than a regional scale.
In the Daweijia area, local groundwater is the sole source of irrigation
water, and the irrigation does not significantly modify the δ18O values
and 3H content of the groundwater (Plummer et al., 2000; Horst et al.,
2008). As discussed above, the NO3

− concentration of groundwater con-
tributed from the Bohai seawater does not exceed 20 mg/L, indicating
the rise of the salinity is derived from agricultural return flow as an
important recharge source rather than seawater intrusion in the coastal
aquifers. Dissolved oxygen in groundwater ranges between 1.3 and
8.6mg/L (Aug. 2010), indicating an aerobic environment, hence denitri-
fication is presumed to be negligible. Groundwater shows higher triti-
um contents in the wet season with lower tritium contents in dry
season (Fig. 16b), indicating there might be significant precipitation in-
filtration and fluctuating water tables in this area. The mean age of the
young component of the investigated groundwater ranged from 1 to
46 years (BEP model in Table 3).

The groundwaters under the Deweijia area can be classified in four
groups. Group A, evidenced by CG3, CG5 and CG12, is characterized by
a wide range of tritium contents (3–15 TU), depleted δ18O values in
the wet season and relatively low NO3

− concentrations (NO3
−

b 100 mg/L). This indicates that highly connected conduits may be oc-
curring at these sites, resulting in a quick response to the rainfall. CG5
and CG12, which are located near a fault zone and recharged from
higher elevations to the south, have slightly increased NO3

− concentra-
tions with short MRT (49 years) due to the leaching of fertilizers. Their
brackish nature suggests certain mixing with seawater (FSW between
2 and 3%). The water at well CG3 changed from brackish in Nov.2005
and Jun. 2006 to fresh in Jul. 2007, with relatively lower NO3

− concentra-
tions (less than 100mg/L). This indicates that apart from the agricultur-
al pollution, the decreased salinity in CG3 may be caused by the
reversing of seawater intrusion. This has been reduced by controlling
abstraction after 2001 in the well field. Compared with CG2, which
has higher NO3

− concentrations (up to 357 mg/L) and good hydraulic
connectionwith shallow groundwater, thewells in Group A have stable
NO3

− concentrations in recent years. Group A may be dominated by the
lateral flow with relatively stable NO3

− concentrations and NO3,t can be
expressed by:

NO3;t ¼ NO3;a þ NO3;s: ð6Þ

Group B, including groundwater obtained at wells CG1, CG2, CG7,
CG10, and QG11 (Fig. 16b, c), is likely to have been affected by seawater
intrusion and to some extent, rainfall infiltration and irrigation return
flow. The rainfall infiltration can cause the higher tritium content, and
the irrigation return flow can result in an increased nitrate concentra-
tion. Wells CG2 and CG7, located in the well field, have a higher nitrate
concentration but a similar range of tritium content. This suggests hy-
draulic connections with CG1, QG2 and QG5. This also indicates there
might be a vertical preferential flow path through CG2 with a higher
NO3

− concentration. This is likely attributable to a NO3
− bearing source,

e.g., septic tanks or sewage effluent. In the wet season, the pollutants
can be rapidly flushed by rainfall into the deep aquifer through the pref-
erential flow paths. CG2 is connected to shallow, brackish groundwater
with FSW (1.5–1.8%). This indicates that this well is simultaneously af-
fected by seawater intrusion and anthropogenic pollution. CG1 also
has a higher FSW (2.9–3.2%). The NO3,t of Group B can be expressed by:

NO3;t ¼ NO3;a þ NO3;d þ NO3;s: ð7Þ

Based on the FSW distribution, we can conclude that there are poten-
tially two preferentialflowpaths underlying the carbonate aquifers, one
is located in the northern part of the study area, running from the coast-
line through CG1, CG2, to CG7; and the other one is located in the south-
ern part and along the fault (F3) and F1 to reach CG5 and CG12. This is
consistentwith the previous research byWu and Jin (1990), whichused
geophysical methods to identify the potential passageway of seawater
intrusion in the coastal aquifers. CG2 and CG3 have relatively longer
MRTs (over 150 years) as the solute flow to the location of themonitor-
ing wells is dominated by stagnant water pumped from the limestone
matrix. This water has a different young fraction in the groundwater.
There is possibly a pollution source distributed around the recharge
area, which is connected to the screen interval of CG2. It results in the
relatively higher NO3

− concentration in CG2 than that in CG3. This



Fig. 16. Relationships between δ18O and NO3
− concentrations (a); tritium contents and

δ18O values (b); tritium contents and NO3
− concentrations (c). The dashed lines connect

samples obtained from the same wells.
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suggests that in these areas, the groundwater age distributions are com-
plex, and MRTs are not a good indicator of the flow patterns, i.e. the
whole age distribution requires quantification.

Generally, in the dry season, groundwater has a relatively low NO3
−

concentration with low tritium content (Fig. 16c). Conversely, in the
wet season groundwater (e.g., CG1, QG11, QG2, QG5) (Fig. 16c)
displayed higher tritium contents and higher nitrate concentrations, in-
dicating that the sources of NO3

− not only originate from fertilizer appli-
cation during irrigation but also the fromother sources (e.g., septic tank,
cesspool, sewage effluent). The higher fraction of old groundwater and a
relatively lower fraction of young water can dilute the pollutants in the
dry season. In the wet season, the pollutants (i.e. NO3

− from septic tank
or sewage effluent) can be flushed into the aquifer.

GroupC, defined as shallow groundwater (i.e. QG2, QG5, QG12) near
thewell field area, has a higher NO3

− concentration directly from surface
pollution and readily responds to rainfall as demonstrated by higher tri-
tium contents. The NO3,t of Group C can be expressed by:

NO3;t ¼ NO3;a þ NO3;d: ð8Þ

GroupD, includingwells CG4, QG3 andQG4,which are located in the
upstream area, is characterized by fresh groundwater with relatively
lower NO3

− concentrations during the four sampling campaigns. CG4
may be controlled by the lateral flow near the fault zone and has MRT
of 183 years with a mean age of the young component of 4 years. QG3
and QG4 have lower tritium contents and NO3

− concentrations due to
matrix diffusion. The NO3,t of Group D can be expressed by:

NO3;t ¼ NO3;a: ð9Þ

Patterns of the NO3
− transport through a complex aquifer depend on

the types and time frames of nitrogen loading, local hydrogeologic con-
ditions (i.e. recharge patterns, groundwater flow paths, velocities, and
MRT), hydrologic and climatic variations, and the biogeochemical pa-
rameters that control the related reactions (Katz, 2004). Although the
apparent age or MRT of groundwater does not necessarily represent
the age of the nitrate transport (Katz, 2004), it is of interest that the
shallow groundwaters (i.e. QG2 and QG5) tend to have higher nitrate
concentrations (N300 mg/L, even up to 517 mg/L) with mean age of
young component (4–7 years), while lower nitrate concentrations
(b100 mg/L) correspond to greater MRT (198–467 years with tyoung =
4–40 years and old water fractions of around 0.65, i.e. QG3 and QG4)
in theupstreamarea. It suggests that the contribution of elevated nitrate
concentrations is from more recent recharge for shallow groundwater
near the well field. This may also suggest that locations with greater
MRTs in the shallow aquifers may be susceptible to elevated NO3

− con-
centrations in the future. However, there is no significant relationship
between theMRT and the NO3

− concentrations in the carbonate aquifer.
This may be due to the samples representing a number of complex flow
paths containing both young nitrate bearing water and old nitrate free
water. In these cases, more complex descriptions of residence time
may be required to describe susceptibility to nitrate contamination.
These methods generally require more extensive data sets than are
available at this site presently.

6. Summary and conclusions

The aquifer systems in the Daweijia area are characterized by a
shallow Quaternary aquifer and a deep carbonate aquifer, with a wide
range of NO3

− concentrations from 32.6 to 521.3 mg/L (mean value
191.2 mg/L). These concentrations significantly exceed the safe drinking
guidelines (20 mg/L) in China. This study applied, chemical analysis and
CFCs and 3H dating methods to interpret the relationship between
groundwater flow and NO3

− transport for identifying the potential
groundwater flow patterns and contaminant sources. CFC concentrations
have been used to identify the irrigation effect on groundwater systems
through comparison with tritium content in groundwater samples, and
the old groundwater existing in karst aquifers. All groundwater samples
have measurable tritium levels with the wide range (2.7–15.3 TU) of tri-
tium content, indicating rapid groundwater circulation exists within the
coastal aquifer systems.

Different LPMmethods (i.e., EPM, BEP, BDD, DM) were employed to
estimate the groundwater MRTs in the study area. The BEP model was
confirmed to yield the feasibleMRTs for both of Quaternary and carbon-
ate aquifers. Based on the estimated results, there is a good inverse rela-
tion between groundwater MRTs and the NO3

− concentrations in the
shallow Quaternary aquifers. The elevated nitrate concentrations can
be attributed to more recent recharge to shallow groundwater of the
study area. The relatively old ages in the upstream area may be caused
by the delay effects of the diffusive flow exchange between mobile
and stagnant water in the aquifer matrix (Zuber et al., 2001). However,
there is no significant relationship between theMRTs and the NO3

− con-
centrations existing in the carbonate aquifer system, due to the compli-
cated porosity, groundwater age distribution and contaminant source
areas. The youngest carbonated groundwater located in the southern
hills has been controlled by the lateral flow along the fault zone. Provid-
ed that the groundwater MRTs can be as much as several decades,
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nitrate in groundwater system without denitrification effects could ac-
cumulate and transport for tens of years through the complex carbonate
aquifer matrix due to successive inputs of nitrogen from various
sources. The fraction of young components which range from 0.10 to
0.78 (mean 0.33) suggests that relatively old groundwater is extracted
at some wells. The groundwater within the coastal carbonate aquifer
is particularly susceptible to anthropogenic pollution (e.g., successive ir-
rigation cycles by pumping groundwater, septic tankdrainage, and sew-
age effluent leaching) and seawater intrusion.

Although further investigation should be carried out for accurately
determining the highly complex relation between NO3

− concentrations
and hydrologic conditions, some qualitative explanations for our obser-
vations are that (i) the NO3

− concentrations of most deep carbonated
groundwater within the well field resulted from agricultural fertilizer
application, domestic waste leakage (e.g., septic tank drainage, sewage
effluent leaching) and limited seawater intrusion; (ii) the shallow
groundwater near the well field shows pollution from fertilizer utiliza-
tion and domestic input; (iii) the carbonated groundwater near the
fault zone in the southern part of the aquifer has been subjected to con-
tamination from fertilizer application and seawater intrusion; (iv) the
groundwater within the upstream aquifers has likely suffered from
only fertilizer application. Generally, the contribution from seawater in-
trusion on modifying groundwater quality is very limited in this area
under the water-management practices, e.g., controlling extraction
after 2001 (Song, 2013). Although the fault zone can provide the prefer-
ential flow path for seawater intrusion in this area, the areal extent of
seawater intrusion is less than previously reported in Yang (2011) and
Zhao et al. (2012). The anthropogenic inputs into the coastal aquifers
should be mainly responsible for the groundwater contamination, par-
ticularly for nitrate contamination. For the future groundwatermanage-
ment strategies, the more detailed investigation on types, amount, and
timing of multiple pollution sources and practices that potentially
leach into the aquifers should be implemented for the benefit of maxi-
mum protection from further contamination in such areas.
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