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Abstract
Geothermal resources are practical and competitive clean-energy alternatives to fossil fuels, and study on the recharge sources of
geothermal water supports its sustainable exploitation. In order to provide evidence on the recharge source of water and
circulation dynamics of the Tangshan Geothermal System (TGS) near Nanjing (China), a comprehensive investigation was
carried out using multiple chemical and isotopic tracers (δ2H, δ18O, δ34S, 87Sr/86Sr, δ13C, 14C and 3H). The results confirm that
a local (rather than regional) recharge source feeds the system from the exposed Cambrian and Ordovician carbonate rocks area
on the upper part of Tangshan Mountain. The reservoir temperature up to 87 °C, obtained using empirical as well as theoretical
chemical geothermometers, requires a groundwater circulation depth of around 2.5 km. The temperature of the geothermal water
is lowered during upwelling as a consequence of mixing with shallow cold water up to a 63% dilution. The corrected 14C age
shows that the geothermal water travels at a very slow pace (millennial scale) and has a low circulation rate, allowing sufficient
time for the water to become heated in the system. This study has provided key information on the genesis of TGS and the results
are instructive to the effective management of the geothermal resources. Further confirmation and even prediction associatedwith
the sustainability of the system could be achieved through continuous monitoring and modeling of the responses of the karstic
geothermal reservoir to hot-water mining.
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Introduction

Geothermal resources, consisting of heat, minerals and water,
are one of the most practical and competitive clean-energy
sources available as a viable alternative to fossil fuels to mit-
igate global climate change (Kong et al. 2014; Michael et al.
2010;Wang 2009;Wang et al. 2015). The global development
of geothermal energy has become more and more rapid since
the 1970s (Lund and Boyd 2016) because it is widely distrib-
uted, environmentally friendly and economically profitable
(Montanari et al. 2017; Yang et al. 2017); however, uncon-
trolled mining of geothermal water may result in continuous
decline of the water table and the reservoir temperature (Duan
et al. 2011), which is not sustainable. Sustainable use of geo-
thermal resources is a new challenge for the scientific com-
munity (Hähnlein et al. 2013; Mongillo 2010).

Systematic hydrochemical and isotopic studies on geother-
mal systems are essential tools toward effective exploration
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and sustainable use of geothermal resources (Guo et al. 2010;
Kong et al. 2014; Reinsch et al. 2013). Different aspects of a
geothermal/groundwater system can be unveiled with differ-
ent hydrogeochemical and isotopic methods. Stable δ18O and
δ2H isotopes combined with hydrochemistry have been wide-
ly used in tracing sources of groundwater and delineating
water–rock–gas interaction processes occurring in groundwa-
ter systems (Awaleh et al. 2015; Bo et al. 2015; Bozdağ 2016;
Chandrajith et al. 2013; Diamond and Harris 2000; Ghomshei
and Clark 1993; Guo et al. 2010; Li et al. 2017;Ma et al. 2009;
Majumdar et al. 2005; Pang 2011; Wang et al. 2016; Xu et al.
2017). In the past two decades, the Sr isotopic ratio of
87Sr/86Sr has been widely used as a tracer for delineating hy-
drogeochemical processes, the origin of groundwater and
chemical components, and the mixing effect in groundwater
systems (Bakari et al. 2013; Barbieri and Morotti 2003;
Boschetti et al. 2005; Brenot et al. 2015; Grobe et al. 2000;
Guo et al. 2010; Khaska et al. 2015; Wang et al. 2006). The
sulfur isotope δ34S in sulfate has been commonly used to trace
the origin of sulfate content, groundwater evolution and wa-
ter–rock interactions occurring in groundwater systems (Al-
Charideh 2015; Raidla et al. 2014; Sack and Shama 2014).
Groundwater age can be used to evaluate the circulation rate
and renewability of groundwater (Huang et al. 2017a, b) and
14C in dissolved inorganic carbon (DIC) has been commonly
used for age determination by hydrogeologists (Edmunds
et al. 2006; Han et al. 2014; Huang et al. 2017b). While em-
pirical chemical geothermometers including quartz (Fournier
1977) , chalcedony (Fournier, 1977) , and cat ion
geothermometers (Fournier 1979; Fournier and Truesdel
1973; Fournier and Potter 1979; Giggenbach 1988; Pang
et al. 2013) are still used to predict reservoir temperature, it
i s now qui te common tha t theore t ica l chemical
geothermometers based on a chemical thermodynamic model-
ing approach are used, which was proposed and improved by
Reed and Spycher (1984), Pang and Reed (1998) and Spycher
et al. (2013).

In China, geothermal resources are widely distributed, espe-
cially the low-medium temperature hydrothermal resources
(Lund and Boyd 2016; Wang et al. 1993). Low-medium tem-
perature geothermal systems hosted in carbonate rocks are
some of the most promising and unknown geothermal systems
(Kong et al. 2015; Montanari et al. 2017; Pang et al. 2015).
Tangshan area is one of the most famous Bhot spring towns^ in
China (Zhao and Zhu 1998) with a low-medium temperature
convective geothermal system developed in carbonate rocks.
With the rapid development of tourism, the demand for geo-
thermal resources has increased significantly (Zhao and Zhu
1998). During the past two decades, rapid decline of the water
level has occurred in many geothermal wells, with all historical
hot springs having vanished and some geothermal wells dried
up (Zhao and Zhu 1998). In order to achieve sustainable use of
geothermal water in Tangshan, it is necessary to fill the

knowledge gap on Tangshan Geothermal System (TGS); how-
ever, to the best knowledge of the authors, limited hydrogeo-
chemical and isotopic studies on TGS have been carried out.
The previous studies have revealed the geological background
and tectonic framework of the system. They speculated on the
genesis of TGS based on geological information (Li et al. 2010;
Luan and Qiu 1998; Zhao and Zhu 1998) with limited analyses
on hydrochemistry and stable isotopes (δ2H and δ18O; Zou
et al. 2015).

In order to achieve a comprehensive understanding on
TGS, a multi-tracer approach involving hydrochemistry and
isotopes (δ2H, δ18O, δ34S, 87Sr/86Sr, δ13C, 14C, 3H) was im-
plemented, aiming at solving a few key scientific issues: (1)
Does the geothermal system get water recharge from a local
source or a remote source? (2) What is the groundwater circu-
lation rate and what are the implications of that on the sustain-
able use of geothermal water?

Study area

TGS is located in the eastern suburb of city of Nanjing,
Jiangsu Province, which is approximately 25 km (Fig. 1a)
from the downtown of Nanjing. Tangshan area features a sub-
tropical monsoon climate with an annual average temperature
of 15.4 °C and annual average precipitation of 1,060 mm. The
main surface-water system here is Tangshui River and
Tangshan reservoir to the east of Tangshan (Fig. 1b).
Tangshan Mountain is approximately east–west trending,
and about 5 km long and 3 km wide. The main geomorphol-
ogies are low mountains and hills with elevation varying from
150 to 300 m a.s.l, and the peak is Tuanzijian Mountain (Fig.
1b) with an elevation of about 300 m a.s.l. in the middle of
Tangshan (Zou et al. 2015).

Sedimentary strata developed in the region are almost con-
tinuous from Cambrian to Cretaceous periods; however, the
main strata developed in Tangshan are dolomite of the
Cambrian system, limestone of the Ordovician system, sand-
stone and shale of the Silurian system, and sandstone and
mudstone of the Cretaceous system, with Devonian to
Jurassic systems missing (Zhao and Zhu 1998). The
Cambrian and Ordovician systems are exposed over
Tangshan and form the Tangshan body. The Silurian system
is mainly represented in the west and north of Tangshan, while
the Cretaceous system is mainly distributed in the east and
south of Tangshan (Fig. 1b). Quaternary formations are wide-
ly distributed in the piedmont area and valley with thickness
varying from 2 to 40 m. Quartz diorite porphyry of Yanshan
age is mainly presented in the north of Tangshan (Zou et al.
2015).

Tectonically, Tangshan is located in the west part of
Ningzhen uplift structure bordered by Tangshan-
Dongchangjie fault to the south of Tangshan (Luan and Qiu
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1998). Locally, Tangshan is located in the center of the
Tangshan-Lunshan anticlinorium. The core of the Tangshan
anticline is made of Cambrian and Ordovician systems, while
the flanks are composed of the Silurian system. Three groups
of fault structures, NE, NW and EW faults, developed in
Tangshan, which are mainly distributed in the east, middle
and south of Tangshan. The east part of Tangshan anticline
was cut by NW and NE faults, resulting in the falling of for-
mations in the east (Fig. 1c).

The aquifers developed here can be classified into two
categories: porous formation in unconsolidated Quaternary
sediments, and fractured bedrock (karstic and clastic rocks).
The Quaternary formations are low in permeability. Karstic
groundwater, including cold and thermal groundwaters, is dis-
tributed in the carbonate rock formations of Cambrian and
Ordovician systems with high permeability. The cold karstic
groundwater is mainly present in the middle of Tangshan
Mountain, while thermal karstic groundwater is in the east
and west of Tangshan. Fractured aquifers in clastic rocks
mainly appear in the sandstone and shale of the Silurian and

Cretaceous systems, in which fractures are less developed and
permeability is much lower, and can be regarded as aquitards.
The water table in Tangshan has significantly declined (up to
10 m) during recent years due to increased use of geothermal
resources. In this study, thermal water samples were collected
from Cambrian and Ordovician aquifers and cold shallow
samples mainly from Quaternary, Silurian and Cretaceous
aquifers with three from carbonate rock aquifers.

Tangshan Geothermal System (TGS) is a low-medium
temperature convective geothermal system (Luan and Qiu
1998; Wang et al. 1993). The regional terrestrial heat flow is
54–58 mW/m2, and the average geothermal gradient is 26–
28 °C/km in the depth range of a few hundred meters. The
wellhead temperature is about 50–65 °C in the eastern and 30–
39 °C in the western ends of the mountain. The geothermal
reservoirs are composed of carbonate rocks of Cambrian and
Ordovician systems. The caprock, mainly distributed in the
piedmont area of Tangshan, mainly consisted of formations
of Quaternary, Silurian and Cretaceous systems (Li et al.
2010; Zhao and Zhu 1998). The locally developed faults and

Fig. 1 a Location of the town
Tangshan in China; b Geological
map and sampling sites at and
around Tangshan (different strata
are indicated with different colors
and corresponding symbols); c
Geological cross section of study
area
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other structures provide good circulation channels for geother-
mal water.

Materials and methods

Collection of samples

A sampling campaign was implemented in April 2016, in
which a total of 46 water samples were collected including 2
samples from Tangshui River, 5 samples from Tangshan res-
ervoir, 32 samples from drinking water wells and 7 samples
from geothermal wells. The groundwater sampling locations
are shown in Fig. 1b. All samples for hydrochemical analyses
were filtered with a 0.45-μm membrane before bottling.
Samples for cation and trace elements analysis were acidified
with ultra-purified HNO3 to adjust the sample to pH < 2.
Filtered 60 ml of water were collected into HDPE vials for
anion analyses. A total of 20 ml of filtered water was collected
into screw capped HDPE vials for stable δ18O and δ2H anal-
yses, whereas 1,000 ml of unfiltered water was collected into
screw cappedHDPE bottles for δ13C and 14C analyses, 200ml
of water for 87Sr/86Sr analyses, and 1,000 ml of water for δ34S
analyses.

Analytical methods

Physical and chemical parameters such as pH, total dissolved
solids (TDS), temperature, electrical conductivity, and redox
potential (Eh), were measured on site using a multi-parameter
device, the Hach HQ40D. HCO3 was analyzed on site by a
digital titrator (Model 16900, Hach) with 0.8 N H2SO4 using
bromocresol green-methyl red indicator. Other chemical and
isotopic analyses were performed in laboratories within about
1 week after collection. The main anions (F, Cl, and SO4, with
detection limit of 0.1 mg/L) and cations were determined
using a Dionex-500 ion chromatograph (detection limit is
0.1 mg/L) in the Water Isotope and Water–Rock Interaction
Laboratory at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGG-CAS). Trace elements
(Sr, Si, etc.) were measured by ICP-MS (detection limit is
0.1 μg/L) in the Analytical Laboratory of the Beijing
Research Institute of Uranium Geology (BRIUG). Stable iso-
topes (δ18O, δ2H) were analyzed in the Water Isotope and
Water–Rock Interaction Laboratory at IGG-CAS by the laser
absorption water isotope analyzer Picarro L1102-i (the preci-
sion of the δ18O and δ2H values were ±0.1 and ±0.5‰, re-
spectively). δ13C and 14C in groundwater samples were mea-
sured at Beta Analytic in the USA using accelerator mass
spectrometry (AMS). The analytical precision was ±0.1‰
for δ13C and ±0.1 pmC for 14C. 87Sr/86Sr of groundwater
samples was measured in the Analytical Laboratory of
BRIUG by Phoenix TIMS stable isotope mass spectrometry.

The δ34S in dissolved SO4
2− was measured in the stable iso-

topes laboratory of IGG-CAS by MAT 253 stable isotope
mass spectrometry. The results of water chemistry and isoto-
pic compositions of water samples are shown in Table S1 of
the electronic supplementary material (ESM). The software
PHQEERC 3.0 and the llnl.dat dataset (Parkhurst and
Appelo 2013) developed by the United States Geological
Survey (USGS) was applied to calculate themineral saturation
index (SI).

Results

Water chemistry

The results of water chemistry analyses are given in Table S1
of the ESM. Based on the properties and chemical composi-
tion, the water samples can be divided into three categories:
cold surface water (CSW) (including reservoir and river wa-
ter), cold shallow groundwater (CSG), and geothermal
groundwater (GG). The charge balances of all samples are
within ±5% (Table S1 of the ESM).

A Piper plot of all water samples is shown in Fig. 2. For
CSW, the pH varies from 8.6 to 9.0. The dominant anions are
SO4 and HCO3 with SO4 ranging from 60.1 to 154.7 mg/L
and HCO3 from 84.4 to 173.3 mg/L. The dominant cation is
Ca with a concentration range of 62.5 to 80.0 mg/L. The water
type is mainly HCO3-Ca/SO4·HCO3-Ca (Fig. 2; Table S1 of
the ESM) with TDS ranging from 291.0 to 352.0 mg/L
(Table S1 of the ESM).

The CSG samples were mainly taken from Quaternary,
Silurian and Cretaceous aquifers. The pH varies from 6.9 to
10.8. The dominant cation and anion are Ca and HCO3 with
the concentration range of 52.1–151.1 mg/L and 7.3–
389.0 mg/L for Ca and HCO3, respectively. The water type
is mainly HCO3-Ca/ HCO3·SO4-Ca (Fig. 2; Table S1 of the
ESM) with TDS ranging from 193.0 to 819.0 mg/L (Table S1
of the ESM). The concentration range of Sr is from 143.0 to
846.0 mg/L.

The GG samples were mainly taken from Ordovician
and Cambrian carbonate aquifers. The pH varies from 7.1
to 8.0. The concentrations of Sr and SO4 are the highest in
GG samples, with the content range of 6,921.0 to
10,488.0 μg/L and 319.8 to 1,012.9 mg/L for Sr and
SO4, respectively, compared to CSW and CSG samples.
The dominant cation is Ca with concentration varying from
185.2 to 380.4 mg/L. The main water type is SO4-Ca (Fig.
2; Table S1 of the ESM) except sample 16D04 (SO4·
HCO3-Ca, which may be affected by mixing with CSG)
with TDS ranging from 713.0 to 1,580.0 mg/L (Table S1
of the ESM). The wellhead temperatures measured on site
vary from 34.1 to 65.3 °C.
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Isotopic compositions

The isotopic results are shown in Table S1 of the ESM, which
indicates that δ2H and δ18O in CSW are the most enriched,
with δ2H ranging from −24.8 to −34.5‰ and δ18O from −3.8
to −5.1‰, followed by CSG with δ2H ranging from −18.6 to
−49.1 ‰ and δ18O from −3.9 to −7.7 ‰ (Fig. 3). δ2H and
δ18O in GG samples are the most depleted with δ2H ranging
from −49.1 to −55.8 ‰ and δ18O from −7.5 to −8.6 ‰ (Fig.
3), which is probably related to higher recharge elevation.

87Sr/86Sr analyses of seven GG samples and 17 CSG sam-
ples were conducted in this study (Table S1 of the ESM). The
value of 87Sr/86Sr in GG samples is lowwith a narrow range of
0.709136 to 0.709210, while the value in CSG samples is
relatively high with a wide range of 0.709514 to 0.713183
(Fig. 4a), which indicates different water–rock reactions be-
tween them.

δ34S analyses of seven GG samples and 11 CSG samples
were conducted in this study (Table S1 of the ESM). The δ34S
in GG samples is enriched, varying from 28.165 to 33.695‰,
while that in CSG samples is relatively depleted with a range
of 1.165 to 22.321 ‰ (Fig. 5). Meanwhile, the δ34S value of
most GG samples (85.7%) is around 30‰, while that of most
(81.8%) CSG samples is below 10‰ (Fig. 5). δ34S is con-
trolled by different SO4 sources.

A total of seven 14C, δ13C, and tritium (3H) samples of GG
were measured (Table S1 of the ESM). The 14C activities in
dissolved inorganic carbon (DIC) of GG samples are

relatively low with values varying from 21.4 to 76.9 pmC
(Fig. 6). The δ13C in DIC of GG samples is relatively enriched
with values varying from −13.2 to −9.1‰ (Fig. 6). 3Hwas not
detected in GG samples (therefore not shown in Table S1 of
the ESM).

Fig. 3 The δ2H-δ18O relation plot of all water samples (some isotopic
data of surface reservoir water are not presented in Table S1 of the ESM;
GG geothermal groundwater, CSG cold shallow groundwater)

Fig. 2 Piper plot of all water
samples (GG geothermal
groundwater; CSW cold surface
water; CSG cold shallow
groundwater)
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Discussion

Water–rock reactions

Water–rock reactions are important geochemical processes in
geothermal water and shape the characteristics of water chem-
istry. The linear relationship between mNa and mCl (as
mmol/L) is shown in Fig. 7a. All the GG samples plot near
the line of mNa:mCl = 1:1, suggesting that Na and Cl were
mainly derived from NaCl dissolution (Huang et al. 2017a);
however, some CSG samples lie below the line of
mNa:mCl = 1:1, indicating that apart from NaCl dissolution,

dissolution of albite in formations (Eq. 1) might contribute to
the additional Na (Huang et al. 2017a):

2NaAlSi3O8 þ 9H2Oþ 2H2CO3→Al2Si2O5 OHð Þ4
þ 2Naþ þ 2HCO3

� þ 4H4SiO4 ð1Þ

The relationship between m(Ca +Mg) and mHCO3 (as
mmol/L) is given in Fig. 7b, between mCa and mMg is given
in Fig. 7c, and mCa and mSO4 is given in Fig. 7d (as meq/L).
All GG samples lie above the line of m(Ca +Mg):mHCO3 =
1:1, while the CSG samples plot on or below the line (Fig. 7b).

Fig. 4 The relation between 87Sr/86Sr and a Sr, b Ca, and c SO4 for geothermal groundwater (GG) and cold shallow groundwater (CSG) samples

Fig. 5 The relation between δ34S and SO4 for geothermal groundwater
(GG) and cold shallow groundwater (CSG) samples

Fig. 6 The relation plot of 14C-δ13C for geothermal groundwater (GG)
samples
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Although both of GG and CSG samples lie above the line of
mCa:mMg = 1:1, the ratios of mCa to mMg are much greater
in GG samples (Fig. 7c). All GG samples plot near or below
the line of mCa:mSO4 = 1:1, while most of CSG samples lie
above the line (Fig. 7d). The different characteristics of chem-
ical compositions suggest different water–rock interaction
processes and weak connections between CSG and deep
GG. If only dissolution of calcite and dolomite (Eqs. 3 and
4) occurred in the geothermal reservoir, the ratio of m(Ca +
Mg) to mHCO3 should be <1 (Huang et al. 2017a, b), which is
not the case in this study. The high content of Ca and SO4 and
the ratio of mCa to mSO4 close to 1 suggests that, except for
carbonate dissolution, anhydrite (embedded in carbonate
rock) dissolution (Eq. 2) also occurred (Ma et al. 2011) and
it dominates the water–rock interaction processes in the geo-
thermal reservoir, which is also demonstrated by mineral sat-
uration indices (SI) and Sr and S isotopes (see the following
discussion).

Anhydrite dissolution=precipitation

: CaSO4↔Ca2þ þ SO4
2− ð2Þ

Calcite dissolution=precipitation

: CaCO3 þ H2Oþ CO2↔Ca2þ þ 2HCO3
− ð3Þ

Dolomite dissolution=precipitation

: CaMg CO3ð Þ2 þ 2CO2 þ 2H2O↔Ca2þ þMg2þ

þ 4HCO3
− ð4Þ

Themineral SI of GG samples are shown in Table 1. The SI
of calcite and dolomite is greater than 0 and anhydrite
(gypsum) is less than 0, suggesting precipitation tendency
for carbonate minerals and dissolution tendency for gypsum,
which is consistent with the hydrochemical results. The sig-
nificant dissolution of gypsum may lead to precipitation of
carbonate minerals to some extent, which consequently results
in some GG samples lying below the line of mCa:mSO4 = 1:1
(Fig. 7d; Ma et al. 2011). The significant negative values of SI
of albite indicate that albite dissolution is probably much lim-
ited in the geothermal reservoir, which is in agreement with
the hydrochemical results.

Dissolved Sr in groundwater is generally derived from
geological components through water–rock interactions
and cation exchange reactions (Bakari et al. 2013). The
87Sr/86Sr ratio is a good tracer of the rock type that has
interacted with groundwater, and when combined with

Fig. 7 Major ion ratio relation a
Na-Cl; b Ca +Mg-HCO3; c Ca-
Mg; d Ca-SO4 of geothermal
groundwater (GG) and cold
shallow groundwater (CSG)
samples

Table 1 Mineral saturation indices (SI) of geothermal groundwater
(GG) samples

Sample ID Calcite Dolomite Anhydrite Gypsum Albite

16D01 0.55 0.74 −0.42 −0.40 −3.93
16D02 0.99 1.67 −0.55 −0.40 −4.60
16D03 0.71 0.98 −0.19 −0.28 −4.07
16D04 0.96 1.52 −1.09 −0.89 −2.82
16D05 0.84 1.24 −0.18 −0.28 −4.05
16D06 0.56 0.76 −0.75 −0.54 −3.63
16D07 1.24 2.05 −0.21 −0.31 −4.03
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chemical compositions it might be useful for identifying
the potential water–rock interaction processes (Guo et al.
2010; Khaska et al. 2015; Wang et al. 2006). The
87Sr/86Sr ratios of GG samples are low (0.709136 ~
0.709210, Fig. 4a) showing a typical carbonate or evapo-
rite (gypsum, anhydrite) weathering source (Négrel and
Roy 1998), while those in CSG samples are relatively
high (0.709514 ~ 0.713183) showing a typical silicate
weathering source (Faure 1986; Négrel and Roy 1998),
which is consistent with the respective lithology of aqui-
fers. The GG samples have low 87Sr/86Sr ratio and high
Sr, Ca and SO4 concentrations, while CSG samples have
high 87Sr/86Sr ratio and low Sr, Ca and SO4 concentra-
tions (Fig. 4), indicating weak hydraulic connections be-
tween CSG and deep GG. Both Sr-SO4 (Fig. 8a) and Sr-
Ca (Fig. 8b) show a positive correlation. The 87Sr/86Sr
ratio combined with hydrochemistry demonstrates that
the high Sr content was mainly derived from carbonate
and gypsum dissolution in GG. In other words, carbonate
and gypsum dissolution are the main water–rock interac-
tions processes.

The GG samples have high SO4 content. δ
34S in dissolved

SO4 has been extensively used as a tracer for determining the
source of SO4 and the relevant geochemical processes (Raidla
et al. 2014; Sack and Shama 2014). The GG samples are
enriched in δ34S (28.165 ~ 33.695 ‰), and the δ34S values
stay around 30‰ with increasing SO4 concentration (Fig. 5),
which suggests a typical sulfate (gypsum and anhydrite) dis-
solution source of SO4 (Raidla et al. 2014). The GG samples
have enriched δ34S and high SO4 concentration, while the
CSG samples have relatively depleted δ34S and low SO4 con-
centration, demonstrating weak hydraulic connections be-
tween CSG and deep GG.

Reservoir temperature calculation

In case of no drilling temperature measurement, fluid
geothermometry can be used to predict reservoir temper-
ature. Cation geothermometry, theoretical chemical

geothermometry and silica (SiO2) geothermometry were
applied in this study to comprehensively evaluate the res-
ervoir temperature.

Cation geothermometry

The results of cation geothermometry are shown in Table 2.
The calculated temperatures are either too high for this study
area or lower than wellhead temperature, which is not reason-
able. The Giggenbach Na/1000-K/100-SQR (Mg) ternary plot
(Giggenbach 1988) is a classic method to check the equilibri-
um state of geothermal water with relevant minerals and can
also be used to predict reservoir temperature. The Giggenbach
plot (not shown) shows that the GG samples lie in the imma-
ture water area, also indicating that cation geothermometry is
unsuitable in this case.

SiO2 geothermometry

This method is based on the dissolution equilibrium of SiO2 in
geothermal water to predict the reservoir temperature. The
calculated results of different SiO2 geothermometries are
shown in Table 3. Only the chalcedony geothermometry gives
a reasonable temperature and the calculated temperatures of
16D05 and 16D07 are close to that of theoretical chemical
geothermometry. The calculated temperature of 16D04 is rel-
atively low and probably is affected by mixing with CSG. The
calculated temperatures of other methods are lower than the
wellhead temperatures or even negative values, and therefore
not suitable.

Theoretical chemical geothermometry

This method is used to verify whether the geothermal water in
the reservoir has reached equilibrium with relevant mineral
assemblages in the host rock (Pang and Reed 1998; Reed
and Spycher 1984) and provides the reservoir temperature if
equilibrium is established. The variations of the SI with in-
creasing temperature were calculated using SOLVEQ-XPT

Fig. 8 The ion ratio relation of a
Sr-SO4 and b Sr-Ca for
geothermal groundwater (GG)
and cold shallow groundwater
(CSG) samples
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code (Reed et al. 2012). The two samples with the highest
wellhead temperature, 16D05 and 16D07, were taken as ex-
amples of how to apply this method. The forced equilibrium
of calcite was adopted to correct CO2 degassing and the forced
equilibrium of microcline was conducted to correct possible
aluminum concentration error (Pang and Reed 1998). The
possible mixing and dilution effects were also corrected
(Pang and Reed 1998). The calculation results are shown in
Fig. 9, which gives the temperature of 73–80 °C for 16D05
and 75–80 °C for 16D07.

From the preceding discussion, the calculated temperatures
of chalcedony geothermometry are most reasonable and close
to those of theoretical chemical geothermometry, and there-
fore regarded as the reservoir temperature in this study. The
reservoir temperature in the west of Tangshan is about 51 °C
(16D06), while that in the east of Tangshan is 74–87 °C, with
an average of 80 °C and relatively high. The difference be-
tween the reservoir temperatures in the east and west of
Tangshan is probably related to the depth of the geothermal
reservoir, as the geothermal reservoir in the east is deeper due
to the effect of the fault structure.

Groundwater circulation depth

The groundwater circulation depth can be calculated using the
following equation (Li and Li 2010):

D ¼ T−T 0ð Þ=G ð5Þ
where D is circulation depth (km); T is reservoir temperature
(°C); T0 is the temperature of the constant temperature zone
(°C); G is the geothermal gradient (°C/km). The groundwater
circulation depth of 2.3–2.5 kmwas obtained with the average
reservoir temperature of 80 °C assumed for T, annual average
temperature of 15.4 °C for T0 and average geothermal gradient
of 26–28 °C/km for G.

Recharge source of geothermal water

H and O stable isotopes (δ2H and δ18O) are good tracers for
determining the recharge of groundwater as they carry the
information of water itself. The relationship between δ2H
and δ18O is shown in Fig. 3. The local meteoric water line

Table 2 Calculation results of cation geothermometry (in °C)

Sample ID Wellhead Temp Na-K-Caa Na/Kb Na/Kc Na/Kd Na/Ke Na/Kf K/Mgg

16D01 48.3 23 420 483 414 565 463 45

16D02 40.1 32 424 491 418 574 470 51

16D03 64.3 28 437 513 429 601 489 50

16D04 35.1 16 323 331 329 387 328 39

16D05 64.7 27 446 530 437 620 503 50

16D06 34.1 10 366 396 367 462 387 35

16D07 65.3 27 443 523 433 612 498 49

a Fournier and Tresdell 1973
b Fournier 1979
c Truesdell 1976
dGiggenbach 1988
e Tonani 1980
f Arnorsson et al. 1983
gGiggenbach 1988

Table 3 Calculation results of
different SiO2 geothermometries
(in °C)

Sample ID Wellhead Temp Amorphous silicaa α-cristobalitea β-cristobaliteb Chalcedonya

16D01 48.3 −12 54 7 74

16D02 40.1 −43 18 −26 75

16D03 64.3 −5 62 14 83

16D04 35.1 −35 27 −18 45

16D05 64.7 −2 65 18 87

16D06 34.1 −30 33 −13 51

16D07 65.3 −6 61 14 82

a Fournier 1977
b Fournier 1991
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(LMWL, δ2H = 8.3δ18O + 16.3 ‰) was established with iso-
topic data from the Nanjing monitoring station of the Global
Network of Isotopes in Precipitation (GNIP; IAEA/WMO
2017). The isotopic precipitation weighted average of the lo-
cal meteoric water is δ18O = −7.7‰ and δ2H = −49.2‰. The
CSW samples mainly originated from local precipitation ac-
cording to field investigations. The CSW samples are enriched
in 2H and 18O and lie in the lower right region of the LMWL
(Fig. 3), indicating the evaporation effect (Clark and Fritz
1997). The local evaporation line (LEL) was established using
a linear regression algorithm. The value of the intersection of
LMWL and LEL is δ18O = −7.8 and δ2H = −48.4‰, which is
very close to the isotopic precipitation weighted average of
local meteoric water, suggesting the rationality of the
established LMWL to some extent.

Although both the GG and CSG samples lie on or near the
LMWL (Fig. 3), they are completely separated (except for
16D04) on Fig. 3 with isotopes in CSG samples being more
enriched. This suggests that both GG and CSG were
recharged by local precipitation, but the hydraulic connections
between them are very limited. A remarkable oxygen isotope
shift in Tangshan geothermal waters was not observed proba-
bly due to low reservoir temperature (Pang 2011), proving the
reasonability of the aforementioned reservoir temperature cal-
culation. The depleted isotopic composition in GG samples
may be related to high recharge elevation.

The isotopic elevation effect of δ18O can be used to evalu-
ate groundwater recharge elevation (Clark and Fritz 1997):

hR ¼ δG−δP
K

þ hG ð6Þ

where hR is the recharge elevation, δG is the isotopic value of
groundwater samples, δP is the isotopic value of local precip-
itation, hG is the sampling point elevation of groundwater and
K is the elevation gradient of δ18O. In this study, the isotopic
precipitation weighted average of δ18O = −7.7 ‰ was as-
sumed for δP, the average elevation gradient of the low latitude
zone in southern China of −0.3 ‰/100 m was assumed for K
(Wang and Wang 2011). The calculation results of recharge
elevation of GG are shown in Table 4. The recharge elevation
varies from 137.5 to 301.9 m a.s.l., which is close to the
elevation range of Tangshan. The calculation result of
16D04 is a negative value, which is probably due to signifi-
cant mixing with CSG during upwelling.

Both the major hydrochemical compositions (Na, Ca, Mg,
Sr, SO4, HCO3, Cl) and isotopic compositions (δ2H, δ18O,
δ34S, 87Sr/86Sr) are significantly different between GG and
CSG, indicating weak hydraulic connections between them.
Additionally, the permeability of the regionally distributed

Fig. 9 Variation of mineral saturation indices (SI) with increasing temperature for samples a 16D05 and b 16D07. The convergence point indicates the
calculated reservoir temperature

Table 4 Calculation results of recharge elevation for geothermal
groundwater (GG) samples

Sample ID δ18O (‰) δ2H (‰) Recharge elevation (m a.s.l.)

16D01 −8.1 −52.9 137.5

16D02 −8.5 −55.7 282.2

16D03 −8.4 −55.8 246.9

16D04 −7.5 −49.1 −56.2
16D05 −8.3 −55.4 225.4

16D06 −8.2 −53.1 175.2

16D07 −8.6 −55.4 301.9
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sandstone and shale of Silurian and Cretaceous systems over-
lying the geothermal reservoir in Tangshan is much lower
(regarded as aquitards). It is hard for precipitation to penetrate
through them to recharge the geothermal reservoir. On the
other hand, the H and O stable isotopes suggest that the GG
in Tangshan was recharged by local precipitation and the re-
charge elevation is close to the elevation range of Tangshan.
Both the hydrochemical and isotopic compositions demon-
strated that the GG in Tangshan mainly flowed through car-
bonate formation and reacted with carbonate minerals and
anhydrite (gypsum). Furthermore, the body of Tangshan is
distributed with exposed Cambrian and Ordovician carbonate
rock with lots of NE and NW fault tectonics developed, which
is conducive for receiving precipitation recharge to the geo-
thermal reservoir. From the aforementioned text, the body of
Tangshan distributed with exposed Cambrian and Ordovician
carbonate rock is the most possible recharge zone for
Tangshan GG. The precipitation penetrated through the car-
bonate formation of Cambrian and Ordovician systems to
deeper layers and was heated up by the geothermal reservoir.
The heatedwater then circulated upward along tectonic fissure
to surface due to encountering the low permeability of sand-
stone and shale of the Silurian and Cretaceous strata overlying
the geothermal reservoir, and mixed with cold shallow karstic
water during upwelling.

Mixing model based on Sr and 87Sr/86Sr

Mixing with shallow cold groundwater often occurs for geo-
thermal water during upwelling (Guo et al. 2010, Guo et al.
2017). Both the hydrochemical compositions (Figs. 7b–d and
8) and isotopic compositions (Figs. 4 and 5) suggest the oc-
currence of mixing between GG and cold groundwater espe-
cially for sample 16D04. In order to validate the mixing pro-
cess, a binary mixing model between two endmembers using
Sr and 87Sr/86Sr (Bakari et al. 2013; Faure 1986; Négrel et al.
2004) was considered:

87Sr
86Sr

� �
m

� Sr½ �m ¼ f �
87Sr
86Sr

� �
1

� Sr½ �1
 !

þ 1− fð Þ

�
87Sr
86Sr

� �
2

� Sr½ �2
 !

ð7Þ

where (87Sr/86Sr)m is the measured isotopic ratio, [Sr]m is the

measured Sr concentration in the mixture, (87Sr/86Sr)1 and
(87Sr/86Sr)2 represent the isotopic ratios of the first and second
endmembers, respectively, [Sr]1 and [Sr]2 the Sr concentra-
tions of the two endmembers, respectively, and f is the fraction
of endmember 1.

Since the hydraulic connections between deep GG in karst-
ic aquifers and shallow groundwater in fractured aquifers of
clastic rocks are weak, the mixing between deep GG and cold
shallow karstic groundwater during upwelling is the most
possible. The 87Sr/86Sr values of samples 16D08, 16D28
and 16D47 are below 0.710 and closest to that of GG among
all the CSG samples, which therefore are considered as cold
shallow karstic groundwater. These three samples lie
approximatively along a mixing line with GG samples (Fig.
4a); therefore, sample 16D28 (87Sr/86Sr = 0.709563, Sr =
846.0 μg/L), closest to GG samples (Fig. 4a), was assumed
for the cold water endmember. The three samples of 16D03/
16D05/16D07 with the highest wellhead temperature have
similar lowest 87Sr/86Sr and highest Sr content. Here the av-
erage (87Sr/86Sr = 0.709170, Sr = 9914.0 μg/L) of the three
samples was assumed for the value of the geothermal water
endmember. The calculation results are shown in Table 5.
Sample 16D04 has the highest mixing fraction (63.1%) of
cold water proving the speculation previously discussed, de-
duced from hydrochemical and isotopic results. Other samples
have the low mixing fraction (around 30%) of cold water.

14C age of geothermal water

This study used 14C to evaluate the age of GG in Tangshan.
The 14C age (t) of groundwater was determined by the follow-
ing equation:

t ¼ −8267� ln
at
a0

ð8Þ

where at is the measured 14C content in groundwater samples,
and a0 is the initial

14C content. However, the dissolution of
carbonate minerals can dilute the true initial 14C activity of
DIC in groundwater. The relationship between 14C and δ13C
of GG samples is shown in Fig. 6. The 14C value shows a
decreasing trend with increasing δ13C, indicating the dilution
effect of carbonate minerals dissolution. There are many
models that can be used to correct the dilution effect. In this
study, Tamers (1975), Fontes and Garnier (1979), Evans et al.
(1979), Eichinger (1981), Pearson model (Pearson 1965) and

Table 5 Calculation results of the
mixing fraction of geothermal
groundwater (GG) samples

Sample ID 87Sr/86Sr Sr (μg/L) Thermal water fraction Cold water faction

16D01 0.709136 6921 0.670 0.330

16D02 0.709168 7466 0.730 0.270

16D04 0.709208 4191 0.369 0.631

16D06 0.709210 7304 0.712 0.288
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Pearson model considering the isotopic fractionation between
soil CO2 and DIC (abbreviated as Pearson model No. 2; Clark
and Frintz 1997) were adopted to correct the 14C age. The
initial 14C activity of 100 pmC, δ13C of carbonate minerals
of 0‰ and δ13C of soil CO2 of −23‰ were assumed during
the correction.

The age evaluation results are shown in Table 6. The results
of Tamers, Fontes and Garnier, Evans, Eichinger and Pearson
models include some negative age values which are not rea-
sonable. Only the Pearson model No. 2 gives the relatively
reasonable results which are considered as the corrected 14C
age of GG in Tangshan. Although the corrected absolute age
may deviate from the real age to some extent, it is believed to
be more accurate than the uncorrected age and can indicate the
age level of groundwater (Huang and Pang 2011). The age of
GG in the east of Tangshan is relatively old (944–9,155 years)
compared to that in the west of Tangshan (16D06 =
1,777 years). The lowest age of sample 16D04 probably re-
sulted from mixing with shallow groundwater as previously
discussed. In summary, the age of GG in Tangshan is on the
level of millennial scale, which is consistent with the fact that
GG samples are tritium-free.

Implications for sustainable use of geothermal water

Groundwater renewability refers to the ability to replace the
groundwater extracted from the aquifer through recharge, nat-
urally or artificially (Wang et al. 2011; Huang et al. 2017b).
When geothermal reinjection is not implemented, renewabil-
ity of geothermal water is judged in a similar way as to normal
groundwater. The characteristics of groundwater age can re-
veal the groundwater circulation rate and renewability (Huang
et al. 2017b). The age of GG in Tangshan is thousands of
years, indicating very low circulation rate and rare renewabil-
ity (Huang et al. 2017b). The GG in Tangshan was mainly
recharged by local precipitation and the area of the recharge
zone (Tangshan Mountain) is much limited (about 7 km2),
rather than a large catchment basin, as in other cases. Due to
these characteristics, overexploitation would likely lead to

depletion of geothermal water. Actually, rapid decline of the
water table in Tangshan is already occurring, where all hot
springs have vanished from the surface and some geothermal
wells are being depleted, resulting from apparent overexploi-
tation of the geothermal water. Continuous decline of the wa-
ter table may accelerate the thermal breakthrough (cold-water
recharge to the geothermal reservoir) which is detrimental for
maintaining the reservoir temperature as stable (Axelsson
2010; Kong et al. 2014). To prevent the water table from
further declining and to ensure the sustainable use of geother-
mal resources in Tangshan, continuous monitoring of the wa-
ter table and a rational plan of utilization should be imple-
mented. Used geothermal-water treatment and reinjection
(Duan et al. 2011; Liu and Wang 2006) should be considered
if possible, to maintain the geothermal water yield and reser-
voir pressure. In addition, to prevent the geothermal water
from being contaminated and to ensure good water quality,
the recharge zone (Tangshan Mountain) should be protected
from being polluted.

Conclusions

A multi-tracer approach involving chemicals and isotopes
(δ2H, δ18O, δ34S, 87Sr/86Sr, δ13C, 14C, 3H) was conducted to
provide insight into the recharge source and groundwater cir-
cu l a t i on in TGS. The app l i ca t i on o f chemica l
geothermometers, including cation ratios and Silica solubility,
as well as thermodynamic modeling, revealed reservoir tem-
peratures of 51 °C in the western side and 74–87 °C in the
eastern side of Tangshan Mountain, respectively, which needs
a groundwater circulation depth of about 2.5 km. The geother-
mal water in TGS was recharged by past (1,777–9,155 years)
local precipitation with depleted δ2H and δ18O, through the
Cambrian and Ordovician carbonate formations area exposed
on the upper part of the mountain. The parent geothermal
water was cooled due to mixing with shallow cold karstic
groundwater during upwelling with a cold-water mixing frac-
tion up to 63%. The corrected 14C age of geothermal water is

Table 6 Calculation results of 14C age of the geothermal groundwater (GG) samples based on different models (in years)

Sample
ID

δ13C
(‰)

14C
(pmC)

Uncorrected Tamers
model

Pearson
model

Fontes and Garnier
model

Evans
model

Eichinger
model

Pearson model
No. 2

16D01 −10.1 50.2 5,697 961 −759 −948 −1,778 2,989 2,151

16D02 −13.2 30.8 9,735 4,164 −1 −1 −1 13,871 9,155

16D03 −7.3 21.4 12,745 7,920 3,835 3,173 1,637 9,906 6,580

16D04 −12.5 76.9 2,171 −3,220 −2,639 −2,414 −3,048 −1,272 944

16D05 −8.0 26.1 11,104 6,021 2,879 2,402 965 8,522 5,880

16D06 −11.4 59.9 4,237 −595 −1,288 −1,330 −1,765 713 1,777

16D07 −9.1 30.6 9,789 4,412 2,538 2,276 979 7,525 5,915
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on the millennial scale, indicating a low circulation rate and
rare renewability. The recovery of the water table occasionally
occurring in some production wells may be attributed to the
effect of pressure migration but not the present-day rainfall
recharge.

This study provided key information on the water origin of
TGS and the results are instructive and significant with respect
to the sustainable exploitation of geothermal resources in
Tangshan. It is recommended that a monitoring network of
wells be established that would include regular measurements
of the groundwater level, down-hole temperature and chemis-
try. Prediction of future changes in the flow and geo-
temperature field would become possible if integrated with
numerical reservoir modeling. Reinjection of used geothermal
water is another possibility to be considered that would help
maintain the pressure of the system. The methodology tested
here can also be applied to evaluate other geothermal systems.
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