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Abstract

Thermal springs in the Jiangcang Basin occur in a typical geothermal zone along the northeastern edge of the Qinghai-Tibet
Plateau in the northern Qilian orogenic belt. The thermal spring water (TSW) in this region can be divided into three groups on the
basis of temperature and salinity, but the origin and recharge-discharge mechanism of the geothermal fluid remain unclear. The
chemical and isotopic characteristics of these thermal springs were studied, and the genesis of the thermal system hosted by deep-
seated faults was assessed. The results indicate that the springs in this region are of meteoric origin and heated via deep circulation
through well-developed faults. The TSW in the Datong River washland and in the southern part of the basin are derived from
carbonate rocks recharged from Datong Mountain, whereas the TSW in the northern part of the basin originates from silicates
recharged from Tuolai Mountain. Differences in the circulation depth, flow pathway, residence time, and mixing relationship
with cold water lead to different TWS characteristics. The results are used to establish a conceptual model of the origins and
circulation of'the Jiangcang thermal springs. These findings provide a geological and scientific basis for the development and use

of geothermal resources in the northeastern Qinghai-Tibet Plateau.
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Introduction

Geothermal resources have attracted considerable attention in
recent years as a clean energy source (e.g., Wang et al. 2000;
Vonsée et al. 2019). Several studies have addressed the chem-
ical and isotopic composition of thermal springs to better un-
derstand the factors that influence their hydrogeochemical
characteristics and origins (e.g., Vonsée et al. 2019;
Truesdell and Hulston 2017; Giggenbach et al. 1983;
Giggenbach 1988; Caron et al. 2008; Chatterjee et al. 2017,
Sabria et al. 2019). The Qinghai-Tibet Plateau and its
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surroundings are rich in geothermal resources with high water
volumes and temperatures. Previous studies on the geothermal
systems in this area have investigated springs in the Tibetan
Plateau (Tan et al. 2014), Yanjing, Tibet (Qi et al. 2018), Jifei
hot spring in Yunnan (Liu et al. 2015), Lanping-Simao Basin
(Bo etal. 2015), Xining Basin (Li et al. 2007; Tan et al. 2012),
and southern Gaoligong Mountains (Li et al. 2014). These
studies mainly addressed the characteristics of the recharge
waters, reservoir temperature, circulation depth, residence
time, and water mixing processes.

The concentration of major ions and trace elements in
groundwater from different aquifers can be used to investigate
their origins and mixing (Gibson and Hinman 2013; Bo et al.
2015; Qi et al. 2018). Hydrogeochemical and isotopic data are
also indicative structural elements of geothermal systems
(Favara et al. 2001; Liu et al. 2015). Stable isotopes have been
extensively used as tracers for hydrological cycles (Liu et al.
2015; Fu et al. 2018). In particular, the®’Sr/2°Sr ratio can be
used to trace elemental resources and groundwater flowing
pathways (Wang et al. 2009; Bo et al. 2015), and 5'%0 and
534S are widely used to identify the source of sulfates in
groundwater and the openness of a storage environment (Li
et al. 2014; Jonathan et al. 2010).
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The thermal spring water (TSW) in the Jiangcang Basin
can be divided into three groups according to temperature
and salinity. Preliminary geological and hydrochemical inves-
tigations have been carried out in the Jiangcang Basin since
the 1970s including studies of the hydrogeological structure
and groundwater type (Regional Hydrogeological Survey
Report 1978, 1987). However, research is scarce on the ther-
mal springs in this area, including the Muliqugu, Datonghe,
and Zemoyesang springs, and the origin and recharge-
discharge mechanism of the geothermal fluid remain unclear.

In this study, a detailed geochemical investigation was con-
ducted on the thermal water in the Jiangcang Basin. The ionic
and isotope characteristics of the thermal waters and rocks
were analyzed to (i) characterize the geochemical properties
of the hydrothermal waters; (ii) investigate the origin and for-
mation mechanism of the TSW; and (iii) understand their
circulation pathway. The results provide a geological and sci-
entific basis for the development and use of geothermal re-
sources in the northeastern Qinghai-Tibet Plateau.

Geological setting

The thermal springs in the Jiangcang Basin occur in a typical
geothermal zone along the northeastern edge of the Qinghai-
Tibet Plateau in the northern Qilian orogenic belt. The
Jiangcang Basin belongs to the middle Qilian orogenic belt,
which is a NW-SE oceanic fracture belt between the northern
and southern Qilian blocks (Fig. 1). The zone is composed of
subduction accretion complexes including Neoproterozoic to
early Paleozoic metamorphic rocks and post-sedimentary cov-
er sequences of Carboniferous, Permian, Triassic, Jurassic,
and Quaternary ages (Wei et al. 2018).

The major faults in this region are predominantly reverse
faults. The deep F, fault represents the boundary between the
middle Qilian uplift belt (I,) and south Qilian geosynclinal
belt (I3), and the deep F;; fault marks the boundary between
the middle Qilian uplift belt (I,) and north Qilian geosynclinal
belt (I;) (Song et al. 2013; Chen et al. 2019) (Fig. 1a). The
rocks are deformed, and breccia and scratches are observable
along the faults. The Fy and F,( faults north of the Datong
River are distributed NW-SE, which is consistent with the
regional tectonic line direction. The F4—F faults south of the
Datong River are distributed in the W-E direction (Fig. 1b).
The fault displacements in the basin stretch over hundreds of
meters.

The sloping plain in the Jiangcang Basin is composed of a
gravel layer of glacial and fluvioglacial deposits that contain
boulders. The hills in the center of the basin are composed of
plagiogneiss, marble, sandstone, mudstone, and coal.
Limestone, dolomite, and sandstone are distributed in the
southern part of the basin, and sandstone, mudstone, and coal
are distributed in the northern part of the basin (Fig. 1).
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The altitude of the study area ranges from 3700 to 4800 m.
This region is characterized by an alpine climate with an an-
nual average precipitation of more than 500 mm and temper-
ature of —2.8 °C.

Hydrogeology

Permafrost is distributed in the region as an aquifuge. The
groundwater can be divided into suprapermafrost and
infrapermafrost waters, which are located in both the active
layer above the permafrost and confined below the perma-
frost. The thermal springs are another type of groundwater
with deeper circulation depths and longer flow pathways.
The recharge runoff and discharge processes of the geother-
mal springs are controlled by faults.

The suprapermafrost aquifer in the Jiangcang Basin is lith-
ologically formed by the accumulation of Quaternary glacial
moraine, sand, and gravel. The aquifer thickness, which is
controlled by the seasonal melting depth, is generally within
3 m. The suprapermafrost water takes the permafrost as the
lower confining bed and drains in the form of descending
springs in the gullies. The direction of movement varies with
the terrain and eventually drains into the river.

Infrapermafrost water is distributed in the rock strata below
the frozen soil layer in the Jiangcang Basin. The aquifer is
mainly composed of sandstone, limestone, marble, and some
loose Quaternary strata. The infrapermafrost water takes the
permafrost as the upper confining bed and discharges in the
form of fault springs.

The thermal springs infiltrate the fault zone of the mountain-
ous area. Groundwater flows along the structural channel and in
the exposed basin within the deep and large tectonic complex.

Thermal spring water in the north of the basin (TSW-N)
—Muliqugu spring

The vent of the Muliqugu spring (sampling sites H1-H3) is
exposed at the top of a 50-m-high travertine hill, which occurs
at the junction of a major NWW-trending compressive fault
(the Datong River north bank fault) and a NNE-trending com-
pressive torsional fracture. The discharge rate of the spring
groups is higher than 50 L/s, and the water temperature is
35.6-36.6 °C.

Thermal spring water in the Datong river washland (TSW-D)
—Datonghe spring

The Datonghe spring (sampling site H4) is located on the
floodplain of the Datong River. The spring water is exposed
along a major NWW-trending compressive fault (the Datong
River fault). The discharge rate of the spring is approximately
1.5 L/s. The spring mouth is flooded by the river during
flooding periods, and the spring water temperature is 8.9 °C.
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Fig. 1 Study area location and sampling sites. a Regional tectonic outline. b Jiangcang Basin geologic map

Thermal spring water in the south of the basin (TSW-S:
H5-H7)—Zemoyesang spring (H5)

The springs in this area (sampling sites H5—H7) are exposed
along a W-E compressive fault (Datong Mountain piedmont
fault, F4). The Zemoyesang spring (HS) is the largest among
these with travertine 11 m above the ground. The spring water
flows over the top of the travertine with a discharge rate of
2.9 L/s and water temperature of 24 °C.

Materials and methods
Sample preparation

Seven thermal spring water (TSW), six suprapermafrost spring
water (SSW), five infrapermafrost water (IW), and three river
water (RW) samples were collected. The sampling sites are
shown in Fig. 1. The water samples were first filtered through
0.45-um membrane filters according to the test requirements. The
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samples designated for major ion analysis were then poured into
1.5-L polyethylene bottles without further treatment. The samples
for trace element analysis were acidified to pH <2 by adding
nitric acid and contained within 500-mL polyethylene bottles.
The samples for stable isotope analysis (5'*0 and 5D) were
sealed in 500-mL glass bottles with airtight caps. Nine additional
samples were stored individually in 5-L buckets for 5'*Ogp4 and
5°*Sso4 analyses. The samples were maintained below 4 °C and
sent to the laboratory within 3 days. Samples were also collected
at the bottom of the travertine of sampling sites H3, H4, and HS
(Fig. 1) for radioactive carbon isotope analysis.

Measurements instruments and methods

The temperature and pH were measured on-site using a multi-
parameter instrument (HANNA HI 98194). Major anions, ex-
cept HCO; , were analyzed using ion chromatography (Dionex
ICS 2500). CO, and HCO3  concentrations were measured by
titration. Major cations and trace elements were analyzed using
an inductively coupled plasma optical emission spectrometer
(PerkinElmer Optima 8000). SiO, was analyzed by spectropho-
tometry (Shimadzu UV2500). 5'¥0yp0 and 8D in the water
samples were measured using a Picarro L2130-1 analyzer.
5"%0g04 and 5**Sgo, were measured in a thermal conversion
elemental analyzer coupled with a Finnigan MAT253 mass
spectrometer. “H and §'*C isotopes were measured with a
Quantulus-1220 liquid scintillation beta spectrometer, and
§'3C isotopes were measured using a Finnigan MAT253 mass
spectrometer. Strontium isotope compositions were measured
using a MAT262 thermo-ionization mass spectrometer.

The shallow and deep water circulation characteristics of
different groundwater were identified by the composition of
hydrochemical ions, trace elements, and isotopic characteris-
tics, and the groundwater origin characteristics were identified
by the Gibbs graphic method. Deuterium oxygen isotopes were
used to calculate the recharge elevation and source of the hot
springs. A geothermometer was used to calculate the circulation
depth and heat storage temperature of the hot springs.
Strontium isotopes were used to identify different groundwater
sources and circulation paths, sulfur isotopes were used to iden-
tify the water storage environment, and the groundwater mixing
ratio was calculated by the silicon-enthalpy and Cl methods.
The groundwater ages were calculated by trittum and carbon
isotope analysis. A conceptual model of hydrothermal spring
groundwater circulation was then established (Fig. 2).

Results and discussion
Hydrochemical features

The measured chemical constituents of the water samples are
listed in Table 1. The total dissolved solids (TDS) are 711.1—
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1663, 144.9-447.1, 257.5-68.8, and 312.2-646.6 mg/L for
the TSW, SSW, IW, and RW, respectively. The TDS values
of the TSW are substantially higher than those of the other
waters, which reflects the higher contents of primary ions
(except NO; ) and trace elements (Li, Sr, F, Ba, B, Si) and
sufficient water-rock interaction (WRI) characteristics
(Table 1).

The samples plot above the 1:1 in the Na* versus CI”
graph shown in Fig. 3a and are distributed along two lines,
which represent deep and shallow circulation where a
scattered distribution is indicative of interchange. High
ion concentrations represent deep WRI, whereas low ion
concentrations indicate weak WRI within shallow circula-
tion. A high Na*/Cl ratio can also be attributed to WRI,
such as Ca(Mg)/Na ionic exchange (Edmunds et al. 2003;
Fu et al. 2018). Data points in the (Ca** + Mg?*) versus
(HCO5™ + SO,*") milligram equivalent diagram (Fig. 3b)
generally scatter between the 1:1 and 1:2 curves, which
implies that the HCO5, Ca**, and Mg** ions originate
mainly from the dissolution of carbonatite and gypsum
(Fu et al. 2018).

Trace elements are typically used to identify groundwater
with a hydrothermal origin. High trace element concentrations
(e.g., Li and B in the form of HBO,) in groundwater are
indicative of geothermal springs (Li et al. 2014). As shown
in Table 1, the concentrations of Li and HBO, for the thermal
spring waters range from 0.136 to 0.975 mg/L and 8.03 to
71.85 mg/L, respectively, which are considerably higher than
those measured from the other water samples. The TDS values
show the same trend, which demonstrates hydrothermal origin
characteristics (Fig. 3c, d). These trace elements are mainly
derived from the dissolution and filtration of the fluid and
surrounding rock. Higher temperatures are associated with
longer flow paths, more complete WRI, and higher quantities
of'trace elements extracted from the surrounding rock (Li et al.
2014).

The outlet temperature (Tpring) and TDS values indicate
that the TSW samples from the study area can be divided into
three groups (Fig. 1): (1) thermal springs from the northern
bank of the Datong River (TSW-N, Tine > 35 °C, TDS <1 g/
L); (2) thermal springs in the Datong River washland (TSW-
D, Tgpring <20 °C, TDS >1.5 g/L); and (3) thermal springs
from the southern bank of the Datong River (TSW-S, Typing >
20°C, 1.0 g/L < TDS < 1.5 g/L).

Table 1 shows the major ion concentrations in the TSW,
SSW, IW, and RW. The spring vent temperatures of the
TSW-N, TSW-D, and TSW-S are 35.2-36.6 °C, 8.9 °C,
and 20.5-24 °C, respectively. The TDS values of the
TSW-N, TSW-D, and TSW-S are 711.1-778.5, 1663, and
1233-1322 mg/L, respectively (Table 1). The salinity of
the TSW-S is higher than that of the TSW-N, but the tem-
perature is lower. The waters are distinguished on the basis
of Schukalev’s classification and Kurllov’s formula. In
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particular, the TSW-N is a HCO3-Na-Ca(Ca-Na) type, the
TSW-D is a HCO3-Ca-Mg type, and the TSW-S is a HCO5-
SO4-Na-Ca type.

The main hydrochemical types of the SSW, IW, and RW
are HCOs-Ca(Ca-Mg), HCO5-SOy, and (SO4HCOj3)-Ca-Na
(Na-Ca), respectively, and clearly demonstrate mixing pro-
cesses that are further verified by the linear distribution of data
in the Piper diagram (Fig. 4). The data points that plot above
the line indicate evaporation (SSW and RW), whereas those
below the line represent deep circulation and WRI (TSW),
which is accompanied by a significant increase of HCO; .
The TSW-S and TSW-D data points are near the hybrid lines,
which indicate that they may be mixed by shallow
groundwater.

Reservoir temperature and circulation depth

Silica geothermometers, cation geothermometers, and
multi-mineral balance geothermometers are commonly
used to estimate geothermal reservoir temperatures
(Brook et al. 1979; Truesdell and Hulston 2017; Tong
and Zhang 1989; Bo et al. 2015), all of which are applied
on the assumption of equilibrated water. Because each
geothermometer has its own limitations, it is critical to
compare the results obtained from the different estimation
methods. As shown in Fig. 5, the data points of the TSW,
SSW, and IW all suggest immature waters (close to the
Mg'”? end-member). Thus, the methods and protocol sug-
gested by Brook et al. (1979), Fournier (1981), Tong and
Zhang (1989), and Bo et al. (2015) were used to identify

the most credible calculated reservoir temperature (Tr)
among the temperature estimates, as follows.

If 8Si0, > ONaK > ONaKCa > 06KMg, then Tr = ONaK

If 8Si0; > 6NaK > 6KMg > ONaKCa, then Tr = ONaK
If 6NaKCa > ONaK, then Tr = 6SiO,

If ONaK > 0SiO, > ONaKCa, then Tr = 0SiO,

If ONaK > ONaKCa > 0SiO, > 6KMg, then Tr = 0SiO,
If 6NaK > ONaKCa > 0KMg > 0810, and Tgpring < 40°C,
then Tr = ONaKCa

where 0, is the reservoir temperature calculated by method
x (Si0,, NaK, NaKCa, KMg).

Following the above rules, the calculated Tr values of the
TSW-N, TSW-D, TSW-S, IW, and SSW are 62.7-72.4 °C,
91.8 °C, 81.6-91.4 °C, 23.9-37.6 °C, and 19.4-24.7 °C, re-
spectively (Table 1). If the influence of cold groundwater is
deducted, the true Tr values should be considerably higher
(Table 3). The geothermal gradient of the geothermal anomaly
area in the Jiangcang Basin is 4.2 °C/hm (Regional
Hydrogeological Survey Report 1978, 1987) and 2 °C/hm
for the SSW and IW. The circulation depths of the TSW-N,
TSW-D, TSW-S, IW, and SSW are 1942-2175, 2186, 1494—
1724, 569-897, and 462—577 m, respectively.

Thermal groundwater recharge source, storage
environment, and migration path

The linear relationship between the 5'*0 and 5D values of the
meteoric water can be used to identify the water source of a
thermal spring (Zhou et al. 2008). The correlation between
5'%0 and 8D in waters (TSW, IW, SSW, and RW) of the
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Jiangcang Basin is shown in Fig. 6a alongside the local
Yeniugou meteoric water line (LMWL: 6D =7.65 x 5'%0 +
12.4) (Zhao et al. 2011) and global meteoric water line
(GMWL: 6D = 8 x 5'®0 + 10) (Craig 1961). The data are con-
sistent with the regional meteoric line, which indicates that the
waters in the study area are recharged by meteoric precipita-
tion. The 5'0 and 6D values of the TSW are — 10 to — 8%o
and — 65 to — 55%o, respectively, which are considerably low-
er than the other waters (IW, SSW, RW), implying deep
groundwater circulation.

Isotopic exchange between the deep circulating water and
surrounding rock leads to a shift of 5'%0 (Bo et al. 2015), the
degree to which depends on the circulation depth, reservoir
temperature, and WRI efficiency (Vonsée et al. 2019; Davraz
2008). Only the thermal springs show a slight oxygen shift
(Fig. 6a). The degree of the 5'*O shift for the TSW-S, TSW-
N, and TSW-D increases linearly (8D =2.2474 x 5180~
40.674, n=17), which indicates that they are controlled by
circulation depth (TSW-S < TSW-N < TSW-D).

Altitude effects on the hydrogen-oxygen isotopic data are
observed in the Jiangcang Basin. The relationship between D
values and groundwater altitude (IW, SSW) can be expressed
by the regression line, Elevation (m)=—13.7748D + 3227
(n=13, R*=0.639) (Fig. 6b). The thermal spring samples plot
on the lower left side of the trend line, implying that these
recharge areas differ from those of the IW and SSW.

In the 5'%0 versus ClI™ diagram (Fig. 6¢), the distribution
characteristics of the thermal spring samples differ from those
of the cold water samples. These findings indicate that the
variations in CI" concentrations and isotope composition of
the thermal springs and cold water can mainly be attributed to
different sources and water recharge elevations (Tan et al.
2014).

The recharge elevation of the major thermal springs can be
calculated by the isotope elevation effect from precipitation in
the study area. Precipitation samples were not collected at
different elevations in this study; thus, previous statistical re-
sults (Elevation=927 — 56.86D) were adopted for the
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Fig. 4 Piper diagram of
hydrochemical types from
different waters

calculations (Liu 2013). The results listed in Table 2 show that ~ recharged in high-altitude mountains, namely, the Datong
the recharge altitudes of the TSW-N, TSW-D, and TSW-S are Mountains and Tuolai Mountains.

4335-4505, 4335, and 4278-4505 m, respectively, which are The 5**S values of SO,*" from the TSW, SSW, IW, and
approximately 600 m higher than the elevation of the springs ~ RW range from 12.4 to 14.4%0, 9.6%0, 13.7 to 13.8%o, and
points. This difference indicates that the thermal springs are 10.4 to 12.6%o, respectively. The §'%0 values of SO,>~ from

Fig. 5 Na-K-Mg trilinear Na*.001
equilibrium diagram for
hydrothermal water

K*.01 SQR(Mg)
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the TSW, SSW, IW, and RW range from 14.0 to 17.4%e,
15.5%o¢, 13.0 to 15.7%oc, and 15.2 to 15.7%o, respectively. On
a 5'%0-S0,>" versus 5'%0-H,0 diagram, the SO, derived
from sulfide oxidation must fall into the experimental area
defined by Van Stempvoort and Krouse (1994). Figure 7a
shows that all of the water samples from the Jiangcang
Basin plot outside of the experimental area, indicating limited
organic sulfur and sulfide oxidation contributions to the
groundwater sulfate in the study area.

The groundwater can be divided into three groups, as shown
in Fig. 7b. Group I has low SO,> contents and high 5**S,
indicating that the reduced groundwater SO,>~ is mainly caused
by reduction in a closed environment. Group II has high SO4*~
contents and 5°*S, indicating that the groundwater leached from
SO, -rich rocks, as represented by the Zemoyesang spring
(H5). The hydrogeological conditions of the geothermal zone
are therefore closer to those in an open system, which provides
a continuous supply of SO,*". Group III has high SO, con-
tents and low 5°*S, indicating that the groundwater is in an open
oxidation environment (Li et al. 2014).

80

100 120 140 160 180

CI (mg/L)

Figure 6¢ and d show a linear increase of 6>*S with de-
creasing SO4> /Cl™ over the full range of study, whereas §'%0
values remain essentially constant at 18-20% below a SO,
~/CI ratio of ~0.1. This implies that bacterial sulfate reduc-
tion (BSR) is responsible for the groundwater isotopic com-
position (Zsolt et al. 2002; Li et al. 2014). The group I springs
(TSW-N and TSW-D) are representative of the BSR process
and contain less SO4> than the other waters.

Strontium isotopes are useful tracers to identify the mi-
gration path of groundwater (Khadija et al. 2017; Han and
Liu 2004; Wang et al. 2007). Unlike many stable isotopes,
the 7Sr/%°Sr ratio does not change with altitude, latitude,
or evaporation and reflects interactions between the
groundwater and surrounding rocks (Khadija et al. 2017).
Silicate rocks commonly have higher 87Sr/%Sr (> 0.715)
and lower Sr contents (Han and Liu 2004; Wang et al.
2007), whereas carbonate rocks have lower 3’St/*°Sr (~
0.709) and higher Sr contents (Khadija et al. 2017).
Figure 8 shows ®’Sr/*®Sr versus Sr and 1/Sr for the water
samples collected from the Jiangcang Basin.
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The IW, SSW, and RW with low Sr contents (0.035— from 0.7113 to 0.7173 and Sr contents between 0.544 and
0.614 mg/L) and low *’St/*®Sr (0.7114—0.7123) indicate that ~ 2.854 mg/L, which are higher than the other waters and thus
the Sr source comes from shallow circulation through evapo-  indicative of stronger WRI. The TSW-N has a high *’Sr/**Sr
rites or carbonates (Fig. 8a and Table 2). The thermal springs  ratio (0.7169—0.7173), low Sr contents (0.544-0.692 mg/L),
originate from varied sources with *’Sr/*°Sr values ranging  and high SiO, contents (Table 1), which are likely mainly
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derived from silicates. The TSW-D shows low *’Sr/*¢Sr
(0.7113) and high Sr contents (2.854 mg/L), which indicate
deep meteoric water circulation through carbonates.

The Sr data from the IW, SSW, RW, and TSW-D samples
show different linear distributions (Fig. 8b). The 87Sr/30Sr
ratios remain essentially unchanged (~0.712) with increasing
Sr, indicating the interaction of the IW, SSW, RW, and TSW-
D and possibly a consistent carbonate source (Odum 1957;
Fan et al. 2019). Based on the local geological background,
the waters can infiltrate along the NW-trending faults (F5);
thus, the river melt zone in the upper reaches of the basin is
one of the supply channels for the TSW-D. In contrast, a
strong positive correlation is observed between ®’Sr/*°Sr and
1/Sr in the TSW data, which show two mixing end-members:
a carbonate source (TSW-D) to a silicate source (TSW-N).

Thermal groundwater mixing

The silicon-enthalpy method (Truesdell and Fournier 1977)
can be used to evaluate the composition and reservoir temper-
ature of deep thermal groundwater. As listed in Table 3, the
enthalpy of the thermal spring and cold groundwater can be
found in steam tables (Keenan et al. 1969). In this study, the
cold spring S2 was taken as a shallow cold groundwater end-
member. Assuming SiO; is saturated in deep groundwater, the
enthalpy values and saturated SiO, contents can be deter-
mined by the graphic method (Fig. 9). Steam separation
(boiling) occurs prior to mixing at 88 °C (local boiling point),
and silica and enthalpy values can be extracted from the inter-
section of the quartz solubility curve and the constant enthalpy
line (i.e., horizontal extension; 88 °C, 369 kJ/kg) from the
intersection point of the mixing line that joins the thermal
springs to the cold water (Table 3) (Zhao et al. 2018).
Because Cl is conservative, it can also be used to calculate
the mixing ratio of thermal groundwater as a natural tracer (Li
et al. 2014; Zhao et al. 2018). The deep thermal groundwater
chloride concentration was calculated on the basis of the rela-
tionship between chloride concentration and temperature (Li

et al. 2014) (C¢=2.0853 x T —1.6837, n=16 in this study).
The mixing ratios were calculated by the two following
methods using the binary mixing model of mass conservation,
which are expressed as:

ScX + Sh(1-X) = Sm
SiOscX + SiOyh(1-X) = SiOym
CleX + Clh(1-X) = Clm

where Sc, Sm, and Sh are the enthalpies of the cold ground-
water (S2, 21.6 kl/kg), thermal spring water, and deep thermal
groundwater, respectively; SiOxc, SiO,m, and SiO,h are the
Si0O, concentrations in the cold groundwater (S2, 5.73 mg/kg),
thermal spring water, and deep thermal groundwater, respec-
tively; Cle, Clh, and Clm are the CI” concentrations in the cold
groundwater (S2, 4.76 mg/L), thermal spring water, and deep
thermal groundwater, respectively; and X is the mixture ratio
(Zhao et al. 2018).

The results show that the cold groundwater mixture ratio for
the TSW-N obtained from the two methods is similar: ~60.1—
65.8% (Table 2). The cold groundwater mixture ratio of the
TSW-D calculated by the silica-enthalpy method is 91.0%,
whereas that obtained using the Cl method is 13.3%. The former
result is considered more accurate because of the considerable
amount of cold water that cools the Datonghe spring. The cold
groundwater mixture ratio of the TSW-S calculated by the silica
enthalpy method (76.6-79.7%) is higher than that calculated
using the Cl method (51.8-61.9%), and the latter is considered
more accurate because the cold water in the southern Datonghe
bank is less than that in the northern bank owing to thinner sea-
sonal melting depth in the former. The reservoir temperature cal-
culated by the silica-enthalpy method is higher than that obtained
by the Na-K-Ca geothermometer method, which reflects the max-
imum temperature of the deep heat storage (Tables 1 and 2).

Geothermal groundwater dating

Tritium is used to assess groundwater residence times. Tritium
concentrations below 1 TU imply old water (> 50 years), and

Table 3  Cold groundwater mixture ratios of the thermal springs determined by silica-enthalpy and Cl methods
1D Topring Ty geothermometer ~ Reservoir enthalpy ~ SiO, in deep thermal water T silica-enthalpy ~ Shallow water (%)  Shallow
method silica-enthalpy water (%)
(°C) (°C) (kJ/kg) (mg/kg) (°C) method Cl

HI 352 81.6 525 90.5 125 65.8 60.1

H2 358 82.7 536 91 127.5 64.9 62.5

H3  36.6 91.4 575 102 136 60.6 63.6

H4 89 91.8 1030 700 237 91.0 133
H5 24 72.4 570 100 135 76.6 61.9

H6 21 62.7 415 48 99 79.7 61.2

H7 205 64.7 520 79 123.5 76.8 51.8
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Fig. 9 SiO, versus enthalpy

values between 1 and 8 TU indicate a mixture of old water and
new water (Ravikumar and Somashekar 2011). The tritium
values for the thermal waters in the Jiangcang Basin range
from 0.5 to 4.3 TU. The Zemoyesang spring (0.5 TU) there-
fore contains old water, and the other thermal springs are a
mixture of old and more recent waters (Table 2).

Fig. 10 Conceptual model of
geothermal water circulation
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'4C dating is a technique used to determine the formation
age of relatively old groundwater with an upper limit of ~
50,000 years. The measured radiocarbon values of the water
must be corrected to obtain reliable results. The corrected
radiocarbon ages are compared using a chemical mixing mod-
el (Tamers 1975), isotope mixing model (Pearson 1965;
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Pearson and Hanshaw 1970), and general isotope mixing ex-
change model (Fontes and Garnier 1979). The results obtained
from these three methods are similar. According to the
corrected '*C age (Table 2), the formation age of the thermal
springs is between 8699 and 39,600 years. The oldest age is
between 33,586 and 39,600 years in the Muliqugu spring
(H3), and the youngest age is between 8305 and 11,303 years
in the Datonghe spring (H4), which is likely related to the
mixing of modern waters.

Conceptual model of geothermal water circulation

A conceptual model of the occurrence of thermal springs in
the region is proposed based on the hydrogeochemical results
and hydrogeological features. Meteoric precipitation and
melting water from ice and snow infiltrate through the fold
fracture zones above 4,300 m in areas along Tuolai Mountain
and Datong Mountain and groundwater runoff along the struc-
tural channel. Below ~2000-m deep circulation, the ground-
water is heated by a deep heat source and exposed in the form
of thermal springs along some fault complex zones. Most
thermal springs pass through permafrost and melt areas of
rivers and are mixed and cooled by the shallow cold ground-
water, especially the Datonghe spring (Fig. 10).

Conclusions

The thermal springs in the Jiangcang Basin occur in the
northern Qilian orogenic belt geothermal zone, which is a
typical geothermal zone on the northeastern edge of the
Qinghai-Tibet Plateau. (1) The chemical and isotopic re-
sults indicate that the thermal springs in this region are of
meteoric origin. The circulation depth, flowing pathway,
residence time, and mixing relationship with cold water
lead to different characteristics between the TWS-S,
TWS-N, and TSW-D. (2) The TSW-S is exposed in bands
with TDS up to 1 g/L along the Datong Mountain pied-
mont fault, recharged from Datong Mountain (4278—
4505 m), flows through carbonates, and mixes with the
shallow circulating cold water (51.8-61.9%) in the south-
ern bank. The TSW-D is exposed along the Datong River
fault with high TDS (> 1.5 g/L) and low temperature (<
20 °C), recharged from Datong Mountain (4335-4505 m)
and the upper reaches of the river melt zone, flows through
carbonates, and mixes with SSW and RW (91.0%) in the
Datong River floodplain. The TSW-N is exposed at the
Datong River northern bank fault with temperatures above
35 °C and TDS <1 g/L, recharged from Tuolai Mountain
(4335-4505 m) thermal water flowing though silicates, and
mixes with the shallow circulating cold water (60.1—
65.8%) in the northern bank. (3) Two new findings that
were not evident in previous studies were obtained, which

@ Springer

confirm the recharge migration route of these three differ-
ent type thermal springs. The TSW-D and TSW-S are
mainly derived from carbonate rocks, and the TSW-N is
from silicates. The TSW-N and TSW-D are in a closed
reducing environment with deeper circulation depths
(1942-2186 m), whereas the TSW-S is in a relatively open
system with a shallow circulation depth (1494-1724 m).

It is recommended that a reservoir be built at the mouth of
the TSW-N and wells can be drilled next to the TSW-D and
TSW-S through cold water aquifers to obtain deep hot water
for geothermal energy. These results and suggestions provide
important information for the use and management of geother-
mal resources in the Datong River Basin.
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