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Abstract
The piedmont region in the Qinling Mountains (QL) is a recharge area for geothermal water in the Guanzhong Basin, and 
the Lantian-Bahe Group (LB) is the main mining layer for the geothermal water in the basin. This study focuses on the 
origin, classification and reservoir conditions of geothermal water in the QL and LB by combining geochemical and iso-
topic approaches and principal components analysis (PCA). QL water types are  HCO3–SO4–Ca–Na,  HCO3–SO4–Na–Ca 
and  SO4–HCO3–Na, while  SO4–Cl–Na and Cl–Na are major types in BL. QL geothermal water is a cycling-type water 
and it receives a large amount of meteoric water in an open reservoir environment. The main and secondary sources of QL 
geothermal waters are modern infiltration water and ancient lixiviation water, respectively. LB geothermal water originates 
from ancient lixiviation water, modern infiltration water and residual sedimentary water in a semi-closed or closed reservoir 
environment. Both of these geothermal water bodies have a direct or indirect hydraulic connection with faults. The forma-
tion of QL geothermal water is dominated by vertical heat conduction, followed by horizontal convection, and the main 
geothermal formation model of the LB is vertical heat conduction. The obtained values are 20.3–97.6 °C and 75.7–116.6 °C 
for QL and LB, respectively, indicating low–medium temperature fluids.

Keywords Geothermal water · Isotope and hydrochemistry · Principal component analysis · Geothermometer · Qinling 
Mountains

Introduction

Geothermal resources, as one of the possible clean energy 
sources, are used in many countries including Turkey 
(Davraz et al. 2017), Germany (Baumann et al. 2017), Spain 
(Blasco et al. 2017), China (Zhu et al. 2018), Mexico (Pinti 
et al. 2017), and USA (Etzel et al. 2017). Judging by the 

increasing development trends in this industry, the large-
scale exploitation and utilization of geothermal energy may 
become very popular. Geothermal water is extensively used 
in industrial processing, geothermal heating, hot spring bath-
ing, rehabilitation medical treatments, planting and breed-
ing, etc., and provides a certain degree of economic, social 
and environmental benefits.

Large river basins host a huge population and are the ori-
gin of human civilization. Human activities in large river 
basins are extensive and intensive, which have caused vari-
ous environmental issues (Li et al. 2014a, b, 2017; Wu and 
Sun 2016; Zhang et al. 2018). Particularly, the consumption 
of fossil energy such as coal and petroleum for industrial and 
domestic purposes and irrational water resources develop-
ment has produced serious air pollution, water contamina-
tion and soil quality degradation (Li and Wu 2019; Li et al. 
2018a, b). China with no exception is facing many envi-
ronmental problems. To address the environmental issues 
in human-concentrated basins caused by the consumption 
of fossil energy, geothermal resources have been widely 
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explored in these past few years in China. Geothermal 
resources of the Guanzhong Basin in Shaanxi Province are 
abundant and have been exploited on a fairly broad scale 
for more than 1000 years (Qin et al. 2005b). Thus, analysis 
of geological structure, hydrogeochemical environment and 
recharge sources can provide a scientific basis to research 
geothermal systems in the Guanzhong Basin. Numerous 
studies exist on hydrochemistry and environmental isotope 
evolution, characteristics of geothermal waters in this region, 
and they focus on occurrence forms, recharge–flow–dis-
charge conditions and water–rock interactions (Ma et al. 
2017; Qin et al. 2005a, b; Zhang 2016). It is worth men-
tioning that the piedmont of the Qinling Mountains is one 
of the most important sources for geothermal water in the 
Guanzhong Basin (Qin et al. 2005a), and it is also an impor-
tant conservation area for geothermal water (Zhang 2016). 
Hence, systematic characterization of the geothermal fluids 
in the piedmont of the Qinling Mountains can provide guid-
ance for sustainable development, utilization and protection 
of the geothermal water in the Guanzhong Basin. Despite the 
well-known interest in this geothermal system, its momen-
tous supply area (the piedmont of the Qinling Mountains) is 
still poorly known due to the lack of comprehensive analysis 
on hydrological and hydrochemical features.

Multivariate statistical techniques, like principal compo-
nents analysis (PCA), factor analysis (FA) and discriminant 
analysis (DA), are typically used to summarize water qual-
ity data (Dassi 2011; Li et al. 2013, 2019a; Wu et al. 2014, 
2019; Zhang et al. 2014, 2016). These methods analyze the 
physicochemical characteristics of groundwater and hydro-
geochemical processes and assess water quality (Duan et al. 
2016; Qian and Li 2011; Zhang et al. 2014; Li et al. 2018c, 
2019b). The PCA method converts multiple factors into a 
small number of mutually independent factors through lin-
ear changes, which improves the resolution of water qual-
ity information. PCA was used to identify hydrochemical 
processes occurring in the hydrothermal systems (Zhang 
et al. 2016). However, in some situations, usage of only 
multivariate statistical methods is not completely objective 
and credible. Hence, a combination of multivariate statisti-
cal approaches and hydrogeochemical methods plays a key 
role in identifying the water–rock interactions in geothermal 
systems.

Considering the weakness in previous research regarding 
the understanding of the recharge and occurrence of geother-
mal resources in the Guanzhong basin and the effectiveness 
of hydrochemistry and multivariate techniques in geothermal 
water studies, this study attempts to reveal recharge sources, 
water–rock interactions and origin types by combining the 
geothermal water in the piedmont of the Qinling Mountains 
and the center of Guanzhong Basin to enrich the study of the 
geothermal reservoir of the Qinling Mountains piedmont in 
the light of hydrogeochemical methods and PCA.

Site description

Geography and climate

The Guanzhong Basin is located in the middle of Shaanxi 
Province between 106°30′ and 110°30′E, 33°00′ and 
35°20′N. It covers an area of ~ 20 thousand  km2. Its aver-
age elevation is about 400 m a.s.l.. The Qinling Mountains 
are on the southern edge of the basin spreading 1500 km in 
the east–west direction and 100–150 km in the north–south 
direction. Their elevation is around 500–2500  m  a.s.l. 
(Fig. 1). The study area is characterized by warm temper-
ate semi-humid continental monsoon climate. The aver-
age annual precipitation in the Guanzhong Basin and the 
Northern piedmont of Qinling Mountains is 550–750 mm 
and 850–1000 mm, respectively. 45–55% of the annual pre-
cipitation is concentrated in July, August and September 
(Zhang 2016). The average annual temperature is 13.1 °C. 
As the largest tributary of the Yellow River, the Wei River is 
502.4 km long and has 538 million m3 of the average annual 
runoff in Shaanxi Province.

Geomorphological setting

In this region, the terrain from the piedmont to the center of 
the basin starts with the Qinling Mountains, then the pied-
mont alluvial fan, the loess plateau and the valley terrace 
(Fig. 1). The Qinling Mountains are mainly composed of 
metamorphic rocks of the Mesoproterozoic Erathem Kuan-
ping Group. The piedmont alluvial fan is in the form of 
alluvial fan skirt or piedmont alluvial plain, exhibiting the 
characteristics of coarse granules of thick diluvial deposits. 
Two stages of the loess plateau were formed on the basis 
of the lower Pleistocene lake basin and at the end of the 
Tertiary period, respectively. The terraces of the Wei River 
Valley gradually become broad from west to east (Xu 2014).

Geologic and hydrogeological setting

The major structures in the study area are E–W and NE–SW 
stretching faults, which serve as the discharge channels for 
the upward flow of the geothermal fluids based on the distri-
bution of the geothermal springs (Guo and Wang 2012; Ma 
et al. 2017) (Fig. 1). The faults stretching in a generally E–W 
direction are the Qinling North Piedmont fault, the Yuxia-
Tieluzi fault and the Weihe fault. The Chang’an-Lintong 
fault consists of three parallel fractures and stretches in a 
NE–SW direction (Zhao 2009).

In this study area, the geothermal reservoirs are gener-
ally divided into two types: Qinling piedmont structure 
break crevasse geothermal reservoir (QPR) and Cenozoic 
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sandstone–glutenite pore geothermal reservoir (CSR). The 
QPR is located along the Qinling fault in the south of the 
basin. Its geothermal wells are generally less than 1000 m 
deep and temperatures of geothermal water range from 30 
to 60 °C. CSR can be subdivided into four sections [the 
Zhangjiapo Group  (N2z), the Lantian-Bahe Group  (N2l + b), 
the Gaoling Group  (N1gl), and the Bailuyuan Group  (E3b)] 
from top to bottom (Fig. 1). The Lantian-Bahe Group is 
currently the main thermal reservoir for development and 
utilization of the basin (Ma et al. 2017). Hence, the water 
samples of the central basin were collected from the Lantian-
Bahe Group.

According to the AB geological-cross section in 
Fig. 1, the Quaternary (Q) sediments are situated at the 
top of the stratum and almost distribute throughout the 
Guanzhong Basin. The lithology is dominated by loess 
and gravel. Its reservoir has the geothermal temperatures 
of 30–50 °C and depths of 300–700 m (Xu et al. 2019). 
The Zhangjiapo Group  (N2z) belongs to yellow lime and 
gray-green fluvial and lacustrine facies strata with inter-
bedded mudstone, sandy mudstone and sandstone (Mu 
et al. 2016). Its geothermal temperatures and depths are 
40–70 °C and 500–1300 m, respectively (Xu et al. 2019). 

The Lantian-Bahe Group  (N2l + b) is dominated by fluvial 
deposits, and its lithology is interbedded with gray-yellow 
and gray-white sandy conglomerate, mudstone and shale 
(Mu et al. 2016). The Lantian-Bahe Group is the main 
thermal reservoir in the center of the Guanzhong Basin 
with the geothermal temperatures and depths of 50–90 °C 
and 900–1800 m, respectively (Mu et al. 2016). The Gaol-
ing Group  (N1gl) is a lacustrine deposit-dominated stratum 
with purple mudstone and thin siltstone, and it has the 
range of geothermal temperatures and depths of 80–120 °C 
and 1500–2400 m (Mu et al. 2016; Xu et al. 2019). The 
Bailuyuan Group  (E3b) is a fluvial–lacustrine sedimentary 
stratum with dark purple, gray-yellow mudstone interbed-
ded with gray-white medium-fine sandstone and coarse 
sandstone. Its geothermal temperatures and depths range 
from 130 to 150 °C and from 2900 to 3100 m, respectively 
(Mu et al. 2016). The Proterozoic metamorphic rocks  (Pt2) 
are located mainly within the Qinling North Piedmont 
fault zone (Xu et al. 2019). The minerals of the reser-
voir rocks in the study area mainly contain analcite, Na-
feldspar, calcite, quartz, fluorite, muscovite, chalcedony, 
anhydrite, and chrysotile (Qin et al. 2005b).

Fig. 1  Simplified geological map of the study area with sampling locations Compiled from: Ma et al. (2017)
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Materials and methods

A total of 27 water samples [14 in the piedmont of the 
Qinling Mountains (QL) and 13 from the Lantian-Bahe 
Group (LB)] were collected. The sampling locations are 
shown in Fig. 1. Sampling date, chemical compositions, 
physicochemical characteristics and hydrochemical types 
of all water samples are summarized in Table 1. Phys-
icochemical parameters, such as water temperature, pH 
and total dissolved solids (TDS), were tested immediately 
in the field using portable meters. Each sample was split 
between two polyethylene bottles. One bottle was desig-
nated for the cation analysis and it was treated with pure 
nitric acid until a pH below 2 was obtained. The second 
bottle was for the anion analysis. All water samples were 
stored at 4 °C. Concentrations of major cations  (Na+,  K+, 
 Ca2+ and  Mg2+) and  SiO2 were analyzed using an AA-100 
atomic absorption spectrometer (AAS) with 2–5% accu-
racy. Anion concentrations were determined using ion 
chromatography with instrumental error < 5%. Eight 
samples (Q6, Q7, Q9, Q13, L6, L11, L12 and L13) were 
collected for measuring isotopic contents of δD and δ18O 
(Table 1), which were analyzed at the Institute of Geology 
and Geophysics, Chinese Academy of Sciences. δD and 
δ18O values were reported in δ (‰) units with measure-
ment accuracies of 1‰ and 0.2‰, respectively. Factor 
analysis of the physicochemical data was determined by 
PCA using IBM SPSS Statistics 20 software.

Results and discussion

Hydrogeochemistry

Water samples were weakly alkaline with a pH range of 
7.2–8.3 except for the Q1, Q3 and Q5 samples (Table 1). 
The average temperature, TDS and  SiO2 concentra-
tion measured in QL samples were 41.8 °C, 376.8 mg/L 
and 38.9 mg/L, respectively. The average temperature, 
TDS and  SiO2 concentration of LB group were higher: 
72.7 °C, 3091.2 mg/L and 45.5 mg/L, respectively. Cati-
onic concentrations of both QL and LB decreased in the 
order  Na+ > Ca2+ > Mg2+ > K+ (Fig. 2). Chemical param-
eters for LB samples varied more comparing to the QL 
samples. Anionic concentrations were significantly 
different between QL and LB. Their concentrations 
decreased in the order HCO3

− > SO4
2− > Cl− for QL and 

 Cl− > SO4
2− > HCO3

− for LB.
A Piper diagram serves as a tool for easy classifica-

tion and comparison of water types (Li et al. 2016a, b). 

According to Fig. 3, major cations in QL were sodium 
and calcium and sodium in LB. Geothermal waters 
contained mainly bicarbonates and sulfates in QL and 
chlorides and sulfates in BL. Thus, geothermal water 
of QL was  HCO3–SO4–Ca–Na,  HCO3–SO4–Na–Ca and 
 SO4–HCO3–Na types. The LB geothermal water was char-
acterized by  SO4–Cl–Na and Cl–Na types. The geothermal 
water of QL has the characteristics of shallow low-temper-
ature geothermal water with the meteoric water recharge 
in the north piedmont of the Qinling Mountains. Ma et al. 
(2017) also concluded that the geothermal water in an 
open and cold geological environment was mixed with 
some modern meteoric water from the north piedmont 
of the Qinling Mountains. The Qinling North Piedmont 
fault, the Yuxia-Tieluzi fault and the Chang’an-Lintong 
fault provide a favorable channel for the geothermal water 
in the piedmont of the Qinling Mountains to supply the LB 
geothermal water. In other words, they provide an effective 
way for the lateral runoff of QL geothermal water. Besides, 
water types radically changed from  HCO3–Na,  SO4–Na to 
Cl–Na in the south of the Guanzhong Basin, indicating 
that geothermal fluids have a certain degree of hydrau-
lic connection through the major faults. Furthermore, the 
widespread existence of  SO4–Na geothermal water indi-
cates that there is a direct or indirect hydraulic connec-
tion between the QL geothermal water and the Cenozoic 
geothermal water (Zhao 2009).

Principal components analysis (PCA)

Principal components analysis (PCA) is a powerful method 
for detection of association among variables allowing to 
reduce the number of dimensions (Zhang et al. 2014). 
When the accumulative variance was > 0.7 or eigenvalue 
was ≥ 1, the covered principal components remained. We 
systematically analyzed characteristics of QL and LB geo-
thermal waters. 11 variables of the 27 samples revealed 
some geochemical processes that can lead to the disso-
lution and precipitation of some minerals. Three factors 
were extracted with a cumulative variance of 85.99% 
(Table 2). The variance of the main factor 1 accounted for 
54.96%, which was affected by positive loadings of TDS, 
 Na+,  K+,  Ca2+,  Cl−,  SO4

2− and  Mg2+. Correlations coef-
ficients between TDS and  Na+,  K+,  Ca2+,  Cl−,  SO4

2− and 
 Mg2+ were relatively high with a significant level test of 
0.01 (Table 3). TDS values were virtually determined by 
these six ions. Factor 2 with positive loadings of T,  SiO2 
and pH explained 21.06% of the total variance. Correla-
tions coefficient of T and  SiO2 also passed a significant 
level test of 0.01. Factor 3 explained 9.97% of total vari-
ance and had a positive loading of  HCO3

−.
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Fig. 2  Box-and-whisker plot of major constituents QL and LB geothermal samples

Fig. 3  Piper diagram of geo-
thermal water samples
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Geochemical genesis of factor 1

In Fig. 4a, all the water samples are scattered below the 
halite dissolution line suggesting that the sources of  Na+ 
were plagioclase weathering and dissolution of halite (Hanor 
1994). Values of  Na+ and  Cl− for QL were lower than those 
for LB, indicating that the weathering and dissolution of 
the QL geothermal water were weaker. In Fig. 4b, all LB 
water samples and some QL samples were above the gypsum 
dissolution line, which was attributed to the oxidation of 
sulfides in a relatively open hydrogeological environment. 
Other QL water samples were below the gypsum dissolution 
line with a higher concentration of  Ca2+, illustrating that 
the sources of  Ca2+ could be calcite, dolomite or silicate 
and that QL geothermal water was in a hydraulic connec-
tion with shallow groundwater (Russak and Sivan 2010). 
Cation exchange and adsorption were the major processes 

in the groundwater with characteristics that  Ca2+ and  Mg2+ 
decreased and  Na+ and  K+ increased in the direction of 
groundwater flow (Jalali 2005). The ion exchange in LB was 
greater than that in QL which can be seen in Fig. 4c, provid-
ing evidence that water–rock interactions were less active in 
QL. Besides, geothermal fluids flow from the Qinling Moun-
tains piedmont to the central Guanzhong basin. Concentra-
tions of earth metals  (Ca2+ + Mg2+) and  HCO3

− exceeded 
those of alkaline metals  (Na+ + K+) and  SO4

2− + Cl−, respec-
tively, indicating modern infiltration water origin of the geo-
thermal water, otherwise geothermal water was character-
ized as a deep underground fluid system (Chadha 1999). In 
Fig. 4d, it can be indicated that QL geothermal water was 
recharged with modern infiltration water by fracture struc-
tures which provided flow channels for atmospheric precipi-
tation. Compared with the QL, the LB geothermal water was 
stored in a deeper geothermal system, which was especially 
evident for the L13 and L5 sampling sites.

The diagram of  Caexcess–Nadeficit, in which a perfect linear 
correlation is featured with an approximate slope of 1, is 
called basinal fluid line (BFL). It reflects the components of 
fluid and its formation (Davisson et al. 1994; Heijlen et al. 
2000; Lee Davisson and Criss 1996). The calculation for-
mula can be described as (1) and (2):

where  Caexcess is  Ca2+ concentration relative to seawater 
enrichment (in meq/L),  Nadeficit is  Na+ concentration relative 
to seawater deficit (in meq/L), subscripts of ‘meas’ and ‘sw’ 
mean concentration of ions in current seawater and samples 
(in mg/L), respectively. According to Fig. 5,  Ca2+ of QL was 
in slight excess and  Na+ of LB was in slight deficit in the 
region A, meaning that QL geothermal water was of modern 
dissolved origin with relatively weak water–rock interac-
tions, while LB geothermal water had a residual sedimentary 
origin.  Na+ excess in L13 and L5 samples in the region B 

(1)Ca
excess

=
[

Ca
meas

− (Ca∕Cl)sw × Cl
meas

]

× 2∕40.08

(2)Na
deficit

=
[

(Na∕Cl)sw × Cl
meas

− Na
meas

]/

22.99

Table 2  Loading of variables on three principal components of geo-
thermal water samples

Variables Factors

1 2 3

T 0.05 0.93 0.11
K+ 0.95 0.03 0.01
Na+ 0.97 0.14 0.10
Ca2+ 0.94 − 0.24 − 0.11
Mg2+ 0.78 − 0.15 − 0.14
Cl− 0.94 0.11 0.03
SO4

2− 0.91 0.08 − 0.07
HCO3

− 0.03 0.00 0.96
pH − 0.19 0.76 − 0.32
TDS 0.98 0.11 0.07
SiO2 − 0.01 0.86 0.09
Eigen value 6.05 2.32 1.10
Variance (%) 54.96 21.06 9.97
Cumulative (%) 54.96 76.02 85.99

Table 3  Correlation coefficients 
of the physicochemical 
parameters

Catalog T K+ Na+ Ca2+ Mg2+ Cl− SO4
2− HCO3

− pH TDS SiO2

T 1
K+ 0.03 1
Na+ 0.19 0.91 1
Ca2+ − 0.21 0.93 0.86 1
Mg2+ − 0.07 0.65 0.65 0.74 1
Cl− 0.14 0.89 0.98 0.86 0.58 1
SO4

2− 0.14 0.85 0.85 0.80 0.82 0.75 1
HCO3

− 0.09 0.04 0.09 − 0.08 − 0.04 − 0.01 0.02 1
pH 0.61 − 0.11 − 0.13 − 0.32 − 0.19 − 0.17 − 0.02 − 0.18 1
TDS 0.16 0.92 0.99 0.88 0.69 0.97 0.87 0.07 − 0.14 1
SiO2 0.74 0.02 0.12 − 0.19 − 0.16 0.12 − 0.02 0.01 0.45 0.08 1
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was due to the bigger depth and a more closed geochemical 
environment.

Geochemical genesis of factors 2 and 3

In Fig. 6a,  SiO2 concentration positively correlated with 
temperature passing a significant level test of 0.01. The 
silica in natural waters was barely affected by other ions 
and complexes, which was considered as a good indica-
tor for the temperature of thermal reservoir. Figure 6b 
showed a relationship between  (Ca2+ + Mg2+) and  HCO3

−. 
The 1:1 line was attributed to the dissolution of calcite or 
dolomite, which was dissolved as  HCO3

− and  Ca2+ with a 
1:1 ratio or as  (Ca2+ + Mg2+) and  HCO3

− with a 1:1 ratio 
as well (Zhang et al. 2016). The most likely sources of 
 (Ca2+ + Mg2+) and  HCO3

− in QL samples, distributed 

along the 1:1 line, were calcite and dolomite widely 
present in the Quaternary strata. LB samples scattered 
below the 1:1 line, which was related to the strong cation 
exchange and adsorption.

Ion ratios and hydrochemical coefficients

Values of the hydrochemical parameters were calculated 
to determine water origin and to detect hydrochemical pro-
cesses in water (Abdel Moneim et al. 2015; El-Aassy et al. 
2015; Li et al. 2018d). Ion ratios and hydrochemical coef-
ficients, expressed as  rNa+/rCl−,  rSO4

2−×100/rCl−,  rCa2+/
rMg2+ and  rMg2+/rCl−, were obtained for geothermal waters 
of QL and LB. A summary of the calculation of these param-
eters is presented in Table 4.

Fig. 4  The scatter diagrams of (a)  Cl− vs.  Na+, (b)  SO4
2− vs.  Ca2+, (c) Na + K–Cl vs. Ca + Mg–SO4–HCO3, (d)  HCO3–(Cl + SO4) vs. 

Ca + Mg–K–Na in all water samples
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Fig. 5  The scatter diagram of 
 Caexcess – Nadeficit of geothermal 
water

Fig. 6  The scatter diagrams of (a) T vs.  SiO2,  HCO3 vs. Ca + Mg in geothermal water
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Metamorphic coefficient (MC)  rNa+/rCl−

rNa+/rC1− ratio is an essential indicator for degree of strati-
fication and metamorphism of the groundwater and sealing 
of hydrogeochemical environment of the reservoir (Zhang 
2016). The smaller the MC is, the better the reservoir envi-
ronment sealing property will be, reflecting the relatively 
reductive water environment (Zhang 2016). MC is also used 
in detecting the groundwater origin (marine or meteoric) 
(Abdel Moneim et al. 2015). All the samples had MC > 1 
suggesting meteoric origin of the geothermal water. The 
average MC value of QL equal to 8.42 was larger than that 
of LB (3.68) indicating a stronger influence of meteoric 
water on geothermal water of QL as well as that the res-
ervoir environment was more open, because the fracture 
structures, mainly including the Qinling North Piedmont 
fault, the Yuxia-Tieluzi fault, and the Chang’an-Lintong 
fault, provided flow channels for atmospheric precipitation 
(Fig. 1). The MC increased from the center to the border 
of the basin, namely from LB to QL. However, excess of 
chloride and sodium in LB was attributed to the leaching 
and ionic exchange in the direction of the centripetal flow 
in the basin.

Desulfurization coefficient (DC)  rSO4
2−×100/rCl−

Desulfurization coefficient (100 × rSO4
2−/rC1−) is a useful 

indicator to measure the redox environment in deep ground-
water and to evaluate the strength of desulfurization and the 
degree of closure of the groundwater environment (Zhang 
2016). DC of groundwater was greater than DC of normal 
seawater (equal to 10.26) indicating an open geological envi-
ronment (Zhang 2016). Only DC of the sample L13 (10.12) 
was less than 10.26, which was due to a closed reservoir 
environment. It is generally accepted that the smaller the 
DC is, the better the closure of the formation will be. The 
average value of QL (499.42) was far greater than that of 
LB (141.35) suggesting that the geological environment of 
QL was open.

rCa2+/rMg2+ parameter

rCa2+/rMg2+ parameter positively correlated with the stor-
age time of geothermal water, and its high values are mainly 
attributed to the dissolution, ion exchange or fresh water 

recharging (El-Aassy et al. 2015; Zhang 2016). The average 
values of  rCa2+/rMg2+ of QL and LB were 4.85 and 8.11, 
respectively, indicating that the geothermal water residence 
time of QL was shorter and its circulation was faster.

rMg2+/rCl− parameter

rMg2+/rCl− parameter is of special importance and is used 
in detecting water origin and mixing processes.  rMg2+/
rCl− values of fresh water are slightly above 0.5, but the 
groundwater has values of  rMg2+/rCl− below 0.5 (Custudio 
and Bruggeman 1987). The  rMg2+/rCl− of QL geothermal 
water ranged from 0.06 to 3.04 with an average value of 
1.25. 75% of the QL samples had  rMg2+/rCl− parameter 
higher above 0.5, while the same parameter for the remain-
ing 25% of samples was below 0.5 indicating that geo-
thermal water had the origin of atmospheric precipitation 
and was highly mixed with shallow cold waters. Thus, the 
temperature of the QL geothermal water was relatively low. 
However,  rMg2+/rCl− (ranging from 0.01 to 0.35) of all LB 
water samples was less than 0.5 indicating deep groundwater 
characteristics.

Characteristics and distribution of stable isotopes

Stable isotopes of hydrogen and oxygen are important trac-
ers used to study the origin and circulation of water bodies 
and have been applied in many studies (Qian et al. 2013, 
2014; Li et al. 2016c). Particularly, the origin and circula-
tion of the geothermal water system can be identified by the 
evaluation of δD and δ18O (Sanliyuksel and Baba 2011). The 
degree of oxygen shift and deuterium surplus is dependent 
on the reservoir temperature, residence time and water–rock 
interactions (Sanliyuksel and Baba 2011; Wang et al. 2013). 
The QL geothermal water had the mean compositions of δD 
and δ18O: − 75.46‰ and − 10.38‰. As for LB geothermal 
water, the compositions of δD and δ18O were higher with 
average values of − 68.95‰ and − 7.39‰, which indicated 
the LB geothermal reservoir had high temperatures and 
strong water–rock interactions. The relationship between δD 
and δ18O for geothermal water samples is shown in Fig. 7. 
Data points corresponding to the water samples (Q7, Q9, 
Q13, L12) of region A spread along the global meteoric 
water line (GMWL) and local meteoric water line (LMWL), 
indicating that the geothermal water was controlled by 

Table 4  The range and mean 
of hydrochemical parameters in 
geothermal water

District Parameters rNa+/rCl− rSO4
2− × 100/rCl− rCa2+/rMg2+ rMg2+/rCl−

QL (n = 14) Range 2.03–27.78 300.00–1211.40 0.44–9.68 0.06–3.04
Mean 8.42 499.42 4.85 1.25

BL (n = 13) Range 1.17–11.14 10.12–355.45 0.58–25.10 0.01–0.35
Mean 3.68 141.35 8.11 0.05
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meteoric water, namely, it had the recharge origin of pre-
cipitation. In region B, water samples (Q6, L6, L11) with a 
slight oxygen shift were due to a larger degree of water–rock 
interactions in half-closed thermal environment with a big 
depth. The source types of water samples in the two regions 
of A and B were not completely independent, which indi-
cated that the QL and LB geothermal water had the hydrau-
lic connection through the major faults. This also provided 
strong evidence for the recharge of the LB geothermal water 
by geothermal water in the piedmont of the Qinling Moun-
tains. For region C, the L13 sample was far away from the 
GMWL and LMWL with a significant δ18O shift, suggest-
ing that the geothermal water system was closed with long 

residence time. This type of water was characterized by the 
origin of the residual sedimentary water and ancient lixivi-
ation water (Ma et al. 2017). Furthermore, combined with 
the sedimentary environment of the Guanzhong Basin, the 
ranges of δ18O and δD values of sedimentary water in the 
Guanzhong Basin are − 100‰ ~ − 45‰ and − 4.5‰ ~ 3‰, 
respectively (He 2015). It can be inferred that the L13 sam-
ple (δD = − 56.38‰, δ18O = − 2.70‰) had the characteris-
tics of sedimentary water.

The mixing process of geothermal water can be under-
stood by correlating chemical features with isotopic features 
(Avsar et al. 2016). The diagrams of  Cl− vs. δD and  Cl− vs. 
δ18O are shown in Fig. 8. The geothermal water and rain-
water samples in the piedmont of the Qinling Mountains 
basically were located in the same area, with low content of 
 Cl−, δD and δ18O, which also proved that the QL geothermal 
water had the recharge of atmospheric precipitation. The 
content of  Cl−, δD and δ18O in the LB geothermal water 
samples (except L13) was slightly high, indicating that it was 
mainly supplied by the piedmont of the Qinling Mountains, 
and the proportion of mixed meteoric precipitation was rela-
tively reduced. However, the  Cl− content of L13 sample was 
exceptionally high with the enrichment of deuterium and 
oxygen. It indicated the geothermal water was formed in a 
closed environment and had little connection with modern 
meteoric precipitation, which conformed to the characteris-
tics of ancient infiltration water or sedimentary water.

The relationship of  lgCl− − δ18O can describe clearly the 
reservoir environment and the genetic classification of geo-
thermal water (see Fig. 9) (Su 2008; Xu 2014). The I–II line 
represents the cycling-type geothermal water line, which 
shows that the mixing proportion of modern infiltration 

Fig. 7  The δD–δ18O diagram of geothermal water in the study area. 
GMWL is the global meteoric water line, δD = 8δ18O + 10 (Craig 
1961). LMWL is the local meteoric water line, δD = 7.5δ18O + 6.1, 
based on the data from the GNIP network at Xi’an station

Fig. 8  The diagrams of  Cl− vs. δD and  Cl− vs. δ18O. Qinling rainwater samples are from He (2015)
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water gradually decreases from I point to II point; the II–III 
line is the sealing-type geothermal water line, explaining 
that the geological environment of geothermal water is more 
closed, and the connection between geothermal water and 
modern leachate water is weakened from II point to III point; 
the water sample points inside the triangle represent the 
mixed water of three types (I, II and III) (Su 2008; Xu 2014). 
The QL water samples, located near the region A, revealed 
that the dominant origin of the QL geothermal water was 

modern infiltration water, followed by a small amount of 
ancient lixiviation water. Its geothermal reservoir was in an 
open geological environment. The LB water samples were 
mainly distributed in the region B, which is in the interior 
of the triangle. It indicated the LB geothermal water which 
was formed in a semi-closed geological environment was 
mixed water of ancient lixiviation water, modern infiltration 
water and sealing-type water, and the dominated origin was 
ancient lixiviation water. As for region C (L13 sample), the 
geological environment was closed and the dominant origin 
of geothermal water was sealing-type water with the char-
acteristics of sedimentary water.

Geothermal formation pattern

Figure 10 shows a brief pattern of geothermal formation 
between the piedmont of the Qinling Mountains and the cen-
tral Guanzhong Basin. The geothermal formation model of 
QL belongs to the vertical convection pattern. Deep thermal 
energy is carried by the fluid due to the openness of the 
fault and migrates along the fault zone to the surface, and 
shallow cold water is mixed (Mu et al. 2016). From Tangyu 
to Dongda, the major pattern is the horizontal convection 
pattern. It is characterized by the fact that the geothermal 
fluid flows in a horizontal manner due to the obstruction of 
the upper passage during the vertical convection along the 

Fig. 9  The  lgCl−–δ18O diagram of geothermal water in the study 
area. The points of I, II and III indicate modern infiltration water, 
ancient infiltration water and sealing-type water Refer from: Xu 
(2014)

Fig. 10  Brief pattern of geo-
thermal formation between the 
piedmont of Qinling Mountains 
and central Guanzhong Basin. 
1: cold water flow direction; 2: 
thermal conduction direction; 
3: hot spring; 4: aquiclude; 5: 
aquifer; 6: bedrock; 7: fault; 
8: water table; 9: atmospheric 
precipitation; 10: geothermal 
source; 11: geothermal water 
flow direction Refer from: Mu 
et al. (2016)
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fault zone (Mu et al. 2016), thus, the piedmont region of the 
Qinling Mountains can be a replenishment of the geothermal 
water in central Guanzhong. A vertical conduction model 
with a deep heat source that is diffused to the surface by con-
duction is dominant between Dongda and Wei River. Thus, it 
can be seen that faults can provide the effective channels for 
the flow of geothermal water and cold water. The overlying 
strata of the thermal reservoir are thick with a good water-
proof effect, so the heat conduction (the mode of transport 
without material participation) can transfer heat vertically. In 
brief, geothermal formation patterns are followed by vertical 
convection, horizontal convection and vertical conduction 
from the piedmont of the Qinling Mountains to the central 
Guanzhong Basin.

Geothermometer application

Figure 11 indicates that QL geothermal water was immature 
water and LB geothermal water was immature water or par-
tially equilibrated water. All water samples concentrated in 
Mg corner, providing the evidence that the geothermal water 
was blended with a high extent of cold water during the pro-
cess of rising from heat source to the surface (Lajwe 2014). 
Silica geothermometers can be utilized to predict the tem-
perature of low-temperature geothermal systems (Fournier 
1977). Cationic geothermometers, mainly including Na–K 
(Giggenbach 1988), K–Mg (Giggenbach 1988), Na–K-Ca 
(Fournier and Truesdell 1973) and Na–K–Ca–Mg corrected 
(Fournier and Potter 1978), could not be used to calculate 
a reasonable temperature value, because geothermal water 
samples were plotted outside the full equilibrium area. Fur-
thermore, no samples within the mature water area region on 
the graph are found in Fig. 12, indicating that cationic geo-
thermometers were also inappropriate (Giggenbach 1991). 

Fig. 11  Ternary diagram of Na–K–Mg concentrations in geothermal 
waters

Fig. 12  Ternary diagram of Cl–SO4–HCO3 concentrations in geother-
mal waters

Table 5  The results of silica geothermometers, units in °C

a Fournier and Potter (1982) no steam loss
b Fournier (1977) maximum steam loss 100 °C
c, d Morey et al. (1962)

Sample 
label

Observed Quartza Quartzb Chalcedo-
nyc

α 
 Cristobalited

Q1 20 74.5 78.7 42.9 24.9
Q2 29 72.2 76.7 40.5 22.7
Q3 20 67.8 72.8 35.9 18.4
Q4 22 67.9 72.9 36.0 18.6
Q5 16 52.7 59.4 20.3 4.1
Q6 29 61.3 67.1 29.2 12.3
Q7 39.2 80.6 84.1 49.3 30.8
Q8 73 125.5 122.8 97.6 74.8
Q9 43 90.8 93.0 60.1 40.7
Q10 70 98.3 99.5 68.1 47.9
Q11 68 97.7 99.0 67.4 47.4
Q12 40 77.6 81.5 46.1 27.9
Q13 55 115.2 114.1 86.4 64.6
Q14 61 122.7 120.4 94.5 72.0
L1 72 100.8 101.7 70.8 50.4
L2 68 79.4 83.1 48.1 29.6
L3 80.5 87.7 90.3 56.8 37.6
L4 85 110.2 109.8 80.9 59.7
L5 80 115.5 114.3 86.7 64.9
L6 85 98.6 99.7 68.4 48.2
L7 81 104.2 104.6 74.4 53.8
L8 68 83.5 86.6 52.4 33.6
L9 50 71.1 75.7 39.3 21.6
L10 84 108.9 108.6 79.5 58.4
L11 50 74.5 78.7 42.9 24.9
L12 92 118.1 116.6 89.5 67.5
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By comparing results of four silica geothermometers with 
observed data (shown in Table 5), the reservoir tempera-
ture of QL was estimated more reliably by the chalcedony 
geothermometer and it ranged from 20.3 to 97.6 °C. Addi-
tionally, considering that the water temperature was below 
100 °C and not taking steam loss of  SiO2 into consideration, 
the reservoir temperature in LB calculated by  Quartza was 
in the 75.7–116.6 °C range. Our calculated results showed 
that the temperature range was large, because geothermal 
water could be mixed with different ratios of subsurface cold 
water.  

Conclusions

We analyzed principal components and performed a compar-
ative analysis of isotopic and hydrogeochemical character-
istics of geothermal water. Based on this analysis, we dem-
onstrated a clear distinction between QL and LB geothermal 
waters. From the piedmont of the Qinling Mountains to the 
Lantian-Bahe Group of the central Guanzhong Basin, water 
types change from  HCO3–Na,  SO4–Na to Cl–Na, indicating 
that geothermal fluids of QL and LB have a hydraulic con-
nection. The geothermal fluids of QL could be a recharge 
source of LB geothermal fluids.

According to the relationships between the three princi-
pal factors based on PCA and representative hydrochemical 
parameters (such as  rNa+/rCl−,  rSO4

2−×100/rCl−,  rCa2+/
rMg2+ and  rMg2+/rCl−), the residence time of QL geother-
mal water is shorter than that of LB. The circulation of QL 
geothermal water is faster, and its water–rock interactions 
are weaker in an open and oxidized geological environment. 
The major origin of QL geothermal water is modern infiltra-
tion water, since geological structures provide water with 
channels for atmospheric precipitation. The second water 
origin in QL is ancient lixiviation water. LB geothermal 
water has ancient lixiviation water and modern infiltra-
tion water origin. It might also originate from the residual 
sedimentary water. Isotopic evidence of δD–δ18O, Cl−–δD, 
 Cl−–δ18O and  lgCl− – δ18O also demonstrates that geological 
environment of LB is semi-closed or closed. The reservoir 
temperature of QL estimated by the chalcedony geother-
mometer ranges from 20.3 to 97.6 °C. The reservoir tem-
perature in LB calculated by  Quartza is 75.7–116.6 °C. The 
geothermal formation model of QL is mainly the vertical 
convection, followed by horizontal convection, and the for-
mation of LB geothermal water is dominated by vertical 
heat conduction.

Hydrogeochemical methods and principal components 
analysis of QL and LB geothermal water provide confi-
dence in identifying the extent of water–rock interactions 
and mixing processes with the shallow cold water, water 
types of origin and evaluation of geotemperatures. However, 

for interpretation of the origin of geothermal water, deter-
mination of groundwater age based on the isotope analysis 
is recommended. This study hopes to provide guidance for 
the survey and evaluation of geothermal resources in the 
Qinling Mountains piedmont, the Lantian-Bahe Group in 
the Guanzhong Basin and other similar areas worldwide.
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