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Abstract

The Xi’an geothermal field is a typical medium—low-temperature group of geothermal reservoirs in the Guanzhong Basin.
Three distinct groundwater systems occur in this field: the cold groundwater (CG) system (quaternary cold-water reservoir
with a depth of less than 300 m); the shallow geothermal water (SGW) system (the Quaternary, Zhangjiapo Group, and
Lantian-Bahe Group thermal reservoirs with depths ranging between 300 and 2000 m); the deep geothermal water (DGW)
system (the Gaoling Group, Bailuyuan Group, and Proterozoic crystalline rock fissure thermal reservoirs, with depths of
more than 2000 m). The chemical composition of the CG system consists of HCO;—Ca and HCO;—Ca—-Mg water types with
a low Total Dissolved Solids’ (TDS) content. The chemical composition of the SGW system consists of SO,~Na and SO,—
HCO;—Na water types that have resulted from the partial mixing with water from the CG system through fault structures.
Calculations suggest that about 39.4—42.7% of the water in the SGW system was derived from the CG system. The chemical
composition of the DGW system consists of SO,—Na and SO,~CI-Na water types with elevated TDS, F~, SiO,, and high ion
concentrations due to the long residence time of water in this largely closed system. The use of geothermometers, multiple
mineral equilibrium calculations, and the silica-enthalpy mixing model suggests that temperatures in the SGW and DGW
systems lie in the range of 40-85 °C and 94.7-135 °C, respectively. The chalcedony geothermometer is considered to provide
the most reliable temperature estimates of the shallow reservoir, whereas the qualrtzb (maximum steam loss 100 °C) and
Na-K geothermometers are considered to provide the most reliable estimates for the deep thermal reservoir. The results of
a Q-cluster classification of the water agree well with the field classification of the sampled waters, and the associations of
the principal variables obtained by the R-cluster method are consistent with the results obtained by the conventional hydro-
geochemical assessment of the samples.

Keywords Geothermometry - Hydrogeochemistry - Mixing processes - Xi’an geothermal water - Guanzhong Basin

Introduction Geothermal resources, comprising heat, minerals, and water,

have been widely used for greenhouses, geothermal heat-

Geothermal resources have been extensively developed and
utilized globally in recent decades, for both environmental
and economic reasons (Guo et al. 2017; Karimi et al. 2017,
Lund and Boyd 2016; Sanada et al. 2006; Yang et al. 2017).

< Hui Qian
gianhui@chd.edu.cn

School of Environmental Science and Engineering,
Chang’an University, No. 126 Yanta Road, Xi’an 710054,
Shaanxi, China

Key Laboratory of Subsurface Hydrology and Ecological
Effects in Arid Region of the Ministry of Education,
Chang’an University, No. 126 Yanta Road, Xi’an 710054,
Shaanxi, China

ing, hot spring bathing, and other therapeutic purposes, and
are one of the most practical and competitive clean-energy
sources for mitigating global climate change (Karimi et al.
2017; Lu et al. 2018; Michael et al. 2010). Geothermal
resources are widely distributed about China and have long
been exploited, with the Guanzhong Basin being a typical
example.

The Guanzhong Basin is rich in geothermal resources and
has a long history of exploitation. As early as the Western
Zhou Dynasty (eleventh century to 771 BC), geothermal
resources in the region were used by ancient peoples for
medicinal bathing. The most famous example is the Hua-
gingchi hot spring in the Lintong district, east of Xi’an City
(Qin et al. 2005b). Xi’an serves as the capital of Shaanxi
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Province, and the Xi’an geothermal system is representa-
tive of the geothermal systems in the central Guanzhong
basin. Although there have been a number of studies on
the geochemical characteristics, recharge—flow—discharge
conditions, and water—rock interactions on the basis of the
geology, hydrogeology, and hydrogeochemistry in the Xi’an
geothermal field (Ma et al. 2017; Qin et al. 2005a, b), a few
studies have estimated the reservoir temperatures at different
depths in this region. Therefore, to meet this need, this paper
qualitatively and quantitatively studies the Xi’an geothermal
field by combining a comprehensive geothermometric inves-
tigation with a multivariate statistical analysis of the results.

Combining results from a range of geothermometric
methods, including various geothermometers, a multiple
mineral equilibrium approach, and the silica-enthalpy mix-
ing model, can enable a reasonable evaluation of geothermal
reservoir temperatures. The most common silica geother-
mometers are quartz (Fournier 1977; Fournier and Potter
1982) and chalcedony (Morey et al. 1962), while Na—K—Ca
(Fournier and Truesdell 1973), Na-K, and K-Mg (Giggen-
bach 1988) are the most commonly used cation geother-
mometers. These geothermometers have been widely applied
for estimating the temperatures of geothermal systems. How-
ever, due to the major drawback of being unable to judge
the equilibrium status of the studied systems, different geo-
thermometers often give different temperatures (Pang 2001).

The multiple mineral equilibrium method has the advan-
tage of acquiring a specific geothermal reservoir temperature
on the basis of the equilibrium states of the minerals present
(Avsar et al. 2013; Palandri and Reed 2001). However, the
potential effects of a modern hydrological cycle often pro-
duce hydrogeological conditions in a shallow geothermal
reservoir that are not favorable for an equilibrium state to
be reached (Adam and Jan 2008). In addition, in deep geo-
thermal systems, the erroneous interpretations of geothermal
reservoir temperatures can be caused by the gain or loss
of steam (Arnérsson 1983; Ben Brahim et al. 2014). The
silica-enthalpy mixing model has been applied to calculate
the mixing ratios and reservoir temperatures of geothermal
systems at different depths (Guo et al. 2017; Liu et al. 2015;
Reed and Spycher 1984). Therefore, using the methods
described above in combination can provide a sound means
of obtaining reliable reservoir temperatures.

Multivariate statistical techniques, such as cluster analy-
sis (CA), factor analysis (FA), and principal components
analysis (PCA), are effective, quantitative, and independ-
ent tools for classifying groundwater into different groups,
assessing groundwater quality, and interpreting the relation-
ship between the hydrochemistry and origin of geothermal
water (Ben Brahim et al. 2014; Cloutier et al. 2008; Dassi
2011; Foued et al. 2017; Liu et al. 2008; Mondal et al. 2010;
Zhang et al. 2014). Of the above-mentioned methods, CA is
the most suitable and commonly used technique for grouping
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entities or items into unknown groups (Foued et al. 2017).
Its principle is that the highest similarity and lowest differ-
ence between samples in a group can be achieved based on
a plurality of statistical indicators. Swanson et al. (2001)
used two-way cluster analysis to determine the source of
spring water based on geochemical data. Guo and Wang
(2012) used CA and ¢ test analysis to obtain preliminary
evidence for the existence of a parent geothermal reservoir
below the Rehai geothermal field. Zhang et al. (2014) clas-
sified groundwater in a heavily used semi-arid region and
the natural and/or human factors affecting its composition
through the use of Q-cluster analysis and R-cluster analysis.
Foued et al. (2017) used Q-cluster analysis to define three
main groups of springs reflecting different hydrochemi-
cal processes. Hence, the combined utilization of CA and
hydrochemical methods has the potential to shed light on the
characteristics of thermal and cold groundwater and the tem-
peratures of deep and shallow geothermal systems in Xi’an.

The aim of this paper is to study the hydrochemistry
of the thermal waters, identify the processes affecting the
geothermal water compositions, and give a reliable estima-
tion of the geothermal reservoir temperatures at different
depths in the Xi’an geothermal field by applying statistical,
geochemical, and geothermometric methods. The results of
this research are intended to provide clear guidance for the
sustainable development and utilization of the geothermal
resources of the Xi’an geothermal field, and for the Guan-
zhong Basin as a whole.

Physical characteristics of the study area
Location and climate

The Guanzhong Basin is located between latitudes 106°30’
and 110°30'E, and longitudes 33°00" and 35°20'N in Shaanxi
Province, China. It covers an area of 2 x 10* km? and has an
average elevation of 400 meters above sea level (m.a.s.1). It
is a Cenozoic fault-block basin, predominantly filled with
Tertiary fluvial and aeolian sediments and Quaternary loess
(Qin et al. 2005b). It is bounded by the Qinling Moun-
tains to the south, the Baoji Canyon to the west, the North
Mountains to the north, and is open to the east. The Wei
River, the largest tributary of the Yellow River, traverses the
Guanzhong Basin. Tributaries originating from the Qinling
Mountains are densely distributed on the south bank of the
Wei River and serve as a source of groundwater recharge
(Fig. 1). The Xi’an geothermal field mainly lies between the
south bank of the Wei River and the Qinling Mountains, and
covers an area of about 1300 km? (Qin et al. 2005b).

Local meteorological data indicate that the study area has
a warm temperate semi-humid continental monsoon climate
with an average annual temperature of 13.7 °C and average
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Fig. 1 Simplified geographic map and sampling locations of the Xi’an geothermal field, Guanzhong Basin, China (compiled from: Ma et al.

2017)

annual precipitation of 569.6 mm. From the mountain to the
center of the basin, the terrain can be characterized, sequen-
tially, as the Qinling Mountains, piedmont alluvial fan, loess
plateau, and valley terrace (Fig. 1).

Geological setting

There are three significant faults in the Xi’an geothermal
field: the NE-SW-stretching Chang’an-Lintong fault, the
E-W-stretching Qinling North Piedmont fault, and the
Yuxia-Tieluzi fault. These faults serve as discharge channels
for the upward flow of geothermal fluids (Fig. 1). The largest
discharges of geothermal water are associated with artificial
extraction, followed by runoff and hot spring activity. The
geothermal water in this region is generally recharged by
runoff from the Qinling Mountains (Ma et al. 2017). The
surface of the Guanzhong Basin is covered by Quaternary
sediments, and the basement of the basin is divided into
three zones by the Weihe and Chang’an—Lintong faults
(Fig. 2). The Lower Paleozoic carbonate rocks are distrib-
uted in the northern part of the Weihe fault. The distribu-
tion of the Archean gneiss is from the Qinling Mountains
in the east to the Chang’an-Lintong fault in the west, and
from the Weihe fault zone in the north to the Yuxia-Tieluzi
fault in the south. A Proterozoic schist is located in the area
to the south of the Weihe fault zone and to the west of the

Chang’an-Lintong fault, with granitic rocks also outcrop-
ping in this area. The Xi’an geothermal field is mainly
located in an area underlain by Proterozoic schists.

The Xi’an geothermal resources can be divided into three
different types on the basis of geological structure, lithology,
and geothermal occurrence. These are: an unconsolidated
porous-medium Quaternary thermal reservoir; a Neoprote-
rozoic and Paleogene clasolite pore-fissure thermal reser-
voir; and a Proterozoic crystalline rock fissure thermal res-
ervoir. The total amount of geothermal heat in all reservoirs
is 2.11x 10 kJ, and the volume of the geothermal water
resources is about 5.47 x 108 m? (Jiang and Wu 2009).

As shown in Fig. 2, the regional hydrogeology, from the
surface downwards, can be summarized as follows. The Qua-
ternary sediment reservoir (Q) with an average geothermal
temperature of 30-50 °C is easily exploited over depths of
300-700 m. The Neoproterozoic and Paleogene thermal res-
ervoir can be subdivided into four groups [the Zhangjiapo
Group (N,z), the Lantian-Bahe Group (N,/+ b), the Gaol-
ing Group (N, g/), and the Bailuyuan Group (E;b)] that have
average geothermal temperatures of 40-70 °C, 50-90 °C,
80-120 °C and 130-150 °C, and depths of 500-1300 m,
900-1800 m, 1500-2400 m, and 2900-3100 m, respectively.
A Proterozoic thermal reservoir (Pt,) made up of bedrock
crevices is located mainly within the Qinling North Pied-
mont fault zone, and has an average geothermal temperature

@ Springer



87 Page4of20

Environmental Earth Sciences (2019) 78:87

North Mountains

1pa
[ ]
. / / Lower Palaeozoic Erathem
T+ Ve / N
inj; +++++ VS // -
Q”’Iln ++++ ! i/ @9,{ N Y .\0\\“?" H]H]M Proterozoic Erathem
Ounty; V& )TN Q
n et L1 VA Ay ——
TN Archaean Erathem
m Fault zone
Geological-cross section of A-B
Elevation EEEE& Blind granites
Al 1]
(m) B
Qinling Mountain Xian Yang Fault
1000 |~ Xi’ an Wei River_g__
0 -
-1000 [~ IZI Quaternary
2000 N,z Pliocene-Zhangjiapo Group
-3000 [~ Pliocene-Lantian-Bahe Group
-4000 [~ Miocene-Gaoling Group
-5000 [~ E.b Paleogene-Bailuyuan Group
Qinling fayft
-6000 = AR EaulE Pt Proterozoic metamorphic rocks

Fig.2 Geological basement structure of the Guanzhong Basin and geological-cross section of study area (compiled from: Xu 2014)

and depth of more than 140 °C and 4000 m, respectively.
The minerals identified in the reservoir rocks include anal-
cite, Na-feldspar, calcite, quartz, fluorite, muscovite, chal-
cedony, anhydrite, and chrysotile (Qin et al. 2005b).

Sampling and assessment methods

A total of 38 water samples were collected in Xi’an,
including six samples of cold groundwater (CG) from
well depths ranging from 220.0 to 302.8 m in the Qua-
ternary aquifer, 16 samples of shallow geothermal water
(SGW) from well depths ranging from 292.4 to 1985.0 m
in the Q, N,z, and N,/ + b reservoirs, and 16 samples of
deep geothermal water (DGW) from well depths ranging
from 2350.0 to 4005.6 m in the N,/+ b, N, g/, and E;b
reservoirs. The sampling locations are shown in Fig. 1,
and the hydrochemical characteristics of the water sam-
ples are listed in Table 1. The water temperature, pH, and
total dissolved solids (TDS) were tested immediately in

@ Springer

the field using a portable multiparameter meter (XS700)
at the sampling point. Each sample was collected in two
polyethylene bottles: one for cation analysis and the other
for anion analysis. To prevent metal ions from reacting,
the samples for cation analysis were acidified with pure
nitric acid to pH < 2. After bottling, all water samples were
stored at 4 °C for transport to the laboratory.

The concentrations of major cations (Nat, K*, Ca>*, and
Mg?*) and SiO, were measured with an AA-100 atomic
absorption spectrometer with a precision that varied from
2 to 5%. Anions (CI~, SO42_, and F7) were determined by
ion chromatography with an analytical accuracy of less than
5%, and HCO;™ was tested by alkalinity titration. The ion
charge balance errors were calculated to be between — 0.1
and 9.5%, with a mean value of 2.2%. The saturation indices
(SD) for specific mineral phases were calculated using the
Phreeqc Interactive 2.8 software, and the CA of the water
samples was performed using the IBM SPSS Statistics 20
software package.



Page50f20 87

Environmental Earth Sciences (2019) 78:87

EN-€OOH ¥0 91¢ $9 098  L'68I 9 90 L atSs € LYb 't VLVIT L'L o STSEl LT TIMDS
BN
-*00H
-"0s |54 ST T'L OvLT  8TEE 1°0€ ¥0 L TLST v¥8T 8T 6108 T'8 LS 0681 91  0IMDS
eN-"OS
-*00H 19 €0¢ L8 8¢T 1081 v'8T 90 € 8'S1T 8€IT 4 9G5S T8 99 00ST ST 6MDS
eN-1O
-*00H
-"0s 971 6°€T LT1 6SI1 STl 8°€9 90 € TPl TEvT I 80P €8 (49 0LET Y1 8mDS
BN
-*00H
-"0s 1’9 9L 4! I'TIT 6981 18%3 0 8 $'591 091 S¢S 1097 '8 19 18S €I LMDS
eN-"OS ) oL €Tl 6ch  860¢ €Ie 61 4! 8ILI YLEY a3 1'0LS 9'8 LS I'L29  TI 9MDS
BN
-f00H
-"0s ¥'9 [543 8yl I'€01  T'%0T 80 96 901 Y91 Wl w v'Ser L8 S 1°95¢ 1T SMDS
SIN—BN
-*00H
-"0s v'6 I'1C 1 60V €LTI 971¢ 961 91 911 €6 €T 1’26 8 ¥e ¥T6T 0l  ¥MDS
BN
-*0DH
-"0s 6 L8t o] c88 6111 54 0 v €801 6901 A 6'66C 68 €9 00L 6 €MDS
eN
-f00H
-"0s - LSy TL 6SIT  L'SOT €1T 90 S $'66 $'86 I €L6T T8 89 SIS 8 TMDS
BN
-‘00H
-"0s 9°¢ €9p 4! 6TIT  SOLI 1°0€ 90 9 L'LET T9€1 Sl CEIv 6L 0L g6 L TMDS
SN-'D
-*0DH €0 SI €0 €9¢  T9 8l 81C 8°GL €€l vu vu I'10€ €L S€T 95t 9 90D
SIN-BD
-‘00H 0 €T 10 ¥9LT  €6C 66 80T L99 LS vu eu 9¢€LT SL  S0T 0cc S [43%0)
SIN-BD
-f00H vl 81 10 6€SE PYI ! 1°€T 179 69€ eu eu 66T€ L'L S91 870 b DD
©D-*0DH ST STT 10 9vLT LT T'L Y 179 Lty eu eu 19,7 6L ST 8T0€ € €00
SIN—'D
-*00H L1 L1 ¥0 eeLr T8l S ¢ '8 v'8 vu eu SYLT L'L <1 9¢6C T 00
©D-*00H 81 ST 0 66¢ L6 €¢ 601 189 6'ST vu vu 69T 8L 91 20¢€ I 19D
(w)
(1/8w)  (7Bw)  (Bw)  ([Bw) (Sw)  (Sw) (pSw)  (Sw)  (Sw)  (TBw) (/S pdop ar
odfy 11eM (%) D ‘ors A _*0DH /oS Hie) +28IN +80 4EN +EN | sar Hd Qo)L [PM [eqeT  dpdweg

pIey [euriayjoad ue 1y ay) ur sopduwes Iajem JO SONSLIOBIRYD [BIIWAYI0IPAY | d|qeL

pringer

a's



Environmental Earth Sciences (2019) 78:87

87 Page6of 20

eN-"OS 9 a4 vE S8vh  L'TE0T TTLE T8I TSTI S08ET €£7TSET 78T VSSIv ¥L 16 06LE €€ 1IMDd
BN
-"0s-1D €T 996 vy T606  ¥LEOT  TS6SI S8 189  €TI881 €981 ¢ S6h0S L 6 S0cE 7€ 0IMDd
BN
-1D-"0$ LT It 01 LLY  $'969 L'6T€ 90 6T 919 8019 96 90LLT L'L €6 000€ 1€ 6MDd
EN-1O
-*00OH
-"0s 8T — $'€9 [SES TE6L  6VEL 8°18C 90 4! SLLL €9L SPl 601TC §L €11 €S0T€  0f  8MDd
BN
-"0s-1D 97 €65 0l SL0T  TYIT ¥Tse 0 01 999t T vy TL8Il 8L  SI6 000 6T  LMDA
eN
-f00H
-1D-"0S L0 oy 69 6y 8869 vvTe 90 S1 TL99 7659 8 70981 6L 16 0S€T 8T 9mdDd
BN
-‘00H
-"0s 60 SLL €8 6V9Tl  S8EPT $'98¢ L6 L SLSET 0pET SL1 ovLE LL 66  LIS9T LT SMDd
BN
-1D-"0S €1 - 9 $'6 YopT 87799 1€ € I'1€ 9% 1°0¥S 9 L991 §L €6 8197 9T MDA
eN-"OS 10 0L 8t $689  669ST 6'88C 1’9 '8¢ S¥I9l L8ST SLT L88Y €L Y6 900 ST €MDd
BN
-f00H
-"0S 10— SLIT TE  T680T  9SHST 9L9T €P 182 SSLT STLI 0  P¥9IS €8  TOT  S¥S8E T TMDd
BN
-*00H
-"0s €y — TYL Ly S9TCl  69T¥1 7SSt €P 1'0E  €7911  S6vIl 8Tl L98YE €L S6  €¥00E €T 1MDd
eN-*0DH T 69T 9¢ 1'99¢  €8L 8°0f v0 v 7881 TLST I €86v 8 S G861 7T 9IMDS
eN
-*0DH
-"0s 9¢ oy Tl WL T9ST 6¢ 81 8 TSP1 TEpl 4 €T €8 €8 056 1T SIMODS
eN-1D
-f00H
-"0S S8 L'ST S8 L€0T 6001 LSS €71 L 4| 001 ST €19¢ T°8 9¢ vbS 0T  YIMDS
EN-1D
-*00H
-0s TE— STE Y 9€IT 7061 €001 6 1°0p v 181 T'Shl €9¢ 6879 6L IS 0911 61 €IMDS
eN-"OS
-10-*00H 8 — 1'1T L€ €8LE V65T 8°€0T Y 61 8¢ $'96T S'19 €8L T°8 49 698 8T TIMDS
(un)
(18w)  (7Bw)  (Bw)  (Bw) (PSw)  (PSw) (PSw)  (Sw)  (Sw)  (PBw)  (/Buw) pdop at
odfy 11eM (%) D ‘ors A _*0DH _/'0s _1D +28IN +BD 4EN +ON | sar Hd (Do) L IPM [eqeT  dpdweg

(ponunuoo) | sjqey

pringer

Qs



Environmental Earth Sciences (2019) 78:87

Page7of 20 87

Table 1 (continued)

CBE (%) Water type

SO, HCO,~ F- Sio,

Na* K*+ Na® Ca>* Mgt cr-
(mg/L)

K+

T(°C) pH TDS

Label Well

Sample
ID

(mg/ll)  (mg/L) (mg/L) (mgL) (mg/L) (mg/L)

(mg/L)

(mg/L)  (mg/L)

(mg/L)

depth

(m)

3858 102 7.7 2454.1 21 825.6 846.6 34.1 24 170.2 1116.7 549.2 9.5 108.7 1.7 SO~

34

DGW12

HCO,-

Na
SO,~Na

1.1

347.8 8.3 43.6
9.1 29

1061.5

131.2

1.8
0.6

701.6 706 29.1
20

4.4

7.8 2111.8

3700.1 94
7.5

35

DGW13
DGW14

SO,-Cl-

48.1

286.8

600.4

326.1

110 1724.9 14.5 610.8 625.3

4005.6

36

Na
SO,—Na

1335.2 82.7 7.1 68 9.5

152.4
297.8

871.9 44.1 7.3

859.6
594.8

12.3
6

7.4 2459.3
79 1722.6

98

37 3450
3000 91

DGW15
DGWI16

134.2 7.6 455 3.6 SO,-Cl-

1.8 720.4

27.1

600.8

38

Na

n.a. not analyzed

Results and discussion
Cluster analysis

The CA is based on Ward’s clustering method, a metric of
Euclidean distance, and the indicator variable data nor-
malized over the interval [0,1]. It was performed on the
complete set of water samples based on the hydrochemical
compositions, as shown in Table 1. The Q-cluster method
classifies the samples into clusters based on the similarity
of their variables (Zhang et al. 2014). In this study, the
Q-cluster method enabled the water samples to be divided
into three groups: cluster 1 (SGW1-SGW16), cluster 2
(CG1-CGH), and cluster 3 (DGW1-DGW16), respectively
(Fig. 3). Through the variance-ratio test, there are obvious
differences among the three clusters, reaching the signifi-
cant level of 0.05, which verifies the rationality of employ-
ing a clustering tendency.

The results of the Q-cluster analysis indicate that the
water samples belonging to the three clusters had signifi-
cantly different characteristics and so represent different
categories of water. The mean concentrations of major ions
are presented in Stiff diagrams for each cluster in Fig. 3.
The composition of ions in the CG cluster was of the form
Ca’* > Mg?* > Na™+ K" and HCO,~ > SO,*~ > CI".
The order of the cationic and anionic concentrations
for the SGW cluster was Nat + K* > Ca®* > Mg** and
SO, > HCO;™ > CI". Similarly, the trend of the major
cations and anions in the DGW cluster was Na™ + K* >
Ca** > Mg?* and SO,>~ > CI~ > HCO;™. It is likely that
the differences in ionic composition described above were
caused by different water—rock interactions, such as the
processes involved in the dissolution of mineral phases,
cation exchange, and mixing.

The R-cluster method is often used to assess associa-
tions among different variables (Zhang et al. 2014). In this
study, the results of the R-clustering of seven variables
(Na* +K*, Ca’*, Mg?*, SO,*>~, HCO;~, CI™* and TDS)
for different water samples are shown in Fig. 4. In the CG
samples, HCO;™, Ca?*, and TDS were first clustered into a
group, indicating that HCO;™ and Ca* were predominant
and the most significant contributors to the TDS, followed
by Mg?*. For the SGW samples, HCO;~ and Na* + K*
were contributors to the TDS, followed by SO,*". In the
DGW samples, Na* + K" and SO,*~ were the dominant
ions, followed by HCO;™. These results are consistent
with the ion associations observed by plotting the chemi-
cal data on a Piper diagram, which is a commonly used
tool for classifying the chemical composition of water
samples (Li et al. 2016a, c; Piper 1944). Figure 5 shows
that the CG samples have chemical compositions that
plot in the HCO;—Ca and HCO;—Ca-Mg facies fields,
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Fig.4 Dendrogram from the R-cluster analysis of 7 variables for water samples from each of the geothermal systems
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3 Weak acids exceeding strong acids
4 Strong acids exceeding weak acids
5 HCO,-Ca type

6 Cl-Ca type

7 Cl-Na type

8 HCO,-Na type

9 Mixed type

® CG
A SGW
DGW

I SO,Cl-Ca-Mg
II SO,Cl-Na
Il HCO,-Na
IV HCO,-CaMg

A Calcium type

B No dominant type
C Magnesium type
D Sodium type

E Bicarbonate type
F Sulfate type

G Chloride type

Fig.5 Piper diagram of the water samples

whereas SO,—~HCO;-Na is the dominant chemical com-
position in the SGW samples. Meanwhile, the DGW sam-
ples have chemical compositions that consist of SO,—Na,
S0,~HCO;—-Na, and SO,-Cl-Na water types.

Hydrogeochemical characteristics of the waters

As listed in Table 1, the temperature, TDS, and pH of
the DGW samples ranged from 91 to 113 °C, 1187.2 to
5164.4 mg/L, and 7.0 to 8.3, with mean values of 97 °C,
2853.8 mg/L, and 7.6, respectively. The average concentra-
tions of F~ and SiO, were 7.0 mg/L and 64.2 mg/L, respec-
tively. For the SGW samples, the temperature, TDS, and pH
ranged from 34 to 83 °C, 297.3 to 1147.4 mg/L, and 7.7 to
8.9, with mean values of 57 °C, 533.2 mg/L, and 8.2, respec-
tively. The mean values of F~ and SiO, concentrations in

these samples were 9.0 mg/L and 36.1 mg/L, respectively. In
contrast with the DGW and SGW samples, the mean TDS,
F~, and SiO, in the CG samples were relatively low, with
average values of 270.1 mg/L, 0.2 mg/L, and 20.1 mg/L,
respectively. The mean values of the temperature and pH of
the CG samples were 19 °C and 7.7, respectively. The lower
concentrations of major ions in the CG samples are attrib-
uted to the shorter transit pathways and shorter residence
times of water in this aquifer system. In addition, water—rock
interactions are often limited at shallow percolation depths
(Chandrajith et al. 2013; Karimi et al. 2017).

Durov diagrams, which are useful for revealing the
geochemical processes that have affected the groundwater
components (Li et al. 2016b), have also been used in this
study. This type of plot indicates that there is a change from
water dominated by bicarbonate ions in the CG samples to
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chloride or sulfate dominance in the SGW and DGW sam-
ples (Fig. 6), which is attributed to an increase in the dura-
tion of contact with the aquifer rocks. The geothermal water
samples are mainly plotted in zones 6 and 9, suggesting that
the SGW compositions probably evolved through mixing
and cation exchange, and that the composition of the DGW
samples had been subjected to more intensive water—-rock
interactions. The high HCO;™ content in the SGW samples
may have been derived from the dissolution of silicate and
carbonate minerals. The CG samples are plotted in zone
7, which is consistent with the characteristics of modern
infiltration water (Makni et al. 2013). In addition, all of the
water samples were weakly alkaline, and there was a marked
increase in the TDS from the CG and SGW to the DGW.

Ion ratios can be used to determine the origin of the water
and to infer the hydrogeochemical processes that have influ-
enced the chemical composition of a water body (Abdel
Moneim et al. 2015). Relationships between the major ions
can also be used to distinguish the different mechanisms
that contributed to groundwater mineralization (Ben Brahim
et al. 2014). In Fig. 7a, the Na/Cl ratio was greater than 1 for
all samples, suggesting that the excess Nat could be mainly
controlled by cation exchange and that this ion was not of
marine origin in both the geothermal and CG systems. In
Fig. 7b, the Ca/SO, ratios of all the geothermal water sam-
ples were small, but the magnitude of this ratio in the SGW
samples was larger than that of the DGW samples. This sug-
gests that the content of SO,>~ in these waters was almost
entirely controlled by anhydrite or gypsum dissolution, and
that cation exchange reactions increase with the depth of the
geothermal reservoir. The Ca/SO, ratio of the CG system
was much larger than 1, which suggests that there are only
limited water—rock interactions in this system.

@ Springer

As shown in Fig. 7c, d, the Ca/HCO; and Ca+ Mg/
HCO; ratios were much less than 1 and were similar in
all water samples, suggesting that they had been affected
by cation exchange, especially in the SGW and DGW
samples. Similarly, Fig. 7e shows that the Ca+ Mg/
HCO; + SO, ratios of the SGW and DGW samples were
less than 1 (although values of this ratio in the SGW sam-
ples are greater than those in the DGW samples), which
also suggests that cation exchange reactions increase
with the increasing depth of the geothermal reservoir. By
contrast, the values of this ratio in the CG samples range
between 0.70 and 0.99 with an average value of 0.87 (~ 1),
which suggests that there are chemical interactions involv-
ing carbonates and sulfates and weak cation exchange in
this system. Figure 7f indicates that the Ca/Mg ratio pro-
gressively decreases from the DGW, SGW to CG samples,
which could be due to the effects of the different reservoir
temperatures on the calcite—dolomite equilibrium where
calcite incongruently dissolves and causes dolomite to
precipitate.

The assessment of the correlations between the various
chemical constituents in the water samples can be used to
infer the geochemical processes that control the chemical
composition of groundwater in an aquifer.

In this study, it was found the TDS had relatively high
correlations with Ca**, Mg?*, and HCO,~ in the CG samples
(Table 2), especially for HCO;~, where the correlation had
a significance level of 0.01. This is likely to be due to the
widespread distribution of carbonate minerals in the cold-
water Quaternary aquifers. Na* + K" had a weakly positive
correlation with Ca*" and a negative correlation with Mg>*
in these aquifers, suggesting that the cation exchange was
weaker here than in the SGW and DGW systems.
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Table2 Correlation matrix of Catalog K*+Na® Ca®* Mg* CI° SO2 HCOy pH T DS S0, F-
the physico-chemical water
parameters in CG K*+Na® 1
Ca* 0.03 1
Mg*t -030 051 1
ClI- 0.38 -022 0.29 1
S0, -0.10 -039 -0.13 0.56 1
HCO;~ 033 0.83* 0.66 0.11 -049 1
pH 0.68 -053 -075 032 019 -039 1
T 0.02 068 022 -029 002 047 -052 1
TDS 0.49 075 060 036 —0.25 095*%* —021 045 1
Sio, 0.30 009 -038 029 040 -0.14 057 -0.14 0.04 1
F~ -0.51 -030 -0.19 -076 -051 -036 —-027 —-0.19 —-062 —0.65 1

*Significant at the 0.05 level (2-tailed)
**Significant at the 0.01 level (2-tailed)
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Table 3 Correlation matrix of the physico-chemical water parameters in SGW

Catalog ~ K* Na* Ca?* Mg>* cr- S0, HCO,~ pH T TDS Si0o, F-
K* 1

Na* 0.00 1

Ca’* 0.70%*  —0.06 1

Mgt 0.54% —042 0.31 1

Cr- 0.71%%  0.40 0.49 -014 1

Nk 0.38 0.45 0.27 0.09 0.23 1

HCO,”  —0.05  0.91%* -0.02 -034 034 0.12 1

pH -005 —051* —-029 0.09 -0.28 0.00 —0.67%% 1

T -033 —024 -027 -047 -0.15 -0.03 -038 0.43 1

TDS 0.18 0.95% 0.19 -022 042 0.59* 0.86%* -055%  —035 1

Si0, -0.07 —026 -0.02 002 -0.30 0.23 - 0.40 0.41 0.49 -022 1

F~ -0.14 —047 -021 044 —0.52%  0.04 - 0.56* 0.56* 0.06 -041 039 1

*Significant at the 0.05 level (2-tailed)
**Significant at the 0.01 level (2-tailed)

Table 3 indicates that the TDS is positively correlated
with major ion concentrations (except for Mg>") in the SGW
samples, suggesting that water from the SGW system could
have been mixed with water from the CG system, and, sub-
sequently, have been re-equilibrated with the host rocks in
the SGW system. The concentration of Na* was found to be
negatively correlated with Ca** and Mg**, but positively
correlated with HCO;™ at the 0.01 significant level, sug-
gesting that the dissolution of calcite and dolomite has a
less significant influence on the chemical composition of the
water than cation exchange.

Table 4 indicates that the concentrations of the major
ions (Na*, KT, Ca’*, Mg?*, SO,%~, HCO;~, and CI7) in the
DGW samples are positively correlated with the TDS. This
is possibly due to the influence of the long residence time of

water in this deep geothermal system, which has increased
the importance of the water reactions with the aquifer’s host
rocks. Concentrations of Na* were also significantly and
positively correlated with Ca** and Mg?*, implying that the
intense dissolution of gypsum, anhydrite, calcite, and dolo-
mite provided sufficient Ca>* and Mg?* and promoted cation
exchange. The correlation of Ca** with SO,>~ was stronger
than that of Ca®* with HCO;7, so the dissolution of gypsum
can be assumed to be a major source of Ca>*. In addition,
Si0, in the SGW and DGW samples was positively corre-
lated with temperature, suggesting that geothermal reservoir
temperatures can be predicted using silica geothermometers.

In general, the CG system is located within 300 m of the
surface in the Quaternary sediments, which contain substan-
tial amounts of calcite and dolomite. Therefore, the chemical

Table 4 Correlation matrix of the physico-chemical water parameters in DGW

Catalog K* Na*t Ca*t Mgt Cl- S0, HCO,~ pH T TDS Sio, F~
K* 1

Na* 0.90%* 1

Ca?* 0.64%%* 0.55% 1

Mg** 0.63%* 0.64%* 0.81%% 1

CI- 0.512% 0.49 0.31 0.25 1

SO, 0.71%* 0.80%* 0.57%  0.60% -009 1

HCO,”~  0.57* 0.72%* 0.01 0.29 0.22 0.51% 1

pH -0.38 -0.36 -045 -046  -053* -0.10 -011 1

T 0.20 0.01 -029 -023 -012 -002 0.28 0.10 1

DS 0.90%* 0.99%* 0.59%  0.65%%  0.41 0.85%* 0.71%*  —033 -001 1

Sio, 0.45 0.42 -0.08 0.02 -016 0.0 0.54% 0.28 0.36 0.44 1

F- —0.73%%  —0.79%% —0.6* —0.57% —029 —0.72% —057% 024 -0.04 —081** —021 1

*Significant at the 0.05 level (2-tailed)
**Significant at the 0.01 level (2-tailed)
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composition of water in this system is mainly made up of
HCO;—Ca and HCO;—Ca—Mg types, with low TDS content.
Faulting is likely to have provided conduits for some water
from the CG system to discharge to and mix with water
from the SGW system. Consequently, water in the SGW
system has a mixed composition and consists of SO,—Na
and SO,~HCO;-Na water types. By contrast, the DGW sys-
tem is more than 2000 m deep, so the thermal reservoir is
closed and the temperatures are high. Under these condi-
tions, there are intense water—rock interactions, which have
produced a chemical composition that consists of SO,—Na
and SO,—Cl-Na water types.

Geothermometry
Geothermometers

Na—-K-Mg ternary diagrams (Giggenbach 1988) can be used
to estimate geothermal reservoir temperatures, distinguish
the equilibrium status, and classify geothermal water into
three types: immature water, partially equilibrated water, and
fully equilibrated water (Karimi et al. 2017; Pang 2001). The
SGW and DGW geothermal samples (except for DGW7)
plotted below the equilibrium line in Fig. 8, so they can be
mainly classified as immature waters and partially equili-
brated waters, respectively. The samples plot close to the
Mg corner, suggesting that the thermal waters were in par-
tial equilibrium or re-equilibrated with the host rocks dur-
ing ascent (Karimi et al. 2017). In addition, this diagram
provides evidence that water in the SGW system has been
mixed with cold water.

Silica geothermometers depend on various equations that
relate temperature to the SiO, content of the water whose

Na/1000

%Mg

Fig.8 Na—K-Mg triangular diagram of the geothermal water

temperature is being measured (Ben Brahim et al. 2014).
Cation geothermometers depend upon the water—mineral
equilibrium of the reservoir (Ben Brahim et al. 2014). In
this study, the temperatures of the SGW and DGW systems
were obtained by the use of silica and cation geothermom-
eter techniques (Table 5). The different ranges of the geo-
thermometer results are also shown in the Box—Whisker
diagram presented in Fig. 9.

There is a large discrepancy between the silica and cation
geothermometer results. For the SGW system, the cation
geothermometer results deviated by a large margin from the
observed values, probably because the water—rock reactions
in this system had not reached equilibrium. The range of
temperatures for the SGW system that were calculated by
the quartz® (no-steam loss), quartzb (maximum steam loss
100 °C), and the chalcedony methods were 65.5-122.7 °C,
70.7-120.4 °C, and 33.5-94.5 °C, respectively. By contrast,
the observed temperatures ranged between 34 and 83.0 °C
with an average of 57.5 °C. Therefore, the silica geother-
mometer results were more reliable for the SGW system,
and the chalcedony method was the most reliable, giving
estimated temperatures in the range 33.5-94.5 °C.

For the DGW system, temperatures estimated by the
quartz® and quartz® methods were more suitable than those
produced by the chalcedony method from the perspective
of their distribution ranges. Taking the loss of steam in the
process of rising deep geothermal water into considera-
tion, the temperatures measured by the quartz® (maximum
steam loss 100 °C) could be more reliable and ranged from
94.7 to 140.4 °C, with a relative error of 14.7%. Compared
with the results of the K-Mg and Na-K—Ca methods, the
temperatures of the DGW system that were found using
the Na—-K geothermometer were more reliable and mostly
ranged from 93.4 to 142.5 °C (except for one sample with an
estimate temperature of 78.4 °C). Hence, the temperatures
obtained by the quartz® and Na—K methods can be taken
to provide reasonable estimates for the temperatures in the
DGW system.

Multiple mineral equilibrium approach

Multiple mineral equilibrium calculations are another way
of estimating the temperature of a thermal reservoir (Ben
Brahim et al. 2014; Lépez-Chicano et al. 2001). With this
approach, the degree to which water is saturated with respect
to a number of mineral phases is examined at different tem-
peratures (Mutlu and Kili¢ 2009), and the results are pre-
sented in temperature vs. saturation index (SI) diagrams.
When values of the SI of one or more mineral phases con-
verge to a value of zero at or around a particular tempera-
ture, this temperature can be considered to be the geothermal
reservoir temperature (Ben Brahim et al. 2014; Pirlo 2004).
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Table 5 Calculated

. Sample ID Observed Silica geothermometers Cation geothermometers

temperatures (in °C) of

geothermal water with different Quartz* Quartz® Chalcedony® Na-K4 K-Mg! Na-K-Ca*®

geothermometers
SGW1 42 98.3 99.5 68.1 101.7 55.3 66.6
SGW2 68 97.7 99.0 67.4 98.2 46.9 55.1
SGW3 63 77.6 81.5 46.1 108.1 180.0 69.4
SGW4 34 65.5 70.7 335 317.8 78.0 138.9
SGWS5 54 82.2 85.5 51.0 269.8 85.5 155.7
SGW6 57 118.5 116.9 89.9 317.8 88.1 168.1
SGW7 61 122.7 120.4 94.5 159.4 313.3 106.0
SGWS 52 70.3 75.0 38.5 82.7 46.9 68.8
SGW9 55 79.8 83.4 48.5 94.9 61.7 96.6
SGW10 57 72.0 76.6 40.3 96.7 73.8 91.5
SGW11 40 66.4 71.5 344 94.0 78.3 111.5
SGW12 52 65.5 70.7 335 298.2 126.1 203.4
SGW13 51 82.7 86.0 51.6 317.8 108.0 138.1
SGW14 68 77.6 81.5 46.1 317.8 85.6 170.1
SGW15 83 98.2 99.4 68.0 1124 49.9 70.0
SGW16 55 75.0 79.1 434 72.4 51.1 65.7
DGW1 95 121.2 119.2 92.9 102.1 81.9 130.9
DGW2 102 146.4 140.4 120.7 122.9 104.4 165.2
DGW3 94 118.2 116.6 89.6 122.7 97.2 150.6
DGW4 93 113.7 112.8 84.7 101.9 68.1 90.9
DGW5 99 123.4 121.1 95.3 109.3 79.6 198.1
DGW6 91 98.2 99.4 68.0 106.0 95.2 123.0
DGW7 91.5 109.9 109.6 80.6 97.2 298.5 104.7
DGW8 113 113.3 112.4 84.3 127.3 111.8 153.7
DGW9 93 92.8 94.7 62.2 93.4 85.7 91.3
DGW10 95 107.7 107.6 78.2 127.2 99.3 159.6
DGW11 91 95.9 97.5 65.6 131.9 83.6 126.5
DGW12 102 141.9 136.7 115.7 142.5 102.6 144.4
DGW13 94 95.5 97.1 65.2 78.4 66.9 84.8
DGW14 110 100.0 101.0 70.0 138.8 111.8 139.2
DGW15 98 116.7 115.4 88.0 113.4 74.5 114.7
DGW16 91 97.5 98.8 67.2 97.9 74.1 95.4

#Fournier and Potter (1982) no-steam loss

"Fournier (1977) maximum steam loss 100 °C

“Morey et al. (1962)
dGiggenbach (1988)
®Fournier and Truesdell (1973)

Negative (—) or positive (+) SI values indicate the under-
saturation or oversaturation of minerals, respectively.
Based on their observed temperatures, the samples (see
Table 1) collected from the SGW system (Sample ID of
SGW 1, 2, 3, 10, 15, and 16) and the DGW system (Sam-
ple ID of DGW 4, 7, 9, 14, 15, and 16) were selected for
assessment using the multiple mineral equilibrium calcula-
tion method. The SI values of the major minerals (including
albite, Mg-chlorite, chalcedony, fluorite, laumontite, micro-
cline, muscovite, quartz, chrysotile, and anhydrite) for rep-
resentative thermal water samples are listed in Table 6. In

@ Springer

addition, the SI values for these mineral phases were calcu-
lated for a range of temperatures (Fig. 10). The temperatures
of the SGW and DGW systems mainly ranged from 40 to
100 °C and 75 to 135 °C, with mean values of 70 °C and
105 °C, respectively. The chemical composition of the geo-
thermal waters will have changed with the mixing of cold
water and the transformation of the surrounding rock; hence,
it is difficult to obtain an accurate thermal reservoir tempera-
ture. In general, the mixing ratio of the cold groundwater
determined by the mixing model needs to be considered to
estimate reservoir temperatures reliably.
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Fig.9 Box—Whisker diagrams of the silica and cation geothermometer results

Table 6 Mineral saturation indices of representative thermal water samples from the study area

Sample ID  Albite = Mg—Chlorite Chalcedony Fluorite Laumontite Microcline Muscovite Quartz  Chrysotile ~ Anhydrite
SGW1 - 1.15 —2.90 —-0.05 0.03 -0.94 -0.29 -0.88 0.25 1.43 - 1.85
SGW2 -0.74 -2.01 —0.05 - 044 -1.13 - 048 - 1.50 0.26 2.17 —-2.10
SGW3 —-0.65 —14.95 -022 -0.36 -0.82 -0.21 —0.30 0.10 -6.18 -222
SGW10 -0.13 -3.75 -0.21 -043 -0.57 0.26 0.60 0.11 0.33 - 1.81
SGW15 -0.72 3.24 -022 - 0.01 -0.78 -0.50 - 133 0.07 5.12 - 1.66
SGW16 -037 —3.88 -0.15 - 1.19 - 1.05 -0.21 -0.29 0.18 0.52 —2.61
DGW4 -0.56 -0.02 -0.13 0.15 -1.22 -0.58 -2.11 0.15 3.58 - 0.64
DGW7 -0.67 -—21.38 -0.15 -0.18 - 1.68 -0.71 -222 -032 -923 - 143
DGW9 —-0.81 -395 -032 0.15 - 147 -091 - 1.79 - 0.04 0.80 - 0.67
DGW14 - 1.10 —4.50 -037 -0.19 —-2.58 - 124 -2.83 -0.13 0.85 -0.74
DGW15 - 044 -1.23 -0.12 - 0.09 - 1.25 - 042 - 1.51 0.15 2.59 -0.29
DGW16 - 0.62 -0.58 -0.27 -0.10 -1.21 —0.66 - 155 0.01 2.90 -0.70

Silica-enthalpy mixing model

The results of the chemical geothermometers indicate that
the ascending geothermal water in the Xi’an geothermal
reservoir was generally mixed with cold groundwater along
fault structures. The silica-enthalpy mixing model was used
to determine the reservoir temperature and quantify the mix-
ing ratios with the cold water (Chatterjee et al. 2016; Li et al.
2018; Wang et al. 2018). It is worth noting that enthalpy
rather than temperature is considered in this model, because
the combined heat content of two bodies of water at different
temperatures are conserved when mixing, but the tempera-
tures are not (Guo et al. 2017).

In Fig. 11, the enthalpy of the DGW system is indicated by
point B, where the quartz solubility curve meets the line join-
ing the steam point and point E (representing the mean enthal-
pies and the SiO, concentrations of the DGW), indicating that

the DGW system was at a temperature of 108 °C. The trend
lines of the shallow geothermal water samples and the cold
groundwater were taken as the mixing lines of the CG system
(Avsar et al. 2016). Point A, where the mixing line of the CD
intersects with the quartz solubility curve, is considered to
denote the initial state of the SGW system before mixing, with
the estimated values of enthalpy and temperature of 356.4 J/g
and 85 °C, respectively. Furthermore, the mixing ratio can
be determined by the mixing line between the three points
for cold water, mixed geothermal water, and initial geother-
mal water. The calculation formulae are as follows (Guo et al.
2017):

H=aHcg+ (1 —-a)H,, (1)

S=aSCG+(1 _a)SA7 (2)
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Fig. 11 Silica-enthalpy plot of the geothermal water and cold ground-
water. The points C, D, and E represent the mean enthalpies and SiO,
concentrations of CG, SGW, and DGW, respectively

where H, Hqg, and H, are the enthalpies of SGW, CG, and
the initial SGW, S, S, and S, are the SiO, concentrations
of the SGW, CG, and initial SGW, and « is the mixing ratio
of the CG with the initial SGW. These enable the average
mixing ratio of cold water with the SGW to be estimated
to be approximately 42.7% and 39.4% using the enthalpy
values and Si0O, concentrations, respectively.

Conclusions

An investigation was undertaken to determine the geochem-
ical characteristics and reservoir temperatures of thermal
waters in the Xi’an area in the Guanzhong basin in China.
This study and the previous work have indicated that
three distinct groundwater systems occur in this geothermal
field: an unconsolidated porous-medium Quaternary cold-
water reservoir with depths of less than 300 m, belonging to
the cold groundwater (CG) system; the Quaternary, Zhangji-
apo Group, and Lantian-Bahe Group thermal reservoirs,
with depths ranging between 300 and 2000 m belonging to
the shallow geothermal water (SGW) system; the Gaoling
Group, Bailuyuan Group, and Proterozoic crystalline rock
fissure thermal reservoirs with depths of more than 2000 m,
representing the deep geothermal water (DGW) system.
The chemical analysis of the water samples from the CG
system indicated that the dominant water compositions here
are HCO;—Ca and HCO;—Ca-Mg, with a low TDS content.
The chemical composition of the water in the SGW system
consists of SO,~Na and SO,—~HCO;—Na types, suggesting

@ Springer

that the water composition was influenced by the effects
of the direct or indirect infiltration of precipitation and the
effects of cation exchange and adsorption. Water in this
system appears to infiltrate along faults which have led to
the mixing of water in this system with water from the CG
system. Calculations using the silica-enthalpy model sug-
gest that the average mixing ratios of the water from the
CG system are 39.4-42.7%. The chemical composition of
water in the DGW system was generally of the SO,—Na and
SO,—Cl-Na types, and was characterized by high tempera-
tures and elevated TDS, F~, SiO,, and major ion concentra-
tions. This suggests that water in this system has had a long
residence time that has allowed extensive water—rock reac-
tions in a closed geothermal reservoir.

The results of a Q-cluster analysis for a set of water sam-
ples collected from the Xi’an geothermal field are consistent
with results from the geochemical analysis of the samples,
indicating that Q-cluster analysis is a useful classifica-
tion tool for assessing the nature of the water’s chemistry.
The associations of the principal variables obtained by the
R-cluster method were consistent with the results of the
hydrogeochemical assessment of the water quality data.

The reservoir temperature of the SGW system was calcu-
lated using the chalcedony geothermometer, indicating that
temperatures in this system range from 33.5 to 94.5 °C. The
cation geothermometers were not applicable for robustly
calculating the temperatures of the SGW system because,
as indicated by the Na—K-Mg ternary diagram, this system
is not in a state of chemical equilibrium and the water quality
has been influenced by mixing processes with an external
water source. The temperatures measured by the quartz®
(maximum steam loss 100 °C) are likely to be more reliable
due to the loss of steam in the water rising from this reser-
voir. Using this method, the temperature of the DGW system
was estimated to range from 94.7 to 140.4 °C. The Na-K
geothermometer is considered to be a more suitable tech-
nique for estimating temperatures in the DGW system, with
temperatures in the DGW system estimated to range between
93.4 and 142.5 °C using this method. The multiple mineral
equilibrium calculation approach gave temperature estimates
of 40-100 °C and 75-135 °C for the SGW and DGW sys-
tems, respectively. The silica-enthalpy mixing model yielded
average initial temperatures of 85 °C for the SGW system,
and 108 °C for the DGW system. The comparison of these
geothermometer methods suggests that the temperatures of
the SGW and DGW systems are 40-85 °C and 94.7-135 °C,
respectively, as determined by comparative analysis using
the multiple mineral equilibrium calculation method, the

silica-enthalpy mixing model, and the observed data.

This study provides new insights into the analysis of geo-
thermal water by combining hydrogeochemical data and
cluster analysis. This approach can be used to study other
geothermal systems worldwide. The results from this study
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provide guidance for the further assessment and manage-
ment of the use of geothermal water resources in the Xi’an
geothermal field the Guanzhong Basin as a whole. However,
the limitations of this study are that it does not apply isotope
geothermometers and gas geothermometers to the geother-
mal discharges, which requires further research.
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