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Geochemistry of thermal waters in the Changbaishan volcanic
geothermal system, Northeast China—implications for vapor-liquid
separation controls on geothermal fluid composition
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Abstract
This work studied the geochemistry of the Changbaishan volcanic two-phase geothermal system in northeastern China. The fluid
geochemistry and existence of hot fumaroles (with temperatures greater than 100 °C) and sinters imply the occurrence of vapor-
liquid separation at depth, and the B/Cl and Na/Cl ratios imply a second vapor-liquid separation process. The extremely low B/Cl
ratios and Hg concentrations below the detection limit in the sampled well water indicate that the process in the deep reservoir has
approached the late stage. Statistical analysis shows that Na, Mg, Li, Sr, B, Fe, Zn, HCO3

-, and Cl- are the characteristic elemental
constituents of the geothermal system, and the type A elements (Fe, Zn, Li, B, Sr, and Mg) are mainly controlled by the vapor-
liquid separation in the reservoir. As the water rises, the concentrations of the type A elements are controlled by fluid-rock
interactions and the dilution process. In contrast, the type B elements (Cl-, Na, and HCO3

-) are mainly controlled by the vapor-
liquid separation accompanying the input of magmatic volatiles. The Na/Li geothermometer indicates that the first vapor-liquid
separation process occurs at 297 °C, and the Na–K–Ca geothermometer indicates that the second vapor-liquid separation process
occurs at 328 °C. With the isotopic fractionation characteristics at different temperatures, our reassessment of the δ2H and δ18O
data implies that the water in the hot springs originates from different mixtures of precipitation and steam-heated water that has
experienced multiple separation processes. In addition, a large flux of CO2 has lowered the δ

18O values, causing a shift to the left
of the local meteoric water line.

Keywords Volcanic geothermal system . Fluid geochemistry . Vapor-liquid separation . Magmatic volatiles . Fluid-rock
interaction

Introduction

The phase separation process is a common phenomenon in
geothermal systems in volcanic areas (Arnórsson et al. 2007;
Guo et al. 2020; Ingebritsen and Sorey 1988; White et al.

1971). Depressurization or “excess heat” input can cause this
process, which can modify the composition of water that had
previously been controlled by temperature-dependent fluid-
rock equilibrium (Henley and Hughes 2000; Janik and
Mclaren 2010; Kaasalainen and Stefánsson 2012;
Kaasalainen et al. 2015; Nuccio et al. 1999; Scot et al. 2014;
Stefánsson et al. 2017). After separation occurs in the reser-
voir, nonvolatile elements, such as Cl and Na, remain in the
liquid, while volatiles, such as C, S and B, ascend with the hot
vapor and condense near the surface (Giggenbach 1992;
Leeman et al. 2005; Stefánsson et al. 2017; Zhao et al.
2019). In addition, depressurization may lead to the
partitioning of some metal elements, such as Hg and Sb, be-
tween the vapor and liquid phases (Kaasalainen and
Stefánsson 2012), although the metal concentrations in the
low-density vapor formed by the low-pressure boiling of geo-
thermal fluids are generally considered negligible (Heinrich
2007). Alkaline waters are considered to represent boiled
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water, and steam-heated acid-sulfate waters are considered to
form by the mixing of steam with surface water or steam
condensation. Thus, according to their major chemical com-
positions and formation mechanisms, surface geothermal wa-
ters can be categorized as alkaline waters, steam-heated acidic
waters, CO2 waters, and mixed waters (Allen and Day 1927;
Arnórsson et al. 2007; Fournier 1989; Giggenbach and
Stewart 1982; White 1957). However, due to fluid-rock inter-
actions, in many cases, steam-heated sulfate waters are neutral
and not acidic (Arnórsson et al. 2007; White et al. 1971). The
temperature, chemical evolution, and flow path of geothermal
fluids are essential factors of a reservoir for assessing the po-
tential for power generation and sustainable use of geothermal
resources (Heřmanská et al. 2020; Yan 2016; Kaasalainen and
Stefánsson 2012). Nevertheless, the study of this geothermal
system is mainly focus on vapor-liquid separation process
(Zhao et al. 2019), chemical evolution (Rahayudin et al.
2020), numerical (Scott et al. 2017) and experiment
(Heřmanská et al. 2020) simulation, and the knowledge of the
trace element composition characteristics during vapor-
separation process in such geothermal systems remains limited.

Changbaishan (or Mt. Baekdu; CBS), a Cenozoic active
volcano in Jilin Province, Northeast China, is associated with
many well-known springs, which are recharged mainly by pre-
cipitation (Lin et al. 1999; Yan 2016; Zhao et al. 2019). The
chemical and isotopic characteristics (δ2H, δ18O, δ13C and tri-
tium (T) values) of the CBS geothermal system (CGS) have
been studied in detail (Lin et al. 1999; Shangguan et al. 1996;
Shangguan et al. 1997; Yan 2016; Zhang and Li 2006), and a
genetic model based on a liquid-dominated system has been
established (Yan 2016; Yan et al. 2016). However, this model
is hindered by the fact that it cannot precisely explain the low
δ18O and δD values in the thermal water and the low flux of
producing wells. A recent survey using B isotopes and gas data
found that the CGS is a two-phase system (Zhao et al. 2019);
due to boiling processes, approximately 75~87.5% of the water
becomes vapor in the deep reservoir. However, whether the
liquid-dominated or two-phase geothermal system model is
correct, in these models, the geochemical characteristics, espe-
cially the trace element compositions of the geothermal fluids,
have received less attention than the associated geologic struc-
tures, estimation of resource reserves, gases, and water origins
(Chen and Wang 2012; Guo et al. 1996; Huang et al. 2020;
Jiang and Chen 2015; Lin et al. 1999; Liu et al. 2015; Yan
2016;Wei et al. 2013), and this gap in the research has hindered
reasonable geothermal source development.

Therefore, based on the vapor-liquid separation process,
the present study aims to investigate (1) the fluid geothermal
characteristics, (2) the factors controlling the fluid composi-
tions, and (3) the formation mechanism of low δ18O and δD
values in the CGS. We believe that the results of this study
will improve the understanding of the two-phase geothermal
system’s element enrichment mechanism and promote the

further optimization of the exploitation and utilization of geo-
thermal resources.

Geological setting

CBS is located between Northeast China and the Korean
Peninsula, and its formation is related to Cenozoic volcanism
(Chen et al. 2007; Liu et al. 1997; Zhao et al. 2019). The
eruption history has been well reconstructed by K-Ar and
14C dating (Liu et al. 2015; Wang et al. 2003), and minor
eruptions have occurred as recently as 1903 (Xu et al. 1993).
The exposed rocks around the crater area are basaltic to
trachytic/rhyolitic (Shi et al. 2005), while Precambrian meta-
morphic rocks, Phanerozoic carbonate rocks, and Mesozoic
clastic rocks can be found in the peripheral area (Fig. 1(b,
c)). The basement is composed of Paleozoic to Mesozoic sed-
imentary rocks (clastic and carbonate rocks) with local
Archean and Mesozoic granitic intrusions and minor
Precambrian metamorphic rocks (Yi et al. 2016), which have
been drilled in the CR2 well, ~ 45 km west of the Tianchi
crater. The area is affected by three fault systems: NE-SW
compressional-shear faults, NW-SE transtensional faults,
and N-S extensional faults. The NE-SW-trending Yalujiang
lithospheric fault formed by collision of the Longgang area
with the Helong area (Fig. 1(a)) controls the regional geologic
structure. In addition to the major magmatic intrusion below
the Tianchi crater area (at a depth of 7–17 km; Qiu et al. 2014),
many minor ascending submantle plumes exist along the pe-
riphery of the region and form the basic heat sources of the
CGS (Zhao et al. 2009, 2019).

The topography is composed of a series of northeast-
trending mountain chains and intermontane basins. The ter-
rain is high in the southeast and low in the northwest, with a
gradient of approximately 10°. The Tianchi crater of CBS is
the source of many large rivers in Jilin Province (Zhu et al.
1981), such as the Songhuajiang River, and features many
famous mineral water factories. The study area features a con-
tinental monsoonal climate, and the winter lasts from
September to April of the following year, with a mean tem-
perature of approximately − 7.3 °C. The annual average
amounts of precipitation and evaporation at the Changbai
Mountain Tianchi weather station are 1332.6 mm and 1180
mm, respectively (Geological environment monitoring station
of Jilin Province 2004).

Sampling and analysis

Six hot springs, two cold springs, two wells, and two crater
water samples from the CBS area were collected in July 2018
(see sampling locations in Fig. 1). Sampling of water samples
was carried out by following the guidelines set by
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Ármannsson and Ólafsson (2006). The in situ temperature and
pH were measured using Orion 4-Star meter. Water samples
were filtered through a 0.45-μm filter (cellulose acetate) into
precleaned high-density polyethylene bottles. Before sam-
pling, the filtering device was flushed with 250 ml of sample.
Samples for trace metal analysis were acidified to pH < 2 with
ultra-pure HNO3, while those for anion analysis were left
unacidified.

Anions (Cl−, SO4
2−) were determined using ion chroma-

tography (IC, Dionex ICS 2100), and major cations (Na+, K+,
Ca2+, and Mg2+) were determined by atomic absorption spec-
trophotometry (AAS, Perkin-Elmer Pinaacle 900F). SiO2 con-
tents were analyzed by a portable photometer (Hanna
HI96705), and HCO3

−/CO3
2– contents were analyzed by

Gran titration in the laboratory on the day of sampling. The
concentrations of selected trace elements (Li, Cs, Rb, Sr, Ba,
B, As, Al, V, Cr, Mn, Fe, Ni, Cu, Zn, and Mo) were analyzed
using high-resolution inductively coupled plasma mass spec-
trometry (HR-ICP-MS). The geochemistry was analyzed at
the Jilin University Test Center, China, with a precision for
all analyses of better than ± 5%. Quality of analytical was
ensured by using check standards, commercial standard solu-
tions, reagent blanks, recovery of spike, and replicate analysis.
The percentage error for the charge imbalance calculated
using PHREEQC program (Parkhurst and Appelo 1999) with
phreeqc.dat database yielded a mean value of 2.98% with
maximum and minimum values of 0.37 and 7.01%,
respectively.

Results and discussion

Hydrochemistry

In the CBS geothermal field, the water samples are mostly
nearly neutral fresh water, with the exception of the well water
samples, which have a maximum total dissolved solids (TDS)
value of 9736.2 ppm and belonged to the neutral saline water
category (Table 1). HCO3

- is the predominant anion of the
samples (except the sample from XRQ, in which SO4

2- is
the predominant anion), Na+ is the predominant cation, and
the concentration of Mg2+ is generally low (Table 1, Fig. 2).
According to the Schakerev classification, the water facies of
the crater-area hot springs and the crater water samples are Na-
HCO3, those of the peripheral springs are Na-HCO3-Cl (site
SBDG) and Na-HCO3-SO4 (site XRQ), that of the well waters
is Na-Ca-HCO3-Cl, and that of the cold springs is Na-Ca-
HCO3 (Fig. 2). The two crater water samples are from the
same crater (CBS Tianchi crater), but the HB sample is from
a location with a relatively higher gas concentration than that
of the TC sample. The concentrations of Na+, HCO3

-, Cl-,
SiO2, Li, Sr, B, Mn, and Ni of the HB water sample are higher
than those of the TC sample, especially the concentration of B,
but the pH, Rb, Fe, and Zn values are lower in the HB sample
than in the TC sample (Tables 1 and 2).

In the comparison of the crater water with the cold springs
water, which is entirely recharged by precipitation (Yan
2016), the former features higher element concentrations,

Fig. 1 (a) Location of the CGS; (b) modified from the 1:250000 geolog-
ical map; and (c) is the MT sounding observation profile and its geolog-
ical interpretation. (1) Archean granite, (2) Proterozoic metamorphic
rock, (3) Cambrian and Ordovician clastic and limestone rocks, (4)

Jurassic granite, (5) Mesozoic clastic rock, (6) Cretaceous granite, (7)
Neogene basalt, (8) Holocene pyroclastic rock, (9) Holocene trachyte,
(10) Fault, (11) Contour line, and (12) Boundary line. (modified from
Zhao et al. 2019)
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except for Mg2+. The low ion concentration and TDS values
of the hot spring water samples in both the crater area and
periphery imply rapid circulation, although the T value indi-
cates a longer time (ranging from below 3 TU to 25.8 TU; Lin
et al. 1999; Yan 2016). Since most of the tritium produced by
the atmospheric testing of thermonuclear bombs between
1951 and 1980 has been washed from the atmosphere and
the T values in global precipitation are now close to natural
levels, the T dating method has been replaced by methods
based on chlorofluorocarbons (CFCs), SF6 and other com-
pounds (Santoni et al. 2016; Tan et al. 2014). The observed
geochemistry implies that fluid-rock interaction is not the
main factor controlling the element composition of the CBS-
area thermal water, and this inference is supported by the poor
correlations of TDS/temperature, Cl/temperature, Na/Cl, and
TDS/Cl (Fig. 3(a–d)).

Fluid composition

Classification of water

To better understand the formation mechanisms of the water
and the mechanisms controlling the fluid composition, Q-
cluster analysis was applied to all water samples based on
the element compositions. For elements below the limit of
detection, we used a concentration value equivalent to half
the limit of detection in the analysis (Fig. 4).

Based on the cluster results in Fig. 4, the samples can be
divided into three groups: Group 1 (cold water, i.e., both the
crater and cold spring water), group 2 (low-Cl hot spring wa-
ter), and group 3 (high-Cl well water). Based on previous
research (Zhao et al. 2019), due to multiple vapor-liquid sep-
aration processes occurring at depth, the low-Cl thermal wa-
ters are related to steam-heated/condensate water, and the
high-Cl thermal water are related to the residual water. The
difference between the two crater waters may be due to the
input of interaction between deep acidic magmatic volatiles
and the host rock (Gao et al. 2006; Shangguan et al. 1996)
and/or may be a result of mixing with steam condensation
water. The Na/Cl ratio can be used to distinguish the two
factors (Aggarwal et al. 2000). The input from magmatic vol-
atiles may lead to a lower Na/Cl ratio because Cl is input as
HCl0. Furthermore, Na and Cl show similar behaviors during
vapor-liquid separation, while B is more volatile (Ármansson
et al. 1982). Hence, the lower Cl/B ratio (1.64) and slightly
higher Na/Cl ratio (3.56) in the TC water sample than in other
samples (with values of 53.67 and 3.31, respectively) indicate
the input of steam from vapor-liquid separation. However, we
cannot exclude the input of magmatic volatiles, as the B con-
centration is an order of magnitude higher in the crater sam-
ples than in the well water samples, and the gas shows an
obvious deep origin (Gao et al. 2006; Shangguan et al.
1996). The geochemistry of the hot spring water samples alsoTa
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Table 2 Minor and major trace elements of water collected from the Changbaishan area

Sample Li Cs Rb Sr Ba B As Al
ppb

TC 98 3 48 18 4 300 – 40
HB 110 2 42 21 3 11300 – –
MQQ 3 – 5 19 3 < 0.1 – 50
STQ 4 – 7 15 1 < 0.1 – 30
JJ-1 573 12 148 89 53 1500 20 70
JJ-2 479 13 112 112 16 900 10 20
JLQ-1 522 55 181 49 5 1700 30 –
JLQ-2 529 55 187 47 4 1600 30 40
XRQ 630 26 45 3110 29 900 – 20
SBDG 739 63 71 818 117 1000 – 40
CR1 3290 2 36 14100 20 150 – 60
CR2 3213 2 nd 78080 35 200 6 125
p-level < 0.0001 > 0.05 > 0.05 < 0.05 > 0.05 < 0.05 > 0.05 > 0.05
Sample V Cr Mn Fe Ni Cu Zn Mo

ppb
TC – – 1 10 – – 20 2
HB – – 27 – 6 – – 2
MQQ 2 – 1 20 1 2 10 1
STQ 2 – – 10 – 1 – 4
JJ-1 – 5 95 410 1 1 10 15
JJ-2 – 4 94 520 – 1 – 11
JLQ-1 – 4 22 510 4 1 – 3
JLQ-2 – 4 – 20 2 1 – 3
XRQ – 1 11 50 – 2 – 19
SBDG – 4 7 10 – 1 – –
CR1 1 15 – 1610 2 1 63 1
CR2 – – 9 1736 – 3 106 nd
p-level > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 < 0.05 > 0.05

“–” below detection limit; elements below the detection limit in all water samples were not listed

Fig. 2 Compositions of all crater,
cold spring, and hot spring water
samples collected from the
Changbaishan volcanic zone
plotted on a Piper diagram
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shows a different character. The springs in the crater area (JLQ
and JJ) overlap with the springs in the periphery area (XRQ
and SBDG) with a larger rescaled distance than the others,
which may be due to differences in the vapor-liquid separation
process, mixing with near-surface water or a different second-
ary reaction, such as fluid-rock interactions (Harun et al.
2020).

The Cl/B ratio of hydrothermal waters can be used to iden-
tify subsurface processes, such as water-rock interactions,

magma degassing and seawater involvement in a geothermal
system (Arnórsson and Andrésdóttir 1995; Bernard et al.
2011; Purnomo and Pichler 2014; Valentio and Stanzione
2003). Similar to the division of hydrochemical characteris-
tics, the three types of water samples can also be distinguished
by their Cl/B ratios (Fig. 5). HCl is a nearly universal volcanic
fumarole gas constituent that always exists at concentrations
of 0.5 to 1 mil% of the total gas (Truesdell et al. 1989) and
forms in high-temperature and low-pressure magmatic

Fig. 3 Plots of TDS vs. temperature, Cl vs. temperature, Na vs. Cl, TDS vs. Cl, Na vs. Cl and pCO2 vs. [HCO3
-+ SO4

2-]/[Ca2++Mg2+] for the hot spring
water samples collected from the Changbaishan area
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systems (temperatures higher than 160 °C; Truesdell et al.
1989). However, even when this value is added to the seawa-
ter, the high Cl/B ratios of the CR1 and CR2 thermal water
samples (3939.75 and 453083, respectively) are not reached.
The concentration of boron is especially low, and the B/Li
ratio is anomalous, as B is always considered more volatile
than Li during magma degassing (White 1957) and the con-
centration of Li in water is generally controlled by the sur-
rounding rocks (Ellis and Mahon 1964; Vengosh et al. 1991).

Therefore, the unusually high Cl/B values of CR1 and CR2
result from the phase separation process. The steam-heated/
condensate water samples (hot spring water) all have Cl/B
ratios that exceed the highest Cl/B ratio of volcanic rocks,
which implies that fluid-rock interaction is not the main mech-
anism controlling the hydrochemical composition of the wa-
ter. Yan (2016) relates this high ratio to an evaporation pro-
cess; however, the production of this value would require
continuous evaporation in the surface environment, and the
CBS area has a continental monsoonal climate, which is not
an open environment. Therefore, this mechanism can be ex-
cluded. Even though the hot spring waters show a high degree
of mixing with near-surface water, the maximum temperature
can still approach 82 °C (near the boiling point of 90 °C). In
addition, the Na/Cl ratio and temperature are not correlated
(Fig. 3(e)); thus, we conclude that the hot spring waters have
experienced a second vapor-liquid separation process due to
the hot magmatic volatile input, as the gases collected from all
hot spring areas show a mantle origin (Shangguan et al. 1997).
To further understand the geochemical formation mechanism,
we discuss the origin of the elements in the thermal waters
(group 2 and group 3) below.

The main factors controlling the fluid composition

The geochemical patterns associated with different origins or
processes always display regular combinations of element
characteristics (Yu et al. 1990; Zhao et al. 2018). Therefore,
R-model cluster analysis can be used to identify these

Fig. 4 Q-cluster of the thermal water from the Changbaishan volcanic
zone

Fig. 5 The correlation between B
and Cl. The diagram was
modified from Zhao et al. (2019).
The legend is the same as in pre-
vious figures
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combinations based on the correlations among different ele-
ments (Guo andWang 2012; Negri et al. 2018; Yu et al. 1990;
Zhao et al. 2018).

Notably, the different types of elements (Na, Mg, HCO3
-,

Cl-, Li, Sr, B, Fe, and Zn) in group 2 and group 3 show a
uniform divide: type A includes Fe, Zn, Li, B, Sr, and Mg,
while type B includes Cl-, Na, and HCO3

- (Fig. 6). This divide
is also shown by the t-test analysis (Table 1, Table 2). The
uniform classification of the two groupsmay indicate that they
experienced similar processes in different reservoirs, although
they have greatly different hydrochemical features. In the pre-
vious analysis of thermal water hydrochemistry, the following
processes were inferred to control the compositional charac-
teristics of the waters in the CBS area: (1) vapor-liquid sepa-
ration, (2) input of magmatic volatiles, (3) fluid-rock interac-
tions, and (4) mixing with near-surface water (precipitation).
To further distinguish the impacts of these factors on the two
types of elements, the relative concentrations of Li-Rb-Cs and
Cl-Li-B were studied (Giggenbach 1991), as these elements
have relatively low degrees of reactivity within geothermal
systems (Giggenbach and Goguel 1989; Gurav et al. 2016).

The well water samples plot far from the rock dissolution
lines and are obviously different from the hot spring and cold
spring water samples (Fig. 7), which implies an origin from a
different reservoir (e.g., Wragea et al. 2017). The concentra-
tions of Li and Cl- in the well water samples are an order of
magnitude higher than those in the spring water samples. In
contrast, the concentration of B in the well water samples is an
order of magnitude higher than those in the spring water sam-
ples, and the Rb and Cs concentrations are also significantly
lower in the well (Table 1, Table 2). The low Rb concentration
may be due to the dissolution of illite at temperatures higher
than 300 °C before mixing, while the low Cs concentration
may be related to the dissolution of zeolites via the outflow
process. However, the concentration of Li in the water sam-
ples is higher than the highest concentrations present in

igneous rocks (1.8 ppm, Ellis and Mahon 1967) and seawater
(0.028 ppm), even after undergoing dilution, which implies
that the well water has experienced a concentration process.
Thus, the main control factor before fluid ascent was vapor-
liquid separation that did not involve evaporation, as noted by
the discussion of the B/Cl ratio. In this way, the high concen-
trations of the alkali earth metal Sr and the pH-dependent
transition metals Fe and Zn in the well water can also be
explained. Furthermore, Sr is abundant in marine sediment
(Gurav et al. 2016), and there are no significant pH differences
between the two thermal water groups. The Li, Rb, and Cs
concentrations of the hot spring water samples are located
mainly around the rock dissolution line in Fig. 7(a) and are
different from those in Fig. 7(b), which shows the absorption
of low B/Cl steam in a relatively old hydrothermal system.
This difference indicates that the hot spring fluid composition is
controlled by a vapor-liquid separation process. Therefore, the
well water composition is related to the loss of steam, while the
hot spring water composition is related to absorption.
Additionally, the B/Cl ratio of the JJ thermal water is higher
than those of other samples because the JJ site is close to a
fracture from which steam rises, as verified by gas data
(Shangguan et al. 1996; Zhang et al. 2015). Thus, we conclude
that type A elements are mainly controlled by vapor-liquid
separation in the reservoir, and when the water rises, the fluid
composition is impacted by fluid-rock interactions and dilution.

As discussed before, the behaviors of Na and Cl differ
between vapor-liquid separation and the input of magmatic
volatiles: in the former process, these elements exhibit a poor
correlation, while in the latter process, the Na/Cl ratio de-
creases (Aggarwal et al. 2000). There is a poor correlation
between Na/Cl and temperature in the hot spring water sam-
ples from the CBS area (Fig. 3(e)), which indicates that the
dominant process controlling the hydrochemistry is vapor-
liquid separation. However, the gas collected from the hot
spring area shows a high concentration of CO2 (higher than

Fig. 6 R-model cluster analysis dendrogram for elements in hot spring and well water samples in the Changbaishan area
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80%) with a δ13C value ranging from − 7.5 to − 4.2‰, which
indicates a mantle origin (Shangguan et al. 1997). The main
anion of the thermal water in the CBS area is HCO3

-. If the
formation of the high HCO3

- concentration is related to rock
leaching (e.g., carbonate and anhydrite), the ratio of [HCO3

-+
SO4

2-]/[Ca2++Mg2+] should be 1; in contrast, if the ratio is
higher than 1 (Table 1), the HCO3

- in the CBS area is derived,
at least partially, from the interaction between waters with
CO2 gas (Karimi et al. 2017). In addition, the positive corre-
lation between [HCO3

-+ SO4
2-]/[Ca2++Mg2+] and carbon di-

oxide partial pressure (pCO2), which can be calculated based
on lg(K2/Mg) and lg(K2/Ca) (Giggenbach 1988), further con-
firms the influence of magmatic volatile inputs (Fig. 3(f)).
Thus, the type B elements are mainly controlled by the
vapor-liquid separation accompanying the input of magmatic
volatiles.

Thermometric estimates

Solute geothermometers, such as those listed in Table 3, can
serve as powerful tools to estimate subsurface conditions
(Shan et al. 2019). The successful application of
geothermometers has been discussed in the geothermal litera-
ture; their use requires five basic assumptions, as reported by
Fournier (1977) and Purnomo and Pichler (2014): (1)
mineral–fluid reactions are exclusively temperature depen-
dent; (2) there is an abundance of the mineral and/or solute;
(3) the system began in chemical equilibrium; (4) there has
been no re-equilibration; and (5) no mixing or dilution has
taken place. Different geothermometers can provide informa-
tion on different water circulation environments; for example,
the K/Mg geothermometer can record intermediate tempera-
tures between the reservoir values and the spring outlet values
because of its rapid re-equilibration, while the temperature

recorded by the Na/K geothermometer tends to be closer to
the reservoir temperature due to the ion exchange rate
(Fou rn i e r 1977 ; Guo and Wang 2012 ) . So lu t e
geothermometers mainly record the temperature in liquid-
dominated systems, and when vapor-liquid separation takes
place, the geothermometers mainly indicate the temperature
after this process. In addition, different elements have differ-
ent distribution coefficients in the vapor-liquid separation pro-
cess, which also impacts the calculated results; thus, the ap-
plication and evaluation of the temperatures calculated for
geothermal systems should be considered carefully.

The silica geothermometers, which are known to predict
temperatures closer to the outlet temperature than to the res-
ervoir temperature (Pichler et al. 1999) and are commonly
applied to hot springs ranging from 0 to 250 °C (Fournier
1977), yield predicted temperatures ranging from 100 to 200
°C in the CBS area (Table 3). Relatively low temperatures
were calculated for XRQ, SBDG, CR1, and CR2; however,
in the Li-Rb-Cs diagram (Fig. 7(a)), these sites had tempera-
tures higher than 300 °C. The Si concentration is temperature
dependent, and mixing, mineral precipitation during ascent,
and the vapor-liquid separation process all influence Si; to
avoid this inherent problem, we used the silica-enthalpy graph
to calculate the enthalpy of the parent water (Fig. 8, Fournier
1977) and determined the reservoir temperature from steam
tables (Keenan et al. 1969). The method predicted high tem-
peratures ranging from 122 to 211 °C, similar to the results
calculated by the Na/K geothermometer (Table 3). However,
the four thermal water samples still have much lower temper-
atures than those indicated by the Li-Rb-Cs diagram. The Na/
K geothermometer is based on the increases in the Na concen-
tration during vapor-liquid separation and/or K-Na exchange
between the fluid and the surrounding rocks (Zhao et al.
2018), while the silica geothermometers are related to the

Fig. 7 Relative concentrations of Li-Rb-Cs and Cl-Li-B (μg/kg). Domains/processes are indicated by the text and arrows and were defined by
Giggenbach (1991). The rock elements are from the average crustal rock composition reported by Gurav et al. (2016)
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precipitation of silicate minerals; all the thermal water samples
have quartz and chalcedony SI values higher than 0 (0.42 to
0.80, 0.04 to 0.46, respectively).

The Na–K–Ca geothermometer with a pCO2 correction is a
useful tool for predicting the reservoir temperature of high-CO2

spring waters (Pačes 1975; Fournier 1977), while the Na/Li
geothermometer (Sanjuan et al. 2014; Verma and Santoyo
1997) performs well in saline water, as salinity greatly influ-
ences the results of other geothermometers (Kharaka et al.
1982; Sanjuan et al. 2014). The Na–K–Ca geothermometer

predicts a temperature for the low-Cl spring water of approxi-
mately 264 to 365 °C (average of 328 °C), a value that coin-
cides with the results calculated by gas data (Shangguan et al.
1997). An increase in the Na/K ratio will decrease the calculat-
ed temperature of this geothermometer, but the effect is not as
obvious as that of the Na/K geothermometer, so we regard this
value as the minimum temperature of the second vapor-liquid
separation temperature. The lower temperature of the two well
water samples calculated by the Na–K–Ca geothermometer
may be related to the extremely high Cl values (Arnórsson
1985). Thus, we use the temperature range of 272 to 323 °C
(average of 297 °C) calculated by the Na/Li geothermometer as
the minimum temperature of the first vapor-liquid separation.

Hydrogen and oxygen isotope consideration

The hot spring water with low Cl concentrations show δ2H
and δ18O values similar to those of the meteoric water and plot
between the groundwater and snow water, with some values
even lower than those of meteoric water. In contrast, the δ2H
and δ18O values of the high-Cl well water are much higher
than those of the groundwater (Fig. 9(a)). The δ2H and δ18O
values of the thermal water samples collected in and before
2016 show no obvious differences, and the region near the
meteoric line of the CBS area shows precipitation recharge
characteristics, as discussed by Lin et al. (1999) and Yan
(2016) (Fig. 9(a)). However, the use of the mixture and
fluid-rock interaction model alone cannot explain the δ2H
and δ18O characteristics (e.g., Chen and Wang 2012); there-
fore, we introduced the vapor-liquid separation model accord-
ing to the geochemical characteristics (Ingebritsen and Sorey
1988; White et al. 1971). The isotopic fractionation factors of
δ2H and δ18O decrease with temperature during the vapor-
liquid separation process, but δ2H shows an inversion after
220 °C, increasing with temperature until arriving at equilib-
rium at approximately 370 °C (Truesdell et al. 1977).

Table 3 Calculated reservoir temperatures of the Changbaishan area geothermal system

Sample Geothermometers (°C)

Quartz Quartz
(steam loss)

Chalcedony Quartz (parent) Na/K K/Mg Na–K–Ca
(revised)

Na/Li

JJ-1 192 178 173 211 219 91 264 269

JJ-2 181 169 160 205 205 84 329 269

JLQ-1 176 165 155 176 186 106 357 251

JLQ-2 178 166 156 182 188 106 365 254

XRQ 119 118 91 134 138 85 359 267

SBDG 104 104 74 122 152 67 299 320

CR1 117 115 88 153 114 49 127 323

CR2 114 113 85 157 111 52 118 272

Origin Fournier 1977 Fournier 1977 Fournier 1977 Fournier 1977 Fournier 1977 Giggenbach et al. 1983 Pačes 1975 Sanjuan et al. 2014

Fig. 8 Dissolved silica-enthalpy graph for determining the temperature of
the parent hot-water component that mixed with cold water, thus yielding
warm spring water. The graph is modified from Fournier (1977)
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According to the isotopic fractionation factors of Truesdell
et al. (1977) and Yi and Ni (2009), we used groundwater as
the initial water, as discussed by Giggenbach and Stewart
(1982), and described the isotopic variations during vapor-
liquid separation at 297 °C and 328 °C (Fig. 9(a)).

The water samples from the hot springs were mainly taken
from the area where the precipitation and steam-heated water
mix before experiencing multiple separation processes (Fig.
9(a)). The separation process can be clearly seen in the δ2H vs.
Cl diagram (Fig. 9(b)), as chloride is a conservative compo-
nent in geothermal systems and is neither soluble in steam nor
leached or deposited along hot-water conduits in the upper
parts of geothermal systems (Purnomo and Pichler 2014;
Truesdell et al. 1977). The high-Cl water may be paleowater,
as it has a δB value of approximately 35.86‰ and there are no
evaporite strata in the halite precipitation stage, which implies
that continental water could generate this high δB value
through an intense evaporation process (Purnomo et al.
2016; Vengosh et al. 1992). If so, we hypothesize that the well
water is the result of mixing between seawater and precipita-
tion. However, even considering the vapor-liquid separation
process, the plot is still above the mixing line in Fig. 9(a) but is
lower in Fig. 9(b), which implies that other factors lowered the
δ18O value. Although the δ2H values may also be altered, this
value can be neglected (Fig. 9(b)). Generally, water samples
that deviate from the meteoric water line are affected by (1)
fluid-rock interactions, (2) thermochemical sulfate reduction
(TSR)-H2S, or (3) CO2 gas (Bagheri et al. 2014; Li and Cai
2017; Tan et al. 2014). Generally, fluid-rock interactions
cause the δ18O value to shift to the right, while TSR-H2S
requires H2S gas, which has not been detected in the CBS
area. Thus, the 18O isotope exchange between the water and
CO2 gas is the main cause of rightward shift of δ18O values of
the thermal water (e.g., Bagheri et al. 2014; Zhao et al. 2017),
which was further supported by the small change in the
δ18OHCO3 values (32.41~34.44‰, Zhao et al. 2018).

In the continuous vapor-liquid separation process at depth,
nonvolatile elements, such as Cl, Na, Li, Sr, Mg, Fe and Zn,
become concentrated, while volatile constituents, such as B
and CO2, decrease in abundance. Then, the lateral migration
of high-Cl water, which can exit through a fracture or well,
can be detected. Hot vapor with high concentrations of vola-
tile elements rises via buoyancy and heats the near-surface
water, promoting the dissolution of rock. When the water
encounters hot magmatic volatiles with high B contents, a
second vapor-liquid separation can occur.

Conclusions

(1) The high Cl/B ratio and low Hg concentration implied
that the fluid has experienced multiple vapor-liquid sep-
aration processes and is approaching a late-stage.
Statistical analysis shows that Fe, Zn, Li, B, Sr, and Mg
are mainly controlled by vapor-liquid separation in the
reservoir, while the elements Cl-, Na, and HCO3

-, except
for vapor-liquid separation, they also influenced by the
input of magmatic volatiles.

(2) The Na–K–Ca geothermometer is useful to assess sec-
ond vapor-liquid separation process temperature at vol-
canic area geothermal system. As for basin area, due to
the influence of salinity, the Na/Li geothermometer will
be more suitable to assess the first vapor-liquid separa-
tion process. The temperatures determined by those
geothermometers are coinciding with the result of Li-
Rb-Cs.

(3) Unlike liquid-dominated system model, the abnormality
of hydrogen and oxygen isotopes can be explained by
vapor-liquid system model. In addition, due to the large
flux of CO2, the δ

18O values are mainly shifted to the left
of the local meteoric water line.

Fig. 9 δ2H vs. δ18O relations for the new and previously published data for water samples from the Changbai area (a); δ2H vs. Cl relation (b). The δ2H
and δ18O data are from Lin et al. (1999) and Yan (2016)
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