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Abstract

Mt. Changbai volcano, one of the largest and most hazardous active volcanoes in the world, poses destructive threats to
neighboring communities and thus should be monitored proactively. The analysis of bubbling gases in volcanic hydro-
thermal systems offers valuable insights into subsurface magmatic activities and serves as a critical tool in global volcano
surveillance. There are two hydrothermal group springs named Julong Springs and Jinjiang Springs on the Mt. Changbai
cone of which the gas geochemistry should be further investigated before efficient monitoring strategies are proposed. Here,
chemical and isotopic characteristics of degassing CO,, *Rn, and He from the two springs are systematically investigated.
The results show that these two springs exhibit similar C—He isotopic signatures typically of magmatic provenance while
they are largely different in gas compositions and fluxes. The Julong Springs exhibit significantly higher CO, and radon
concentrations coupled with elevated radon flux compared to the Jinjiang Springs. However, He concentration and CO, flux
at the Julong Springs are depleted relative to the Jinjiang Springs, which are diagnostic signatures of residual degassing. In
combination with previous geophysical data, we believe that excess 2*’Rn at the Julong Springs is sourced from a shallow-
crustal magma pocket given 2*’Rn’s short half-life. Such a pocket is decoupled from its main magma chamber at present due
to the lack of recharges, and the degassing intensity is receding gradually as the magma cools down. However, the emitted
gases at the Jinjiang Springs originate directly from the main magma chamber with a larger volume of magma and more
extensive magmatism. Therefore, gas geochemistry of the two springs on Mt. Changbai volcano can be a distinctive tool
to identify subsurface magmatic activities at the different depths. The integrated monitoring at both sites enables dynamic
assessment of magmatic unrest processes and enhances eruption forecasting capabilities. The findings highlight the necessity
of conducting volcanic gas geochemistry investigations prior to the application of gas monitoring.
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Introduction

Monitoring large volcanoes with eruptive potential facili-
tates the implementation of advanced preparedness meas-
ures, thereby reducing disaster risks (Tilling 2008; Cassidy
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key for the effective monitoring of an active volcano. How-
ever, at present, detecting such signals remains a significant
challenge for worldwide volcano monitoring, particularly in
terms of cost efficiency and observational timeliness (Ferres
et al. 2015). In this context, near-surface geochemical moni-
toring of hydrothermal gases has proven to be an effective
and widely adopted approach (e.g., Huppert and Woods
2002; Aiuppa et al. 2021), offering the advantages of con-
tinuous monitoring capabilities and cost-effectiveness. Dur-
ing pre-eruptive phases, microcracks develop in the magma
chamber’s country rocks, facilitating the migration of mag-
matically derived volatiles. These volatile components sub-
sequently infiltrate the hydrothermal system and ascend to
the surface, inducing measurable variations in surface gas
geochemistry (concentrations, fluxes, and isotopes).
Mount Changbai/Paektu volcano (Herein after Mt.
Changbai) is a large and one of the most explosive volca-
noes in the world. It has a great importance and urgency
to perform an effective monitoring. There are two major
hydrothermal group spring named Julong Springs and Jin-
jiang Springs (hereinafter JLS and JJS, respectively) with

continuous bubbling gas on the volcanic cone of China side,
which are accessible to be monitored and which may poten-
tially provide the signs of deep magmatism (Wei et al. 2021).
To identify the origin/s of those two group springs, in the
present study, concentrations, fluxes, and isotopes of CO,,
222Rn (Herein after Rn), and He emitted from JLS and JIS
are analyzed, respectively, and their links to volcanic mag-
matism are investigated. Based on these results, different
monitoring strategies are proposed.

Geological background

Mt. Changbai volcano (Fig. 1), located on the border area
between China and North Korea, is genetically related to
the westward subduction of the Pacific plate (Zhang et al.
2018). It is 2744 m tall with a large caldera containing a
384 m deep lake called “Tianchi” (Fig. 1b). The volcano
has experienced three important evolutionary periods which
are the basaltic shield-construction period in the Pliocene
to Early Pleistocene (5—1 Ma), the cone-forming periods in
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Fig.1 Location and topography of Mt. Changbai volcano. a A sketch map shows the location of Mt. Changbai volcano. b Topographic map of

Mt. Changbai volcano and sites of the hydrothermal springs
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the Middle Pleistocene to Late Pleistocene (1-0.01 Ma), and
the latest explosive eruptions period in the Holocene (Wei
et al. 2013; Zhang et al. 2018; Pan et al. 2020). The most
destructive eruption happened in~ 1000 AD which led to
the current topography of the volcano. The eruption reached
a Volcanic Explosivity Index (VEI) of 7 and was one of
the two largest eruptions in the last 2000 years (Zou et al.
2010; Oppenheimer et al. 2017). Notably, magmatic unrest
occurred during the years 2002-2006 (Xu et al. 2012), which
raised concerns and worries that the volcano would erupt
again. This unrest event confirmed that the magmatic system
remains active. Geophysical images have also shown the
existence of high-conductivity and low-velocity reservoirs
from the upper mantle to upper crust, which were interpreted
as magma chambers or channels (e.g., Kim et al. 2017; Ham-
mond et al. 2020; Fan et al. 2022). Therefore, Mt. Changbai
volcano still has potential danger of eruption and requires
enhanced surveillance.

Hydrothermal activities are abundant at Mt. Changbai
volcano due to the heat source provided by magma. There
are lots of bubbling hydrothermal springs concentrated in
three main clusters on the cone area within China which are
Lake Shoreline springs in the “Tianchi” crater lake, JLS on
the north side, and JJS on the southwest side (Fig. 1b). The
Lake Shoreline springs are inaccessible due to safety regula-
tions established by local tourism authority, while JLS and
JIS are available to be monitored at present. Temperature
monitoring data since 2017 reported by Wei et al. (2021)
show that JLS (70.2-75.2 °C) maintain relatively higher
temperatures than JJS (50.0-64.5 °C). Both springs exhibit
similar hydrological cycle and hydrochemical characteristics
(Yan et al. 2018; Na et al. 2020). The geothermal reservoirs
of these springs are inferred to be composed of fractured
volcanic breccia, sandstone, and marble, whose cap rocks
are trachyte, basalt, and rhyolitic and pyroclastic rocks (Yan
et al. 2018). The spring waters are primarily recharged by
atmospheric precipitation, and their hydrochemical type is
Na-HCO; (Yan et al. 2018; Zhao et al. 2019). The average
geothermal reservoir temperature and circulation depth are
calculated to be 170 °C and 4.90 km for JLS and 162 °C and
4.67 km for JJS (Na et al. 2020).

Analytical methods

Bubbling gas samples from JLS and JJS were collected using
the water draining method during the years 2021-2023. The
customized sampling equipment consists of an inverted fun-
nel and a gas collection glass column which is connected to
a syringe and the funnel by rubber tubes at both ends. When
sampling, the inverted funnel was submerged into spring
water, and the syringe was used to empty the air trapped in
the equipment completely and fill the column with water.

Then let the accumulated spring bubbles enter into the glass
column to displace water until it was filled with gas. The
collected gas was finally injected into 500 mL pre-vacu-
umed aluminum bags for the laboratory analysis. The gas
composition (CO,, CH,, N,, and He) was analyzed at Mt.
Changbai Volcano Observatory shortly after collection using
an SP-3400 gas chromatograph of which the measurement
uncertainty is less than+5 %o. Some samples were also
analyzed for isotopic measurements of carbon and helium
at the Geo-analytical Center of Nuclear Industry, Beijing.
8'3Ccq, values were determined using a MAT 253 stable
isotope ratio analysis system (with uncertainties of + 0.3 %o)
and reported in per mil (%o) against the reference standard
of Vienna Pee Dee Belemnite (V-ppp). Helium and neon
isotopes were analyzed using a Helix SFT noble gas mass
spectrometer (Thermo-Fisher scientific, USA) with analyti-
cal errors within +3%.

Two hydrothermal springs with abundant bubbles at JLS
and JJS were selected, respectively, for measurement of CO,
and Rn degassing rate. The static closed chamber method
(Chiodini et al. 1998) was employed. A hemispherical cham-
ber with a radius of 0.2 m was used and connected to both
the inlet and outlet of the gas detector via rubber tubes. An
inlet filter and desiccant were used to avoid the dust and
moisture. During sampling, the hemispherical chamber rim
was fixed a little below the water surface covering the bub-
bling area. The CO, was detected by an infrared CO, ana-
lyzer (GXH-3010E) of which the detection limit is 0.01%.
The Rn was measured by a RAD 7 detector with detection
limit of 4 Bq/m>. Gas flux is calculated by linear regres-
sion of the gas concentration accumulated in the chamber.
Detailed methods are described in Liu et al. (2024).

Results
Chemical and isotopic compositions

Detailed chemical and isotopic data of hydrothermal gas
analyzed in this study, along with data collected from lit-
erature, are listed in the Supplementary Material 1. CO, and
N, concentrations range from 80.9 to 99.5% and 0.2-15.0%
at JLS, and 73.36-94.9% and 2.3-22.1% at JJS. In com-
bination with historical data, it is obvious that there is a
negative correlation between CO, and N, (Fig. 2a), both
at JLS and JJS. O, concentrations vary from 0.04 to 2.40%
at JLS and 0.10-0.30% at JJS. As shown in Fig. 2b, N, and
O, exhibit no relevance at JIS but a linear relationship at
JLS with a slope matching the O,/N, ratio (0.266) in the
air, indicating that N, and O, at JLS are sourced mainly
from the air. He concentrations are 6.6-31.1 ppm at JLS
and 141.1-544.9 ppm at JJS. At JLS, He concentrations
show no correlation with CO, and N, (Fig. 3a, b), whereas
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Fig.2 Correlation diagrams of major gas compositions from JLS and
JIS samples. a Scatter plots of N, versus CO, in both JLS and JJS
samples showing a negative correlation. b Scatter plots of N, versus
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Fig.3 Scatter diagrams of CO, versus He and N, versus He of gas
samples from JLS and JJS. a Scatter plots of CO, versus He in JLS
samples showing no correlation. b Scatter plots of N, versus He in
JLS samples showing no correlation. ¢ Scatter plots of CO, versus
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at JJS, significant correlations exist (Fig. 3c, d), implying a
common source for CO,, N,, and He at JJS. §'3C(, values
range from — 4.87 to — 7.90 %o at JLS and — 5.11 to — 9.0%0
at JJS. *He/*He ratios are 5.25 Ra at JLS and 5.38 Ra at
JJS, where Ra represents the atmospheric *He/*He ratio
(1.39x 107%, Mamyrin and Tolstikhin 1984). Both 8'*C,
and *He/*He ratios obtained in this study align with previews
reports (Zhang et al. 2015; Wei et al. 2016; Gu et al. 2025).

€O, and Rn fluxes

Real-time measured values of degassing CO, and Rn con-
centration in the hemispherical chamber are provided in
the Supplementary Material 2. Their temporal variations
are shown in Fig. 4. The data reveal that the CO, accu-
mulation rates at JLS are significantly lower than at JJS
(Fig. 4a), but the opposite trend is observed for Rn accu-
mulation (Fig. 4b). Calculated fluxes of CO, at JLS and JJIS
are 10.07 kg m~2 day~! and 29.24 kg m~2 day~!, respec-
tively, whereas of Rn are 27.36 Bq m~2 s~! at JLS and
22.56 Bqm~2s~! at JIS. Although Rn concentration cannot
be analyzed directly by gas chromatography, the satura-
tion concentration during flux measurement can effectively
represent the Rn concentration released from hydrothermal
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Fig.4 Variations of CO, and Rn concentration with time when con-
ducting flux measurements. a Temporal variation of CO, concentra-
tion. b Temporal variation of Rn concentration

springs. Figure 4b shows that the saturation concentration
at JLS is about 320 K Bq m~3, much high than at JJS which
is about 120 K Bq m—.

Discussion
Deeply derived volatiles from magma reservoirs

In active volcanic regions, magma generally serves as the
dominant thermal source and simultaneously supplies sub-
stantial volatiles to hydrothermal systems (Stelling et al.
2016; Federico et al. 2002). At Mt. Changbai volcano, com-
prehensive geophysical investigations have revealed verti-
cally continuous zones of high-conductivity and low-resis-
tivity anomalies extending from mantle to the upper-crust
beneath the volcanic cone, indicative of an active magma
plumbing system with potential chambers and conduits
(e.g., Tang et al. 2014; Zhu et al. 2019; Yang et al. 2021;
Fan et al. 2022). The main zone of the uppermost crustal
magma chamber is believed to be at about 10-5 km depth
below sea level (e.g., Qiu et al. 2014; Hammond et al. 2020).
This depth range is corroborated by the predominant focal
depth (~7.5 km) of seismic swarms recorded during the
2002-2006 volcanic unrest event (Xu et al. 2012). There-
fore, the well-developed magmatic plumbing system along
with shallow-crustal chambers enable efficient transport of
abundant volatiles from deep source to surface at Mt. Chang-
bai volcano.

CO, and He are frequently observed in natural fluids on
the surface and their isotopic characteristics are widely used
to decipher their original sources (Sano and Wakita 1985;
Hilton 1996). CO, can be generated from multiple geological
processes mainly including mantle (magmatic) degassing,
metamorphic decarbonization of carbon-bearing rocks, and
decomposition of organic matters (e.g., Italiano et al. 2009;
Yuce et al. 2014, 2017). As shown in Fig. 5, although CO,
concentrations vary between samples, the 8'*C, values
of both JLS and JJS gas samples exhibit comparable ranges,
strongly suggesting a predominantly magmatic source for
the CO,. He is typically deriving from three different origins
including the mantle, the crust, and the atmosphere. These
three origins can be distinguished by the He isotopic values
and *He/*’Ne ratios which are ~ 8 Ra (MORB) and > 1000
for mantle, ~ 0.02 Ra and > 1000 for crust, and 1 Ra and
0.318 for atmosphere (Sano and Wakita 1985). Using these
end-member compositions, relative He contributions from
the three origins can be easily identified. In Fig. 6a, almost
all samples plot above the 50% mantle contribution line.
Such mantle contributions are quite high considering the
crustal and/or air contamination during the upwelling of
magma from the mantle to the crust, magma storage in the
crustal chambers, and degassed volatiles migration to the
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surface. Compared with JJS, samples from JLS exhibit more
He contributions from air. This is consistent with the fact
that N,/O, ratios in JLS samples are similar to those in air
(Fig. 2b). Applying the ternary mixing model (mantle, car-
bonate, and organic matter) proposed by Sano and Marty
(1995), as shown in Fig. 6b, it can be found that all JLS sam-
ples plot within the mixing curves confined by the three end-
members, suggesting limited fractionation of CO, and He.
On the contrary, all JJS samples fall outside the mixing areas
because of their relatively low CO,/°He ratios. Given that
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in gas samples from JLS and JJS. a Plots of *He/*He (R/Ra) versus
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crust; (*He/*°Ne) ratios are 0.318 for air, 1000 for mantle and crust
(Sano and Wakita 1985). b Plots of log (CO,/*He) versus 813¢ copn
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3He concentrations show negligible variability, such ratios
are dominantly controlled by CO, concentration fluctua-
tions. Consequently, the observed CO,/°He depletion likely
reflects CO, removal processes (e.g., calcite precipitation)
and/or N,-induced dilution (Barry et al. 2020; Randazzo
et al. 2021). Theoretically, calcite precipitation would cause
a negative shift in 8'*C, values of the residual phase; how-
ever, the JJS samples exhibit 613Cc02 ranges comparable to
JLS (Fig. 5), suggesting calcite precipitation is unlikely to
be the primary mechanism. As shown in Fig. 2a, N, and CO,
concentrations of JJIS samples show a strong negative cor-
relation. This means the CO, of JJS samples can be diluted
by N,, leading to the observed low C02/3He ratios (Fig. 7).

Genesis of degassing differences between JLS
and JJS

Although the two groups of hydrothermal springs exhibit
similar gaseous C—He isotopic signatures that are typically
indicative of magmatic origin, they still present a couple of
differences, particularly with regard to the concentration of
He, CO,, and Rn, and the degassing rates of CO, and Rn.
He is an inert noble gas that separates from magma before
soluble gases and would be scarce without the replenishment
of fresh magma. CO, is the second most abundant volatile
(after water vapor) gas dissolved in magma (Pan et al. 1991).
Degassing of CO, can occur throughout the entire process
of magmatism but its intensity would decrease as magma
cools down. Thus, the decreased CO, flux from magma can
be regarded as a symbol of residual degassing (Giammanco
et al. 2007). Rn is a radioactive gas and a product from 2*%U
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decay series, characterized by a short half-life of 3.82 days.
Due to its large atomic weight, Rn has limited diffusion
capacity. Consequently, the terrestrial Rn that can be meas-
ured comes from the rocks and soil nearby the sampling
point. However, when efficient pathways (e.g., fault systems)
and carrier gases (primarily CO,) are available, magma-
derived Rn can be effectively transported to the Earth’s sur-
face (Etiope and Martinelli 2002; Walia et al. 2005; Yuce
et al. 2017). This explains why elevated Rn concentrations
are frequently observed in active volcanic regions (e.g.,
Padilla et al. 2013), where widespread fault networks and
abundant magmatic CO, facilitate the upward migration
of deep-sourced Rn. However, given the short half-life of
Rn, this scenario likely requires the magma chamber to be
relatively shallow to allow sufficient Rn transport before its
radioactive decay.

At Changbai volcano, an intriguing discrepancy is observed
between CO, concentration and flux at the both springs.
JIS displays lower CO, concentrations than JLS, yet exhib-
its approximately three times higher CO, flux. Normally, a
positive correlation exists between gas concentration and
flux because higher concentrations create steeper concentra-
tion gradients, thereby promoting gas release from springs.
In addition, JLS has higher water temperature which is more
inductive for gas escaping, thereby increasing the gas flux.
Thus, JLS should theoretically exhibit higher CO, flux than
JIS, but observed data contradict this expectation. This appar-
ent paradox suggests that there should be additional controlling
factors in the degassing dynamics between the two springs,
which are originating from either the distinct sources or differ-
ential upward migration process. Both the springs are located
on the volcanic cone with nearly identical underlying rocks.
They have similar circulation depths and have undergone
similar water circulation processes (Na et al. 2020). JLS has a

little higher water yield than JJS (Gao 2004), suggesting more
developed faults or fractures beneath JLS. Collectively, these
observations indicate that migration processes exert minimal
influence on degassing differences between the two springs.
Consequently, inherent distinctions in degassing sources must
instead constitute the dominant controlling factor. Unlike CO,,
both Rn concentration and flux are higher at JLS, particularly
the Rn concentration, which is over 2.5 times of JJS. Such a
substantial disparity is unlikely to be solely caused by sur-
roundings alone. It is highly possible that there is exceed Rn
derived from magma at JLS, which means the occurrence of
relatively shallow magma sources.

Although geophysical investigations have generally delin-
eated the main zone of the uppermost magma chamber (e.g.,
Qiu et al. 2014; Hammond et al. 2020), the morphology of
its upper boundary remains poorly constrained. Regarding
the low-resistivity zones within 5 km depth, some research-
ers attributed them to saline-bearing geothermal fluids (e.g.,
Yang et al. 2021), while others propose a magmatic origin
(e.g., Zhao et al. 2024). Magma reservoirs in the crust usu-
ally play a key role in volcano eruptions (Sparks et al. 1977;
Bachmann and Bergantz 2008). Mt. Changbai volcano has
large magma reservoirs and has experienced large-scale
eruptions since Holocene (Zou et al. 2010; Oppenheimer
et al. 2017). Prior to an eruption, ascending magma intrudes
into the upper crust, seeking for structure weakness in sur-
rounding rocks and expanding space to store magma. Thus,
in addition to the main chamber, there are supposed to be
scattered shallow magma pockets at Mt. Changbai vol-
cano. Qiu et al. (2014) conducted a high-resolution mag-
netotelluric survey crossing the cone of Mt. Changbai and
revealed dendritic low-resistivity bodies above the main
magma chamber which were likely to represent the magma
pockets. It is noteworthy that JLS is located straightly over
one of these bodies (Wei et al. 2021). Therefore, based on
integrated geochemical and geophysical results, it can be
deduced that gases emitted from JLS derives from a shal-
low magma pocket. During a quiescent stage, this pocket
becomes isolated from the main chamber due to lack of
magma recharges and the degassing intensity there recede
gradually as the magma cools down (Fig. 8). This explains
the observed depletion in both He concentration and CO,
flux at JLS. While at JIS, besides high CO, flux, there are
also elevated undissolved gas concentrations like N, and He,
suggesting that its gases originate directly from the main
magma chamber, which contains larger volumes of magma
and exhibit more extensive magmatism (Fig. 8).

Monitoring strategy based on hydrothermal gas
geochemistry

Mt. Changbai volcano is at quiescent stage but retains a
fully functional magma plumbing system. The volcanic
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Fig.8 A conceptual degassing
model describing the hydrother-
mal gas migration from deep
magmatic sources to the surface
at Mt. Changbai volcano
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disturbance during years 2002-2006 stands as a constant
reminder of active magmatism and recurrent eruption poten-
tial. In addition, Mt. Changbai volcano is vulnerable to the
“remote effects” of nearby deep earthquakes associated to
plate subduction that may occur at any time (Liu et al. 2017).
Therefore, the volcano is still a potential threat to the neigh-
boring communities.

Our study shows that gases from the two hydrothermal
springs are governed by deep magmatic degassing, making
their geochemical characteristics effective proxies for deep
magmatism. However, since they reflect magma sources at dis-
tinct depths, different monitoring strategy should be adopted.
For JJS, their close association with the main magma chamber
makes their geochemical variations critical for detecting abrupt
magmatic changes such as magma recharge or fractionation.
Key monitoring parameters including CO, flux which is a
primary indicator of deep magma degassing and undissolved
gas concentrations (e.g., He and other noble gases) that can
reflect mantle contributions. For JLS, which exhibits residual
degassing patterns, they can serve as an effective indicator
for assessing the potential ascent of magma within the main
chamber. The flux of CO, and Rn shall be the suitable moni-
toring parameters. A sudden increase in CO, and Rn flux at
JLS would signal upward magma migration, suggesting an
elevated risk of volcanic eruption. By conducting joint gas
monitoring at JLS and JJS, it is expected to dynamically track
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the status of deep magmatism beneath Mt. Changbai volcano
and determine the urgency of potential eruptions.

Notably, volcanic gas monitoring has been conducted at
many volcanoes worldwide, including Mount Etna in Italy
(Bruno et al. 2001), the Hawaiian volcanic system in the
United States (Kern et al. 2015), and the Canary Islands
volcanic complex in Spain (Pérez et al. 2012). Nevertheless,
it should be noted that magma storage systems vary sig-
nificantly among volcanoes. Some volcanoes host multiple
shallow magma reservoirs, whereas surface gas degassing
patterns are predominantly controlled by their directly con-
nected magma sources (Bruno et al. 2001). Consequently,
volcanic gas emissions from different locations may reflect
distinct magmatic activities. As the case at Mt. Changbai
volcano shows, JLS and JJS exhibit differentiated monitor-
ing capabilities owing to their connections with magma res-
ervoirs at varying depths. Therefore, detailed geochemical
investigations must be conducted prior to establishing practi-
cal gas monitoring systems.

Conclusion

This study presents the characteristics of concentrations,
fluxes, and isotopes of CO,, Rn, and He emitted from
JLS and JJS on the cone of Mt. Changbai volcano, and
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investigates their links to volcanic magmatism. The main
conclusions are as follows:

(1) JLS and JJS exhibit similar C—He isotopic signatures
which are typically of magmatic origin. Gases emitted
from the two springs can provide clues related to mag-
matism.

(2) Excess Rn at JLS is sourced from a shallower magma
pocket which is isolated from the main chamber. Deple-
tion in both He concentration and CO, flux at JLS can
be explained by residual magma degassing. Magmatic
CO, and He emitted from JJS are mainly derived
from the main chamber which hosts larger volumes of
magma and exhibit more extensive magmatism.

(3) JLS and JIS can reflect volcanic magmatism at different
depths. JJS is closely related to the main magma cham-
ber, their geochemical variations can imply whether
there are abrupt changes of magmatic activities in the
main magma chamber. JLS, which now shows charac-
teristics of residual degassing, can serve as an effective
indicator for assessing the potential ascent of magma
within the main chamber. Integrated gas monitoring
at both sites would enhance real-time tracking of deep
magma dynamics and improve eruption risk assess-
ment. The Changbai volcano case study underscores
that comprehensive gas geochemical investigations
should precede monitoring applications in volcanic
surveillance systems worldwide.
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