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a b s t r a c t
Numerous maars and monogenetic volcanic cones are distributed in northeast China, which are related to westward deep subduction of the Paciﬁc Ocean lithosphere, comprising a signiﬁcant part of the “Paciﬁc Ring of Fire”. It
is well known that diffuse CO2 emissions from monogenetic volcanoes, including wet (e.g., maar lake) and dry
degassing systems (e.g., soil diffuse emission, fault degassing, etc.), may contribute to budget of globally nature-derived greenhouse gases. However, their relationship between wet (e.g., maar lake) and concomitant
dry degassing systems (e.g., soil diffuse emission, fault degassing, etc.) related to monogenetic volcanic ﬁeld is
poorly understood. Yuanchi maar, one of the typical monogenetic volcanic systems, is located on the eastern
ﬂank of Tianchi caldera in Changbai volcanic ﬁeld of northeast China, which displays all of three forms of CO2
degassing including the maar lake, soil micro-seepage and fault degassing. Measurements of efﬂux of CO2 diffusion from the Yuanchi maar system (YMS) indicate that the average values of CO2 emissions from soil microseepage, fault degassing and water-air interface diffusion are 24.3 ± 23.3 g m−2 d−1, 39.2 ± 22.4 g m−2 d−1
and 2.4 ± 1.1 g m−2 d−1, respectively. The minimum output of CO2 diffuse emission from the YMS to the atmosphere is about 176.1 ± 88.3 ton/yr, of which 80.4% results from the dry degassing system. Degassing from the
fault contributes to the most of CO2 emissions in all of the three forms of degassing in the YMS. Contributions
of mantle, crust, air and organic CO2 to the soil gas are 0.01–0.10%, 10–20%, 32–36% and 48–54%, respectively,
which are quantitatively constrained by a He-C isotope coupling calculation model. We propose that CO2 exsolves
from the upper mantle melting beneath the Tianchi caldera, which migrates to the crustal magma chamber and
further transports to the surface of YMS along the deep fault system. During the transportation processes, the
emission of gas experiences crustal contamination, inﬂuence of magma chamber beneath the YMS, sub-surface
processes and air dilution.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Carbon dioxide (CO2) is one of the most abundant gas species emitted from the volcanic ﬁeld. Spatial and temporal variations of soil CO2
efﬂux provide important tool for mapping of active-fault distributions
and monitoring active volcanoes (Irwin and Barnes, 1980; Baubron et
al., 1990; Pérez et al., 1996; Aiuppa et al., 2004; Yang et al., 2005a; Fu
et al., 2005; Werner and Cardellini, 2006; Toutain et al., 2009; Walia et
al., 2010). Moreover, emissions of CO2 from quiescent volcanoes around
the world can be of great importance to global carbon budget (e.g.,
Allard et al., 1991; Chiodini et al., 1998; Werner and Brantley, 2003;
Lan et al., 2007; Hernández et al., 2000, 2001a, 2001b; Padrón et al.,
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2008, 2012; Burton et al., 2013). Degassing of CO2 in quiescent volcanoes occurs not only as visible emanations (fumaroles, hot springs,
etc.) around the craters, but also from their far-ﬂanks as diffuse soil
micro-seepage (e.g., Allard et al., 1991; Chiodini et al., 1998; Lan et al.,
2007; Hernández et al., 2000, 2001a, 2001b; Padrón et al., 2008, 2012)
and/or outﬂow accompanied by groundwater runoff (Ohsawa et al.,
2002; Mazot and Taran, 2009; Pérez et al., 2011; Rouwet et al., 2015).
Previous studies have indicated that CO2 diffuse emissions from volcanic systems could contribute to geological CO2 emission of about
540 Mt/yr (Burton et al., 2013). However, most of the estimations of
global CO2 degassing from volcanism have focused limitedly on dry
degassing system (e.g., soil diffuse emission) in volcanic ﬁelds. Research
on CO2 degassing from wet degassing system, especially from maar lake,
is still less due to lack of sampling and measurements (Pérez et al., 2011;
Burton et al., 2013), leading to underestimations of CO2 emission from
global volcanic ﬁelds in the present. Additionally, the genetic link of
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CO2 degassing from wet and dry systems in the monogenetic volcanic
ﬁeld remains unclear.
Numerous maar lakes are distributed in northeast China (Liu, 1999).
Previous studies on these maar systems mainly focused on paleoclimate
change recorded by maar sediment and varve formation (e.g., Chu et al.,
2005; Parplies et al., 2008; Wang et al., 2012; Li et al., 2013), whereas
output of CO2 diffuse emissions from maar systems is still unknown in
China. In this study, we at the ﬁrst time present data of CO2 efﬂux emitted from the Yuanchi maar system (YMS), including wet (e.g., maar
lake) and dry degassing system (e.g., soil diffuse emission, fault
degassing, etc.) in Changbai volcanic ﬁeld (Fig. 1b) and propose a robust
model to understand the degassing processes from composite and concomitant monogenetic volcanoes linked to a deep subduction of the Paciﬁc Ocean lithospheric slab.
2. Geological setting
Changbai volcanic ﬁeld, located on the border between China and
North Korea (Fig. 1a), is one of the most active intra-plate stratovolcanoes (Fu, 1990; Jin and Zhang, 1994; Wei et al., 1999, 2007; Hahm
et al., 2008). As a well-preserved central-type composite volcanic ediﬁce (Liu, 1999; Wei et al., 1999), it contains the Tianchi caldera in the
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center (Fig. 1b) and many monogenetic volcanic cones (including
maar lakes) in the peripheral areas (Fu, 1990; Jin and Zhang, 1994).
The ‘Millennium Eruption’ (ME) from the Tianchi caldera with VEI 7, occurred in 946 CE (Common Era), is one of the largest eruptions over the
past millennium (Wei et al., 2013; Oppenheimer et al., 2017; Pan et al.,
2017). During the eruption, a large amount of volcanic gases (e.g., HCl,
HF, H2O, SO2) transported to the atmosphere, which reached up to the
magnitude of 109 tons (Guo et al., 2002; Li et al., 2008). Although the
Changbai volcanic ﬁeld is in quiescent stage at the present, continuous
degassing of CO2 is still recognized (Guo et al., 2014b; Zhang et al.,
2015).
Phreatomagmatic eruptions, which are characterized by groundwater-related explosions, subsequent base surge deposits and maar lakes,
are thought to be another essential and important type of volcanic activity in the Changbai volcanic ﬁeld (Fu, 1990; Jin and Zhang, 1994). The
YMS is one of the monogenetic volcanic systems, which is located in
about 30 km to the eastern ﬂank of the Tianchi caldera in the Changbai
volcanic ﬁeld (Fig. 1b). It is thought to result from a central-type,
phreatomagmatic eruption (Fu, 1990; Jin and Zhang, 1994). Comenditic
fall deposit (grey pumice) from the ME is 0.45 m thick, which is well
sorted and normally graded with maximum clast size of 5 cm at the bottom to about 0.1 cm on the top (Pan et al., 2017). On top of the grey

Fig. 1. (a) Sketch map of northeast China showing location of the Changbai volcanic ﬁeld (red) and distributions of Cenozoic volcanic rocks in northeast China (light yellowish brown).
Contours showing lithospheric thickness beneath the Songliao Basin (light grey). SLB, Songliao Basin; FMF, Fushun-Mishan fault; YYF, Yitong-Yilan fault (modiﬁed after Liu et al.,
2016). (b) Geological map showing location of the Yuanchi maar system. YMS, Yuanchi maar system. F1, Yalujiang fault; F2, Fuerhe-Hongqihe fault; F3, Tianchi-Guangping fault. 1,
18Daogou hot spring; 2, Jinjiang hot spring; 3, Julong hot spring; 4, Hubin hot spring. ①, Hot spring; ②, Fault; I, Quaternary trachyte-comendite; II, Quaternary pyroclastic rock; III,
Quaternary basalt; IV, Pliocene basalt; V, Miocene basalt; VI, Basement rock (modiﬁed after Zhang et al., 2002; Guo et al., 2014a).
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pumice of the ME, it is black tuff of Baguamiao (BGM) period (1668/
1702 CE) with thicknesses of 0.27 m (Liu et al., 1998; Pan, 2016). The internally-bedded trachytic scoria fall of the BGM lies directly on the ME
without any reworking or soil development (Pan et al., 2017).
The Yuanchi maar lake (YML) is a near circular-shaped eruptive
vent, ﬁlling with water, with diameter of about 180 m (Fig. 2a–b).
Water source of the YML is mainly supplied by groundwater and river
(Chen, 2015). Our ﬁeld observations have identiﬁed three-types of
CO2 emissions in the YMS, including CO2 diffuse from maar lake (Fig.
2a–b), fault degassing (Fig. 2c) and soil micro-seepage (Fig. 2d).
3. Sampling and analytical techniques
3.1. CO2 efﬂux measurements from soil and maar lake
The YMS is covered with dense forests (Fig. 2a–d). Field surveys
were performed at the surface environment with no vegetation and
river across locations analyzed to reduce inﬂuence of vegetation on
soil CO2 efﬂux measurement (Fig. 2b–d). Soil gas efﬂux is thought to
be affected by surface conditions, such as pedological, biogenic and meteorological factors (Ciotoli et al., 1998; Viveiros et al., 2008). To eliminate inﬂuence of surface conditions on soil CO2 efﬂux, we have carried
out one-time measurement per month from June to September in
2016 along transect 1 (T1) and transect 2 (T2) with lengths about
2200 m and 440 m, respectively (Fig. 2a). Numbers of measuring points
are listed in Table 2. No measurement at T2 was continued in September
due to lots of rainfall water gathered in the survey region. Measurement
of CO2 efﬂux from the YML was performed only in July 2016.
Diffuse emissions of CO2 from soil have been measured by means of
accumulation chamber method, well described by Chiodini et al. (1998)
(Fig. 3a), while diffuse emissions of CO2 from the YML were measured
with a modiﬁcation of the accumulation chamber by using a ﬂoating
chamber to work on the maar lake (Fig. 3b, Mazot and Taran, 2009;
Mazot et al., 2011; Pérez et al., 2011) as detailly described in Mazot

and Taran (2009) and Mazot and Bernard (2015). Soil temperature,
wind speed, pH and water temperature were measured simultaneously
during the measurements.
Apparatus used for the measurements of CO2 efﬂux from soil and
maar lake is a Non-Dispersive Infrared (NDIR) GXH 3010-E CO2 Analyzer (measuring range of 0–1 vol%, accuracy of 4 vol% of reading, Zhou et
al., 2016). The accumulation chamber is cylindrical with diameter and
height of 0.25 m and 0.20 m, respectively. The apparatus was well
checked before the ﬁeld work. At the beginning, local CO2 concentration
in atmosphere was measured ﬁrstly at each measuring point to insure
the apparatus was in steady state. On the basis of many times of measurements, our results indicate that the atmospheric CO2 concentrations
measured in the YMS range between 0.034 vol% and 0.039 vol%. If the
measured atmospheric CO2 concentration deviated the normal range
(e.g., lower than 0.034 vol% or higher than 0.039 vol%), zero calibration
was carried out until the measured atmospheric CO2 concentration
being within the normal range. Before the measurement, surface of
each measuring point was cleaned and shoveled downward about
0.06–0.10 m to eliminate the near-surface inﬂuence on soil CO2 efﬂux.
The accumulation chamber was upturned on the cleaned soil surface
or the maar lake surface during the measurement (Fig. 3a–b). Diffused
gas was accumulated and circulated in the closed-circuit system from
the accumulation chamber to the analyzer and then back into the chamber via connection tubes (Fig. 3a–b). CO2 efﬂuxes (FCO2) of each measuring point from soil and maar lake were calculated by Eq. (1)
F CO2 ¼ ρ  H  ðT 0 =T s Þ  ðP s =P 0 Þ  ðdc =dt Þ

ð1Þ

where T0 and P0 are the temperature and atmospheric pressure at standard temperature and pressure, respectively. Ts and Ps are soil/water
temperature (K) and atmospheric pressure (kPa) of each measuring
point, respectively. dc/dt is the rate of concentration changes in the accumulation chamber for each measuring point.

Fig. 2. Spatial distribution (a) and outcrop of Yuanchi maar lake (b), transect 1 (c) and transect 2 (d) in the maar system. Abbreviations of T1, T2 and YML represent transect 1, transect 2
and Yuanchi maar lake, respectively. Numbers 1–4 are the inﬂection points of T1. A white arrow represents the sampling site of soil gas in T1.
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Fig. 3. Illustrations showing measurement and sampling methods of CO2 efﬂux in Yuanchi maar system. (a) Accumulation chamber system for CO2 efﬂux from soil. (b) Modiﬁed
accumulation chamber system for CO2 efﬂux measurement from maar lake. (c) Sampling method of soil gas. See details for the measurement and sampling methods in the text. (d)
Operations of the clips during the sampling. Grey and red circles represent open and close states of the clips, respectively. Numbers 1–4 correspond to 4 clips in Fig. 3c. Numbers I–V
represent sampling procedure in each step: I, expelling air trapped in the sampling probe; II, expelling air trapped in the sampling tubes; III, ﬂushing sampling tubes with soil gas; IV,
pumping soil gas from the sampling probe; V, injecting soil gas into sampling bottle.

3.2. Soil gas sampling and analysis
Repeated soil gas sampling was accomplished in June, July and September 2016 at same measuring point with high soil CO2 efﬂux (Fig. 2a).
The gas was sampled at depth of 80 cm using a hollow steel probe with
1.0 m in length and 2.3 cm in diameter (Fig. 3c). The probe was hammered into soil then connected the sampling instrument, which consist
of a manual pump, a syringe and 4 clips (Fig. 3c). Pathway of gas ﬂow in
the tubes are controlled by operations of the clips, which are shown in
Fig. 3d.
The sampled soil gas was collected in a sodic glass bottle (100 ml) by
using the displacement method (Du et al., 2005). Operations focus on
preventing air contamination before sampling. Air trapped in sampling
probe and tubes must be expelled by using manual pump (steps I and II
in Fig. 3d). Then, the tubes were ﬂushed by soil gas pumped from the
sampling probe (step III in Fig. 3d). The sampling bottle was ﬁlled
with saturated sodium chloride (NaCl) solution and placed upside
down in the vessel with saturated NaCl solution during sampling (Fig.
3c). Open clip 3 (step IV in Fig. 3d) and pump soil gas using the syringe
(Fig. 3c). At this time, the soil gas was transported into syringe along line
1 (Fig. 3c). Then close clip 3 and open clip 4 (step V in Fig. 3d), the
pumped soil gas was injected into sampling bottle along line 2 (Fig.
3c). End of the tube for soil gas out was immerged into the saturated
NaCl solution throughout whole sampling processes. Local air samples
were also collected at same sampling point for analysis.
Compositions and He-C isotope ratios of the gas samples were analyzed in Key Laboratory of Petroleum Resources Research, Institute of
Geology and Geophysics, Chinese Academy of Sciences at Lanzhou.
Gas compositions were determined by Finnigan MAT-271 mass spectrometer with analysis precision of ±0.1% (Zhou et al., 2017). Helium
isotopes were analyzed using Noblesse SFT noble gas mass spectrometer with two-stage separation and puriﬁcation system for rare gas enrichment (Cao et al., 2017). Air collected from top of Gaolan mountain
in Lanzhou was selected to be laboratory standards (Cao et al., 2017).

Carbon isotope ratios (δ13CCO2) in the soil gas samples were analyzed
using the GC-C-MS system (Li et al., 2014; Cao et al., 2016) with GCIRMS analytical system gas chromatography (Agilent 6890)-stable isotope ratio mass spectrometer (Thermo-Fischer Scientiﬁc Delta PlusXP),
coupled with an online sample preprocessor (Li et al., 2007; Zhou et
al., 2017). The values of δ13CCO2 were reported relative to Vienna Pee
Belemnite (PDB) in per mill (‰) in Table 3 with precision of ± 0.5‰
(vs. PDB) (Zhou et al., 2017).
3.3. Water sampling from maar lake and analysis
Water sample was collected in a polyethylene terephthalate (PET)
bottle. Before sampling, the bottle was ﬂushed using water in the lake
for at least three times. When sampling, it was fully ﬁlled with water
and tightly capped under the lake water surface to prevent headspace
or bubble remained in the bottle. Then the fully ﬁlled sampling bottle
was sealed using sealing ﬁlm. Carbon isotope ratio of dissolved inorganic carbon (δ13CDIC) in the water sample was analyzed in Laboratory for
Stable Isotope Geochemistry, Institute of Geology and Geophysics, Chinese Academy of Sciences, using Thermo Fisher MAT 253 mass spectrometer with accuracy of ± 0.1‰ (vs. PDB, Li et al., 2017). Sampling
site for dissolved inorganic carbon (DIC) in YML is shown in Fig. 14.
4. Results
4.1. Probability distribution of CO2 efﬂux in soil gas
Observed values of soil CO2 efﬂuxes in the YMS along T1 ranged from
2.3 g m− 2 d− 1 to 138.5 g m− 2 d− 1, which were similar to those of
2.2 g m−2 d−1 to 123.1 g m−2 d−1 along T2. Average values of CO2 efﬂuxes at each transect were calculated using the graphical statistical approach (GSA) procedure (Sinclair, 1974). Statistical results of the GSA
procedure, together with log probability plots of soil CO2 efﬂuxes at T1
and T2 are shown in Table 1 and Fig. 4a–b. The portions of each
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Table 1
Proportions of each population with an average CO2 efﬂux and 95% conﬁdence interval obtained by statistical approach.
Measuring site

Population of CO2 efﬂux

Sample quantity

Proportion

Average CO2 efﬂux
(g m−2 d−1)

σ
(g m−2 d−1)

95% conﬁdence interval
(g m−2 d−1)

T1

A
B
C
A
B
C
A
B
C

33
121
25
11
36
8
4
23
3

0.18
0.68
0.14
0.20
0.65
0.15
0.13
0.77
0.10

12.1
37.7
81.0
5.4
19.4
70.4
4.7
2.3
0.6

5.1
10.3
18.2
2.2
7.8
28.9
0.6
0.5
0.5

10.3–13.9
35.9–39.6
73.5–88.5
3.9–6.9
16.8–22.0
46.2–94.5
3.2–6.3
2.0–2.5
−0.1–1.3

T2

YML

Abbreviations T1, T2 and YML correspond to those in Fig. 2a.

population of soil CO2 efﬂuxes along T1 were 0.18 (A), 0.68 (B) and 0.14
(C) with corresponding average CO2 efﬂuxes of 12.1 g m− 2 d−1,
37.7 g m− 2 d− 1 and 81.0 g m− 2 d− 1, respectively (Table 1 and Fig.
4a). The average soil CO2 efﬂux at T1 was 39.2 ± 22.4 g m− 2 d− 1
using a formula of CO2 ﬂux = 0.18 × A + 0.68 × B + 0.14 × C. Analogously, the average soil CO2 efﬂuxes at T2 was 24.3 ± 23.3 g m−2 d−1
(Table 1 and Fig. 4b). The sum of the average values of soil CO2 efﬂuxes
in dry degassing system at T1 and T2 in YMS were close to those of soil
CO2 efﬂux in the monogenetic volcanic ﬁeld of Auckland in New Zealand
(27.1 g m−2 d−1, Mazot et al., 2013).

4.2. CO2 efﬂuxes from maar lake
Diffuse emission values of CO2 efﬂuxes measured from YML ranged
from 0.2 g m−2 d−1 to 5.4 g m−2 d−1. Based on the GSA approach, average CO2 efﬂux from YML was 2.4 ± 1.1 g m−2 d−1 (Table 1 and Fig.
4c). Previous studies show that degassing occurred on the lake water
surface by ascending bubbles (i.e., convective/advective degassing)
and/or by diffusion through water/air interface from lake to atmosphere
(Mazot and Taran, 2009; Caudron et al., 2012). The YML is shallow with
an average depth of about 1.5 m. CO2 emission from lake bottom might
not be signiﬁcantly affected by water pressure. We used a water-air interface pattern (Liss and Slater, 1974; Mazot and Taran, 2009) to verify
the diffuse pattern of CO2 from YML. The water-air CO2 efﬂux (F) could
be calculated by Eq. (2) (Mcgillis and Wanninkhof, 2006).
F ¼ kCO2  C w=a −C w



ð2Þ

where kCO2 is CO2 gas exchange coefﬁcient. Cw and Cw/a are concentrations of CO2 in water and water-air interface, respectively.
Value of kCO2 is calculated using a relationship between wind speed
at 1 m height (u1) and kinematic viscosity of water at measurement
temperature (Sc) (Crusius and Wanninkhof, 2003), which is expressed
by Eq. (3). Value of Sc is calculated by Eq. (4) (Wanninkhof, 1992).

Fig. 4. Cumulative probability plots of CO2 efﬂuxes from (a) T1, (b) T2 and (c) maar lake.
Abbreviations of T1 and T2 correspond to those in Fig. 2a. Mean values of the populations
are shown in Table 1.

kCO2 ¼ 0:93  u1  ð600=Sc Þ−2=3

ð3Þ

Sc ¼ 1911:1−118:11  t þ 3:4527  t 2 −0:04132  t 3

ð4Þ

where t is water temperature measured in the ﬁeld.
Wind speed and water temperature measured in the ﬁeld were
0.33 m/s and 27.2 °C, respectively. Our calculated kCO2 and Sc were
0.24 and 421.4, respectively, using above approach. Solubility of
CO2 in air-saturated water (Cw/a) at 27 °C and 86 kPa (1256 m a.s.l.)
was 2244 × 10−5 mg·cm−3 (https://wenku.baidu.com/view/
a0cc5a1043323968011c9259.html). Our measured CO2 concentration (Cw) in the air was 5.5 × 10− 4 mg·cm− 3. The estimated CO2 efﬂux in YML was 1.3 g m− 2 d− 1 using Eq. (2), which was close to the
average CO2 efﬂux calculated using the GSA method (2.2 g m− 2 d− 1)
(Table 1), indicating gas degassing from YML to atmosphere was of
water-air diffusion.
Measured total amount of inorganic carbon (TDIC) and pH in YML
was 0.3 mmol/l and 7.7, respectively, indicating that it is an alkaline
maar lake and CO2 in the lake water mainly present as HCO−
3 and
2−
(DIC = CO2(aq) + HCO−
CO2−
3
3 + CO3 ). Alkaline volcanic lakes have
the lowest CO2 diffuse emissions comparing with neutral and acid volcanic lakes (Pérez et al., 2011). CO2 efﬂux in the YML was consistent
with that of other alkaline volcanic lakes in the world (Fig. 5c), indicating that fraction of dissolved CO2 was very small.
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Fig. 5. Comparisons of CO2 output from Yuanchi maar lake with other volcanic lakes in the world (a) and (b). Orange column with number 41 represents the value in Yuanchi maar lake. 1,
Iiopango; 2, Pinatubo crater lake measured in 2010; 3, Taal crater lake measured in 2009; 4, Pinatubo crater lake measured in 2009; 5, Laguna de Masaya; 6, Taal caldera; 7, Taal crater lake
measured in 2010; 8, Jiloa; 9, Pinatubo crater lake measured in 2008; 10, Furnas lake; 11, Apoyo; 12, Taal crater lake measured in 2008; 13, Atitlan; 14, Coatepeque; 15, Apoyeque; 16, El
Chichón measured in 2007 (with area 0.14 km2); 17, El Chichon measured in 2008; 18, Cuicocha; 19, Kelud measured in 2001; 20, Laguna de Hule; 21, Ruapehu; 22, Ixpaco; 23, Amatitlan;
24, El Chichon measured in 2007 (with area 0.08 km2); 25, Laacher See; 26, Kelud measured in 2006; 27, Laguna Río Cuarto; 28, Monoun; 29, Katanuma crater lake; 30, Nyons measured in
2009; 31, Nyons measured in 2002; 32, Asososca Managua; 33, Crater Santa Ana; 34, Nejapa; 35, Tiscapa; 36, Laguna de Botos measured in 2010; 37, Lago de Buhi; 38, Germundeer; 39,
Laguna de Botos measured in 2006; 40, Shalkermehren; 41 Yuanchi maar lake; 42, Laguna de Danao; 43, Laguna de caldera; 44, Lac Pavin. (c) Comparisons of CO2 efﬂuxes in the different
water types among the Yuanchi maar lake and other volcanic lakes in the world. The compiled data are available in Supplementary Table S1.

4.3. Sum of output efﬂux of CO2 degassing from the YMS
Measured emission efﬂuxes of CO2 degassing from soil in YMS are
shown in Table 2. Soil CO2 efﬂuxes measured along T1 and T2 were limited in the regions with widths about 4 m (Fig. 2c–d). Through multiplying average CO2 efﬂux by the given area, sum of the output efﬂux of CO2
degassing from soil in the dry degassing system of the YMS was estimated to be 141.5 ± 86.9 ton/yr (Table 2).
The sum of efﬂux of CO2 degassing from the Yuanchi maar lake, combined with uncertainty of the calculations, was performed using the sequential Gaussian simulation (sGs) method (Cardellini et al., 2003;
Mazot and Taran, 2009). This approach does not attenuate extreme
values and allows estimation of the uncertainty, which has been widely
used in calculations of efﬂuxes of CO2 degassing in volcanic ﬁeld (e.g.,
Chiodini et al., 2004; Mazot and Taran, 2009). Output of CO2 emission
from the YML was estimated using 100 sequential Gaussian simulations
performed over a grid of 31,035 square cells (1 m × 1 m) covering an
area of 31,035 m2 (Fig. 14) based on the Gaussian variogram model

(See the Supplementary Fig. 1 for more details). Total CO2 output was
calculated by summing the ﬂux of CO2 degassing estimated at each
cell multiplied by square of each cell (1 m2). Our calculation results indicate that the sum of output of CO2 degassing from the whole YML was
34.6 ± 1.4 ton/yr (Table 2). Comparisons of CO2 emissions from the YML
with those in other volcanic lakes in the world are showed in Fig. 5a–b.
Amount of CO2 emission from the YML (34.6 ± 1.4 ton/yr) was consistent with that in Shalkermehren in Germany (40.2 ton/yr) and Laguna
de Botos in Philippines in 2006 (43.8 ton/yr) (Fig. 5b).
The amount of CO2 emission from the YMS would be the sum of
CO 2 output from the dry degassing system (i.e., T1 and T2) and
wet degassing system (i.e., the YML). Thus, the total output of
CO 2 from the YMS was 176.1 ± 88.3 ton/yr, of which N 80.4% of
the CO 2 output was derived from the dry degassing system
(Table 2). Fault degassing contributes to the most of CO 2 emissions in the YMS (Table 2). Considering the measured area (Fig.
2a), we propose this is the minimum emission estimate of CO 2
output from the YMS.

Table 2
Estimated output of CO2 emission from Yuanchi maar system.
Measuring site

T1
T2
YML
Total

Number of measuring points

Average CO2 efﬂux
−2

−1

June

July

Aug.

Sep.

(g m

60
29
n.m.
89

40
11
31
82

45
15
n.m.
60

34
n.m.
n.m.
34

39.2 ± 22.4
24.3 ± 23.3
n.a.
n.a.

d

)

Length

Widtha

Area
2

CO2 outputc

Proportion

(m)

(m)

(m )

(ton/yr)

(%)

2200
440
n.a.
n.a.

4
4
n.a.
n.a.

8800
1760
31,035b
41,595

125.9 ± 71.9
15.6 ± 15.0
34.6 ± 1.4b
176.1 ± 88.3

71.5
8.9
19.6
100.0

Abbreviations T1, T2 and YML correspond to those in Fig. 2a.
n.m. = not measured; n.a. = not applicable.
a
Widths of T1 and T2 are estimated based on ﬁeld survey.
b,c
Area, average CO2 efﬂux and output of CO2 from the YML are estimated based on the sequential Gaussian simulation method. See details in the text.
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that the soil gas samples plot within a two-component mixing curve between air (CO2 = 0.038 vol%, O2 = 21 vol%) and deep CO2 reservoir
(CO2 = 100 vol%, O2 = 0 vol%). Concentrations of O2 in the soil gas samples in the YMS were about 4–9 vol% lower than those in the air. Soil gas
samples collected in the YMS were plotted along a CO2-O2 mixing curve
and similar to the soil gas composition in previous studies (Fig. 6). In the
triangular CO2-O2-N2 (Fig. 7a) and He-CO2-N2 diagrams (Fig. 7b), compositions of the soil gas samples in the YMS were similar to those of the
soil gas samples in literature (e.g., Lewicki et al., 2003; Fu et al., 2005;

4.4. Chemical compositions and He-C isotope ratios of soil gases
Results for gas compositions, 3He/4He ratios and δ13CCO2 values of
CO2 collected in the YMS were reported in Table 3. Soil gas samples collected in the YMS are characterized by high N2 (74.78–79.79 vol%), low
CO2 (1.16–3.97 vol%) and low O2 (12.22–17.25 vol%) contents (Table 3),
N2 of which were close to compositions of the air. In order to conﬁrm
the samples are not contaminated by the air, a correlation between
CO2 and O2 concentration was ﬁrstly considered (Fig. 6), indicating

Table 3
Chemical and isotopic compositions of gases from Changbai volcanic ﬁeld.
CO2
(vol%)

O2
(vol%)

4

⁎⁎Rm/Ra

⁎⁎Rc/Ra

δ13CCO2
(‰, vs. PDB)

3.97
3.95
1.16

15.30
12.22
17.25

0.31
0.33
0.35

0.99 ± 0.024
0.99 ± 0.033
0.90 ± 0.032

0.94
0.95
0.59

−23.61 ± 0.26
−24.84 ± 0.39
−24.92 ± 0.18

Hot spring gas samples from west ﬂank of the Tianchi caldera (18Daogou)
18Daogoud
87.52
7.90
n.d.

1626.69

0.85

0.85

−12.30

Soil gas samples from the western ﬂank of Tianchi caldera
78.06
0.55
CBS008a
78.31
0.80
CBS013a
CBS023a
78.24
0.10
78.20
0.48
CBS028a
78.22
0.73
CBS060a

n.d.
n.d.
n.d.
n.d.
n.d.

1.05
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.

Hot spring gas samples from Jinjiang hot springs (JJ) in Tianchi caldera
3.86
84.28
n.d.
Jinjiang01e
8.18
82.17
n.d.
Jinjiang02e
9.04
79.02
n.d.
Jinjiang03e
b
JJ01
4.56
90.31
0.17
b
7.16
90.80
0.08
JJ01a
b
1.83
97.05
0.25
JJ03
10.00
87.29
0.71
JJ01a
3.98
94.61
0.52
JJ02a
6.91
90.71
0.84
JJ1#a
4.27
94.06
0.69
JJ2#a

65.67
73.12
99.00
170.00
187.00
170.00
51.92
33.39
63.38
70.65

5.54
5.40
5.93
6.22
5.78
5.93
2.69
3.29
5.60
5.81

5.56
5.42
5.94
6.23
5.79
5.94
2.70
3.31
5.62
5.83

−7.40
−7.00
−7.50
n.d.
n.d.
n.d.
−5.72
−5.26
−4.80
−5.50

Hot spring gas samples from Julong hot springs (JL) in Tianchi caldera
2.12
96.80
0.27
JL16b
5.90
93.97
0.44
JL16ab
0.54
97.52
0.17
JL15b
b
5.90
93.23
0.56
JL15a
b
4.40
95.19
1.03
JL08
b
4.25
94.49
0.29
JL08a
JL10b
0.54
97.41
0.17
5.06
92.74
0.27
JL10ab
2.18
96.89
0.58
JL09a
1.21
98.32
0.42
JL10a
a
1.70
97.63
0.51
JL15
d
5.14
94.52
n.d.
CBRQ02
e
10.60
89.35
n.d.
CB01
6.55
89.80
n.d.
CB02e
CB03e
6.50
93.40
n.d.
4.20
94.86
n.d.
CB04e
2.75
95.43
n.d.
CB05e

49.00
59.00
23.00
8.20
59.00
29.00
8.40
2.60
n.d.
0.78
2.25
1.1
40.62
7.28
14.44
9.01
0.67

5.49
5.62
4.07
5.14
5.40
5.31
3.91
4.53
0.00
2.80
3.77
3.73
5.68
5.70
5.75
5.59
2.38

5.51
5.64
4.11
5.28
5.42
5.35
4.00
4.92
1.00
3.70
4.13
4.58
5.71
5.87
5.84
5.73
3.26

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
−4.02
−4.81
−4.70
−7.10
−4.60
−4.30
−4.80
−4.40
−4.20

Hot spring gas samples from Hubin hot springs (HB) in Tianchi caldera
9.30
81.11
0.99
Hubin01b
3.85
92.70
0.48
Hubin02b
12.13
84.74
1.75
Hubin1c
c
Hubin2
14.13
86.65
0.37
c
9.92
89.46
2.28
Hubin3
c
19.04
68.80
7.25
Hubin4
3.68
95.65
0.99
Hubin5c
8.83
90.75
2.28
Hubin6c
14.13
81.78
1.44
Hubin7c
3.07
96.42
1.65
Hubin8c

186.00
145.00
45.20
14.10
25.90
44.50
22.80
45.20
137.80
31.60

6.37
6.25
5.99
5.13
5.06
5.31
4.88
5.19
5.37
5.54

n.d.
n.d.
6.02
5.21
5.11
5.33
4.93
5.22
5.38
5.58

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Sample no.

N2
(vol%)

⁎Soil gas samples from Yuanchi maar system
⁎YCD03-June
79.79
⁎YCD05-July
77.52
⁎YCD05-Sep
74.78

20.40
19.95
20.71
20.38
20.11

He/20Ne

n.d. = no data.
⁎ Soil gas collected in this study.
⁎⁎ Rm/Ra is measured 3He/4He ratios in the samples. Rc/Ra is the air-corrected 3He/4He ratio, which is explained in detail in Zhang et al. (2015). Locations of the hot springs are shown in
Fig. 1b. Data sources: a, Zhang et al. (2015); b, Gao et al. (2006); c, Gao et al. (2010); d, Shangguan et al. (1996); e, Shangguan et al. (1997).
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Lan et al., 2007; Doğan et al., 2009; Hong et al., 2010). Therefore it is conﬁrmed that the soil gas samples in the YMS show the real compositions
of soil gas.
The air-corrected 3He/4He ratios (reported as Rc/Ra, where Ra is
3
He/4He ratio of the air, i.e., 1.39 × 10− 6, Mamyrin et al., 1970;
Clarke et al., 1976) of soil gases in the YMS ranged from 0.59 to
0.95 Ra (Table 3). δ13CCO2 values of the soil gas ranged from −24.84 to
− 23.61‰ (vs. PDB) (Table 3), suggesting a biogenic contribution of
CO2 to the soil gas in the YMS.

4.5. δ13CDIC value of water sample in the YML

Fig. 6. A two-component mixing model curve of CO2 (vol%) and O2 (vol%) between deep
source gas and air. The dotted line represents modeling curve. Concentrations of CO2
from deep source and air are 100 vol% and 0.038 vol%, respectively. O2 concentration of
the deep source and air are 0 vol% and 21 vol%, respectively. Soil gas data in literature
are from Lewicki et al. (2003), Fu et al. (2005), Lan et al. (2007), Doğan et al. (2009) and
Hong et al. (2010).

Previous studies (e.g., Christenson and Tassi, 2015) indicate that occurrence of multiple sources of CO2 (i.e., biogenic and magmatic
sources) mixed with groundwater can be distinguished using δ13CDIC
value of the dissolved inorganic carbon (Ohsawa et al., 2002; Chiodini
et al., 2011). δ13CDIC value for the dissolved gas from Yuanchi maar
lake is −5.53 ± 0.073‰ (vs. PDB). End-members for meteoric water,
organic origin and magmatic source are (− 4.2)–(− 8)‰, − 29‰ and

Fig. 7. (a) CO2-O2-N2 and (b) CO2-N2-He diagrams showing comparisons in compositions in soil and hot springs. Soil gas data in literature are the same as those in Fig. 6. Hot spring gas data
are available in Table 3.

Fig. 8. δ13CDIC vs. TDIC for water in the Yuanchi maar lake. Blue curves show the two-component mixing calculation results between magmatic CO2 and meteoric water, biogenetic CO2 and
meteoric water and magmatic CO2 and biogenetic CO2, which are shown by line 1, line 2 and line 3, respectively. The end-members are as follows: δ13CDIC = −4.2‰ (vs. PDB) and TDIC =
0.5 mmol/l in air (Rivé et al., 2013; Ruzié et al., 2013); δ13CDIC = −2‰ (vs. PDB) and TDIC = 10 mmol/l in magmatic CO2 (Giggenbach, 1995; Mazot et al., 2014); δ13CDIC = −29‰ (vs. PDB)
and TDIC = 0.47 mmol/l in biogenetic CO2 (Rivé et al., 2013; Ruzié et al., 2013).
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−2‰ (vs. PDB), respectively (Giggenbach, 1995; Rivé et al., 2013; Ruzié
et al., 2013), which indicate it had dissolved isotopically “light” biogenic
CO2 from the aquifer that most probably dissolved by waters during
their inﬁltration through the soil (Fig. 8, Ohsawa et al., 2002; Frondini
et al., 2009; Chiodini et al., 2011; Ruzié et al., 2013; Mazot et al., 2014;
Christenson and Tassi, 2015).

5. Discussion
5.1. Determination of the source regions of soil gas

Fig. 9. CO2/N2 vs. CO2 (vol%) for air, soil and hydrothermal gas in Changbai volcanic ﬁeld.
Data sources are as in Table 3.

Soil gas compositions and He-C isotope ratios are regarded to be indicators of gas source regions (Sano et al., 1982; Sano and Marty, 1995;
Zhang et al., 2015). The hydrothermal gases emitted around the Tianchi
caldera are CO2-rich with CO2/N2 values of 0.09–180.60 (Table 3 and Fig.
9). CO2/N2 ratios of soil gases in the YMS range from 0.02 to 0.05, which
are consistent with the value of N2-rich gas in 18Daogou hot spring
(CO2/N2 = 0.09, Table 3, Fig. 9) (Fig. 1b). We have considered the hot
spring sample in 18Daogou, which is located in the peripheral region

Fig. 10. (a) 1/[CO2] vs. δ13CCO2 and (b) δ13CCO2 vs. Rc/Ra for determining four end-members. M, MORB; AD, air dilution; MOE, organic CO2; C, crust. Soil gas data in literature are the same as
those in Fig. 6. Data of hot spring gas are from Table 3. Values of the end-members are listed in Table 4. The grey dotted line represents the inferred crustal end-member.
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Fig. 11. δ13CCO2 vs. Rc/Ra representing a four-component mixing calculation among mantle (M), crust (C), air dilution (AD) and organic CO2 (MOE) of soil gas. Values of the four endmembers are listed in Table 4. The numbers (%) along brown and blue dotted lines represent the proportions of crust and mantle components in the source region of the gas,
respectively. Data sources are listed in Table 3. See details in the text for the modeling calculation.

of 65 km southwest of the Tianchi caldera, together with hot spring gas
samples in the Tianchi caldera (Fig. 1b) to determine the source region
of soil gases in the YMS.
Previous studies indicate that mantle, crust, organic matter and air
dilution could be the potential sources of CO2 contributing to soil CO2 efﬂux in volcanic ﬁeld (e.g., Hernández Perez et al., 2003; Lucic et al.,
2015; Ruzié et al., 2013; Parks et al., 2013; Rey, 2015; Padrón et al.,
2012, 2015; Dionis et al., 2015). In 1/[CO2] vs. δ13CCO2 diagram (Fig.
10a), soil gas samples in the YMS are plotted within the compositional
mixing range among mantle-derived CO2, air and organic CO2 endmembers. Typical end-members of δ13CCO2 for mantle and crust are
−6.5‰ (vs. PDB) (Sano and Marty, 1995) and 0‰ (vs. PDB) (Zhang et
al., 2015), respectively. There must be isotopically ‘heavy’ components
of δ13CCO2 adding to the source region of the hot spring gas in the
Changbai volcanic ﬁeld because δ13CCO2 values of hot springs in the
Changbai volcanic ﬁeld vary from − 7.5‰ (vs. PDB) to − 4.02‰ (vs.
PDB) (Table 3). We have used a ternary He-C isotope coupling model
among mantle (M), air dilution (AD) and organic CO2 (MOE) to quantitatively constrain the gas source (Fig. 10). Helium in the MOE is assumed to be air-derived (Ruzié et al., 2013). End-member of He
content and 3He/4He ratio in MOE is assumed to be 5.24 × 10− 6
(Mazor, 1977) and 0, respectively. Our three-component-mixing
model could be best-ﬁt to the samples when the concentration of He
is low and C is high (Fig. 10b). Based on the He-C isotope coupling
model (Fig. 10b), soil gas samples in the YMS and 18Daogou are plotted

within the end-members of M, AD and MOE whereas most of the hot
spring samples in the Tianchi caldera are not plotted within the threecomponent mixing range (Fig. 10b). Besides, in the M-AD-MOE threecomponent-mixing model, hot spring sample in the 18Daogou is plotted much closer to the air end-member. Origin of hot spring gas in the
18Daogou is contaminated by organic metasediments from the continental crust (Zhang et al., 2015). The mixing curves among end-members of M, AD and MOE cannot model the actual situation of soil gas in
the YMS. On the basis of above considerations, we have selected M,
AD, MOE and crust (C) as potential end-members to quantitatively constrain source regions of the soil gas using the He-C isotope coupling
model (Fig. 11). Selected values for the parameters in four end-members are listed in Table 4. Crustal contamination must be a process accounting for migration of mantle-derived volatiles from source region
to surface (Roulleau et al., 2015; Tardani et al., 2016). The end-members of AD and MOE may be treated as a united end-member (AD
+ MOE), which represents contribution of earth surface processes
to the soil gas. The proportion of the end-member (AD and MOE)
has been calculated by a two-component mixing between AD and
MOE (Table 4).
Using the He-C isotope coupling model, contributions of M, C and
(AD + MOE) to the soil gas samples vary in the range between 0.01–
0.10%, 10–20% and 80–90%, respectively (Fig. 11). Based on the mixing
ratio between AD and MOE (0.4:0.6), contributions of AD and MOE to
the soil gas samples in the YMS are 32–36% and 48–54%, respectively.

Table 4
Values for the parameters of end-members in He-C isotope mixing calculation.
Abbreviation

End-member

δ13CCO2
(‰, vs. PDB)

3

CO2 content
(×10−6)

He content
(×10−6)

M
C
AD
MOE
AD + MOE

Mantle
Crust
Air dilution
Organic CO2
Air dilution and organic CO2

−6.5 ± 2.5a
0±2d
−8c
−40a
−27.2h

8 ± 1.5b
0.05d
1c
0g
0.4h

1 × 106c
16,000e
380c
4 × 104c
24,152h

0.028777d
0.000232d
5.24f
5.24g
0.000232h

a
b
c
d
e
f
g
h

He/4He (Ra)

Sano and Marty (1995).
Sano and Fischer (2013).
Di Martino et al. (2016).
Zhang et al. (2015).
Zhang et al. (2017).
Mazor (1977).
The helium in the organic end-member is assumed to be air-derived Ruzié et al. (2013). See details in the text.
End-member of (AD + MOE) are calculated by a two-component mixing between AD and MOE in the ratio of 0.4:0.6. See details in the text.
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Low He content, high C content and the ‘light’ C isotopic ratio of the MOE
end-member (Table 4) show characteristics of organic gas source (Dai
et al., 2005), indicating addition of organic carbonate to the soil
gas samples in the YMS. Previous studies indicate that peat layer
with thickness of 1.1–1.2 m deposits above the pumice (Fu, 1990).
Sampling depth of the soil gas is about 0.8 m. The end-member of
MOE contributes most of components to the soil gas samples in
the YMS.
5.2. CO2 efﬂux controlled by fault zone in the YMS and estimated output of
CO2 from Tianchi caldera
Previous studies have shown that CO2 efﬂux surveys reveal lineaments of high gas efﬂuxes and fault-related regional tectonic features
(Baubron et al., 1990; Aiuppa et al., 2004; Werner and Cardellini,
2006; Toutain et al., 2009). In the YMS, soil gas surveys at T1 were measured along a near NNW-SSE trending valley (Fig. 15c). Spatial distributions of CO2 efﬂuxes along T1 were heterogeneous with relatively high
efﬂuxes segmentations separated by the inﬂection points 2, 3 and 4
(Fig. 12). Spatial distributions of high CO2 efﬂuxes were not signiﬁcant
along T2 (Fig. 13). In the YML, a near NW-SE trending zone of high
CO2 efﬂuxes with the largest CO2 efﬂuxes at northwest of the lake
shore was also revealed from the spatial distribution of CO2 efﬂuxes
(Fig. 14). High CO2 degassing efﬂuxes from soil and volcanic lakes

could be inﬂuenced by tectonic features (e.g., fault zone occurrence).
Emissions of the terrestrial gases could be enhanced in the fault zones,
which have been an indicator of the fault recognization (WilliamsJones et al., 2000; Fu et al., 2005; Walia et al., 2005, 2010; Mazot et al.,
2011; Andrade et al., 2016). Based on a shaded relief image of digital elevation model (DEM) derived from 90-meter Shuttle Radar Topography
Mission (SRTM) data (Fig. 15a) and a 30-meter Landsat satellite imagery (Fig. 15b), we have recognized two faults passing through the
YMS with NW-SE (SF I) and NNW-SSE-trendings (SF II) (Fig. 15a–b).
Geophysical study (Jin and Zhang, 1994) indicates HongtoushanziTianchi fault (HTF) with NNW trending is one of the deep faults in the
Changbai volcanic ﬁeld that could penetrate into the upper mantle in
depth (Jin and Zhang, 1994). Outcrop of the HTF deep fault at the near
surface is thought to be the NNW trending Sandaobaihe-Yuanchi fault
with depth about 20 km. MT explorations in the Changbai volcanic
ﬁeld demonstrate that the crustal magma chamber has three branches
along the faults (Qiu et al., 2014), of which one of the faults passes
through the Sandaobaihe (shown as Songjiang in Fig. 15a). Based on
the quantitative calculations of the He-C isotope coupling model, mantle-derived gases have contributed about 0.01–0.10% to the gas sources
in the YMS (Fig. 11). Faults could be a conduit for migration of mantlederived gases to the surface (Baubron et al., 1990; Williams-Jones et al.,
2000; Aiuppa et al., 2004; Werner and Cardellini, 2006; Toutain et al.,
2009). The NNW-SSE trending Sandaobaihe-Yuanchi deep fault (SF II,

Fig. 12. Spatial distributions of soil CO2 efﬂuxes along T1 in (a) June, (b) July, (c) August and (d) September in 2016. Abbreviation of T1 and numbers 1–4 correspond to those in Fig. 2a.
Black arrows show the sampling site of soil gas. Soil gas was not sampled in August.
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Gas degassing from a stratovolcano shows characteristic of concentric zoning of gas ﬂow (Williams-Jones et al., 2000). Strong degassing
occurs in the active crater area (Z1) with strong hydrothermal activities.
Degassing from the intermediate zone (Z2) is of weak degassing. More
degassing occurs on the lower ﬂanks (Z3) with major faults and greater
fractures, which can provide channels for gases migration to the surface.
(Williams-Jones et al., 2000). Z1, Z2 and Z3 in the Tianchi caldera
could be zoned by altitudes larger than 1800 m, 1500–1800 m and
1200–1500 m, respectively (Fig. 16). Areas of each zone were estimated
based on the SRTM data using the ArcMap 10.2 software by performing
the area with square cells of 10 m × 10 m. Mean values of soil CO2
efﬂuxes measured at the western ﬂank of the Tianchi caldera
(19.4 g m− 2 d− 1, Zhang et al., 2015) and T1 in the YMS
(39.2 g m−2 d−1) were selected as the efﬂux values of Z2 and Z3, respectively (Fig. 18a). CO2 degassing from hot springs mainly concentrate at the summit area of the Tianchi caldera (Fig. 18a) with total
output of 6.9 × 104 ton/yr (Table 5, Zhang et al., 2011). The sum of
CO2 output from the Tianchi caldera is 3.0 × 105 ton/yr (Table 5).
5.3. A two-source mixing model to explain a link between YMS and Tianchi
caldera in the Changbai volcanic ﬁeld

Fig. 13. Spatial distributions of soil CO2 efﬂuxes along T2 in (a) June, (b) July and (c)
August in 2016. Abbreviation of T2 corresponds to that in Fig. 2a.

Fig. 15a–c) inﬂuences the degassing efﬂux of CO2 from the YMS. The
NW-SE-trending fault (SF I) could be a branch of the SandaobaiheYuanchi deep fault (Fig. 15a).

The YMS is located in the eastern ﬂank of the Tianchi caldera in the
Changbai volcanic ﬁeld (Figs. 1b and 17). Previous studies indicate
two kinds of relationships of magma storage systems between the polygenetic volcano in the center and the related monogenetic volcanic system. (1) The monogenetic volcano is likely to be linked with melts
stored in the main shallow magma storage system of the polygenetic
volcano. (2) The magma feeding polygenetic volcano has no direct magmatic connection with monogenetic volcano (Németh and Kereszturi,
2015). Based on the He-C isotope coupling calcultation (Fig. 11), there
was mantle source component contributions to the soil gas in the YMS.

Fig. 14. CO2 efﬂux map obtained by 100 sequential Gaussian simulations. White crosses and red cross showing CO2 efﬂux measurement sites and water sampling site, respectively. Small
area in south of the lake without analysis is indicated by a grey region following its spatial distribution characteristics.
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dP/S1A ≈ dP/S1B ≈ dP/S1C). Due to the same pressure gradients, it
should be of the same hydrothermal intensities and contributions of
mantle compositions to the emanate gases from both central-type stratovolcano ediﬁce and the peripheral regions (Fig. 17). 3He/4He ratios
around the Tianchi caldera range between 2.69 Ra and 6.32 Ra, whereas
those at 18Daogou and the YMS are 0.85 Ra and 0.59–0.95 Ra, respectively (Table 3). Hydrothermal activities around the Tianchi caldera
are much intense than those in 18Daogou and the YMS (Shangguan et
al., 1996). If it is only deep magma chamber that inﬂuence efﬂux of
gas emission in the YMS, it is hard to explain our above observations.
In the case of a shallow source (S2), the pressure gradients between
source S2 and summit of crater (C) are much greater than that in the
other directions (A and B), i.e., dP/S1A ≈ dP/S1B b dP/S1C (Giammanco
et al., 1995). Comparing to the peripheral regions, pressure gradients
are larger and transportation distances of the gases along the crater direction (S1C) are shorter in the Tianchi caldera than those in the YMS
and 18Daogou (Fig. 17). Emission of gas would undergo less crustal contamination in the Tianchi caldera than those in the YMS and 18Daogou.
This is coincident with the analysis of 3He/4He ratios and ﬁeld situations
(Table 3 and Fig. 17). Comparing to the mantle magma chamber, the
Changbai volcanic ﬁeld was much more inﬂuenced by the crustal
magma chamber.
In the peripheral regions of Tianchi caldera, mantle source contributes to the soil gas in the YMS (0.01–0.10%) is much smaller than that
in the 18Daogou (0.10–0.20%), suggesting processes of gas emission
are different in the 18Daogou and YMS. In the 18Daogou, emission of
gas from the magma chamber transports along the fault and would be
inﬂuenced by crustal contamination (Zhang et al., 2015) and thermal
water interaction (Ruzié et al., 2013, Fig. 18a). The YMS is a monogenetic volcano with its own magma chamber (Németh and Kereszturi,
2015), although we have no evidence about the depth of this magma
chamber (S3, Fig. 17). Therefore emission of gas from the YMS might
be multiply inﬂuenced by crustal contamination, magma chamber beneath itself, sub-surface processes and air dilution (Fig. 18).
6. Conclusions
On the basis of in-situ measurements of efﬂux, gas compositions and
He-C isotope ratios, we have estimated CO2 diffuse efﬂuxes and
discussed origin of CO2 emission from the YMS as follows:

Fig. 15. Inferred faults in the study area from (a) SRTM data and (b) Landsat satellite
image. Solid lines and dashed lines represent the proven faults and inferred faults,
respectively. F1 and F2 correspond to the faults in Fig. 1b. SF I and SF II represent the
inferred faults. SJ, Songjiang. (c) Digital elevation topographical map showing the terrain
in the study area. Abbreviations of T1, T2, YML and numbers 1–4 correspond to those in
Fig. 2a.

Petrologic, geochemical data and geophysical observations indicate
that two magma chambers exist at crust and mantle beneath the Tianchi
caldera with depths of about 15–30 km and 80–120 km, respectively
(Tang et al., 2006; Yang et al., 2005b; Fan et al., 2007; Stone, 2011; Qiu
et al., 2014). On the basis of the two-sourcing model, we suppose the
depths of the crustal (S2) and mantle (S1) magma chambers beneath
the Tianchi caldera are 15 km and 80 km, respectively (Fig. 17, Tang et
al., 2006; Fan et al., 2007). In the case of a deep source (S1), pressure gradients between source S1 and summit of crater (C) are practically same
as those between source S1 and peripheral areas (A and B). This indicates the emissions of gas might occur with the same intensity (i.e.,

(1) CO2 diffuse emissions from the YMS displayed three forms of CO2
degassing, including wet degassing system of maar lake and dry
degassing system of soil micro-seepage and fault degassing. Average values of CO2 emissions from soil micro-seepage, fault
degassing and water-air interface diffusion were 24.3 ±
23.3 g m−2 d−1, 39.2 ± 22.4 g m− 2 d− 1 and 2.4 ±
1.1 g m−2 d−1, respectively. CO2 emissions in the YMS are mainly
derived from the fault degassing. The sum of the output efﬂuxes
of CO2 degassing from the whole YMS to the atmosphere was
about 176.1 ± 88.3 ton/yr, of which 80.4% resulted from the
dry degassing systems. CO2 emissions from the fault in the YMS
might be a represent of CO2 emission in the peripheral region
of a stratovolcano. CO2 emission from the Tianchi caldera system
is 3.0 × 105 ton/yr.
(2) Based on the He-C isotope coupling model, the component of
mantle, crust, air and organic CO2 contributed to the soil gas samples in the YMS varied in the range between 0.01–0.10%, 10–20%,
32–36% and 48–54%, respectively.
(3) Gas exsolved from the melting of the upper mantle magma and
transported upward to the crustal magma chamber. The
degassed gas can migrate along the deep fault to the surface. During transportation of the gas from magma chamber to the surface, it would experience different degrees of mixing in the
YMS, such as crustal contamination, inﬂuence of magma chamber beneath the monogenetic volcano itself, sub-surface process
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Fig. 16. Contour map showing volcano-derived CO2 degassing features around the Tianchi caldera. Meaning of YMS corresponds to that in Fig. 2a.

Table 5
Estimated CO2 emission from the Tianchi caldera.
Location of the Tianchi caldera

Altituded (m)

Types of CO2 emission

Measurement sites of CO2 efﬂux

CO2 efﬂux (g m−2 d−1)

Aread (km2)

Total CO2 output
(×105 ton/yr)

Volcanic crater (Z1)
Intermediate zone (Z2)
Outer zone (Z3)
Total

N1800
1500–1800
1200–1500
n.a.

Bubbling of hot spring
Soil micro-seepage
Fault degassing
n.a.

Hot springs in Tianchi volcano
West ﬂank of Tianchi volcano
Yuanchi maar system
n.a.

n.d.
19.4b
39.2a
n.a.

4.7
7.6
12.7
25.0

0.7c
0.5
1.8
3.0

n.d. = no data; n.a. = not applicable.
a
This study.
b
Zhang et al. (2015).
c
Zhang et al. (2011).
d
Altitude and area are estimated based on the SRTM data using the ArcMap 10.2 software. Estimation of the area is performed with square cells of 10 m × 10 m.

Fig. 17. A two-sourcing model showing the relationship between soil gas emission and magma source depth. S1 and S2 are mantel and crustal magma chambers beneath the Tianchi
caldera, respectively. S3 is a supposed magma chamber beneath the Yuanchi maar system. TWI, thermal water interaction. Grey arrows showing the migration pathways of the
emitted gas. Dotted lines show the inferred fault. Modiﬁed after Giammanco et al., 1995; Tang et al., 2006; Fan et al., 2007; Németh and Kereszturi, 2015.
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Fig. 18. Volcano-derived CO2 emission mechanism in the Changbai volcanic ﬁeld: (a) Tianchi volcanic caldera; (b) Yuanchi maar system (YMS). (a) Gas degassing from a stratovolcano
shows characteristic of concentric zoning of gas ﬂow. Strong degassing occurs in the active crater area (Z1), weak degassing on the upper ﬂanks (Z2) and renewed degassing in a
fractured outer zone (Z3) (Williams-Jones et al., 2000). The emitted gas can transport along the deep fault to surface in the forms of fault degassing, soil micro-seepage and water-air
diffusion. During transportation of the emitted gas from magma chamber to the surface, the gas experienced crustal contamination, sub-surface process and air dilution. Faults in the
volcanic ﬁeld provide conduits for gas migration. Numbers of hot springs are correspond to those in Fig. 1b. Letters of Z1, Z2 and Z3 represent volcanic CO2 degassing subzones around
the Tianchi caldera with altitudes N1800 m, 1500–1800 m and 1200–1500 m, respectively (Table 5 and Fig. 16). (b) CO2 emission to the atmosphere through diffusion of water-air
interface to the atmosphere in the Yuanchi maar lake. The water had dissolved isotopically “light” biogenic CO2 from the aquifer, which dissolved by waters during their inﬁltration
through the soil. CM, CC, CAD and CMOE represent the proportions of mantle, crust, air dilution and organic CO2 contributing to the soil gas in the Yuanchi maar system, respectively. CC,
crustal contamination; TWI, thermal water interaction; AD, air dilution; MOE, organic CO2.

and air dilution. Emission of gas transports into the atmosphere
in the YMS in the forms of fault degassing (T1), soil micro-seepage (T2) and water-air diffusion (the YML) (Fig. 18).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2017.10.012.
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