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Abstract Volcanic activities have great implications on the geological carbon cycle, and ascertaining the
deep carbon contribution in the Earth's surface that runs along the volcanic edifices is important to understand
the relationship between solid Earth degassing and global climate change. This study reports analytical results
of major dissolved ions concentrations, carbon isotopic compositions (§'3C,,. and AMCp,.) of dissolved
inorganic carbon (DIC) of rivers, cold springs, and hot springs from Changbaishan volcanic area, Northeast
China. The hydrothermal fluids had a significant impact on solutes budgets, as well as carbon isotopes for

the rivers. The changes in concentrations of major ions are mainly controlled by mixing of high-temperature
water/rock interaction and low-temperature water/rock interaction, and low-temperature water/rock interaction
can be explained by the change of chemical composition between volcanic cone (trachyte) and basaltic shield.
Because A*Cpy . is conservative to CO, outgassing, we used A'*Cp. to figure out the contributions of deep
carbon and surface carbon. While 8'°Cpy .. is sensitive to CO, outgassing, we thus estimated the minimum deep
CO, outgassing yield (1.24 x 10* t C yr~!) based on DIC flux corrected for outgassing by a Rayleigh model.

In the Changbaishan volcanic area, deep carbon release flux was higher than CO, consumption flux by silicate
weathering, while the deep CO, outgassing flux was an underestimate, consistent with the hypothesis that deep
CO, release regulates climate on geological timescales. This study calls for a better understanding of the effects
of volcanic activities on Earth's surface carbon cycling, which has great implications on studying global climate
change.

Plain Language Summary The balance between volcanic degassing and silicate weathering may
control the atmospheric CO,, regulating long-term global climate. Volcanic areas have attracted large amounts
of attentions, because of its intricate effects on atmospheric CO,. We investigated water chemistry, 8'*C. and
A™C, . in Changbaishan volcanic area to understand carbon biogeochemical processes in volcanic areas. In
most previous studies, 8'*Cp,;. was used to trace the sources of DIC in volcanic areas, but this study evidenced
that 8'3Cp . is highly controlled by CO, outgassing, bringing great uncertainties on source discrimination.
A™C, . is non-sensitive to CO, outgassing, so we used A'#C. to trace the sources of DIC. Based on the
Rayleigh fractionation model, 8'*C;~ was used to estimate the minimum CO, outgassing fluxes in this study
area. At last, we evaluated the net carbon budget concerning deep carbon release and silicate weathering, and
found that deep carbon release flux was higher than CO, consumption flux by silicate weathering. This study
highlights the effects of deep carbon release on Earth's surface and provides mechanistic insights into carbon
biogeochemical processes in volcanic areas.

1. Introduction

Volcanic activities are thought to have great implications on regional and global carbon cycles (Chiodini
etal., 2020; W. C. Evans et al., 2004; James et al., 1999; Seward & Kerrick, 1996). A quantification of the input of
deep carbon to the Earth's surface is crucial to understand the carbon budget and carbon biogeochemical processes
in active volcanic zone (Caudron et al., 2012; Chiodini et al., 2020; Rivé et al., 2013). It is commonly known that
the volcanic eruptions would release a large amount of CO, into the atmosphere, which can regulate the climate at
the geological timescales (Berner & Caldeira, 1997; Hilton & West, 2020). Recently, it has been recognized that

ZHONG ET AL.

1 of 12


https://orcid.org/0000-0003-2510-2890
https://orcid.org/0000-0001-9978-4287
https://orcid.org/0000-0002-0295-9675
https://orcid.org/0000-0002-5232-562X
https://orcid.org/0000-0003-4060-4426
https://orcid.org/0000-0002-7503-2467
https://doi.org/10.1029/2023JG007435
https://doi.org/10.1029/2023JG007435
https://doi.org/10.1029/2023JG007435
https://doi.org/10.1029/2023JG007435
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JG007435&domain=pdf&date_stamp=2023-04-12

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/20231G007435

large amounts of CO, are degassed from volcanic areas long after eruptions, and the effects of solid Earth CO,
release would persist for a long time (Caracausi et al., 2015; Chiodini et al., 2020; Kis et al., 2017).

Deep carbon emission dissolved in waters makes a significant contribution to both the river carbon budget and
the total mantle CO, release budget in volcanic areas (Caracausi et al., 2015; W. C. Evans et al., 2004; Rivé
et al., 2013). And the deep CO, involved in chemical weathering reactions would add uncertainties in the calcu-
lation of atmospheric CO, consumption (Dessert et al., 2009; Li et al., 2016; Rivé et al., 2013). Investigating the
sources of dissolved inorganic carbon (DIC) in volcanic catchments and the impact of deep carbon release on
river DIC budget have significant implications on evaluating the regional carbon balance between CO, consump-
tion by silicate weathering and deep carbon refilling in the shallow layer of the volcanic plumbing systems and in
atmosphere. In addition, deep CO, degassing is considered as an important natural carbon source and considered
to exceed CO, consumption by silicate weathering in active tectonic and volcanic areas (Gaillardet & Galy, 2008;
Perez et al., 2011; Svensen & Jamtveit, 2010). Therefore, the deep carbon contributions (i.e., dissolved and gase-
ous state) to the Earth's surface in volcanic areas need to be assessed to understand the full carbon biogeochemical
cycle.

Inrespect to the deep carbon contributions, chemical mass-balance approaches provide viable ways to the measure-
ment of fluxes and have significant advantages of accounting for hydrothermal carbon fluxes (Becker et al., 2008;
Caracausi et al., 2015; Zhong et al., 2022). Radiocarbon (!4C) is considered to be the most reliable and univer-
sal indicator of geological “dead carbon” contribution (W. C. Evans et al., 2004; Genereux et al., 2009; James
etal., 1999; Mao et al., 2018; Stefansson et al., 2016). Because the deep “C-free carbon (A*C = —1,000%0) can
mix with surface modern carbon (AC = ~0%o), the A'“C value of DIC (ACy.) inrivers and groundwaters can
be used to constrain these two sources. §'3Cp . value is highly affected by CO, outgassing through the Rayleigh
distillation process (Barbieri et al., 2020; Becker et al., 2008; M. J. Evans et al., 2008; Menzies et al., 2018),
so it can express the CO, outgassing processes. While A¥Cp . is non-sensitive to CO, outgassing (Marwick
etal., 2015; Mayorga et al., 2005; Zhong et al., 2021), and it is conservative during the mixing process. Therefore,
coupling 8'3Cpy;. and A™Cp . can be useful to constrain the carbon physical and biogeochemical processes in
active volcanic catchments.

Changbaishan (a.k.a. Tianchi, Baitoushan, or Baegdusan) volcano has been volcanically active for at least 2.7 Ma
(Hahm et al., 2008 and references therein), and the lasted eruption occurred in 1903 CE (Zhang et al., 2015 and
references therein). Importantly, it has abundant hydrothermal activities and releases large amounts of mantle
CO, (Hahm et al., 2008). Therefore, Changbaishan volcanic area should be a prime area to investigate the impacts
of deep carbon on carbon cycling in the Earth's surface. In this study, we analyzed the concentrations of major
ions, 813Cp,- and AMCp . of rivers, cold springs, hot springs, and crack rivers (i.e., running water in narrow and
deep tension cracks of cold lava flows and volcanic edifices) in Changbaishan volcanic area. The objectives of
this study are to (a) constrain the deep carbon contribution to the river waters; (b) estimate the deep CO, outgas-
sing fluxes; and (c) evaluate the net carbon budget induced by silicate weathering versus deep carbon release in
the Changbaishan volcanic area.

2. Methods
2.1. Study Area

The Changbaishan area is located in Northeast China, on the northern margin of the Archean-Proterozoic
Sino-Korean craton (Figure 1a; Hahm et al., 2008; Sun et al., 2020). Tianchi, an active volcanic crater lake on
the boundary between China and North Korea (Figures 1a and 1b), and main Changbaishan volcanic activities
are concentrated in this region (Hahm et al., 2008; Sun et al., 2020; Yan et al., 2017). It includes the headwa-
ters of Songhua River, Yalu River, and Tumen River. During the Holocene, Changbaishan Tianchi volcano has
erupted several times, resulting in the formation of the 384-m-deep and 5-km-wide Tianchi crater that hosts the
lake (Zhu et al., 1981). The last eruption in 1903 formed pyroclastic deposits around the Changbaishan Tianchi
crater (Wei et al., 2013; Yan et al., 2017; Zhang et al., 2015). Importantly, Tianchi lake releases large amounts of
CO, due to active degassing of volatiles (Hahm et al., 2008; Shangguan et al., 1997; Sun et al., 2020). Obvious
hydrothermal activities also occur beyond the Tianchi crater lake in this area. For instance, there are many hot
springs (Figures 1c and 1d) occurring in the Julong hydrothermal system and Jinjiang hydrothermal system (Wei
et al., 2013; Zhang et al., 2015).
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Figure 1. (a) The location of the study area. (b) Map showing the sampling sites of rivers, hot springs, cold springs, and
crack rivers (running water in narrow and deep tension cracks of cold lava flows and volcanic edifices) in this study. (c) and
(d) represent the sample sites near the Tianchi crater lake in the north and west edges of the Changbaishan volcanic area.

The basement of the Changbaishan region consists of Paleozoic strata, predominantly Mesozoic granite, and
Archean to middle-late Proterozoic metamorphic rocks (Hahm et al., 2008). The eruptive history of Tianchi
volcano can be grouped into three stages according to different eruptive products: eruptions from the Miocene
to the Early Pleistocene produced Alkali and tholeiitic basalts that cover an area of 7,200 km?; eruptions during
the cone formation stage produced the youngest shield basalts near the Tianchi cone, which are overlain by thick
alkali trachytes; and comenditic pyroclastic deposits occurred at the late eruption stage.

The outlet of Tianchi lake is located in the northern edge of the Changbaishan mountain, which is the origin of
the Erdaobai River (Figure 1b). There are some narrow and deep crack rivers in the western edge of the Chang-
baishan mountain (Figure 1b). There are no evaporites and carbonate outcropping observed in the studied area
(Hahm et al., 2008). The climate of the studied area is characterized by a temperate continental climate, with long
and cold winter, and short and cool summer which accounts for more than half of the annual precipitations (Yan
et al., 2017). The mean annual precipitation ranges from 700 to 900 mm, with the maximum value at the summit
of the Changbaishan Tianchi volcano. The mean annual temperature varies from —7.3°C to 3.0°C in the studied
area, with the lowest temperature occurring at the summit of Tianchi lake (Zhu et al., 1981).

2.2. Sampling and Field Measurement

Field investigation and sampling were conducted in September 2019 and October 2020. We collected the waters
from (a) the rivers from the northern and western sides of the Tianchi crater lake (n = 26), (b) cold springs (n = 2),
(c) crack river (n = 3), and (d) Julong hot springs and Jinjiang hot springs (n = 7; Figures 1b—1d). For the rivers,
we sampled the Erdaobai River at the headwater (i.e., the outlet water of Tianchi lake) and several downstream
locations, and we also sampled all tributaries rivers that flow to Tianchi crater lake. Water temperature, pH, and
electrical conductivity (EC) were determined in situ with a multiparameter profiler (WTW, pH3630, Germany).
The water samples were filtered with 0.45 pm fiber filters, and subsequently stored at 4°C before analyses.

2.3. Analytical Methods

Total alkalinity was determined by titration with 0.02 mol L' hydrochloric acid after sampling within 24 hr
(Zhong et al., 2018), and DIC concentration was calculated based on mass action relationships and the relative
equilibrium constants. All laboratory analyses for water samples were conducted in the School of Earth System
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Science, Tianjin University. Major anion concentrations were analyzed by ion chromatography (Dionex ICS90,
USA), and major cation concentrations were measured using an inductively coupled plasma-optical emission
spectrometer (Agilent 5110 ICP-OES, USA) after acidification to pH of 2-3 using ultra-purified HNO,, both of
which have overall uncertainties <5%.

For the determination of 8'3Cp and ACy, water samples were first injected into a vacuum bottle with 85%
phosphoric acid and a bar magnet by a syringe. Subsequently, the produced CO, was extracted and cryogenically
purified in a vacuum system (Zhong et al., 2018 and references therein). After CO, purification, §'*Cp,. was
measured using an isotope ratio mass spectrometer (Finnigan MAT 253 plus, Germany), and expressed in %o
notation with respect to the international V-PDB standard. Repeat measurements of a working standard suggest
the overall uncertainty of +0.1%o. For analysis of the A!#C, part of the above purified CO, was graphitized using
the sealed tube zinc reduction method (Xu et al., 2007). The '* C/'2C ratio was determined using a 0.5 MV accel-
erator mass spectrometer (AMS; Dong et al., 2018). Repeated measurements of the secondary standards showed a
~0.3% precision and accuracy on 4 C/2C ratio. The A¥C,.. values were reported to correct for mass-dependent
isotopic fractionation effects using the online AMS-measured 8'3C values.

3. Results
3.1. Chemical Compositions of Water Samples

The analytical results are shown in Table 1. The pH values of the river waters varied in a narrow range from
7.28 to 8.30. Major ion concentrations (except NO,~) varied in extremely wide ranges; for example, Na* was
the most abundant cation, ranging from 90 to 2,940 pmol L~'; Ca* varied from 95 to 302 pmol L', and Mg?*
ranged from 23 to 248 pmol L~!; the DIC concentrations ranged from 170 to 2,868 pmol L~! with an average of
953 pmol L~!. For most of the solutes, the highest values were spatially observed in the headwaters of the Erdao-
bai River from the outlet of Tianchi lake. Low NO,~ values were observed in all rivers, ranging from 7 to 95 pmol
L~! with an average of 47 pmol L~!, consistent with negligible anthropogenic activities.

Most of the ions in cold springs were much lower than those in most rivers (Table 1). On the other hand, most
of the ions, except NO,~ (18—448 pmol L"), were much higher in the hot springs than those in rivers and cold
springs, with Ca>* of 2,908-8,238 pumol L~!, Mg?* of 58-91 pmol L=, and Na* of 4,863-16,955 pmol L'
(Table 1). These high cations values are also associated with high DIC values varying from 4,454 to 20,317 pmol
L~! (Table 1). In addition, most ions in crack rivers showed lower concentrations than those in hot springs but
higher concentrations than those in rivers and cold springs (Table 1). The ions in the Tianchi lake were similar to
those in the crack rivers, and did not show significant spatial-temporal variations (Zhu et al., 1981).

The river Ca>*/Na* and Mg?*/Na* ratios varied from 0.103 to 1.715 and from 0.012 to 0.749, respectively
(Figure 2a), with the lowest values at the headwater of the Erdaobai River. Furthermore, the Ca?>*/Na* and Mg?*/
Na™ ratios of cold springs overlap the range of those in rivers (Figure 2a). The Ca®>*/Na* and Mg?*/Na™ ratios of
the hot springs ranged from 0.047 to 0.106 and from 0.005 to 0.033, respectively, which were much lower than
those in river waters (Figure 2a). The Ca?>*/Na* and Mg?*/Na* ratios of the Tianchi lake and crack rivers had
low values, similar to the headwater of the Erdaobai River. All these samples had lower Ca>*/Na* and Mg*/Na*
ratios than those in most global large rivers (Gaillardet et al., 1999).

The spatial variations of Ca**/Na* ratio followed an inverse relationship with concentrations of most solutes
in the studied area, shown by the negative power-law correlation between DIC and Ca**/Na* ratios for all the
samples (Figure 2b).

3.2. Isotopic Compositions of DIC

The 8'3Cp,, and ACyy,. values of the river waters in the region of Changbaishan volcano showed a wide range
of variability, varying from —14.1%o to 3.5%0 and from —832%o to 22%o, respectively (Table 1). The river
813Cp;c values were much higher and A™Cp. values were much lower than those in most global rivers, but
comparable to rivers in other volcanic areas (Figure 3). For volcanic areas, the §'*Cpy; in Volcan Barva had much
lower values than those in this study (Genereux et al., 2009), while Ukinrek Maars showed much higher §'3Cy,.
(W. C. Evans et al., 2009). For the hot springs, the DIC was *C-enriched, having 8'C values from —2.2%¢ to
3.0%o, and *C-depleted, with A'C values varying from —998%o to —947%.. Similar to hot springs, crack rivers
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Table 1
Chemical and Isotopic Compositions of Water for Rivers, Cold Springs, Hot Springs and Crack Rivers in Changbaishan Volcanic Area
EC  Ca’* K+ Mg Na* S0 CI- NO,~ DIC
Longitude Latitude (ps (pmol (pmol (pmol (pmol (pmol (pmol (pmol (pmol &BCL. AMCp
Nos Types Date (°E) (°N) pH cem™) L-H) L-h L-) LY L L L= I (%0) (%0)
R1 River 2019/09/22  128.07 4206 830 337 302 161 35 2,940 62 529 25 2,868 26  —808
R2 River 2019/09/22 128.06 42.04 8.01 283 282 146 34 2,377 60 438 27 2,446 35 —-816
R3 River 2019/09/22  128.06 42.05 7.90 306 295 153 34 2,620 62 479 26 2,685 27 -832
R4 River 2019/09/23  128.18 4223 7.54 79 109 74 53 431 69 37 29 573 -8.8 3
RS River 2019/09/23 128.14 4233 751 101 135 75 142 434 70 45 19 836 -12.6 —61
R6 River 2019/09/23  128.10 4238 7.94 184 183 102 99 1,340 71 217 31 1,541 -38 405
R7 River 2019/09/23  128.10 4236  7.73 200 198 110 100 1,500 (] 244 21 1,711 -3.3 —446
R8 River 2019/09/23 128.16 4245  7.39 140 250 84 248 447 97 53 7 1,359 -12.1 —138
R9 River 2019/09/23  128.07 4243 7.59 84 129 57 101 349 65 44 44 655 -10.5 —-140
R10 River 2020/11/22  128.00 4194 744 9% 114 55 38 661 34 63 48 939 33 =752
R11 River 2020/11/22 128.00 4194  7.36 50 104 44 24 263 31 25 51 336 =29 —412
R12 River 2020/11/22 128.02 4195 7.28 31 95 40 25 96 24 15 45 210 —54 —4
R13 River 2020/11/22  128.00 4198 7.52 34 116 30 23 90 36 16 49 170 -10.3 —65
R14 River 2020/11/23 127.86 42.01 7.37 55 184 34 35 163 46 18 59 315 -9.2 =50
R15 River 2020/11/23  127.92 4197 8.12 37 158 35 32 92 24 159 60 325 9.7 19
R16 River 2020/11/23  127.77 42.05 7.55 74 167 54 58 311 43 34 46 632 93 14
R17 River 2020/11/23 127.67 42.05 745 63 163 41 49 206 45 21 47 424 =79 —40
R18 River 2020/11/23  127.67 42.10  7.60 85 156 51 90 363 38 42 51 79 -66 223
R19 River 2020/11/23  127.56 4198 795 99 175 54 84 513 33 51 41 921 =55 -218
R20 River 2020/11/23 127.67 42.06 8.00 128 202 73 232 448 25 47 48 1,399 -12.1 -391
R21 River 2020/11/23  127.71 42.09 7.66 68 146 56 69 263 38 35 79 532 -78 —-120
R22 River 2020/11/23  127.71 42.09 7.44 58 134 54 68 174 37 20 76 436 -8.8 -38
R23 River 2020/11/23 127.74 4213 771 94 213 51 162 216 28 26 59 982 -—14.1 —114
R24 River 2020/11/23  127.78 42.16 7.72 67 182 43 93 160 26 27 55 604 -11.6 22
R25 River 2020/11/23  127.78 4218 7.55 62 152 50 66 186 46 23 95 448 =79 19
R26 River 2020/11/23 127.78 4223 870 72 158 48 103 229 38 24 79 636 —12.7 -91
Cl1 Cold 2020/11/24  128.06 4206 7.74 35 125 42 24 122 29 21 61 178  -6.3 —225
Spring
Cc2 Cold 2019/09/23  128.17 4245 6.88 99 110 78 170 405 46 36 22 1,221 -92 478
Spring
H1 Hot Spring  2019/09/22  128.07 42.04 6.82 1576 823 525 91 16,955 207 3,140 18 20317 -22  -992
H2 Hot Spring  2019/09/22  128.07 42.04 697 1,567 775 510 90 16,574 230 3,042 35 18,853 -1.6 —994
H3 Hot Spring  2019/09/22  128.06 42.05 822 814 454 289 68 8,190 147 1,374 38 7,848 1.0 -973
H4 Hot Spring  2019/09/22  128.06 42.05 847 525 290 197 58 4,863 103 981 47 4,454 2.1 —947
H5 Hot Spring  2020/11/24  128.06 42.04 6.66 1,638 913 468 66 15,605 31 3,522 65 8,810 0.1 -999
H6 Hot Spring  2020/11/24  128.06 4206 640 764 669 287 96 6,284 44 988 93 6,400 3.0 985
H7 Hot Spring  2020/11/22  128.00 4194 6.83 1,704 762 765 521 15,651 222 1,967 4 23528 -04  -996
CR1 Crack River 2020/11/23  128.00 4196  8.05 212 211 70 24 1,692 41 196 47 2,153 -0.8 —849
CR2 Crack River 2020/11/23 127.98 4195 752 259 242 86 31 2,037 41 237 49 2,700 -2.0 —905
CR3 Crack River 2020/11/23  127.95 4194 854 295 270 92 31 2,376 44 284 47 2949  -0.8 -782
ZHONG ET AL. Sof 12
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Figure 2. (a) The relationship between Mg?*/Na * ratios and Ca>*/Na™ ratios, with end-members of silicate and carbonate
from Gaillardet et al. (1999). Data of Tianchi lake were from Zhu et al. (1981). The dark-gray dashed ellipse represents the
range of large rivers (Gaillardet et al., 1999). The end-members of basalt and trachyte are from Andreeva et al. (2014) and
Table S1 in Supporting Information S1. (b) The negative power-law relationship between dissolved inorganic carbon (DIC)
and Ca?*/Na™ ratios. The red solid line represents the linear regression for all the water samples analyzed in this study,
with the dark solid lines and the dark dashed lines corresponding to areas of 95% confidence and 95% prediction intervals,
respectively.
had *C-enriched and *C-depleted DIC values, ranging from —2.0%o to —0.8%0 and —905%o to —783%, respec-
tively. However, the DIC in cold spring water was characterized by lower 8'*Cp;.. values (—6.3%0 and —9.2%o)
and higher AYCp . values (—225%0 and —478%o). In fact, most 8'*Cpy values of hot springs showed much
higher values than those in river waters, whereas all A“C.. values of the hot waters were much lower and close
to dead carbon (A*Cpy;. = —1,000%0) values.
4. Discussion
C, plant C, plant i
il G (AMOEIRNG S 4.1. Direct Hydrothermal Fluxes in the Catchments
4.1.1. Solute Sources of River and Spring Waters
0
- <><> Dissolved ions in rivers draining active volcanic areas have two main
O sources: low-temperature weathering products and hydrothermal fluids (i.e.,
S 8 high-temperature weathering products; e.g., Caracausi et al., 2015; Chiodini
g et al., 2011; Rivé et al., 2013). The ratios of the major ions are useful tools
o for determining the solute sources, and allow to recognize the weatherin,
B g g g
< -5001 Oy o O of different lithologies (Gaillardet et al., 1999; Zhong et al., 2018). The
vers angbai
@ Cold springs ?Changbai) o ¥ waters in crack rivers and Tianchi lake have similar chemical characteristics
b4 gfatcs'f:cgfs%hhaa”n%b:a'?) %A & with hot springs (Figure 2a), supporting a high contribution of hydrother-
\l;k:nrekBMaarS A =) mal fluids for those areas. The low Ca?* concentrations and Ca**/Na* ratios
> o?ezaonn ;;sliades % A (0.103-1.715) in the river waters support that carbonate weathering contri-
1000 1O _Gobal rivers Mantle 09\2_-,&_ bution is negligible in this study area. This is in a good agreement with the

-10 0
8"Cpyc (%0)

-30 -20

Figure 3. Plot of ACy. versus 8!*Cpy.. Data of the global rivers, and
end-members of C, plants, C, plants, and atmospheric CO, were from
Marwick et al. (2015). §'3C values of local soil CO, (—25.6%o to —16.3%0)
and gas CO, (=7.2%o to —3.5%0) in hot springs were from Sun et al. (2020)
and Hahm et al. (2008), respectively. ACp,. and 8'3Cp .. of rivers in volcanic
areas (i.e., Ukinrek Maarrs, Volcan Barva, and Oregon Cascades) were from
W. C. Evans et al. (2009), Genereux et al. (2009), and James et al. (1999).
The 8'3Cp, of hot springs (red solid circles) are (a) higher than that of gas
CO, in hot springs and (b) variable, ascribing to the effect of carbon isotopic
fractionation by the degassing of different amounts. The red arrow represents
the effects of hydrothermal fluids on carbon isotopes.

local lithology that is not characterized by the presence of carbonate (Hahm
et al.,, 2008; Shangguan et al., 1997). Water chemistry of hydrothermal
fluids in the Changbaishan volcanic area is from high-temperature silicate
dissolution, which shows lower Ca>*/Na* and Mg?*/Na* ratios than those
in low-temperature silicate weathering (Bai et al., 2017). The negative rela-
tionship between DIC concentrations and Ca?*/Na* ratios for all the samples
shows the mixing between fluids corresponding to high-temperature silicate
dissolution and those of low-temperature silicate weathering (Figure 2b).

The Ca?*/Na* and Mg?*/Na* ratios of the rivers and cold springs fall into
the field of silicate, but these ratios are different in volcanic rocks such as
the basalt and trachyte that constitute the flanks and the volcanic cone of
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Basal Feri Ca?"/INa* Changbaishan volcano, respectively (Figure 2a). The trachyte is character-
Trachyte weathering asalt weathering (molar ratios) . 24 + 24 o L. .
e or.CO, outgassing 172 Basalt ized by low Ca**/Na* and Mg**/Na* ratios, similar to hot springs, whereas
a 75 ® basalt has high Ca?*/Na* and Mg?*/Na* ratios (Andreeva et al., 2014; Bai
— ,o @80 etal., 2017; Table S1 in Supporting Information S1). However, the Ca?*/Na*
& 3001 ’/ ) ratios in the dissolved phases are also sensitive to the different weathering
05 @ ©} kinetics of Ca-rich and Na-rich phases, complicating further the constraint of
<, 6004 ’,’ carbon sources (Bai et al., 2017).
n O O Rivers 4.1.2. AMC,, as a Tracer of Hydrothermal Carbon in the Volcanic
; Cold springs Catch ¢
-900! Hot springs atchments
Crack rivers 0.04 Trachyte ) . . . .
0 2 4 6 : As discussed above, the DIC in rivers and cold springs are mainly from

1/DIC (L mol™)

Figure 4. The correlation between A'“Cp,. and 1/DIC ratio. The dashed

black line represents the mixing of high-temperature silicate dissolution and
potential low-temperature silicate weathering (mainly trachyte weathering),
and the dashed orange arrow represents the effects of CO, outgassing and
basalt weathering. The shades of grays indicate the variation in Ca**/Na* ratio,
where dark represents high values (basalt) and light represents low values

(trachyte).

high-temperature silicate dissolution and low-temperature silicate weath-
ering. Under high-temperature water/rock conditions, the produced DIC is
transported to rivers by hydrothermal fluids, with high DIC concentrations,
high 83Cpy; and low A*Cpy, (Genereux et al., 2009; Stefansson et al., 2016).
Low-temperature silicate weathering involves biogenic CO, that produces
low concentrations DIC, with low 8"Cp . and high A™C. (Genereux
et al.,, 2009; Marwick et al., 2015; Stefansson et al., 2016). Whereas
high-temperature silicate dissolution involves deep CO, and produces DIC
with characteristics of deep CO, (Rivé et al., 2013). In this study area, the
soil CO, is mainly from biogenic sources (Sun et al., 2020), so we neglect the
role of deep CO, on low-temperature silicate wreathing. The low A!#Cy,.. values (i.e., aged DIC) in the volcanic
catchments (Figure 3) indicate that deep carbon is an important source for DIC in rivers, cold springs, and crack
rivers. As A*Cp. is insensitive to mass-dependent fractionation during CO, degassing (Zhong et al., 2021), it
can be mainly affected by the mixing of deep carbon and Earth's surface modern carbon. However, there is no
strong linear relationship predicted by Keeling (1958) between A'#C, and 1/DIC ratios (Figure 4). Young DIC
(high A™Cp values) can have a wide range of DIC concentration (hence a large variation in 1/DIC, Figure 4),
with higher Ca**/Na* ratios for higher 1/DIC values (Figures 2b and 4). The plot of ACy . versus Ca*/Na*
ratios shows that most of the samples can be explained with the three end-members: hydrothermal fluids, basalt,
and trachyte (Figure S1 in Supporting Information S1). The fluids corresponding to the basalt and trachyte
end-members are characterized by young DIC, indicating that low-temperature weathering affects different sili-
cate rocks. In addition, CO, outgassing (the release of CO, from water) would not significantly shift the A4C.,
but increase the 1/DIC ratios, which also can cause the large variations in 1/DIC ratios for young DIC. Briefly,
weathering of different silicate rocks, CO, outgassing, and hydrothermal fluids control the solutes' dynamics.

The export of deep CO, as river DIC should be added to the deep carbon flux; otherwise, the deep carbon release
fluxes would be underestimated (Dessert et al., 2009; Rivé et al., 2013). A¥C. is conservative in biogeochem-
ical processes, evidenced by the fact that most of the samples are located near the mixing line for A™Cp . and
CI~ (Figure S2 in Supporting Information S1). Isotopic mass-balance equation was used to quantify the fractions
of hydrothermal DIC and modern DIC in waters as follows:

AM¥Cpic = (1 - nyd) X A¥Chmod + fraya X A Chya, @)

where fy 4 is the fraction of hydrothermal carbon, and the term (1 — fy; ) represents the fraction of modern
carbon. AMCpe, AMCy, 4, and AMCyy , are the A'C values of measured DIC, modern carbon, and deep carbon
(—1,000%o), respectively.

In this calculation, we assumed that the A“C,, , is the highest A*C. (22%¢) measured in rivers, consistent with
the modern atmospheric CO, observations (Niu et al., 2016). The calculated ny , resulted in a wide range from
0% to 84% for the rivers, and 24% and 49% for the cold springs. The calculated fy; , of crack rivers showed high
values, ranging from 79% to 91%. Based on the calculated f ,, the hydrothermal DIC flux (DICy, flux) and
modern DIC flux (DIC,, , flux) can be estimated as below:

DIChyq flux = fuya X DIC X Discharge, 2)

DICyoa flux = (1 — fiya) X DIC x Discharge, 3)
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10 - In this study, we estimated the carbon fluxes using discharges from
CO, outgassing . . .
Lai (2019) and Lin (2016), and average measured DIC concentrations and
® R2=0.70, p<0.01 AMCpye. The DICy 4 flux is 0.33 X 10* t C yr~', whereas the DICy;, flux is
0 ' 1.51 x 10* t C yr~! for the studied area. These values correspond to a yield of
—_ e A & ——= _. 0.79 and 3.60 t C yr~! km~2, respectively.
2 High-temperature
>~ 2 : g
2 R'=0.48, p<0.01 water/rock interactions 4.2. Deep CO, Degassing in the Changbaishan Volcanic Field
© -10
o The relationship between 8'3Cp, and DIC does not follow the mixing line
of hydrothermal fluids and low-temperature silicate weathering (Figure 5),
@ Rivers suggesting that §'3C; .. is not simply affected by mixing process. There were
204 | ® Cold springs two contrary patterns between 8'3Cp,~ and DIC for rivers and hot springs, that
ow-temperature @ Hot springs . L . . Ic L. .
water/rock interactions A Crack rivers is, a positive linear relationship for rivers but a negative linear correlation for
(') 1 0600 20600 hot springs (Figure 5). For the hot springs, low DIC concentrations could be

Figure 5. Correlation between 8'3Cp; and dissolved inorganic carbon (DIC)

DIC (umol L™")

concentration for the water samples. The black and red solid lines are the

linear regression models for rivers and hot springs, respectively. The dashed

line represents the theoretical mixing line of high-temperature water/rock
interaction and low-temperature water/rock interaction.

A™Cp,c increase

attributed to (a) the dilution by surface water, and (b) the loss of DIC through
CO, outgassing that is characterized by elevated 5'*Cyy,. values related to the
carbon isotopic fractionation during CO, outgassing (Barbieri et al., 2020;
Becker et al., 2008; Chiodini et al., 2004, 2020; Lewicki et al., 2013; Menzies
etal., 2018; Mook et al., 1974). The positive relationship between 6'3CD]C and
DIC in rivers (Figure 5) mainly reflects the mixing between the '*C-enriched
deep DIC and '3C-depleted surface biogenic DIC. In addition, rivers with
high contributions of deep DIC seem to experience intense CO, outgassing,

producing high 8*Cpy . (Figures 5 and 6a). Thus, it can be concluded that mixing and CO, outgassing are two

primary processes controlling the carbon dynamics in active volcanic catchments (Figure 6a).

CO, outgassing significantly occurs in the Tianchi crater lake and hot springs (Zhang et al., 2015). The loss of

carbon through CO, outgassing will largely shift the §'3Cp, . values, according to the Rayleigh distillation process
(e.g., Becker et al., 2008; M. J. Evans et al., 2008). Open system CO, outgassing at temperatures below 125°C
progressively increases the 8'3Cp ., because >CO, diffuses faster than '3CO, (M. J. Evans et al., 2008; Polsenaere
& Abril, 2012). Complexities in multi-stage processes of generation and transport of CO,, as well as the sensitiv-

ity of temperature-dependent carbon-isotope fractionation factor, increase the difficulty in constraining deep CO,

outgassing flux, and it is only possible to model the minimum deep CO, outgassing flux (Becker et al., 2008).
Carbon isotopes fractionation by CO, outgassing in an open system can be modeled by a Rayleigh process (M.

J. Evans et al.,

2008):

@ CO, outgassing

e
N

\

AN

~1000%o ¢ ~24.6%0
o 22%0 @3.5%

0.42x0.35xX

Deep CO, release

0.58%0.35xX

The first stage The second stage

Location: beneath the earth| [Location: hot springs to rivers
53Cpic: —7-2%0 t0 —2.2%0 [ [3"°Cp e —2.2%o to 3.5%o

Temperature: ~60°C Temperature: ~10°C

Figure 6. (a) Schematic model of the Changbaishan volcanic CO, degassing and carbon in-stream processes. The sizes of the blue and orange spheres represent the
values of 8'°C and A™C, respectively. The yellow arrow represents the fluvial dissolved inorganic carbon (DIC) in the river. The magenta arrows represent the CO,
outgassing, and olive arrows denote the biogenic carbon influx. (b) Calculation processes and calculated DIC proportions in CO, outgassing in the Changbaishan
volcanic fields. X represents the total deep carbon release. The red arrows and frames represent the CO, outgassing, whereas the blue arrows and frames represent
fluvial DIC transport. @ and @ represent the first and second stages of CO, outgassing for both (a) and (b).
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1/a—1
Rpic = R(l))IC X f I()]é : )

where Ry, and R% are the carbon isotope ratio of DIC after outgassing and in initial fluid, respectively, fp,c is
the fraction of the remaining DIC after CO, outgassing, and « is the temperature-dependent fractionation factor
between aqueous HCO,~ and gaseous CO, (Mook et al., 1974). According to Alling et al. (2012), Equation 4 can
be modified as follows:

8 Crin = 6" Cini + 10° X (a — 1) X In(fpic), (©)

where §'3C,
component, respectively.

' and 613C, ; represent the carbon isotopic compositions of DIC (%o) in the final state and initial

The calculation was constrained by the aqueous §C (DIC) and gas 8'*C (CO,), as well as the correspond-
ing temperatures. The estimated equilibration temperature at depth in the geothermal system is ~166°C (Hahm
et al., 2008). The observed temperatures of hot springs are 60-77°C, and the temperatures of rivers are ~10°C.
The gas 8'3C ranges from —7.2%o to —3.5%0 (Hahm et al., 2008), and the aqueous §'3C is from —2.2%o to 3.0%o
in the hot springs, whereas the highest 8'3C. is 3.5%o for the rivers (Table 1).

In this study, we considered the CO, outgassing in two stages (i.e., experiencing two different processes in
Figures 6a and 6b). The first stage is outgassing from the groundwater during its ascent to the surface, and the
second stage is outgassing at the Earth's surface (i.e., from hot springs and rivers; Figures 6a and 6b). At the
circum-neutral pH of the springs and rivers, HCO,™ is the dominant form of DIC. As the fractionation factor
of CO,,,—HCO,
loss at a higher temperature (M. J. Evans et al., 2008). In reality, the CO, outgassing takes place over a range of

decreases with increasing temperature, for a given 8!*Cp,;. value, it requires greater CO,

temperatures, and we calculated the limiting constraints of deep CO, outgassing fluxes. The model assumes the
following constraints: (a) all the initial DIC in hot springs are assumed to have similar isotopic compositions,
and the §'3C, , is the lowest measured gas 8'°C (i.e., —=7.2%o) in the studied area; (b) CO, outgassing during the
first stage takes place at the lowest temperature in hot springs (i.e., 60°C), and the § ‘3Cﬁn for the first stage is the
lowest 8'3Cpy,. in hot springs; (¢) CO, outgassing during the second stage takes place at the water temperature of
rivers, and the 5'3Cy;, for the second stage is the highest 8!*Cyy. in rivers (i.e., 3.5%o), neglecting the effects of

in

ni

surface water mixing (Figure 6b).

With the above conservative assumptions, we obtained the minimum degassing values (fraction of CO, lost)
of 0.65 and 0.41 for the first and second stages, respectively (Figure 6b). So, in total, the minimum fraction
degassing fraction (i.e., 1 — f;;;c) was 0.79 (since the first step degassing is 0.65, and the second step degassing is
0.35%0.41) (Figure 6b). Based on the calculated degassing faction and remaining fraction, we estimate that the
CO, outgassing flux is 1.24 x 10* t C yr~! in the studied area. This is an underestimate of the deep CO, outgassing
flux, since our assumptions are designed to minimize it.

4.3. The Net Carbon Budget Concerning Deep Carbon Release and Silicate Weathering

For each studied river basin, we combine the calculation of DICy 4 flux with deep CO, outgassing flux to esti-
mate the total deep carbon release (1.57 x 10* t C yr~!; 3.75 t C yr~! km™2) to the Earth's surface from the
Changbaishan volcanic field. The total deep carbon release flux in the Changbaishan volcanic field only occupies
a small proportion in global volcanic CO, release (70-100 MtC yr~!; Hilton & West, 2020), but it has great
impact on regional carbon cycle. Soil CO, in this study area was mainly from biogenic carbon (Sun et al., 2020),
and soil respiration and plant photosynthesis do not affect the carbon cycling at geological timescales (Clark
& Fritz, 1997; Hilton & West, 2020). We only investigate the processes affecting carbon cycling on geolog-
ical timescales in this study, and therefore do not consider these modern processes. Combined with soil CO,
consumed by silicate weathering (1.51 x 10* t C yr~!; 3.60 t C yr~! km~2) and deep carbon released to the
Earth's surface, we calculate that the net carbon budget is carbon source to the atmosphere of 0.06 x 104t C yr~!
(0.14 t C yr~! km~2) for the studied area (Figure 7).

The total deep carbon release we obtain is an underestimate, so we are certain that the net CO, flux from the
Changbaishan volcanic field is positive. In addition, our study focuses on the Changbaishan volcanic area within
Chinese territory, and the Changbaishan volcanic area in North Korea has not been investigated. Thus, researches
in wide study areas should be conducted to understand the carbon yields. This study verified that carbon budgets
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are complicated by adding deep carbon, and that A'%Cp . can act as a probe in
3. Sol C_:oilemissm constraining the carbon sources in active volcanic area. Most previous studies
: | on chemical weathering fluxes overlooked the contribution of deep carbon,
~ I | and thus overestimated the role of silicate weathering on CO, consumption
'; 2+ : : (cf. Dessert et al., 2003). Moreover, most previous studies on volcanic areas
8 I I Deep CO, emission estimated the deep carbon release using 8'*Cpy;, which overestimated the
vg 14 : : deep carbon contribution. Our results assessed the deep carbon fluxes using
@ : : gfgmthe’ma' Net carbon both AMCp. an.d 1BChics \Jf/hlch have great implications on understfindlng
E 0 | ] flux the role of chemical weathering and deep carbon release on atmospheric CO,
= in active volcanic areas.
8
811 .
5. Conclusions
2 Modern DIC Based on the chemical and isotopic compositions (i.e., major ion concen-
trations, 8'3C,, and ACy,.) in rivers, cold springs, hot springs, and crack

Figure 7. Net carbon balance due to
inorganic carbon (DIC) of biogenic a

rivers from Changbaishan volcanic area, Northeast China, we arrived to these

CO, emission from hot springs, dissolved  conclusions:
nd hydrothermal sources. The positive

values represent a carbon source to the atmosphere, while the negative value 1. The concentrations of most major ions were highly affected by mixing of

represent carbon sink.
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solutes from hydrothermal fluids and those from low-temperature weath-
ering, whereas low-temperature weathering mainly includes weathering
of basalt and trachyte.

2. The hydrothermal DIC flux (i.e., deep carbon release in dissolved state) is 0.33 x 10* t C yr~!, whereas
the biogenic DIC flux is 1.51 x 10* t C yr~! for the studied area, corresponding to a yield of 0.79 and
3.60 t C yr~! km~2, respectively.

3. The minimum deep CO, outgassing (i.e., deep carbon release in gaseous state) flux is 1.24 x 10* t C yr~!
based on isotopic fractionation of DIC and measured 8'*Cy,., and the total flux of deep carbon release is
1.57 x 10*t C yr~'.

4. In the Changbaishan volcanic area, the net deep carbon flux (i.e., the sum of deep carbon release and chemi-
cal weathering consumption) to the atmosphere was 0.06 X 10* t C yr~!, close to neutral but this net value is
positive because the CO, outgassing flux is an underestimate.
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The data analyzed in this study can be found in Table 1 and are available online (at https://doi.org/10.5061/dryad.
$j3tx968n).
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