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Active fault zones provide favorable channels for the discharge of carbon-
bearing fluids from Earth's interior. Earthquakes, as a common fault-related
dynamic process, can disturb the circulation of subsurface fluids and their
interactions with country rocks and sediments on short timescales, which may
cause changes in carbon mobilization processes and carbon sources of the
discharged fluids. However, quantitative research on earthquake-induced
changes in carbon mobilization at deep and shallow levels remains lacking.
Here, we present a quantitative study on stable carbon isotopes (§**C) and
radiocarbon values (A*C) of dissolved inorganic carbon (DIC) in subsurface fluid
samples from the surface rupture zone formed by the M,, 7.4 Maduo earthquake
(22 May 2021) and the East Kunlun fault, NE Tibetan Plateau. Our results show
that 8**Cp,c values vary from —11.6%. to 0.1%., while A¥Cp,c values have a range
of =980%. to —46%.. Using a mass balance model based on §*Cp,c and DIC
concentrations, we calculated the proportions of source components involved
in DIC, including organic carbon, carbonates, and deeply-sourced carbon. On
average, waters discharging from the surface rupture zone have higher inputs
from organic carbon (28.1%) than those from the East Kunlun fault (18.6%), with
the latter showing higher deeply-sourced carbon contributions (45.7% vs.
30.7%). This is consistent with the lower average A™Cpic value (—544%.)
observed from the East Kunlun fault, suggesting more inputs from carbon
source components that are devoid of **C (i.e., deeply-sourced carbon and
carbonates). These findings indicate that seismic events can significantly affect
the carbon mobilization processes at variable depths, especially the shallow soil
organic carbon in the case of the 2021 Maduo earthquake. The potential effects
of earthquake-induced changes in carbon mobilization processes should be
taken into account in the modeling of tectonic carbon dioxide degassing and
carbon cycle on longer timescales.
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1 Introduction

The discharge of carbon-bearing fluids is prevalent in active
fault zones controlled by different tectonic regimes (e.g., Becker
et al,, 2008; Tamburello et al., 2018; Zhang et al.,, 2021). Previous
studies indicate that active fault zone can act as a favorable channel
for fluid transfer from Earth’s interior to the surface (Williams et al.,
2013), or as a barrier for fluid flows in the case of episodic fluid
accumulation within fault-related traps (Miller et al., 2004; Han
et al., 2019). The circulation of subsurface fluids in the active fault
zones, as well as their interaction with country rocks or sediments at
variable depths, is thus expected to affect the geochemical
compositions of groundwaters (Newell et al., 2008; Crossey et al.,
2009).
established the basis for earthquake forecasting studies that

Such fluid-rock or fluid-sediment interactions have

integrate the geochemistry of subsurface fluids (e.g, natural
spring waters) as an effective tool for evaluating the potential
earthquake risk (Ingebritsen and Manga, 2014).

The kinematics and locking status of seismically active fault
zones play an important role in controlling the decarbonation
reactions of source materials and the migration of carbon-
bearing fluids through the lithosphere (Faulkner et al., 2010;
Zucchi, 2020). At a regional scale, the correlations between
deeply-sourced CO, emissions, seismic activity, and fault types
have been clearly demonstrated (Tamburello et al, 2018).
Moreover, numerous studies have reported post-earthquake
perturbations in geochemistry and fluxes of carbon-bearing
fluids associated with specific earthquake events (e.g., Claesson
et al., 2004; Skelton et al, 2014; Unal-imer et al., 2016; Girault
et al, 2018; Bonini, 2022). From a dynamic point of view,
earthquakes have the potential to disturb the circulation of
subsurface fluids and their leaching effects on country rocks or
sediments over short timescales (Rosen et al., 2018), giving rise to
transient changes in geochemical proxies of the discharging fluids
along active faults, such as concentrations and isotopic
compositions of dissolved inorganic carbon (DIC) (Girault et al,
2018; Barbieri et al., 2020). As a result, carbon isotope systematics
(e.g., 8"Cpic and §"Ccpy; Barbieri et al., 2020) of deeply-sourced
fluids, together with other hydrogeochemical and isotopic tracers
(eg., ClI, SO4*, and *He/*He; Tsunogai and Wakita, 1995;
Kulongoski et al., 2013; Brauer et al,, 2014), have been taken as
potential precursors to earthquakes. Nevertheless, quantification of
the earthquake-induced changes in carbon mobilization processes at
deep and shallow levels remains loosely constrained, especially for
earthquakes that occurred in the continental orogenic setting of the
Tibetan Plateau and its surrounding regions.

In this study, we focus on carbon source quantification of a
post-earthquake sample set of subsurface fluids from Maduo

region in the Songpan-Ganzi block of NE Tibetan Plateau
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(Figure 1), based on stable carbon isotopes (8"°C) and
radiocarbon values (A'C) of total DIC, which can contribute
to understanding the carbon mobilization processes in response to
the M,, 7.4 Maduo earthquake (98.34°E, 34.59°N, epicenter depth =
17 km; Zhu et al., 2021) occurred on 22 May 2021. The data of
water chemistry, 8"*Oty20, 8Dj120, and ¥Sr/**Sr of this sample set
were reported in Lu et al. (2021), but carbon isotope systematics of
DIC have not been investigated, resulting in an open question
about the DIC sources and carbon mobilization mechanism
associated with the 2021 Maduo earthquake. Spatially, carbon
sources of subsurface fluids from boundary faults of the Songpan-
block (e.g, Yushu-Ganzi-Xianshuihe fault
Longmenshan fault; Figure 1A) have been reported (e.g., Zhou
et al., 2015; Tian et al., 2021; Liu et al., 2022; Xu et al., 2022). In
contrast, the carbon source components of the Jiangcuo fault in the
block interior (Figure 1B), which was ruptured by the 2021 Maduo
earthquake, are still largely unknown. Our results show that

Ganzi and

earthquake-induced changes in mobilization of soil organic
carbon are prominent for the fluids discharging from the
Maduo surface rupture zone, compared to the adjacent East
Kunlun fault zone that is characterized by discharge of carbon-
bearing fluids with more contributions from deeply-sourced
carbon.

2 Geological background

Since the early Cenozoic, the continuous India-Asia
resulted in
shortening, tectonic uplift, and lateral extrusion of the micro-
blocks that Tibetan Plateau
(Tapponnier et al, 2001). As a result, a series of active fault

continental collision has extensive crustal

continental constitute the
zones were formed primarily along the block boundary and also
in the block interior (Figure 1). Generally, tectonic deformation
of the block boundary faults controls outward expansion of the
Tibetan Plateau and the occurrence of high-frequency strong
earthquakes within the continental interiors (Liu and Stein,
2016). Our study area is located in the Songpan-Ganzi block,
which is bounded by the East Kunlun fault to the north, the
Yushu-Ganzi-Xianshuihe fault to the south, the Longmenshan
fault to the east, and the western segment of the Altyn Tagh fault
to the west (Figure 1A). There are a series of left-lateral strike-slip
faults inside of the Songpan-Ganzi block near the East Kunlun
fault zone, including the Maduo-Gande fault, Jiangcuo fault,
South Gande fault, and Dari fault from north to south
(Figure 1B). Permian and Triassic strata and Quaternary
alluvial diluvium are mainly exposed in the study area; the
main lithology assemblage includes sandstone, glutenite,
limestone, slate, pyroclastic rock and sand gravel (Figure 1B).
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FIGURE 1

Simplified geological map showing tectonic features and sample distribution in the study area (modified from Wu et al., 2016). (A) Geological
units and tectonic boundaries of the Tibetan Plateau and adjacent regions. Abbreviations: LSB, Lhasa block; QTB, Qiangtang block; SGB, Songpan-
Ganzi block; SYB, Sichuan-Yunnan block; Tarim basin; Qaidam basin; ATF, Altyn Tagh fault; EKF, East Kunlun fault; LMF, Longmenshan fault; YGXF,
Yushu-Ganzi-Xianshuihe fault; MBT, Main Boundary Thrust. (B) Regional geological information and sample distribution in the Maduo surface
rupture zone and the East Kunlun fault zone. Numbers 1-21in circles represent serial numbers of sampling sites (see Table 1). Legends are shown by
numbers as follows: 1, Quaternary sediments; 2, Neogene sedimentary rocks; 3, Jurassic sedimentary rocks; 4, Triassic sedimentary rocks; 5, Permian
sedimentary rocks; 6, Cambrian-carboniferous sedimentary rocks; 7, Precambrian metamorphic rocks; 8, Mesozoic granite; 9, Strike-slip fault; 10,
Other types of faults; 11, Sampling sites; 12, Focal mechanism solution; 13, Location of study area shown in (A).

As one of the most seismically active regions in mainland
China, the boundary faults of the Songpan-Ganzi block, eight
large earthquakes (mostly M>7.0) have occurred in the past
25 years (Pan et al., 2022), the largest of which was the 2008 M,,
7.9 Wenchuan earthquake (Hubbard and Shaw, 2009). Located
to the NE of the 2021 Maduo earthquake, the East Kunlun fault is
a large-scale left-lateral strike-slip fault with an inclination angle
of about 55-85° and a total length of about 1900 km (Figure 1A).
The slip rate of this fault decreases from 11 mm/yr to 2 mm/yr
from east to west (Ren et al., 2013), which is still in an active state
of intensive seismicity. A recent study by Yue et al. (2022)
suggests that the Songpan-Ganzi block, although being
controlled by a distributed shearing stress state, exhibits slip
rates on its boundary faults (e.g., ~10 mm/y for the Xianshuihe
fault) about one order of magnitude higher than that on the block
interior faults (0-2 mm/y). The 2021 M,, 7.4 Maduo earthquake
occurred along the Jiangcuo fault in the block interior (Pan et al.,
2022), making it a relatively rare case of strong earthquake in the
interior of the Songpan-Ganzi block.

Importantly, the 2021 Maduo earthquake provides a good
opportunity for constraining the carbon sources of subsurface
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fluids and their changes in response to strong earthquakes in the
block interior. After the Maduo earthquake on 22 May 2021, a
nearly 70-km-long surface rupture zone with a NWW-SEE strike
was formed along the Jiangcuo fault (Figure 1B), which is
characterized by linear distribution of passes, fault triangles,
gullies dislocation, twisted ridges, sag ponds, and the
discharging spring waters near the surface rupture zone (Lu
et al,, 2021). The strong rupturing creates favorable conditions
for the upward migration of subsurface fluids and controls the
NWW-SEE trending distribution of springs (Figure 1B). These
newly formed springs are considered in this study to make a
comparison of quantitatively constrained carbon sources with

natural springs along the East Kunlun fault zone.

3 Samples and methods

In May 2021, twenty-one spring water and surface water
samples were collected from the surface rupture zone near the
epicenter of the 2021 Maduo earthquake and the East Kunlun
fault zone (Figure 1). Among them, nine samples (MDW1-6 and
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MDW9-11) are from the Maduo surface rupture zone, and ten
samples (MDW12-21) are from the East Kunlun fault zone. For
comparison, two surface water samples were collected from
the Eling Lake (MDW7) and the Yellow River (MDW8). A
portable water parameter meter was used to measure the
temperature and pH value of waters. All samples were
stored in polyethylene bottles. Based on the data of water
chemistry (cations and anions), basicity, temperature, and
pH value (Lu et al,, 2021), the partial pressure of carbon
dioxide (pCO,) and DIC concentration in water are
calculated using software PHREEQC.

The stable carbon isotope and radiocarbon isotope
compositions were analyzed in School of Earth System
Science, Tianjin University. The stable carbon isotope of
DIC was analyzed by the conventional stable isotope ratio
mass spectrometer (Model Delta V Plus, Thermo Fisher,
United States) coupled with a Gas Bench. 1 mL 85%
phosphoric acid was injected into a glass reaction flask,
which was purged with high-purity helium gas, and then
an appropriate amount of water (0.05-0.33 mL in this study)
was injected. After complete reaction (>18h), CO, was
introduced into the ion source of the mass spectrometer
for analysis of "C/'*C ratio. Meanwhile, the international
standard (NBS-18) was used during the analysis. The results
were represented by §"°Cpc relative to the V-PDB standard,
and the overall uncertainty in repeated measurements of the
working standard NBS-18 is +0.2%o (20). For radioactive
carbon isotope of DIC (A"™Cpyc) analysis, the water samples
with  85%
phosphoric acid. The produced gas was introduced in the

were injected into pre-vacuumed Dbottles
vacuum system for separation between CO, and H,0. The
purified CO, was sealed in vacuum tube filled with iron
powder and zinc powder in which the CO, gas reacted
with zinc under the condition of Fe catalyst and 550 °C to
form graphite. The graphite was pressed into a sample holder
and loaded in the ion source of the 0.5 MV accelerator mass
spectrometer (AMS, 1.5SDH-1, NEC, United States) to
determine the "*C/"*C ratio. Repeated measurements of the
working standards indicate ~0.3% precision and accuracy on
the '"C/"C ratio. The mass-dependent carbon isotopic
fractionation effect has been corrected using the on-line
AMS-measured ">C/"*C ratios.

4 Results

The analytical results of water samples are summarized in
Table 1. The pCO, values of the 21 water samples range from
0.0011 to 0.0417 atm, much higher than the local atmospheric
pCO, value of 0.0003 atm. The §"*Cpc values of spring waters in
Maduo surface rupture zone vary from —8.5%o to —4.6%o, whereas
samples in East Kunlun fault zone have a §"Cpc range of
-11.6%o to 0.1%o (Table 1). As a comparison, the §“Cpic
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values of the Eling Lake water and Yellow River water are
-7.3%0 and -11.3%o, respectively. The A"“Cpc values of
spring water samples range from -980%o to —-46%o, and one
surface water sample from the Yellow River (MDW8) has a
A"Cpyc value of -58%o (Table 1).

5 Discussion

5.1 Identification of candidate carbon
source components

There are generally four candidate carbon end-member for
the sources of DIC in spring waters (Chiodini et al., 2000): 1)
atmospheric CO,; 2) organic carbon; 3) dissolution of carbonate
minerals; 4) deeply-sourced carbon (e.g., mantle-derived and/or
metamorphic CO,). Different carbon source components have
specific ranges of 8'°C values, which on average are -8.5%o for
modern atmospheric CO, (Campeau et al.,, 2017); —26%o and
-12%o0 for C; and C, plants, respectively; —-4%o for mantle-
derived CO,; and 0 + 2%o for marine carbonate rocks (Telmer
and Veizer, 1999; Pineau et al., 2004; Newell et al., 2008). In
addition to stable carbon isotope, radiocarbon isotope (A™*C) is
also an important geochemical indicator for identifying carbon
sources (Wang et al, 2022). High A™C values indicate the
involvement of shallow carbon sources such as atmospheric
CO, and modern organic carbon, while low A"C values
indicate the contribution from deep carbon sources such as
carbonate dissolution, mantle-derived CO,, and metamorphic
CO, (Mayorga et al., 2005). Since the stable carbon isotopic
compositions of different end-members overlap to some extent,
and mixing of any two carbon end-members could lead to §"*C
values consistent with those of a particular end-member, further
identification of carbon source based on stable carbon isotopes
and radiocarbon can better constrain the relative contributions of
deep and shallow sources of CO, (Xu et al., 2022).

According to the relationship between §"*Cpic and A™*Cp;c
(Figure 2), compared with the springs in Xianshuihe-Anninghe
fault zone (Xu et al., 2022), the springs and surface water in
Maduo surface fracture zone and East Kunlun fault zone are
basically in the mixing zone of modern organic carbon,
atmospheric CO,, dissolved carbonate, and deeply-sourced
carbon. Most springs near the surface rupture zone are
relatively rich in "C (average A"Cpic = -279%o), while most
springs near the East Kunlun fault zone are relatively poor in "*C
(average A"™Cpic = -544%o). The A™Cpic value of sample
MDW?21 (-980%o) is basically consistent with those of the
springs of Xianshuihe-Anninghe fault zone, falling in the
A"Cpic range of deeply-sourced carbon and carbonate
components (Figure 2). Except for MDW21, the A“Cpic
values of spring water samples in this study are higher than
those of the Xianshuihe-Anninghe samples (-997%o to —909%o;
Xu et al, 2022), suggesting more inputs of modern organic
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TABLE 1 Sample information, concentrations of major cations and anions, stable carbon isotopes and radiocarbon isotopes of the water samples.

No Sample
ID

1 MDW1

2 MDW2

3 MDW3

4 MDW4

5 MDW5

6 MDW6

7 MDW7+*

8 MDW8***

9 MDW9

10 MDW10

11 MDW11

12 MDW12

13 MDW13

14 MDW14

15 MDW15

16 MDW16

17 MDW17

18 MDW18

19 MDW19

20 MDW20

21 MDW21

Longitude
(E)

98.086
98.522
98.262
98.018
98.006
97.932
97.625
98.830
98.466
98.432
98.233
99.289
100.310
100.556
101.132
101.488
102.266
102.389
102.458
102.680
102.783

Latitude

(N)

34.675
34.470
34.634
34.694
34.695
34.718
34.750
34.542
34.466
34.572
34.643
34.985
34.441
34.357
34.242
34.182
34.015
34.024
34.019
34.035
34.203

Temperature*
(0

®© Wi o o U U1 o

pH*

8.1
7.7
8.1
8.3
8.2
8.3
8.2
8.1
8.2
8.1
8.2
8.1
8.1
8.2
7.9
7.8
8.0
7.9
8.0
8.0
7.6

Ca**”
(mM)

1.47
0.67
3.13
1.48
1.57
2.36
1.88
1.56
1.36
0.93
1.57
3.64
2.52
1.64
2.52
3.11
2.39
2.52
191
217
5.66

Mg2+*
(mM)

0.77
0.43
1.67
1.03
0.84
1.17
0.57
2.05
1.30
0.91
0.83
1.84
1.57
0.57
0.84
0.41
0.83
1.12
0.89
0.75
2.77

HCO;™

(mM)

424
2.51
8.41
3.97
5.02
6.22
5.03
6.52
3.70
3.63
3.96
6.51
7.21
4.92
8.33
8.15
6.66
9.41
6.51
7.08
17.8

S0
(mM)

0.18
0.04
0.81
0.34
0.27
0.71
0.17
0.08
0.36
0.10
0.18
2.16
0.78
0.07
0.15
0.05
0.05
0.01
0.10
0.10
2.39

DIC
(mM)

513
3.21
10.00
4.70
6.00
7.33
6.01
7.75
4.40
4.44
4.75
7.73
8.56
592
10.19
10.02
8.03
11.53
7.85
8.35
20.61

pCO,
(atm)

0.0019
0.0029
0.0035
0.0011
0.0018
0.0017
0.0018
0.0030
0.0013
0.0016
0.0014
0.0027
0.0032
0.0017
0.0058
0.0074
0.0038
0.0063
0.0038
0.0051
0.0417

8 ! 3CDIC
(%)

-7.2
-7.0
-8.5
-7.9
-8.2
-6.4
-7.3
-11.3
-4.6
-59
-8.4
-2.0
-6.3
-11.6
-10.2
-10.9
-5.4
-6.6
-6.4
-3.8
0.1

A"Cpic
(%o)

-46

-209

-58
-648

-211
-519

-221
-201

-798

-980

Notes: * Data from Lu et al. (2021); ** Eling Lake water; *** Yellow River water.
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FIGURE 2

Plot of A¥Cp,c versus §Cp,c for spring and surface water
samples in the study area. Data of the Xianshuihe-Anninghe fault
zone are from Xu et al. (2022)

carbon to subsurface fluids along the Maduo surface rupture zone
and East Kunlun fault zone.

The pCO, values in spring and surface waters near the
Maduo surface rupture zone and the East Kunlun fault zone
are at least over three times higher than the atmospheric CO,
partial pressure (~0.0003 atm; Liu et al., 2022); and therefore, the
contribution of atmospheric CO, to DIC in the spring and
surface waters can be largely excluded. In addition, the
infiltrating waters contain a mixed DIC component of
atmospheric CO, and biospheric organic carbon in the soils,
but generally have a §"°C value close to the organic carbon end-
member (Chiodini et al., 2000). Therefore, the DIC in spring
waters is mainly derived from modern organic carbon,
carbonate-dissolved carbon, and deeply-sourced carbon. In
addition, according to A"Cpyc values, DIC of MDW2 (-46%o)
and MDWS8 (the Yellow River water, —-58%o) exhibits clear
organic inputs to radiocarbon isotopes, in contrast to the DIC
of MDW21 (-980%o) that is depleted in **C due to contributions
from deeply-sourced carbon and carbonate dissolution.

5.2 Quantification of carbon source
contributions

It is generally accepted that Ca®* and Mg** dissolved in water
(including surface water and groundwater) are mainly derived from
dissolution of carbonate minerals (Liu et al., 2022 and references
therein), but sulfate minerals may also contribute to part of them
(Chiodini et al, 2004). Assuming that Ca*", Mg’* and SO,* in
springs are all contributed by dissolution of carbonate and sulfate
minerals, the DIC ascribed to carbonate mineral dissolution (Cc,y,)
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can be calculated according to Eq. 1. After deducting the
contribution from carbonate dissolved carbon using Eq. 2, the
DIC from external carbon (C.y, non-carbonate dissolved carbon)
can be obtained (Chiodini et al., 2000). As shown in Table 2, the
Cearb and Cey values of spring waters in the Maduo surface rupture
zone are 1.05-3.98 mmol L™ and 2.09-6.02 mmol L™, respectively,
while the Ce,yp, and Cey values of spring waters in the East Kunlun
fault zone are 2.14-6.04 mmol L' and 3.78-14.57 mmol L},
respectively. According to Eq. 3, the isotopic composition of
external carbon can be calculated to further constrain its sources
(Chiodini et al., 2004).

Ceanr = Ca’* + Mg** - SO (1)
Cext =DIC- Ccarb (2)
613CDIC x DIC = 613Cext X Cexl + 613Ccarb X Ccarb (3)

In Eq. 3, 8"Cey represents the isotopic composition of
and 8"Cyp the
composition of dissolved carbon from carbonates.

external carbon, represents isotopic
The
reference 8"°C value of marine carbonates (0%o; Hoefs, 2009)
was used to calculate the isotopic composition of external carbon.
In addition, if the water sample before acquisition is affected by
CO, degassing or carbonate mineral precipitation, the C. value
will be wunderestimated and the &8%C. value will be
overestimated (Chiodini et al, 2004). The effects of CO,
degassing or carbonate precipitation on 8" C values in springs
cannot be constrained based on available data in this study.
Nevertheless, following Chiodini et al. (2000), the effect of CO,
degassing or carbonate precipitation in the calculation is
probably negligible when pCO, and DIC values are much
lower than ~1 atm and 0.0695 mol/L, respectively. Considering
the DIC concentrations (3.21-20.61 mmol/L) and pCO, values
(0.0011-0.0417 atm) of water samples in this study (Table 1), we
suggest that the effect of significant CO, degassing or carbonate
precipitation was probably negligible for the calculation of Cey,
and 8"C.,; values in spring waters.

The calculated results (Table 2) show that the §'*C.,, values
of spring waters in Maduo surface rupture zone range from
~15.7%0 to —9.7%o; the 8"°C.y, values in the East Kunlun fault
zone vary from -18.2%o to 0.2%o. As shown in Figure 3, the Cey
and §"°C,,, of springs indicate two candidate sources for external
carbon, namely organic carbon and deeply-sourced carbon
(i.e, endogenic carbon). The curves represent theoretical
mixing of organic carbon end-member with different C.y
concentrations and deeply-sourced carbon end-member
(Figure 3), which can well explain source components of
external carbon in spring waters from the Maduo surface
rupture zone and East Kunlun fault zone. In particular, most
springs of the East Kunlun fault zone are more enriched in "C
than those from the Maduo surface rupture zone.

The proportions of source components involved in external
carbon can be quantitatively constrained by the binary mixing

model following Eq. 4.
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TABLE 2 Proportions of organic carbon, deeply-sourced carbon, and carbonate involved in DIC of the water samples.

No Sample Locality Cearb
ID (mM)
1 MDW1 MSRZ 2.05
2 MDW2 MSRZ 1.05
3 MDW3 MSRZ 3.98
4 MDW4 MSRZ 2.17
5 MDW5 MSRZ 2.14
6 MDW6 MSRZ 2.82
7 MDW7 Eling Lake 2.28
8 MDW8 Yellow 3.53
River
9 MDW9 MSRZ 231
10 MDW10 MSRZ 1.74
11 MDW11 MSRZ 221
12 MDW12 EKFZ 3.31
13 MDW13 EKFZ 3.31
14 MDW14 EKFZ 2.14
15 MDW15 EKFZ 3.22
16 MDW16 EKFZ 3.46
17 MDW17 EKFZ 3.17
18 MDW18 EKFZ 3.63
19 MDW19 EKFZ 2.70
20 MDW20 EKFZ 2.81
21 MDW21 EKFZ 6.04

Cext 813Cext Corg Cendo Ccarb
(mM) (%o) (%) (%) (%)
3.07 -12.0 28.5 31.4 40.1
2.16 -10.4 28.2 39.1 32.7
6.02 -14.1 32.9 27.3 39.8
2.53 -14.7 30.5 23.3 46.2
3.86 -12.7 32.1 32.3 35.6
4.51 -10.4 25.6 35.9 38.5
3.74 -11.7 28.8 33.4 37.8
422 -20.7 42.4 12.1 45.5
2.09 -9.8 18.7 28.7 52.6
2.69 -9.7 23.8 36.9 39.3
2.54 -15.7 323 21.2 46.5
4.42 -3.5 10.0 47.2 42.8
5.25 -10.3 254 35.9 38.7
3.78 -18.2 44.1 19.8 36.1
6.98 -14.9 39.5 29.0 315
6.56 -16.7 41.8 23.7 34,5
4.87 -8.9 22.2 38.4 394
7.90 -9.6 26.7 41.8 315
5.16 -9.7 259 39.8 343
5.54 -57 16.7 49.7 33.6
14.57 0.2 33 67.4 29.3

MSRZ, Maduo surface rupture zone; EKFZ, East Kunlun fault zone. For the East Kunlun fault zone, the average proportions of organic carbon (Crg), deeply-sourced carbon (Cepao), and
carbonate (Cc,,) end-members are 18.6% (3.3-26.7%), 45.7% (35.9-67.4%) and 35.7% (29.3-42.8%), respectively, which do not take into account samples MDW14 to MDW 16 due to
possible shallow fluid sources that fail to reflect the properties of deep fluid circulation in the East Kunlun fault zone (see details in Section 5.3 of the main text). Similarly, the average
proportions of Cyrg, Cendo> and Ceap, calculated for water samples from the Maduo surface rupture zone are 28.1% (18.7-32.9%), 30.7% (21.2-39.1%), and 41.2% (32.7-52.6%), respectively.

8" Coxt X Cost = 8" Corg X Corg + 0" Cento X Cento~~ (4)

The results show that the C,,; and Cenq, values of springs
near the Maduo surface rupture zone are 0.82-3.29 mmol L™
and 1.01-2.73 mmol L™', respectively; the C, and Cendo
values of springs along the East Kunlun fault zone are
0.67-4.18 mmol L' and 1.17-13.90 mmol L™', respectively.
For most springs of the East Kunlun fault zone, the average
proportions of organic carbon, deeply-sourced carbon, and
carbonate end-members are 18.6% (3.3-26.7%), 45.7%
(35.9-67.4%) 35.7%  (29.3-42.8%), respectively
(Table 2). In contrast, the spring waters in the Maduo

and

surface rupture zone yield average end-member proportions
0f28.1% (18.7-32.9%) for organic carbon, 30.7% (21.2-39.1%)
for deeply-sourced carbon, and 41.2% (32.7-52.6%) for
carbonate, respectively (Table 2). Irrespective of sample
locations, the DIC in the studied spring waters are
generally derived from dissolution of carbonates (average =
38.1%), followed by deeply-sourced carbon (average = 35.2%)
and organic carbon (average = 26.7%). Notably, spring waters
from the Maduo surface rupture zone have higher inputs from
organic carbon (28.1%) than those from the East Kunlun fault
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zone (18.6%), with the latter showing higher contributions
from deeply-sourced carbon (45.7% vs. 30.7%).

5.3 Mechanism of earthquake-induced
carbon mobilization

Previous studies have reported that anomalies in chemical
compositions and isotope ratios of carbon-bearing fluids before
and after seismic events could reflect earthquake-induced fluid
release as well as changes in fluid migration pathways (e.g., Weise
et al., 2001; Briuer et al., 2007; Chiodini et al., 2011; Brauer et al.,
2014). Generally, the geochemical anomalies can be explained by
fluid discharge from isolated pores and fractures, mixing of
components from different aquifers, and increased inputs of
surface flow or deeply-sourced fluids (Rosen et al, 2018;
Barbieri et al., 2020).

In this study, springs in the Maduo surface rupture zone
show more organic carbon contribution compared to most
springs in the East Kunlun fault zone. These springs reflect
the post-earthquake upwelling of mostly shallow groundwater
and recharged surrounding water (Lu et al., 2021). Due to the
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FIGURE 3

Plot of §°Cey; versus Cey for spring samples in the study area.

Data of the Xianshuihe-Anninghe fault zone are from Xu et al. (2022).
The modeling parameters of end-members are as follows: (1)
Organic carbon: §*Cqg = —27%o, Cext = 0.0001-0.004 mol L™;

(2) Endogenic (deeply-sourced) carbon: §*Cengo = 1.5%o, Cext >>
0.06 mol L™ The §*C value of deeply-sourced carbon end-member
represents a mixture of carbon from mantle degassing and
decomposition of marine limestones. The §“°C value of metamorphic
CO, depends on that of source rocks, and we cannot discriminate
carbon from mantle degassing and metamorphic decarbonation due
to the lack of further geochemical data (e.g., *He/*He) in this study.
The numbers (i.e., 0.0001, 0.0005, 0.001, 0.002, and 0.004) near
corresponding mixing curves represent carbon contents (shown in
Cext) Of Organic carbon end-member.

mixing between surface water and groundwater in the rupture
zone formed by the Maduo earthquake, we suggest that more
modern soil CO, entered into the spring waters (Figure 4A),
consistent with our carbon isotope results (Tables 1 and 2).
Geophysical data show that the Jiangcuo fault, along which the
Maduo earthquake occurred, mainly extends to the brittle upper

10.3389/feart.2022.1091052

crustal depths (0-30 km; Yue et al,, 2022), as indicated by the
epicenter of about 17 km (Zhu et al, 2021). In this case, the
inputs of deeply-sourced carbon would be less than those of
shallow organic carbon and sedimentary carbonates. The
enhanced release of organic carbon after earthquakes has also
been observed in other seismically active regions (Wang et al.,
2016; Bonini, 2022). For example, Rosen et al. (2018) reported a
decrease in §"*Cpc values from —11.6%o to —17.3%o for the Nerea
spring after the 2016 Amatrice-Norcia earthquake, which was
probably due to soil CO, release. After the 2008 Wenchuan
earthquake, Zheng et al. (2013) also observed emissions of
biogenic gases from shallow reservoirs through faults or
fractures.

As an important boundary fault of the Songpan-Ganzi block,
the East Kunlun fault zone cut deep into the middle and lower
crust (Sun et al, 2019), which is conducive to the upward
migration of deep fluids. Therefore, most springs near the
East Kunlun fault zone show high contributions from deeply-
sourced carbon components as shown in Figure 4B. Similarly,
after the 2016 Amatrice-Norcia earthquake, Rosen et al. (2018)
observed an increase of 8" *Cpic (~6%o) in the Santa Susanna
Spring. Such abrupt change was attributed to increased inputs
from deeply-sourced carbon, or the addition of groundwater
enriched in heavier carbon isotopes (such as the groundwater
from reservoirs with long residence time or intense water-rock
Notably, organic carbon
contributions are observed in three springs (MDW14,
MDW15, and MDW16; Table 2) along the East Kunlun fault.
Since their 8"*Cp;¢ values are similar to that of the Yellow River
water (MDWS). It is possible that fluid sources of the three
springs are influenced by shallow waters such as rivers or

interaction). relatively  higher

streams, which thus fails to reflect the deep fluid circulation
related to deep-cutting nature of the East Kunlun fault zone.
The above findings suggest that seismic events such as the
2021 Maduo earthquake can affect carbon mobilization processes
at variable depths, especially shallow organic carbon that tends to
be released from the newly formed rupture zones (Figure 4). The

AO sw Surface rupture zone NE BO sw NE
/ \ Soil COz 3 <~
Soil CO:
10 F 10 F
2021 Maduo
20 k earthquake 20 k-
km Deep Kkm Deep CO

FIGURE 4

Schematic model showing carbon mobilization processes in the Maduo surface rupture zone (A) and the East Kunlun fault zone (B). Note that
inputs from organic carbon in soils are higher (thicker green arrows; Figure 4A) in the spring waters discharging from the surface rupture zone formed
by 2021 Maduo earthquake, while the spring waters in the East Kunlun fault zone have higher inputs from deep CO; (thicker red arrows in Figure 4B).
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combination of changes in hydrogeochemical and isotopic
signatures of groundwater before and after earthquake could
further reveal the mechanism of carbon emissions induced by
perturbations in carbon mobilization processes at deep and
shallow levels (Rosen et al, 2018). Moreover, it is also of
considerable significance to take into account the potential
effects of earthquake-induced CO, emissions in modeling of
tectonic evolution and carbon cycling over longer timescales
(Wang et al., 2016).

6 Conclusion

Based on stable carbon isotope and radiocarbon isotope of the
DIC in spring and surface waters, combined with regional
geological and geophysical evidence, our study quantitatively
constrained the carbon source components involved in the
discharging subsurface fluids after the 2021 Maduo earthquake.
Overall, the DIC in spring waters is mainly derived from dissolved
carbonate minerals (38.1%), modern soil organic carbon (26.7%),
and deeply-sourced carbon (35.2%). Spatially, spring waters
discharging from the Maduo surface rupture zone have higher
inputs from modern soil organic carbon (28.1%) than those
observed in the East Kunlun fault zone (18.6%), suggesting
enhanced mobilization of organic carbon as a result of
earthquake-induced fault rupturing that is suggested to be
confined within upper crustal depths. In contrast, the higher
inputs of deeply-sourced carbon (45.7%) to spring waters from
the East Kunlun fault zone suggest higher probability of
decarbonation processes at larger depths in the case of deep
cutting of the East Kunlun strike-slip fault system. We suggest
that the earthquake-induced release of organic carbon, as indicated
by our observations after the 2021 M,, 7.4 Maduo earthquake,
could shed new insights into the potential relationships between
tectonic evolution and global carbon cycle.
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