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A B S T R A C T

Carbon isotopes of inorganic carbon-bearing materials (gaseous CO2, dissolved inorganic carbon (DIC) and solid
carbonates) sampled from four mud volcanoes in the northern Tianshan fold zone were investigated to study the
mud volcanic carbon cycling process. The analysed carbon isotopes showed 13C enriched characteristics, the
δ13C values of CO2, DIC and solid carbonates were in the range of 10.99–32.11‰, 17.02–36.22‰, and
−7.28–12.40‰, respectively. The 13C enrichment of CO2 could be attributed to carbon isotope fractionation
during the partial reduction of CO2 by methanogenic bacteria. The positive δ13C values in DIC may be caused by
the carbon isotope fractionation during CO2-water-rock interactions. The mixture of carbonate precipitates from
DIC in the water and carbonate minerals from the host rock resulted in a relatively less positive δ13C value in
carbonates of the mud samples. The reduction of CO2 by methanogenic bacteria could be the primary mechanism
for the 13C enrichment of inorganic carbon during the carbon cycling process in the mud volcanic systems in the
northern Tianshan fold zone.

1. Introduction

Extremely positive isotopic values of carbon in CO2 (δ13CCO2), DIC
(δ13CDIC) and carbonates (δ13CCarb) have been widely reported in con-
centrated evaporated brines and anoxic sediments (Turner and Fritz,
1983; Stiller et al., 1985; Talbot, 1990; Valero-Garcés, 1999; Nakada
et al., 2011). For examples, the extremely high δ13C value up to
+13.4‰ has been observed in carbonates from Lake Kivu in Africa
(Hassan, 2014). In Lake Apopka, Florida, the δ13C values in the pore
water are +26.4‰ (Gu et al., 2004) and positive δ13C values as high as
+23.6‰ are reported in soil-emitted CO2 from biogas residues (Chen
et al., 2011a,b). To explain the high 13C content in CO2, DIC and car-
bonates, models proposed in the literature include the reduction of CO2

by methanogenic bacteria (Jin et al., 2008), the reduction of organic
matter by methanogenic bacteria (Zyakun, 1996), CO2 outgassing from
the liquid phase (Chen et al., 2011a,b), CO2 dissolution and carbonate
precipitation (Rovira et al., 2008), phytoplankton photosynthesis (Zhu

et al., 2013) and evaporation (Hassan, 2014). However, these models
require specific geological settings or environments.

The carbon isotope composition of CO2 from mud volcanoes in
Azerbaijan (Bonini et al., 2013), Indonesia (Mazzini et al., 2007), Italy
(Tassi et al., 2012), India (Chaudhuri et al., 2012), Japan (Etiope et al.,
2011) and China (Chao et al., 2010; Nakada et al., 2011; Wan et al.,
2013) also have extremely positive δ13CCO2 values > +30.0‰ (Etiope
et al., 2011; Bonini et al., 2013; Ray et al., 2013), as a result of the
oxidative and fermentative destruction of saturated hydrocarbons
(Zartmanetal., 1961; Wilhelmsetal., 2001; Feyzullayev and
Movsumova, 2010). Extremely positive δ13C (up to + 33.3‰) of CO2

from the Dushanzi (DSMV) and Aiqigou (AQMV) mud volcanoes in the
northern Tianshan fold belt are reported, and the mechanism has been
briefly described (Nakada et al., 2011; Wan et al., 2013). Enriched 13C
has been reported widely in mud volcanoes worldwide, however there
are few detailed reports which describe the origins of the 13C enrich-
ment. A thorough investigation of the origin of 13C enrichment in
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carbon materials from mud volcanoes is crucial in understanding the
carbon cycling processes in mud volcanic systems.

The aim of this study is to determine the 13C enrichment in in-
organic carbon materials (CO2, DIC and carbonates) sampled from four
mud volcanoes and to determine the geochemical source, thus pro-
viding insight into the carbon cycling process in the northern Tianshan
fold belt, NW China.

2. Geological setting

The northern Tianshan fold zone, tectonically located at the tran-
sitional region between the northern Tianshan Mountains and the
Junggar Basin, consists of three NWW-SEE fold belts distributed along
the southern margin of the Junggar Basin, fold belts, from south to
north. These fold zones are intersected by several parallel thrust faults
(Zheng et al., 2010a, 2010b; Dai et al., 2012). There are four mud
volcanic groups which occur on the northern Tianshan fold zone,
named Anjihai (AJMV), Dushanzi (DSMV), Aiqigou (AQMV) and
Baiyanggou (BYMV) from east to west (Yang et al., 2014) (Fig. 1).

The AJMV, located 40 km south of the Shawan County (Fig. 1), has
one active crater with a diameter of ∼1m containing muddy water
with a slightly oily appearance (Fig. 2a). The frequency of gas bubbles
release is approximately 60 times per minute, with a maximum bubble
diameter of∼5 cm. The DSMV, located 1 km southwest of the Dushanzi
District (Fig. 1), has two active craters on the Dushanzi hill. Viscous
muddy water flows out of the northern crater and forms a mud cone
with a diameter of ∼8m at the bottom and height of ∼2m (Fig. 2b).
Gas bubbles are released at a frequency of ∼90 times per minute with a
maximum bubble diameter of∼5 cm. The BYMV is located 43 km south
of Wusu City (Fig. 1) with dozens of craters (> 20 over 1 km2) which
produce muddy water and gas. The smallest crater is characterized by a
diameter of ∼3 cm and the largest crater has a diameter of ∼5m. Due
to the small amount of erupted muddy water, only a few spray-mud-
cones craters have been formed and oil seepages have been observed in
these craters (Fig. 2c). The most active mud crater has a bubbling fre-
quency of> 120 times per minute with a maximum bubble diameter of
∼10 cm. Twin volcanic spray-mud-cone craters occur in the AQMV

area, approximately 80 km south of Wusu City, which are ∼15m in
height. The crater in the southwest is extinct, but the northeast crater is
active has a diameter of approximately 5m. Muddy water discharged
from the crater is cold and the surface is a silver and grey colour
(Fig. 2d). It has a bubbling frequency of> 150 times per minute with a
maximum bubble diameter of ∼25 cm (Du et al., 2013; Chen et al.,
2014).

The sedimentary sequences in the northern Tianshan fold belt from
the Permian to Recent age are up to 16 km in thickness (Deng, 2000).
The Permian, Triassic, Jurassic and Cretaceous strata consist primarily
of sandstone and mudstone. The Tertiary formations consist primarily
of mudstone, limestone, sandstone and conglomerate. The Quaternary
formations consist of sandy loess and gravel deposits (Bai, 2008). Red
Tertiary sandstone and conglomerate in the core part of the Dushanzi
anticline have been bleached by oil and gas from the mud volcanic
craters and their original colour of red have changed to yellow, green,
grey and black. This phenomenon could be explained as a typical
bleaching effect of hydrocarbons on the host rocks in a mud volcanic
area (Zheng et. al., 2010a, 2010b).

3. Methods

Gas, water and mud samples were collected from the craters of
AJMV, DSMV, BYMV and AQMV. Gas samples were collected by pla-
cing a cylindroid glass bottle (500mL in volume, 0.5 cm thickness,
made of soda-lime glass) upside down, which was pre-filled with water
from each sampling site and connected with a rubber tube to an in-
verted funnel fully sunk into the mud at the crater site (Wang, 1989).
Gas released from the mud volcanoes passed through a tube and filled
the soda-lime bottles, replacing the water inside the bottle, which was
then sealed onsite using solid trapezoidal rubber plugs and adhesive
plaster (Du et al., 2006; Dai et al., 2012). Three bottles of gas were
collected for the analysis of gas composition, isotope ratios (He and Ne)
and carbon isotopes. Water samples collected from the mud volcanoes
were filtered using a membrane (hydrophilic PTFE) of 0.45 μm pore size
to remove the suspended solids, and then placed in 250mL plastic
bottles, sealed with corks and adhesive plastic. The gas in the bottles

Fig. 1. Regional map of the studied area. Inset map shows the location of the studied region in NW China. (DAF: Dushanzi-Anjihai fault, HMTF: Huoerguosi-Manasi-
Tugulu fault, SZF: southern margin of the Junggar Basin fault.
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had been exhausted completely onsite. DIC in the water samples was
precipitated out on site, carbonates in the water were precipitated out
using barium hydroxide added to the sample bottle. The carbonate
precipitant was collected and dried in an oven at 45 °C for 48 h, and
then placed into 10mL tubes. Mud samples were collected and fully
sealed in 15-mL plastic bottles on site. Mud samples were also dried in
an oven at 45 °C for 48 h before analysing.

The water temperature (T) and HCO3
− concentrations were mea-

sured on site. The temperature was measured using a digital thermo-
meter with an error of± 1%, the HCO3

− concentrations were de-
termined using standard titration procedures with a ZDJ- 100
potentiometric titrator (reproducibility within± 2%). The concentra-
tions of cations (Na+, Mg2+ and Ca2+) and anions (Cl− and SO4

2−) in
the water samples were determined using Dionex ICS-900 ion chro-
matography in the Seismic Fluid Laboratory of Institute of Earthquake
Science, China Earthquake Administration, with a reproducibility
within±2%. Gas compositions and isotopic ratios were measured in
the Laboratory of Gas Geochemistry (Lanzhou, China), Institute of
Geology and Geophysics, Chinese Academy of Sciences. Gas composi-
tions were determined using mass spectrometer MAT 271 characterized
by relative standard deviations of< 5%, δD and δ18O in the water was
measured using a Picarro L1102 mass spectrometer. The errors were
0.5‰ for δD and 0.1‰ for δ18O, 3He/4He (reported as R/Ra,
Ra=1.4×10−6) and 4He/20Ne were determined using mass spectro-
metry (VG 5400), δ13C values were analysed using a gas chromato-
graphy-pyrolysis isotope ratio mass spectrometer (HP6890-Delta Plus
XL) with errors of± 0.3‰. Analysis of all samples were completed
within 30 days from sampling.

4. Results

The geochemical parameters of inorganic carbon from the mud
volcanoes in this study are listed in Table 1. The concentrations of CO2,
CH4 and C2H6 in gas samples from the mud volcanoes were in the range
of 1.1–18.0%, 59.1–94.7% and 2.8–10.1%, respectively.

The concentration of HCO3
− in water samples was

800.5–5838.6 mg L−1, much higher than that reported for the hot
springs in northern Tianshan fold belt (< 20mg L−1) (Chen et al.,
2014). The concentrations of Cl− were 1131.1–11022.8 mg L−1, and
Na+ 2085.8–8630.2 mg L−1. The temperature of the water emitted
from the four mud volcanoes was 7.4–30.8 °C.

The 3He/4He and 4He/20Ne ratios of the gas samples varied from
0.0200 to 0.7780 and 4.0 to 2362.7, respectively. The δD values of
water samples from the mud volcanoes were −97.56 to−52.78‰. The

δ18O values of water samples were −8.16 -4.38‰.
All inorganic carbon (gas CO2, DIC and carbonates) sampled from

the four mud volcanoes showed 13C enriched characteristics. The δ13C
values of CO2 for the gas samples from the mud volcanoes were
10.99–32.11‰, being comparable with that of DIC in water samples
(17.02–36.22). DIC in water samples from the AQMV* had the most
positive δ13C of 32.11‰, and δ13C values of the carbonates in the mud
samples were less positive (−7.28 - 12.40‰). The δ13C values of CH4

for the gas samples varied from −46.29 to −35.12‰.

5. Discussion

Enrichment in 13C from CO2(g), DIC and carbonates from the four
mud volcanoes was found (Table 1). Possible origins for the 13C en-
richment are proposed below, with a discussion on the carbon cycling
process in the mud volcanic systems.

5.1. Origin of enriched 13C in the CO2 gas

The CO2 gas from the four mud volcanoes had δ13C values in the
range of 10.99–32.11‰ (Table 1), which were more positive compared
to reported δ13C values of CO2 gas in natural environments (<+0.2‰)
(Chen and Wang, 2004). The input of mantle-derived CO2 and the
fractionation of carbon isotopes during the reduction of CO2 by me-
thanogenic bacteria which can exist at depths> 2 km have been pro-
posed to cause enrichment of δ13C in CO2 gas in some natural en-
vironments (Blundy et al., 1991; Zyakun, 1996; Zhang and Duan, 2009;
Nakada et al., 2011; Etiope et al., 2011).

The reported δ13C of mantle-derived CO2 sampled from hydro-
carbon drillings is ≤ +28‰ (Du, 1991). The 3He/4He and 4He/20Ne of
gas from the mud volcanoes were 0.0200–0.7780 (R/Ra) and
4.0–2362.7, respectively. These values are clustered in the “crust” va-
lues on the cross plot of 3He/4He and 4He/20Ne (Fig. 3), with the ex-
ception of gas from the AJMV and DSMV sampled on June 26, 2012
which was located between “crust” and “air”. These were considered to
be precursors for the Xinyuan-Hejing MS6.6 earthquake on 30 June
2012 due to the interfusion of gas from a shallower reservoir (Dai et al.,
2012). This data suggests that CO2 gases from the four mud volcanoes
could be primarily crust-derived, with small amounts of gas from the
mantle (Du et al., 2013; Zhang et al., 2016).

The cross-plot of C1/(C2+C3) versus δ13CCH4 suggests that gases
from the mud volcanoes fall into the thermogenic zone (Fig. 4). The
high CH4 content (59.1–94.7%) and values of δ13 C1 (−46.29 to
−35.12‰) and δ13 C2 (−23.0 to −20.5‰) %) (Table 1) indicate a

Fig. 2. Photos of the mud volcanoes in this study. a) AJMV; b) DSMV; c) BYMV; d) AQMV.

Z. Chen et al. Applied Geochemistry 97 (2018) 32–39

34



Ta
bl
e
1

G
eo

ch
em

ic
al

pa
ra
m
et
er
s
of

th
e
ej
ec
ta

fr
om

th
e
m
ud

vo
lc
an

oe
s
in

th
e
N
or
th
er
n
Ti
an

sh
an

Fo
ld

zo
ne

.

Si
te

D
at
e

T
(°
C
)

G
as

co
m
po

si
ti
on

(v
ol
.%

)
C
1
/(
C
2
+

C
3
)

δ1
3
C
(‰

)
Io
n
co

m
po

si
ti
on

(m
g
L−

1
)

4
H
e/

2
0
N
e

3
H
e/

4
H
e
(R

/R
a)

δD
(‰

)
δ1

8
O

(‰
)

C
O
2

C
H
4

C
2
H
6

C
3
H
8

C
H
4

C
O
2

D
IC

ca
rb
on

at
es

N
a+

C
a2

+
M
g2

+
C
l−

SO
4
2
-

H
C
O
3
−

A
JH

-1
6.
20

12
22

.4
2.
5

59
.1

2.
8

0.
0

21
.1

−
36

.7
7

31
.6
4

–
–

45
95

.5
13

.9
10

8.
9

69
74

.3
3.
4

20
75

.2
7.
8

0.
45

18
−
73

.2
7

−
5.
13

A
JH

-2
7.
20

12
30

.8
6.
1

87
.6

4.
1

0.
0

21
.4

−
37

.9
5

32
.1
1

–
–

56
54

.8
25

.1
10

6.
7

71
99

.1
3.
6

58
38

.6
27

7.
1

0.
03

92
−
69

.4
1

−
5.
17

A
JH

-3
10

.2
01

2
11

.1
11

.8
74

.4
3.
1

0.
0

24
.3

−
35

.1
2

32
.0
0

36
.2
2

11
.4
5

58
81

.3
25

.3
11

9.
4

68
99

.2
0.
7

58
21

.3
12

1.
8

0.
05

70
−
74

.3
4

−
5.
34

A
JH

-4
5.
20

13
22

.1
3.
6

77
.7

3.
8

0.
0

20
.3

−
36

.0
0

30
.2
9

32
.2
4

6.
06

86
30

.2
29

.8
16

6.
1

11
02

2.
8

0.
0

16
70

.4
12

4.
6

0.
04

30
−
72

.7
5

−
5.
18

A
JH

-5
9.
20

13
22

.0
3.
1

79
.5

4.
4

0.
0

18
.1

−
36

.8
5

32
.0
9

32
.6
1

5.
30

58
32

.6
26

.8
11

5.
8

72
11

.2
0.
0

18
85

.6
14

8.
8

0.
05

50
−
73

.0
8

−
5.
67

A
JH

-6
6.
20

14
24

.3
3.
8

78
.6

3.
9

0.
0

20
.2

−
36

.9
1

30
.2
2

34
.2
5

10
.9
5

69
58

.5
27

.9
12

3.
3

96
49

.4
4.
3

90
2.
1

15
3.
9

0.
04

20
−
74

.3
2

−
5.
54

D
SZ

-1
6.
20

12
24

.9
3.
9

88
.1

4.
4

0.
0

19
.9

−
42

.5
8

21
.7
5

–
–

54
60

.0
66

.7
14

2.
4

84
05

.9
0.
0

27
81

.4
4.
0

0.
77

80
−
52

.7
8

−
4.
91

D
SZ

-2
7.
20

12
22

.2
4.
2

88
.8

4.
4

0.
0

20
.1

−
42

.5
7

19
.8
9

–
–

55
94

.9
65

.5
15

5.
9

90
59

.7
0.
0

28
71

.4
46

5.
2

0.
04

42
−
58

.6
8

−
4.
78

D
SZ

-3
10

.2
01

2
7.
4

7.
6

88
.0

4.
4

0.
0

19
.7

−
42

.9
4

14
.8
7

21
.0
8

−
4.
77

56
23

.8
40

.0
14

4.
7

86
21

.1
0.
0

16
07

.7
13

4.
2

0.
04

60
−
65

.3
8

−
5.
07

D
SZ

-4
5.
20

13
14

.9
3.
4

87
.6

4.
6

0.
0

19
.0

−
41

.9
0

15
.2
0

25
.8
9

−
2.
03

53
63

.4
89

.1
14

2.
3

99
30

.7
0.
0

18
78

.8
13

4.
0

0.
03

70
−
67

.4
7

−
5.
02

D
SZ

-5
9.
20

13
16

.0
1.
7

87
.5

5.
0

0.
0

17
.5

−
41

.3
6

26
.2
4

26
.7
5

−
1.
64

51
86

.9
68

.9
96

.6
10

23
9.
9

13
.3

10
00

.4
15

6.
0

0.
04

60
−
60

.8
8

−
5.
13

D
SZ

-6
6.
20

14
20

.1
4.
5

85
.4

4.
0

0.
0

21
.4

−
42

.6
7

24
.7
8

25
.6
3

−
3.
44

48
28

.9
81

.5
13

3.
4

88
61

.3
0.
5

80
0.
5

23
0.
0

0.
04

40
−
65

.1
2

−
4.
99

BY
G
-1

6.
20

12
25

.0
1.
6

85
.2

9.
9

0.
0

8.
6

−
45

.6
5

15
.7
8

–
–

41
61

.1
7.
5

49
.4

47
25

.9
12

2.
3

45
64

.0
13

45
.0

0.
01

95
−
71

.6
4

−
5.
09

BY
G
-2

7.
20

12
23

.9
2.
3

94
.7

9.
0

0.
0

10
.5

−
46

.0
3

15
.2
0

–
–

43
47

.3
7.
3

55
.6

48
81

.9
12

1.
1

47
84

.1
29

7.
9

0.
02

68
−
66

.5
3

−
4.
38

BY
G
-3

10
.2
01

2
13

.2
8.
0

85
.2

10
.0

0.
0

8.
5

−
46

.2
9

10
.9
9

17
.7
4

−
6.
42

41
81

.3
14

.0
50

.9
38

65
.1

81
.4

44
65

.0
16

0.
2

0.
02

40
−
72

.5
1

−
5.
13

BY
G
-4

5.
20

13
20

.2
2.
3

85
.3

9.
8

0.
0

8.
7

−
45

.8
0

14
.7
0

18
.3
5

−
3.
59

41
14

.8
10

.5
49

.3
42

22
.6

90
.3

43
43

.2
18

2.
0

0.
02

20
−
69

.8
9

−
4.
53

BY
G
-5

9.
20

13
17

.8
1.
1

85
.3

10
.0

0.
0

8.
5

−
45

.8
4

13
.9
3

17
.0
2

−
5.
01

48
66

.0
12

.0
60

.6
56

28
.0

78
.8

48
06

.4
19

0.
4

0.
02

60
−
71

.0
1

−
4.
87

BY
G
-6

6.
20

14
24

.9
2.
4

80
.1

10
.1

0.
0

7.
9

−
45

.6
2

14
.6
3

17
.4
3

−
7.
28

46
60

.6
14

.0
56

.2
56

63
.7

18
.7

42
68

.3
17

0.
5

0.
02

30
−
70

.9
7

−
5.
06

A
Q
G
-1

6.
20

12
16

.5
15

.5
78

.2
4.
8

0.
0

16
.3

−
41

.1
2

29
.2
0

–
–

20
85

.8
41

.1
69

.0
13

97
.9

10
9.
4

34
62

.0
23

62
.7

0.
01

70
−
85

.3
9

−
7.
26

A
Q
G
-2

7.
20

12
20

.5
15

.1
76

.6
5.
1

0.
0

15
.0

−
41

.2
4

29
.0
0

–
–

20
85

.9
41

.4
69

.2
14

07
.9

11
1.
2

40
98

.1
13

1.
9

0.
07

87
−
90

.0
3

−
7.
40

A
Q
G
-3

10
.2
01

2
10

.4
16

.7
76

.6
5.
1

0.
0

15
.0

−
42

.1
2

28
.8
3

30
.9
4

8.
12

24
93

.2
24

.6
82

.2
14

63
.8

11
2.
9

41
14

.4
20

9.
2

0.
02

10
−
89

.1
8

−
7.
42

A
Q
G
-4

5.
20

13
18

.0
17

.9
75

.3
5.
1

0.
0

14
.7

−
40

.0
3

28
.4
0

33
.2
6

12
.4

21
10

.8
27

.5
54

.0
11

31
.1

10
0.
0

36
11

.2
50

3.
0

0.
02

20
−
97

.5
6

−
8.
16

A
Q
G
-5

9.
20

13
16

.0
14

.0
77

.5
5.
3

0.
0

14
.6

−
37

.9
5

26
.9
3

30
.1
2

10
.6
5

23
44

.6
23

.0
82

.2
12

07
.8

10
0.
0

47
33

.6
43

0.
8

0.
02

90
−
82

.5
5

−
7.
67

A
Q
G
-6

6.
20

14
21

.8
18

.0
77

.4
5.
4

0.
1

14
.1

−
41

.0
2

27
.6
2

31
.1
1

9.
36

21
28

.1
41

.4
65

.5
11

59
.0

10
1.
8

50
32

.2
27

9.
9

0.
02

00
−
80

.7
6

−
7.
43

Th
e
“-
”:

no
t
de

te
ct
ed

.3
H
e/

4
H
e
(R

/R
a)

w
as

th
e
m
ea
su
re
d

3
H
e/

4
H
e
ra
ti
o
di
vi
de

d
by

th
at

of
ai
r
(R

a
=

1.
4
×

10
−

6
).

Z. Chen et al. Applied Geochemistry 97 (2018) 32–39

35



thermogenic gas derived from the hydrocarbon reservoir approximately
3600m beneath the surface (Nakada et al., 2011). Therefore, CO2 from
the mud volcanoes could be the result of hydrocarbon degradation (Dai
et al., 2012; Wan et al., 2013). δ13C of organic-derived CO2 from hy-
drocarbon degradation is usually < −10‰ (Dai et al., 2012). There-
fore, large isotope fractionations may have occurred during the up-
welling of CO2 through mud volcanic vents and responsible for the 13C
enrichment in CO2 found in this study.

Carbon isotope fractionation in the process of the reduction of CO2

by methanogenic bacteria is one of the possible genesises for 13C en-
richment of CO2 in natural environments (Zyakun, 1996; Nakada et al.,
2011). Methanogenic bacteria living in a CO2 and H2 environment can
produce CH4 under anaerobic conditions. This process, equations (1)
and (2), could induce carbon isotopic fractionation which leads to a
continuous δ13C enrichment in the residual CO2 and reduction of 13C in
produced CH4 (Zyakun, 1996; Nakada et al., 2011; Etiope et al., 2011;
Bonini et al., 2013; Ray et al., 2013; Hassan, 2014).

+ → +CO H CH H O4 22 2 4 2 (1)

= + −
−δ C δ C f1000 1000co co

a13
( )

13
( )

(1 )
f2 2 0 (2)

Where: α=1.051 for CO2→CH4, δ C co
13

( )2 0 is the δ13C of CO2 substrate,
δ C co

13
( ) f2 is the δ13C of residual CO2, and ƒ is the composition (%) of

residual CO2.

The δ13C values of residual CO2 from this reduction process can
reach 32.7‰ (Chen et al., 2011a,b), which is slightly higher than that
of CO2 discharged from the sampled four mud volcanoes
(10.99–32.11‰) (Table 1). The concentration of CO2 gas between 1.1
and 18.0% (Table 1) and several species of methanogenic bacteria have
been observed in these mud volcanoes, which are characterized by a
methanosarcinales content to up to 86% (Yang et al., 2012), and H2

could be continuously produced as a result of hydrocarbon degradation
and biochemical reactions under anaerobic conditions (Liu et al., 2014).
Consequently, the kinetic isotope fractionation during the reduction of
CO2 by methanogenic bacteria could be the primary origin for the 13C
enrichment in the CO2 from the mud volcanoes. The same process could
have lowered CO2 concentrations and produced CH4 depleted in 13C,
leaving residual CO2 enriched with 13C. The CO2 content in the gas
samples from the four mud volcanoes were relatively low, ranging
1.1–18.0%, indicating no correlation with δ13C of the CO2 gases
(Table 1). This may indicate different δ13C of CO2 at the beginning of
CO2 reduction or different reduction rates of CO2 reduction between
different mud volcanoes.

CH4 is the primary component of gas sampled from the four mud
volcanoes (with concentration ranging 59.1–94.7%), with δ13C −46.29
- 35.12‰ comparable to those of CH4 from oil wells (−41.1- 25.6‰) in
the study area (Du et al., 2013; Song et al., 2014) (Table 1), and which
is a thermogenic gas (Dai et al., 2012; Wan et al., 2013), suggesting that
the CH4 deriving from the reduction of CO2 by methanogenic bacteria
should have made a subordinate contribution to the composition of CH4

from the mud volcanoes.

5.2. Mechanism of enriched 13C in the DIC in water

Enriched 13C in DIC of the water samples was determined to be
17.02–36.22‰ (Table 1) and had a strong positive correlation with
those in CO2 gas from the mud volcanoes (Y = 0.81X + 7.95,
R2= 0.88) (Fig. 5). This could indicate that the DIC could have pri-
marily transformed from CO2 in the mud volcanoes.

All water samples from the mud volcanoes were enriched with
HCO3

−, Cl− and Na+, at concentrations of 800.5–5838.6 mg L−1,
1131.1–11022.8 and 2085.8–8630.2 mg L−1, respectively (Table 1).
The chemical types of these water samples were Na-ClHCO3 and Na-
HCO3Cl (Fig. 6). The concentration of Na+ correlates strongly and
positively with those of (HCO3

− + Cl−) (Y = 1.37X + 3019.70,
R2= 0.80) (Fig. 7). The host rock in which the four mud volcanoes
occur was red Tertiary sandstone, which had been deposited in a
semiarid climate and contained halite (NaCl). Extensive water-rock
interaction between the groundwater and sandstone may have occurred

Fig. 3. Plots of 3He/4He (R/Ra)-4He/20Ne. End members in the plots are: R/
Raair= 1, 4He/20Neair = 0.254, R/Ramantle = 8, 4He/20Nemantle = 1000, R/Ra
crust = 0.02, 4He/20Ne crust = 1000 (Sano and Wakita, 1985).

Fig. 4. Relationship between C1/(C2 + C3) and δ13CH4 values of the gas
samples.

Fig. 5. Plot of δ13C values of DIC in the water samples versus δ13C values of CO2

in the gas samples.
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in the mud volcanic systems, resulting in horizontal movement of δ18O
values from the GMWL on the δ18O-δD plot (Fig. 8) (Chen et al., 2014).
Water samples from the AJMV, DSMV, BYMV and AQMV fall into an
elliptic zone parallel to the zone of meteoric water in northern Xinjiang,
on the δ18O-D plot (Fig. 8).

Laboratory experiments indicated that an injection of CO2 into
groundwater can accelerate the water-rock interaction (Ueda et al.,
2005; Liu et al., 2012). Therefore, the water-rock interactions which
occurred in the mud volcanic systems could have been accelerated by
CO2 gas upwelling from the mud volcanoes, which can be expressed by
equations (3) and (4) (Chen et al., 2015).

+ + → ⋅ + +

+ +

+

− −

NaAlSi O H O CO H Al Si O H O SiO Na

HCO OH

2 3 4 22 3 2 2 2 2 2 3 2 2

3 (3)

→ +
+ −NaCl Na Cl (4)

Previous studies demonstrate that carbon isotope fractionation in
the process of CO2-water-sandstone interaction (i.e. equation (3)) can
result in an increase of δ13C by +9.0‰ for DIC at 15 °C (Rovira and
Vallejo, 2008), and 0.1–16.3‰ at 25 °C (Rustad et al., 2008). The
temperature of the water from the four mud volcanoes ranged from
7.4 °C to 30.8 °C. Therefore, CO2-water-sandstone interactions in the
mud volcanic system

+ + ↔ +
+ −H O CO M CO

X
M HCO2 2

X
X

2 2 2 3 3 (5)

could result in 0.1–16.3‰ higher δ13C values in DIC, compared to those
in CO2 gas. δ13C values of δ13C 0.51–10.69‰ higher were observed in
this study (Table 1) suggesting a strong CO2-water-sandstone interac-
tion could have occurred in the four mud volcanoes, which may be
responsible for the positive δ13C values in DIC from the mud volcanic
system.

5.3. Mechanism of enriched 13C in carbonates in the mud

δ13C values of precipitated carbonates extracted from the mud
samples were −7.28 - 12.40‰ and had a strong positive correlation
with δ13C values of the DIC (Y = 1.03X + 25.04, R2= 0.85) (Fig. 9).
This could indicate that carbonate precipitation of DIC in water could
be an important origin for carbonates in the mud samples from the mud
volcanoes.

Previous studies report that the chemical reaction HCO3
−→CaCO3

during carbonate precipitation of DIC could result in an increase of δ13C
in carbonates, up to 1.85‰ at 20 °C (Emrich et al., 1970). Carbonates
(CaCO3, MgCO3, NaHCO3 and Na2CO3) precipitation from DIC could

Fig. 6. Piper diagram of the water samples from the AJMV, DSMV, BYMV and
AQMV.

Fig. 7. The plot of Na+ vs HCO3
− + Cl−. Dashed line: water samples from the

AJMV, DSMV, BYMV and AQMV.

Fig. 8. Plots of δD and δ18O values of the water samples. Dashed line: the global
meteoric water line (GMWL); solid ellipse: field of meteoric water in northern
Xinjiang (Wei and Gasse, 1999); dashed ellipse: field including water samples
from the AJMV, DSMV, BYMV and AQMV parallel to the field of meteoric water
in northern Xinjiang. Fig. 9. Plot of δ13C values of DIC in the water samples versus δ13C values of

carbonates in the mud samples.
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have occurred in the shallower stratum due to the decreasing CO2

partial pressure during the upwelling of CO2 through the mud volcano
system and resulted in enrichment of 13C in the carbonate precipitates.
However, δ13C values of carbonate precipitant in the mud samples were
at a much lower range (−7.28 - 12.40‰) than those of DIC from the
mud volcano system (Table 1). In addition, carbonate minerals (such as
calcite and dolomite) were found in the mud samples. The contents (%)
of calcite in the mud samples from the AJMV, DSMV, BYMV and AQMV
are 15%, 10%, 5% and 3%, respectively, and those of dolomite are 10%,
2%, 5% and 2%, respectively (Yang et al., 2014). The calcite and do-
lomite may have originated from carbonate minerals in the host rocks,
with δ13C ranging from −10.0 to +2.0‰ (Deng et al., 2008). There-
fore, δ13C values of carbonates in mud samples from the four mud
volcanoes could be a result of mixing carbonate precipitates from DIC in
the water and carbonate minerals from the host rock.

5.4. The carbon cycling process in the mud volcanic systems

A conceptual model of the origin of 13C enrichment and the carbon
cycling process in the mud volcanic system is summarized in Fig. 10.
The CO2 gas from the mud volcanoes are likely to have resulted from
hydrocarbon degradation, while the 13C enrichment of CO2 may have
resulted from carbon isotope fractionation during the reduction of CO2

by methanogenic bacteria surviving up to 2000 m underground when
CO2 gases upwelled through volcanic vents (Fu and Xin, 2009). The 13C
enrichment in CO2 gas could be the original end-member responsible
for the unusual positive δ13C values in the inorganic carbon during the
carbon cycling process in the mud volcanic systems. During upward
migration of fluid through the host rock, CO2-water-sandstone inter-
actions could have occurred, and the enriched 13C in CO2 transformed
into the DIC in the water, resulting in DIC with more positive δ13C
values. This can be attributed to carbon isotope fractionation in the
procedure of CO2-water-sandstone interactions. However, carbon iso-
tope fractionation during the precipitation of DIC should have result in
more enriched 13C in carbonates in mud compared to DIC in water, but
the δ13C values in carbonates from the mud (−7.28-12.40‰) were
much more lower than those in the DIC, which could be a result of
mixing of carbonate minerals from the host rock and precipitation of
DIC in the water.

6. Conclusions

The study describes the 13C enrichment in inorganic carbon (CO2,
DIC and carbonates) from four mud volcanoes in the northern Tianshan
fold belt, NW China. The δ13C values of CO2 gas from the four mud
volcanoes ranged from 10.99 to 32.11‰, those in DIC from the water

samples were more positive, 17.02–36.22‰. However, those in car-
bonates extracted from the mud samples were less positive, ranging
from −7.28–12.40‰.

CO2 from the mud volcanoes is likely to have been a result of hy-
drocarbon degradation, and subsequent reduction by methanogenic
bacteria. This is proposed as the primary factor in producing 13C en-
riched inorganic carbon during the carbon cycling process in mud
volcanic systems. CO2 may have dissolved in water during CO2-water-
sandstone interactions during the upward movement of fluid through
the conduit. This resulted in DIC with more positive δ13C values. The
mixing of carbonate precipitates from DIC in the water and carbonate
minerals from the host rock should have produced a relatively less
positive δ13C value in carbonates from the mud samples.
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