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Gulu-Yadong rift (GYR) is the longest extensional, NE-SW-trending rift in the Himalayas and Lhasa terrane of
South Tibet. Many volcanic-geothermal fields (VGFs), which comprise intense hot springs, steaming fissures,
geysers and soil micro-seepage, are distributed in the GYR, making it ideal area for studying deep carbon
emissions in the India-Asia continent subduction zone. As for the northern segment of GYR in the Lhasa terrane,
its total flux and genesis of CO, emissions are poorly understood. Following accumulation chamber method, soil
CO,, flux survey has been carried out in VGFs (i.e., Jidaguo, Ningzhong, Sanglai, Tuoma and Yuzhai from south
to north) of the northern segment of GYR. Total soil CO, output of the northern GYR is about 1.50 x 10" ta™ !,
which is attributed to biogenic and volcanic-geothermal source. Geochemical characteristics of the volcanic-
geothermal gases (including CO, and He) of the northern GYR indicate their significant mantle-derived affinities.
Combined with previous petrogeochemical and geophysical data, our He-C isotope modeling calculation results
show that (1) excess mantle-derived *He reflects degassing of volatiles related with partial melts from enriched
mantle wedge induced by northward subduction of the Indian lithosphere, and (2) the crust-mantle interaction
can provide continuous heat and materials for the overlying volcanic-geothermal system, in which magma-
derived volatiles are inferred to experience significant crustal contamination during their migration to the

surface.

1. Introduction

Volcanic-geothermal activities at convergent and divergent plate
boundaries have been the focus of global carbon budget and Earth
degassing in recent years (Burton et al., 2013; Zhang, 2014; Kelemen
and Manning, 2015). Compared with the well-established database of
carbon emissions and chemical geodynamics of volatiles from mid-
ocean ridge (Graham, 2002; Resing et al., 2004; Burley and Katz, 2015)
and oceanic subduction zone (Sano and Marty, 1995; Hilton et al.,
2002; Sano and Fischer, 2013), flux and genesis of deep carbon cycle in
continent subduction zone remains poorly understood. For this reason,
the present volcanic-geothermal activities in continent subduction zone
have drawn growing attention from studies on geological carbon
emissions (Newell et al., 2008; Zhang et al., 2014).

Northward subduction of the Indian continental lithosphere beneath
South Tibet has been demonstrated by evidence from occurrence of the

ultrahigh-pressure metamorphic rocks (Hacker et al., 2005; Donaldson
et al., 2013), seismic tomography data (Nabélek et al., 2009; Zhao et al.,
2011; Liang et al., 2016), plate-tectonic reconstructions (DeCelles et al.,
2011) and post-collisional K-rich magmatic rocks (Guo et al., 2015;
Wang et al., 2015; Liu et al., 2017). As a result of the continental col-
lision and subsequent subduction of the Indian plate, near N-S-trending,
lithospheric extension-related rift occurred in South Tibet (Tian et al.,
2015; Huang et al., 2016), where extensive post-collisional volcanic
rocks (Guo et al., 2013; Zhang et al., 2017a) and present-day volcanic-
geothermal activities (Yokoyama et al., 1999; Hoke et al., 2000) are
exposed (Fig. 1a). These extensional-induced rift systems provide ideal
study sites for understanding the scale and mechanism of geological
carbon emissions in the India-Asia continent subduction zone.

The near NE-SW-trending Gulu-Yadong rift (Fig. 1), formed by li-
thospheric extension since Miocene (12-5 Ma; Harrison et al., 1995; Yin
and Harrison, 2000; Wang et al., 2014), extends about 500 km from
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Gulu (about 31°10°N; Armijo et al., 1986) in the Lhasa terrane to Ya-
dong (about 27°29’N) in the Himalayas. The GYR is characterized by
extensively distributed hydrothermal activities, such as soil micro-see-
page, fumaroles, steaming fissures, hot springs and hydrothermal ex-
plosions (Fig. 2; Yokoyama et al., 1999; Zhao et al., 2002). These hy-
drothermal activities suggest significant geological carbon output from
extensional rift systems in the India-Asia continent subduction zone, but

only a few studies have been done so far (Chiodini et al., 1998; Zhang
et al.,, 2014, 2017b). Additionally, previous studies (e.g., Yokoyama
et al., 1999; Hoke et al., 2000; Newell et al., 2008) have identified a
domain of mantle-derived helium emissions in northern segment of the
GYR (Fig. 1a), i.e., the GYR in the Lhasa terrane. Nevertheless, the flux
and genesis of deep carbon and properties of the mantle source should
be further constrained for hydrothermal volatiles released from the



L. Zhang et al.

Journal of Asian Earth Sciences 149 (2017) 110-123

Fig. 2. Forms of gas-releasing from the hydrothermal activities along GYR (a) Boiling hot spring from Yangying; (b) Soil micro-seepage and hot springs from Yangying; (c) Soil micro-
seepage from Yangbajing; (d) Soil micro-seepage and hot springs from Ningzhong; (e) Steaming fissure from Gulu; (f) Geyser from Gulu; (g) Bubbles springs from Luoma; (h) Bubbles
springs from Tuoma; (i) Residual siliceous sinter or travertine with no active hydrothermal manifestations from Yuzhai.

northern GYR, especially considering the geodynamic setting of the
Indian continent subduction beneath South Tibet.

In this study, we report in-situ field measured data of soil CO, fluxes
for selected VGFs in northern segment of the GYR, in order to under-
stand characteristics and mechanism of deep carbon emissions from
extensional rift systems in the India-Asia continent subduction zone. It
should be noted that, although active volcanoes are absent in South
Tibet, the investigated areas are classified as VGFs, because the source
of heat and materials of the hydrothermal activities may be provided by
magmatic system beneath the northern segment of GYR (Zhang et al.,
2017a, 2017b). Combined with constraints from petrogeochemical
(e.g., Guo et al., 2013, 2015; Zhang et al., 2017b) and geophysical (e.g.,
Nelson et al., 1996; Xie et al., 2016) studies, we estimate the flux of CO,
degassing from the northern segment of GYR and propose a robust
model to understand the mechanism of deep carbon cycle in the India-
Asia continent subduction zone.

2. Geological setting

The Lhasa terrane is located in southern part of the Tibetan Plateau
(Fig. 1a), which is separated from the Qiangtang terrane to the north by
the Bangong-Nujiang suture (BNS) and from the Himalayas to the south
by the Indus-Tsangpo suture (ITS). Precambrian basement rocks have
been discovered in central and northern Lhasa terrane, as represented
by the Proterozoic metamorphic rocks to the west of the Nam Tso lake
~750 Ma; Hu et al., 2005) and the Amdo gneiss (852 Ma; Guynn et al.,
2006). Paleozoic to Mesozoic sedimentary strata (e.g., limestone; Kapp
et al., 2005), together with Jurassic to Cretaceous volcanic-sedimentary
sequences, comprise the sedimentary cover in the Lhasa terrane (Zhu
et al., 2008). During Late Cretaceous and Cenozoic times, magmatic
activities have become significant in South Tibet. The representative
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magmatic rocks include the Gangdese batholith, the Linzizong volcanic
rocks and post-collisional potassium-rich volcanic rocks and adakites
(Guo et al., 2007; Ji et al., 2012; Lee et al., 2012; Wang et al., 2015).

Large-scale high-angle normal faults separate the northern GYR
from the high-elevation mountain ranges on both sides of the rift
(Harrison et al., 1995; Zhang et al., 2013), such as the NE-SW-trending
Nyaingentanghla Mountain (Fig. 1b). Variable scales of faults and
fractures are widely distributed in GYR (Armijo et al., 1986), together
with the high-angle normal faults, forming an interconnected fault
system in the leading edge of the India-Asia continent subduction zone.
Cover rocks of the northern GYR are mainly composed of Carboniferous
shallow marine clastic deposits and limestones (Kapp et al., 2005),
Cretaceous to Tertiary granitoids (Kidd et al., 1988; Kapp et al., 2005;
Weller et al., 2016), Paleocene to Eocene volcanic sequences of the
Linzizong Formation (Coulon et al., 1986) and Quaternary sediments
with various origin (e.g., glacial, alluvial, fluvial, and lacustrine; Armijo
et al., 1986; Kapp et al., 2005).

As shown in Fig. 1b, there is a hydrothermal belt composed of
fourteen VGFs in our study area, extending from Xumai in the south to
Yuzhai in the north. Most of them (i.e., those to the south of Gulu) are
located in the northern segment of GYR, and can be taken as on-rift
VGFs (Armijo et al., 1986). In contrast, those to the north of Gulu are
away from GYR and thus can be taken as off-rift VGFs (Fig. 1b; Armijo
et al., 1986). It is noted that hydrothermal activities in the on-rift VGFs
appear to be more intense than those in the off-rift VGFs. For example,
the on-rift VGFs are characterized by the highest fluid temperature
of > 80 °C (Tables 1 and 2) and the occurrence of boiling hot springs
(Fig. 2a and b), steaming ground or fissures (Fig. 2c—e) and geysers
(Fig. 2f), while the off-rift VGFs have relatively lower fluid tempera-
tures (Tables 1 and 2) and less intense hydrothermal activities
(Fig. 2g-1).
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Table 1
Chemical compositions of the volcanic-geothermal gases in the northern segment of GYR.
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Field no. Fields Sample No. Gas types T(°C) N, (%) 0, (%) CO, (%) CH4 (%) H, (%) Ar (%) He (ppm) Ny/Ar N,/He
1 Xumai XM1501 Bubble gas 26.6 91.4 0.06 0.65 6.04 n.d. 0.83 9813 110 93.2

1 Xumai XM1502 Bubble gas 26.2 89.9 0.05 0.83 7.19 0.25 0.82 9821 110 91.5

2 Yangying YY1501 Bubble gas 82.1 15.0 3.31 81.1 0.11 0.14 0.34 135 44.6 1113
5 Laduogang LDG1501 Bubble gas 22.7 1.79 0.76 97.1 0.30 n.d. 0.05 0.38 34.2 47,080
5 Laduogang LDG1502 Bubble gas 53.3 2.04 0.89 96.8 0.23 n.d. 0.05 1.79 37.9 11,369
6 Ningzhong NZ1501 Bubble gas 60.7 12.2 1.22 86.4 0.07 n.d. 0.12 690 99.8 176

6 Ningzhong NZ1502 Bubble gas 59.7 1.88 0.95 97.1 n.d. n.d. 0.05 1.73 36.9 10,888
7 Yuela YL1501 Bubble gas 66.2 2.58 1.24 96.1 0.01 n.d. 0.07 0.75 36.5 34,384
8 Sanglai SL1501 Bubble gas 82.9 3.51 1.54 94.9 n.d. n.d. 0.07 3.00 47.7 11,708
8 Sanglai SL1502 Bubble gas 80.8 3.58 1.59 94.7 n.d. n.d. 0.08 2.63 42.7 13,610
9 Jiagiong JQ1501 Bubble gas 41.5 1.86 0.93 97.2 n.d. n.d. 0.05 3.11 37.0 5980
11 Tuoma TM1501 Bubble gas 47.7 2.27 1.30 96.4 n.d. n.d. 0.06 4.08 37.6 5572
11 Tuoma TM1502 Bubble gas 50.9 1.68 0.80 97.4 0.05 n.d. 0.05 4.92 36.3 3412
12 Luoma LM1501 Bubble gas 25.7 4.41 0.66 94.8 0.01 n.d. 0.12 41.6 37.0 1061
14 Yuzhai YZ1501 Bubble gas 50.9 4.52 2.00 93.4 0.01 n.d. 0.10 7.72 46.4 5857
14 Yuzhai YZ1502 Bubble gas 49.6 4.79 1.69 93.4 0.01 n.d. 0.09 7.21 54.1 6639

3. Samples and analytical methods
3.1. Soil CO; flux measurement

On the basis of soil CO, flux survey in previous studies (Zhang et al.,
2014, 2017b), five VGFs (Fig. 1b), approximately 4200-4700 m above
sea level, were chosen as study areas for soil CO, flux survey (see details
in the Supplementary Table S1). In particular, two off-rift VGFs (i.e.,
Tuoma and Yuzhai; Fig. 1b) were studied, aiming to compare main
factors that control the variation of the soil CO, fluxes in South Tibet.
Accumulation chamber method and portable infra-red CO, analyzer
(GXH-3010E) were used to measure the soil CO, flux (257 points)
during July 2015. Two factors should be considered during the in-situ
field measurement of soil CO, flux: (1) only the regions with less in-
fluence from vegetation and human activities were selected, with inter-
measurement point by 50-100 m intervals; (2) the edge of cylindrical
chamber must be covered with soil and sealed well during measure-
ment, in order to prevent from contamination of the air (Lan et al.,
2007). The detailed measurement and calculation procedures are de-
scribed in Chiodini et al. (1998) and Zhang et al. (2014).

Table 2
Helium and carbon ratios of the volcanic-geothermal gases in GYR.

3.2. Gas sampling and analyses

Water displacement method was used to collect bubbling gases of
hot springs from ten VGFs (Tables 1 and 2). A funnel was submerged
into spring water and placed on top of the bubbles to collect gases, and
then pipes must be flushed by bubbling gases with volume that is ten
times larger than the pipe volume. Meanwhile, the bubbling gases were
extracted from spring water and put in 250 ml glass bottles sealed by
silicon/rubber plug. All the samples were collected with caution to
avoid atmospheric contamination, and were analyzed in laboratory
within one week after sampling. Detailed sampling procedures have
been described in Hilton et al. (2002) and Italiano et al. (2009) and
reference therein.

Chemical and isotopic compositions of the bubbling gases were
analyzed in Lanzhou Center for Oil and Gas Resources, Institute of
Geology and Geophysics, Chinese Academy of Sciences (IGGCAS),
China. All chemical compositions were analyzed by a MAT 271 mass
spectrometer. Carbon isotopes were analyzed by GC-C-IRMS system
consisting of a TRACE GC Ultra gas chromatograph (GC) coupled to a
Finnigan MAT 253 isotope ratio mass spectrometer (IRMS) via a
Finnigan GC Combustion III interface, while helium isotopes were
analyzed by Noblesse multi-collector Noble Gas Mass Spectrometer.

Field no. Locality Sample no. Gas type Latitude Longitude Elevation (m) T (°C) &'3C (%0) CO,/*He (“He/*°Ne)yy Rw/Ra =+ X Re/Ra
(degree) (degree)
1 Xumai XM1501 Bubble gas 29°27’37.5” 90°15'23.2” 3899 26.6 —14.8 1.11 x 107 193 0.04 0.029 760 0.04
1 Xumai XM1502 Bubble gas 29°27’34.5” 90°15'26.8” 3917 262 —14.6 6.39 x 10° 1146 0.10 0.005 4511 0.09
2 Yangying YY1501 Bubble gas 29°44'24.3” 90°22'10.7” 4737 82.1 —4.96 5.04 x 10'° 26.5 0.09 0.002 104 0.08
3 Jidaguo JDG1501 Dissolved gas 29°50743.7” 90°17’18.2” 4609 55.8 108 0.08 0.007 425 0.07
5 Laduogang LDG1501  Bubble gas 30°11’59.1” 90°36’0.5” 4559 227 -=7.05 3.51 x 10'* 0.81 0.52 0.137 3.18 0.33
5 Laduogang LDG1502 Bubble gas 30°11'59.6” 90°35'59” 4558 53.3 —6.94 1.16 x 10'? 3.7 0.33 0.04 14.6 0.28
6 Ningzhong NZ1501 Bubble gas 30°24'44.3” 90°56'34.6” 4247 60.7 —3.56 2.96 x 10° 325 0.30 0.165 1278 0.30
6 Ningzhong NZ1502 Bubble gas 30°24'44.5” 90°56’35.1” 4247 59.7 —6.37 8.96 x 10" 3.09 0.45 0.014 12.2 0.40
7 Yuela YL1501 Bubble gas 30°37'14.9” 91°14’01.8” 4546 66.2 —3.01 1.89 x 10'? 1.25 0.49 0.137 492 0.36
8 Sanglai SL1501 Bubble gas 30°40'1.1”7 91°35'24.8” 4499 829 —-2.19 1.13 x 10'? 5.91 0.20 0.019 23.3 0.16
8 Sanglai SL1502 Bubble gas 30°39'59.9” 91°35726.3” 4499 80.8 —4.27 1.44 x 10'2 4.15 0.18 0.043 16.3 0.12
9 Jiaqiong JQ1501 Bubble gas 30°38’53.4” 91°35'44.3” 4490 415 —3.86 2.18 x 10" 6.13 1.02 0.158 24.1 1.02
11 Tuoma TM1501 Bubble gas 31°09'37.2” 91°50'58.3” 4671 47.7 —2.88 2.48 x 10! 8.2 0.68 0.122 323 0.67
11 Tuoma TM1502 Bubble gas 31°0937.3” 91°50'56.8” 4662 50.9 —4.08 5.62 x 10" 1.51 0.25 0.014 594 0.11
12 Luoma LM1501 Bubble gas 31°17’58.6” 91°52723.6” 4548 25.7 =517 9.43 x 10'° 68.3 0.17 0.004 269 0.17
14 Yuzhai YZ1501 Bubble gas 31°44’38”  92°05'58.3” 4647 50.9 —0.10 3.91 x 10" 9.95 0.22 0.02 39.2 0.20
14 Yuzhai YZ1502 Bubble gas 31°44’39”  92°06’0.5” 4650 49.6 —0.49 5.44 x 10" 12.7 0.17 0.012 50 0.15

(1) Rw/Ry is the measured *He/*He ratio divided by the *He/*He ratio in air (R, = 1.39 x 10~°; Sano and Wakita, 1985).
(2) X = (*He/**Ne)/(“He/*°Ne)air X Bwe/Bre, Where B represent Bunsen coefficients assuming a groundwater recharge temperature of 15 °C (Bne/Bre = 0.82, Weiss, 1971), (*He/*°Ne)y

is the measured ratio and (*He/?°Ne),;, is the ratio of the air (0.32, Sano and Wakita, 1985).

(3) Rc/Ry is the air-corrected He isotope ratio based on Hilton (1996).
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Fig. 3. Cumulative probability plot of calculated soil CO,
fluxes for the five VGFs. Dashed lines represent the partition
components of Group A (A;, Ag, A3)-E (Ey, Es, E3) (red
lines). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of
this article.)
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Detailed analysis procedures were described in Luo et al. (2014) and
Zhang et al. (2015). Chemical and isotopic compositions of the vol-
canic-geothermal gases were presented in Tables 1 and 2. An inter-la-
boratory comparison of helium and carbon isotope compositions sup-
ports the good quality of data in this study (see details in
Supplementary Table S2).

4. Results
4.1. Average degassing flux of soil CO,

Based on the in-situ determination data (Supplementary Table S1),
soil CO, flux of each measurement point (Fig. 3) was calculated fol-
lowing the principle of accumulation chamber method (Chiodini et al.,
1998). According to the Ideal Gas Law, molar volume of the soil CO,
has been corrected, which could eliminate errors of calculated soil CO,
fluxes induced by differences between local atmospheric pressure and
temperature of the study areas and the standard conditions (i.e.,
101 kPa and 0 °C). The calculated results range in 4-61, 5-5883, 6-373,
3-160 and 4-297 gm~2d ™! (Table 3; see details in Supplementary
Table S1) for the Jidaguo, Ningzhong, Sanglai, Tuoma and Yuzhai
(Fig. 1b), respectively.

Considering large variations in calculated soil CO, fluxes, a statis-
tical method based on cumulative frequency distribution (Sinclair,

1974) was adopted to evaluate the background and anomalous values.
As shown in Fig. 3, the determined data of each VGF can be divided into
several groups by selected inflection points, indicating presence of both
background and anomalous state of soil CO, emissions. According to
statistical weight and average of the groups, we calculated average soil
CO, fluxes of the Jidaguo, Ningzhong, Sanglai, Tuoma and Yuzhai,
which are 20, 257, 94, 32 and 45 gm~2d ™!, respectively (Table 3).
These values are comparable to those of typical active VGFs at con-
vergent and divergent plate boundaries in the world (Table 4), sug-
gesting the Tibetan VGFs are an intensely releasing CO, source at the
continent subduction zone at present.

4.2. Total soil CO, output

As suggested by conceptual model in Chiodini et al. (2008, 2015),
soil CO, emissions in the VGFs are generally fed by gases from two
types of source: (1) the biogenic source characterized by low soil CO,
fluxes (e.g., 0.2-21 gm~2d ™% Chiodini et al., 2008), i.e., the back-
ground source, and (2) the volcanic-geothermal source characterized by
high soil CO, fluxes, i.e., the endogenous source. Following this criteria,
carbon emissions from regions without influence of hydrothermal
anomalies can be attributed to the background source, while the en-
dogenous source indicates close affinities with hydrothermal anomalies.
Considering the distributions of hydrothermal activities and related
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Table 3
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Estimated parameters and partitioned populations in five surveyed areas and total diffuse CO, output of the northern segment of GYR.

Field no. Field Area Population Proportion (%) Sample Average soil CO flux Total diffuse CO, output and 95% Data source
(km?) quantity and 95% confidence confidence interval (ta~')
interval (gm~2d~1)
2 Yangying 1.5 A (background) 59 24 12 (10-15) 3905 (3058-4751) Zhang et al.
B (endogenous) 34 14 103 (58-108) 19,266 (10,880-20,106) (2017b)
C (endogenous) 7 3 775 (360-1189) 31,041 (14,439-47,643)
Total 100 41 99 5.42 x 10*
3 Jidaguo 0.5 Al (background) 46 18 9 (8-10) 751 (642-859) This study
A2 (background) 36 14 22 (20-24) 1462 (1329-1595)
A3(endogenous) 18 7 46 (34-58) 1505(1113-1897)
Total 100 39 20 3.72 x 10°
4 Yangbajing-A 2 A (background) 12 8 1(0.7-1.2) 85.8 (63-109) Zhang et al.
B (background) 64 42 5 (4.8-6.2) 2573 (2246-2900) (2014)
C (background) 24 16 13 (11-15) 2302 (1914-2691)
Total 100 66 7 4.96 x 10°
4 Yangbajing-B 2.25 A (background) 9 9 4.4 (4.1-4.8) 328 (299-357) Zhang et al.
B (endogenous) 79 76 63 (51-75) 40,682 (32,965-48,400) (2014)
C (endogenous) 12 11 441 (280-603) 39,884 (25,298-54,470)
Total 100 96 99 8.09 x 10*
6 Ningzhong 0.5 B1 (background) 34 20 19 (15-23) 1184 (927-1441) This study
B2 (endogenous) 52 31 112 (16-139) 10,717 (1516-13,400)
B3 (endogenous) 14 8 1415 (57-2676) 35,006 (1403-66,219)
Total 100 59 257 4.69 x 10*
8 Sanglai 0.64 C1 (background) 37 19 27(23-30) 2313 (1979-2646) This study
C2 (endogenous) 33 17 69 (60-79) 5390 (4640-6140)
C3 (endogenous) 30 15 207 (173-242) 14,256 (11,903-16,609)
Total 100 51 94 2.2 x 10*
10 Gulu 0.26 A (background) 36 9 12 (5-19) 409 (169-649) Zhang et al.
B (endogenous) 32 8 152 (100-203) 4612 (3049-6175) (2017b)
C (endogenous) 32 8 1199 (932-1467) 36,431 (28,316-51,370)
Total 100 25 437 4.15 x 10*
11 Tuoma 1.5 D1 (background) 22 9 6 (5-6.5) 705 (615-794) This study
D2 (background) 25 10 10 (9.5-11) 1393 (1296-1491)
D3 (endogenous) 53 21 53 (37-69) 15,289 (10,622-19,956)
Total 100 40 32 1.74 x 10*
14 Yuzhai 4.5 E1 (background) 13 9 6 (5.5-7) 1345 (1194-1497) This study
E2 (background) 44 30 17(15-20) 12,631 (10,849-14,413)
E3 (endogenous) 43 29 85 (64-107) 59,697 (44,803-74,592)
Total 100 68 45 7.37 x 10*
2560  On-rift 13 (11-14) 1.18 x 107 (1.05 x 107-1.31 x 107)
(background)
40 On-rift 219 (149-289) 3.19 x 10° (2.17 x 10°-4.22 x 10°)
(endogenous)
Off-rift 13 (11-15)
(background)
Off-rift 72 (57-86)
(endogenous)

Total CO, output of the northern 2600
GYR

1.50 x 107 (1.27 x 107-1.73 x 107)

For the area of the endogenous-derived CO, (~ 40 km?), we follow the principles proposed by previous studies (Werner et al., 2008; Hutchison et al., 2015), which are (1) the distribution
of the fault, and (2) the distribution of the hydrothermal manifestation (Liu, 2014). Following Armijo et al. (1986), the length of the rift is about 260 km and its width is about 10 km,
which yields total degassing area of 2600 km? for the northern segment of GYR. Hence, the area of the background-derived CO, is 2560 km?.

faults (i.e., uprising pathways of the CO,-rich hydrothermal fluids), we
estimated area of the endogenous region of the studied VGFs is about
~40 km? (Table 3), and that of the background region is ~2560 km?
(Table 3).

Based on the calculated average soil CO, flux of background and
endogenous regions, together with the estimated area, total soil CO,
output of the northern GYR is about 1.50 x 10" ta~ ! (with 95% con-
fidence interval ranging from 1.27 X 107 to 1.73 x 10” ta™?; Table 3).
The total soil CO, output from the northern GYR will add new data to
database of global geological carbon degassing. Compared with the
total soil CO, output (1.76 x 107 ta~'; Zhang et al., 2017b) that was
based on 228 measurement points of in-situ soil CO5 emissions in three
VGFs (Table 3), we suggest that the relatively lower total soil CO,

output in this study (i.e., 1.50 x 107 ta~!; Table 3) represents an up-
date to the earlier estimated value. This is because: (1) the soil CO,, flux
survey in this study covers more VGFs and thus has more measurement
points relative to the previous work (Table 3), which will give rise to an
updated average soil CO, flux; (2) the estimated area of soil micro-
seepage in this study is based on the classification of background and
endogenous regions, while the previous work only takes the influence
of major faults into account for area estimating (as the case in Newell
et al., 2008). Therefore, we suggest that similar studies should be car-
ried out in future, which will update the knowledge of deep carbon
degassing from extensional rift systems in the India-Asia continent
subduction zone.
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Table 4

Soil CO, emission rates observed in GYR and other volcanic-geothermal areas of the world.
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Location Soil CO, flux (g m~2d™ 1 Total CO, output (t a b Date Reference

Jidaguo, China 20.4 3.72 x 10° 2015.07 This study
Ningzhong, China 257 4.69 x 10* 2015.07 This study

Sanglai, China 94.0 2.20 x 10* 2015.07 This study

Tuoma, China 31.8 1.74 x 10* 2015.07 This study

Yuzhai, China 44.9 7.37 x 10* 2015.07 This study

Yangying, China 99.0 5.42 x 10* 2012.07-08 Zhang et al. (2017b)
Gulu, China 437 4.15 x 10* 2012.07-08 Zhang et al. (2017b)
Yangbajing-A, China 6.70 4.89 x 10° 2012.07-08 Zhang et al. (2014)
Yangbajing-B, China 98.5 8.09 x 10* 2012.07-08 Zhang et al. (2014)
Yangbajain, China 43.1 5.00 x 10* 1998 Chiodini et al. (1998)
Tengchong, China 280 4.43 x 10° 2015.03 Zhang et al. (2016)
Tengchong, China 25.1-875 7.00 x 10° 2012-2013 Cheng et al. (2014)
Changbaishan, China 19.4 7.79 x 10° 2012.09 Zhang et al. (2015)
Yellowstone, USA 410 1.50 x 10° 2006 Werner et al. (2008)
Mammoth Mountain, USA 218-3500 n.d. 2008 Lewicki et al. (2008)
Liu-Huang-Ku, Taiwan 582 7.80 x 103 2004 Lan et al. (2007)
Liu-Huang-Ku, Taiwan 659 8.20 x 10° 2006 Lan et al. (2007)
Latera, Italy 3.10 1.28 x 10° 2003.10 Chiodini et al. (2007)
Ustica Italy 94.0 2.60 x 10° 1998 Etiope et al. (1999)
Hakkoda Japan 2.70 x 10* 1999.09 Hernandez Perez et al. (2003)

4.3. Chemical compositions

Bubble gas samples are generally characterized by high contents of
CO, (81.1-97.4%), except for the N,-rich samples XM1501 and
XM1502 (southernmost samples reported in Fig. 1b; N, 89.9-91.4%,
CO,, 0.65-0.83%, O,, 0.05-0.06%; Table 1). It is noted that such high
CO, contents are corresponding to the high soil CO5 flux of GYR
(Table 3), while the low O, contents (< 3.0%) have indicated no air
contamination during collecting samples (Roulleau et al., 2015). The
No/Ar ratios of the CO,-rich samples range from 34.2 to 99.8 (Fig. 4a;
Table 1), which are mainly ranging between air (N»/Ar = 83.6; Marty
et al., 1991) and air-saturated water (ASW, N,/Ar = 38; Hamme and
Emerson, 2004), indicating air mixed during the gases rising to the
surface. While for the N,/Ar ratios which are higher than air value of
83.6, may indicate excess nitrogen (e.g., crustal-derived nitrogen,
mantle-derived nitrogen) adding to the samples (Table 1).

CO,/°He ratios for CO,rich bubbling gases range between
2.99 x 10° and 8.95 x 10'? (Table 2; Fig. 4b), which are higher than
the values of depleted mid-ocean ridge basalt (MORB)-source mantle
(1.49 x 10%-8.30 x 10°% Lupton et al., 2015 and reference therein)
and arc-related volcanic-geothermal fluids at ocean subduction zone

(2.20 x 10°-4.55 x 10'% Hilton et al., 2002; Lupton et al., 2015),
suggesting significant contributions from crustal materials. Two N,-rich
samples have low CO,/°He ratios (ranging from 6.45 x 10° to
1.15 x 107; Table 2) and extremely high helium content
(9813-9821 ppm), implying their different source from CO,-rich sam-
ples.

4.4. He and C isotope compositions

The measured helium isotopic ratios (Ry) range from 0.04 R, to
1.02 R, (where Ry = 1.39 x 10~ is the *He/*He ratios in air; Fig. 5),
which have much wider range and higher values than those in the lit-
erature (0.11-0.38 Ry; Yokoyama et al., 1999; Hoke et al., 2000; Zhang
et al., 2017b). Ratios of “He/?°Ne range from 0.81 to 1146 (Table 2). It
is noted that the lower “He/?°Ne values which are close to the air (0.32;
Sano et al., 1989) and ASW (0.29; Ozima and Podosek, 1983) values
indicate a significant admixture of air-derived helium and/or ASW-
derived helium (Table 2). In consideration of scarcely air contamination
during sampling due to low O, contents, the atmosphere-derived he-
lium might dissolve in the water during the groundwater uprising to the
earth surface. Therefore, ASW-correction of the measured helium ratios

@) N fteD on-rift off-rift 10000250 (b)
10000 1000 W Xumai @ Ningzhong + Tuoma
4 Yangying @ vuela A Luoma
O Yangbajing M Jiadiong * Yuzhai
A Laduogang X Sanglai O Naqu

A Gulu

Fig. 4. Triangle plot of N,-He-Ar (a) and C02-3He-4He (b) (modified from Taran (2011) and Lan et al. (2007)) for the volcanic-geothermal gases in GYR. Abbreviations are as follows:
ASW, air-saturated water; Arc average, arc-related volatiles (*He/*He = 5.4 + 1.9 Ry, Hilton et al., 2002; CO,/*He = 4.5-29 x 10°, Marty et al., 1989); DMM, depleted MORB-source
mantle (®*He/*He = 8.0 + 1.5R,, Sano and Fischer, 2013; CO,/*He = 2 x 10° Marty and Jambon, 1987); OSZ, ocean subduction zone; CSZ, continent subduction zone. (N,/
Ar)ai; = 83.6 (Marty et al., 1991) and (N»/Ar)asw = 38 (Hamme and Emerson, 2004). The range of ocean subduction zone (0OSZ) is from Lupton et al. (2015) and reference therein. Data

are from this study and the published data of Zhao et al. (2002), Yokoyama et al. (1999)
respectively.

and Hoke et al. (2000). Filled (this study) and open symbols (previous studies) represent,
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Fig. 5. *He/*He (Ry/R,) vs. X (the detailed calculation procedure for X is described in the
footnote of Table 2) for the volcanic-geothermal gases in GYR. Calculated binary mixing
curves between air saturated water (ASW), upper mantle (DMM) and sub-continental
lithospheric mantle (SCLM) and crust are shown. Endmember compositions are as fol-
lows: ASW, ®He/*He = 1R,, “He/*°Ne = 0.29 (Ozima and Podosek, 1983); DMM,
*He/*He = 8.0 = 1.5R, (Sano and Fischer, 2013); SCLM, °>He/*He = 6.1 R,
(Gautheron and Moreira, 2002); Crust, >He/*He = 0.02 R, (Lupton, 1983). “He/*°Ne
ratios (X = 1000) of DMM, SCLM and crust are assumed. Mantle and crustal helium
domains of South Tibet are from Hoke et al. (2000). Data are from this study and lit-
eratures of Yokoyama et al. (1999) and Hoke et al. (2000).

(ASW, He/*He = 1 R,, *He/*°Ne = 0.29; Ozima and Podosek, 1983)
has been performed following the correction method proposed by
Hilton (1996).

Combined with the helium isotopic ratios in this study and previous
studies (Yokoyama et al., 1999; Hoke et al., 2000; Zhang et al., 2017b),
the ASW-corrected helium ratios (0.04-1.02 R,; Table 2) are much
higher than the continent crustal value (0.02R,, Lupton, 1983),
showing significant mantle helium contribution (Crossey et al., 2009).
The ratios are much lower than those from the depleted mid-ocean
ridge basalt (MORB) mantle (DMM, 8.0 + 1.5R,; Sano and Fischer,
2013) and subcontinent lithospheric mantle (SCLM, 6.10 *+ 0.9 Ry;
Gautheron and Moreira, 2002).

8'3Ccop values in the CO,-rich samples range from —9.05%o to
0.10%o (Table 2), which are consistent those in the arc-related volatiles
(—9.80%0 to —1.30%o; Sano and Marty, 1995; Zhang et al., 2016 and
reference therein). While low 8'3Ccos (—14. 8%o and —14.6%o) are
observed in Ny-dominated samples in the Xumai (Table 2), possibly
implying a potential source of oxidizing sedimentary organic matter
(—30 = 10%o; Hoefs, 2009).

5. Discussion
5.1. Controlling factors of soil CO, emissions

During early stage of lithospheric extension, rift zones in continental
orogens usually exhibit high surface heat flow values related with rise
of geotherm (Fig. 6a and b), in contrast to regions in early stage of
lithospheric compression (Furlong and Chapman, 2013). The GYR
generated by lithospheric extension in Late Miocene (12-5 Ma;
Harrison et al., 1995; Yin and Harrison, 2000; Wang et al., 2014) would
have high heat flow values, as supported by recent study (Fig. 6¢; Jiang
et al., 2016) and field observation of hydrothermal activities (Fig. 2).
The estimated total soil CO, output (1.50 X 107 ta~!) suggests that
extensional rifts such as the GYR are significant windows of deep
carbon emissions in the India-Asia continent subduction zone. More
specifically, the tectonic setting of GYR could exert influence on the
intensities of soil CO, emissions, as suggested by the substantial
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Fig. 6. Schematic models of the transient thermal effects of orogenesis: (a) heat flow
response to extensional/rifting tectonics and crustal thinning and (b) heat flow response
to convergent tectonics and mountain building accompanied by crustal thickening
(Furlong and Chapman, 2013). Each orogeny modifies the crustal heat production dis-
tribution. The parameter q/q; shows the surface heat flow as a multiple of the initial heat
flow g; prior to the orogenic event. Abbreviations: L/A, lithosphere/asthenosphere
boundary; M, Moho. (c) Temperature distribution of the enhanced geothermal system
(EGS) resource base of continental China (Jiang et al., 2016). (d) Distributions of average
soil CO,, fluxes of the VGFs along GYR. (e) Cross-section map along 92°E. BNS, Bangong-
Nujiang suture; ITS, Indus-Tsangpo suture; JF, Jiali faults. The black lines show the in-
ferred faults. The dashed white lines show the possible upwelling channel for deep hot
materials. R1 to R5 are the imaged resistivity bodies from south to north, whereas C1 is
the conductor (Xie et al., 2016). (f) This cartoon cross section illustrates one interpreta-
tion of the processes operating in the crust and mantle beneath Tibet (Tilmann et al.,
2003; Wang et al., 2016; Xie et al., 2016). MBT, main boundary thrust; MCT, main central
thrust; STD, southern Tibet detachment; JRS, Jinsha River suture; KLF, Kunlun Fault. The
convection cell (black circles and arrows) underneath central and northern Tibet is su-
perimposed eastwards (Tilmann et al., 2003). The low-velocity-high-conductivity zones
(LV-HCZs) in the Tibetan crust are based on the geophysical data across the Tibetan
Plateau (Nelson et al., 1996; Xie et al., 2016).

variation in average soil CO, fluxes (7-437 gm~2d™'; Table 3 and
Fig. 6d) of the studied VGFs.

Outgassing rates of soil CO, in GYR may be controlled by fault
systems which could provide uprising conduits for the carbon-rich vo-
latiles. This can be supported by higher soil CO, fluxes of the on-rift
VGFs (> 90 gm™2d ™! except for JDG and YBJ-A; Fig. 6d) than those
in the off-rift VGFs (< 50 gm~2d™!; Fig. 6d). And especially, it is clear
that the on-rift VGFs have significantly higher endogenous values (with
average of 219 gm~2d ™ !; Table 3) relative to those of the off-rift VGFs
(with average of 72 gm™~2d™; Table 3), indicating that the spatially
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Fig. 6. (continued)

variable soil CO, outgassing rates may have close affinities with the
fault systems. According to our field observation, the hydrothermal
activities in on-rift region (Fig. 2a-f) are generally more intense than
those in off-rift region (Fig. 2g-i), which is consistent with the variable
soil CO, fluxes in the VGFs. For example, the Gulu VGF is characterized
by intense hydrothermal activities (e.g., steaming fissure, geyser;
Fig. 2d and e) and the highest soil CO, fluxes (437 g m~2d ™ !; Fig. 6d).
This might reflect the effects of fault system on outgassing rate of soil
CO,, because the NW-SE-trending Jiali fault transects the NE-SW-
trending GYR near Gulu (Figs. 1b and 6e; Armijo et al., 1986). In
contrast, there are no hydrothermal manifestation in the YBJ-A region,
where fluvial sediments are abundant (Zhang et al., 2014), and thus its
low average soil CO, flux (7 gm~2d™; Fig. 6d) may represent back-
ground value that has negligible contributions from the uprising
carbon-rich fluids along GYR fault system. Additionally, the soil CO5
emissions can also be affected by permeability of near-surface strata.
For example, the low average soil CO, fluxes of the JDG in on-rift re-
gion can be explained by low permeability of thick travertine platform
that impede efficient transportation of volatiles from deep source to
surface.

Another controlling factor of soil CO, emissions is the deep source
of materials and heat which has close affinities with the distribution
and intensity of surface hydrothermal activities. Geophysical studies
(Nelson et al., 1996; Tilmann et al., 2003; Xie et al., 2016) have re-
vealed the presence of low-velocity-high-conductivity zones (LV-HCZs)
in crustal depth beneath GYR (ca. 29-31°N; Fig. 6e and f). Combined
with results of clinopyroxene-melt thermobarometer of the Late Mio-
cene potassic volcanic rocks in GYR (Zhang et al., 2017a), the LV-HCZs
are corresponding to occurrence of the crustal assimilation and frac-
tional crystallization (AFC) process, which reflect a mantle-crust in-
teraction and supply continuous heat and materials for the overlying
hydrothermal system. It is clear that the higher average soil CO, fluxes
(>90gm~2d™"; Fig. 6d) generally occur in the on-rift region above
the LV-HCZs (Fig. 6e), whereas the off-rift VGFs away from the LV-HCZs
have relatively lower average soil CO, fluxes (< 50 g m~2d™*; Fig. 6d
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and e). Therefore, the contrasting status of soil CO, emissions may re-
flect the location of source region.

As discussed above, soil CO, emissions of the studied VGFs in South
Tibet can be well linked to regional tectonic setting (e.g., source and
fault) in the Indian-Asian continent subduction zone. However, the
genesis of deep carbon degassing needs to be further constrained. In the
following section, we will discuss origin and evolution of the volcanic-
geothermal volatiles on the basis of the geodynamic setting of the
Indian continent subduction.

5.2. Origin of the volcanic-geothermal volatiles

Compared with typical crustal-derived volatiles (0.02 R,; Lupton,
1983), the volcanic-geothermal volatiles in the northern GYR are
characterized by excess mantle-derived SHe (i.e., *He/*He > 0.1 Ry;
Figs. 5 and 7a). Previous studies proposed that the Tibetan mantle-
derived melts or fluids could account for high *He/*He ratios of hy-
drothermal volatiles in the India-Asia continent subduction zone (Hoke
et al., 2000; Klemperer et al., 2013). Additionally, the excess mantle
*He emissions have been considered to be supplied by partial melts
derived from an enriched mantle wedge (EMW) source (Zhang et al.,
2016, 2017c), which is consistent with the geodynamic setting of the
Indian continent subduction beneath South Tibet (e.g., Nabélek et al.,
2009; Guo et al., 2013, 2015; Chen et al., 2015; Shi et al., 2016). In this
study, we prefer the EMW source for origin of the hydrothermal vola-
tiles from northern GYR, and emphasize that recycling of the Indian
continent materials would lead to variations in degree of mantle wedge
enrichment in the north-south direction.

5.2.1. Nature of the EMW source dominated by silicate-related mantle
enrichment

According to Sr-Nd-Pb isotope systematics of the post-collisional K-
rich magmas (Guo et al., 2013, 2015), the metasomatic agents of
mantle wedge enrichment beneath the South Tibet have been inferred
to be the subducted Indian continent materials, which could be best
exemplified by the silicate-dominated HHCS (i.e., the higher Himalayan
crystalline sequence; Guo et al., 2013). The HHCS-derived melts and/or
fluids would react with peridotite of the mantle wedge (represented by
DMM) and give rise to pyroxenite (i.e., the EMW source), which has
been proposed as a source lithology of the K-rich mafic magmas in
South Tibet (Guo et al., 2015). During formation of the EMW source,
both carbon (including organic and inorganic carbon) and radiogenic
helium can be transported into the mantle wedge (Manning et al., 2013;
Ague and Nicolescu, 2014; Cook-Kollars et al., 2014; Sverjensky et al.,
2014; Collins et al., 2015; Liu et al., 2015; Rosenthal et al., 2015; Dai
et al., 2016; Piccoli et al., 2016), leading to modification of the He-C
isotope systematics (i.e., SHe/*He and 8'3C) of the mantle wedge.

Combined with northward subducting of the Indian continent li-
thosphere, we suggest that binary mixing between the silicate-domi-
nated HHCS components and DMM would generate an EMW source that
is theoretically heterogeneous. Namely, the EMW source in the south
may result from higher degree of mantle enrichment (e.g., lower
3He/*He and 8'3C; Fig. 7a and b) due to higher amounts of recycled
HHCS components. In contrast, the EMW source in the north probably
experienced lower degree of mantle enrichment (e.g., higher *He/*He
and 8'3C; Fig. 7a and b) as a result of lower amounts of recycled HHCS
components. The above inference is in agreement with the 87Sr/%6Sr
evidence for a heterogeneous mantle source of the K-rich mafic magmas
in the N-S-trending Xuruco-Dangreyongcuo rift (XDR, Fig. 7c; Guo
et al., 2013), South Tibet.

5.2.2. He-C isotope coupling model of the EMW source

On the basis of the above discussion, we quantitatively constrained
He-C isotope compositions of the EMW source using He-C isotope
coupling model (Fig. 8a and b), which takes the silicate-dominated
HHCS components into account for enrichment of mantle wedge
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Fig. 7. Rc/Ra (a) and 8t 3Cc02 (b) for the volcanic-geothermal gases in GYR and Sr isotopes of Miocene K-rich rocks in the Dangre-Yongcuo rift, South Tibet (c) versus distance (km) from
ITS. DMM (depleted MORB mantle), *He/*He = 8.0 = 1.5 R, (Sano and Fischer, 2013), 8'3C = —6.5 + 2.5%0 (Pineau and Javoy, 1983); Crust, *He/*He = 0.02 R, (Lupton, 1983);
CAR (carbonate), §'3C = 0 = 2%o (Hoefs, 2009); SIL(silicate), *He/*He = 0.02 R, (Lupton, 1983), §'°C = —21 =+ 2%o (Hoefs and Touret, 1975; Hans Wedepohl, 1995; Zheng et al.,
2000, 2003 and reference therein). The dashed-line arrow illustrated in (a) indicates a theoretical trend line of decreasing degree of mantle enrichment from south to north along GYR,
while the dashed-line arrow illustrated in (b) indicates a theoretical trend line of increasing degree of carbonate contamination from south to north along GYR. Due to the crustal
contamination played a significant impact on the volatiles, the elevating trends delineated by *He/*He isotopic ratios of the volatiles in the on-rift system cannot be directly considered to
be related to decrease degree of mantle source enrichment. The samples in (a) and (b) are from this study and the published data of Yokoyama et al. (1999) and Hoke et al. (2000), and
data in (c) are from Guo et al. (2013, 2015).
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Fig. 8. He-C isotope coupling model including (a) Rc/Ra Vs. 8'3Ccoz and (b) CO,/°He vs. 8'3Cgon showing mantle wedge enrichment and crust contamination for the volatiles in GYR.
Abbreviations: DMM, depleted MORB mantle; CAR, subducted (HHCS-CAR) and contaminated crustal carbonate (LSC-CAR); SIL, subducted (HHCS-SIL) and contaminated crustal
carbonate (LSC-SIL); EMW, enriched mantle wedge; LSC, Lhasa terrane crust. Endmember compositions are as follows, DMM: *He/*He = 8.0 = 1.5R, (Sano and Fischer, 2013),
813C = —6.5 = 2.5%0 (Pineau and Javoy, 1983), CO,/°He = 2 x 10° (Marty and Jambon, 1987); CAR: *He/*He = 0.02R, (Lupton, 1983); 8'3C = 0 + 2%o (Hoefs, 2009);
CO,/He = 1.73 x 103 (Table 5); SIL: *He/*He = 0.02 R, (Lupton, 1983); 8'3C = —21 =+ 2%o (Hoefs and Touret, 1975; Hans Wedepohl, 1995; Zheng et al., 2000, 2003 and reference
therein) and CO,/°He = 8.61 x 10! (Table 5). The samples are from this study and the published data of Yokoyama et al. (1999) and Hoke et al. (2000).
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Fig. 9. (a) Genetic model of the volcanic-geothermal gases in GYR, South Tibet. The
schematic map showing the formation of the EMW in a thin asthenospheric mantle wedge
located beneath the Tibetan as a result of northward subduction of Indian continental;
Abbreviations are as follows: BNS, Bangong-Nujiang suture; ITS, Indus-Tsangpo suture;
MBT, main boundary thrust; MCT, main central thrust; STD, southern Tibetan detach-
ment; SCLM, subcontinental lithospheric mantle; JF, Jiali fault. (b) Formation of He-rich
and C-rich fluids derived from partial melting and dehydration of the subducted Indian
crustal material. (¢) Crustal contamination and CO, releasing from the VGFs in GYR
(modified from lacono-Marziano et al. (2009)). Arrows indicated CO, migration through
rocks in permeable zones.

metasedimentary rocks; Singh et al., 1998; Pan et al., 2004; Richards et al.,
2005), which are characterized by low SHe/*He and variable 8'°Cgo,
values. Specifically, we take the average §'°C value of global metamorphic
rocks (=21 = 2 %o; Hoefs and Touret, 1975; Hans Wedepohl, 1995;
Zheng et al., 2000, 2003 and reference therein) as that of the recycled
silicate rocks; the CAR endmember can be represented by recycled Pre-
cambrian carbonates from the Himalayas (Singh et al., 1998), and their
8'3C values theoretically vary in a range of 0 + 3%o (Shields and Veizer,
2002; Hoefs, 2009). Following assumption in Van Soest et al. (1998), both
siliceous and carbonate endmembers have *He/*He ratio that equals the
bulk continental crust value (0.02 R; Lupton, 1983). The DMM end-
member has *He/*He ratio of 8.0 = 1.5 R, (Sano and Fischer, 2013) and
8'3C value of —6.5 + 2.5%o (Pineau and Javoy, 1983). Partition coeffi-
cients of C (0.00033; Rosenthal et al., 2015) and He (0.00017; GERM
website https://earthref.org/) are used when calculating He and C con-
tents of the HHCS-derived melts or fluids, which could act as metasomatic
agents for mantle wedge enrichment between Indian and Asian plates
(Fig. 9a and b). Other reasonable ranges of compositional parameters used
in the He-C isotope modeling are shown in Table 5.

As a result of recycling of the HHCS components into mantle wedge,
the EMW source would have variable >He/*He, 8'*Cco, and CO,/°He
(Fig. 8a and b), compared with the mantle wedge prior to enrichment
processes. Mixing proportions of the SIL components (i.e., 5%, 10%,
15%, 20% and 25%; Fig. 8a) are based on genesis of the post-collisional
K-rich mafic magmas in XDR, South Tibet (Guo et al., 2013). The effects
of recycled CAR components are assumed to be negligible (e.g., < 1%;
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Table 5
He and C concentration and 8'C (%0) and ®He/He (R,) of the High Himalayan
Crystalline Sequence (HHCS) and contaminated Lhasa terrane crustal endmember.

Endmember DMM HHCS Lhasa terrane
Carbonate  Silicate (SIL) Carbonate  Silicate (SIL)
(CAR) (CAR)
U (ppm) 0.055 0.68 1.3 0.68 1.3
Th (ppm) 0.145 1.4 5.6 1.4 5.6
C (ppm) 1920 198,746 24,781 16,000 1990
C/°He 2x10° 1.7 x 10 816 x 10" 1.7 x 10"® 8.16 x 10"
He (ppm) 0.0288  0.1404 0.3642 0.0113 0.0292
813C (%o) -6.5 0 -21 0 -21
SHe/*He (R)) 8 0.02 0.02 0.02 0.02

(1) 8'3C (%o) and *He/*He (R,) values of DMM are taken from Pineau and Javoy (1983)
and Sano and Fischer (2013). He-C isotopic ratios of CAR and SIL of the Lhasa terrane
crust are assumed to be identical to those of HHCS. *He/*He (R,) values of the continental
crust are from Lupton (1983). 83C (%o) values of the CAR are from Hoefs (2009), while
813C (%o) isotopic ratios of the SIL are the average §'°C (%o) values of eclogite and
granulites (Hoefs and Touret, 1975; Hans Wedepohl, 1995; Zheng et al., 2000, 2003 and
reference therein).

(2) Helium content of the SIL/CAR endmember was calculated by on the U-Th decay of
the silicate rocks/carbonate rocks with age of 500 Ma (Kundig, 1989). The contents of C,
U and Th for the SIL and CAR endmember of the continental crust are from Hans
Wedepohl (1995), Bellanca et al. (1997), Rudnick and Gao (2003) and Lai et al. (2012).
The decay constants were also shown: A2%%U = 1.55 x 1071°, A2%U = 9.85 x 1071°,
AZ2Th = 4.95 x 10~ '°. We assume [He]c equal to [*He]c, the calculation formulas for
He contents of the continental crust are presented as follows,

235y Saref %P + 83He + 68 + E; ;

Ta+48~
———27Pb + 73He + 48 + E;

6a+4f~
22y, S 080y L 63He + 48 + B

Helium concentrations

[Helc = (8 x (2380/238) x (ZPU*_1) 4 7 x (2350/235) x (2> 2U_1) + (23270/232) x (*>2Th*1_1)) x 4;
According to the genesis of the EMW-source derived K-rich magma (Guo et al., 2013), we
assume the degree of partial melting of HHCS (F) equals to 1%; then following batch
partial melting (Wilson, 1989) and partition coefficients of C (D¢ = 0.00033; Rosenthal
et al., 2015) and He [Dy. = 0.00017; this value is from the GERM Web site (https://
earthref.org/) we calculate the abundance of C and He adding to the mantle source. The
calculation formulas for the abundance of C and He are presented:
[Helcr/[Helco = 1/(F + Dre—FDpe);[Clcr/[Clco = 1/(F + Dc—FDc).

235U

Fig. 8), because the K-rich mafic magmas point to a silicate-dominated
EMW source (Guo et al., 2013, 2015). The calculated *He/*He ratios of
the EMW source are ranging from 1.52 R, to 4.65 Ra, which correspond
to 8'3Cco2 values from —15.3%o to —7.65%o0 and CO,/>He ratios from
5.45 x 10° to 1.05 x 10'°, respectively (Fig. 8). Moreover, the EMW
source exhibits a decreasing trend in degree of mantle wedge enrich-
ment (i.e., increasing *He/*He and 8'°C coupled with deceasing
CO,/%He) from south to north, which agrees with mantle source
properties of the K-rich mafic magmas in the XDR (Fig. 7c; Guo et al.,
2013). Considering the additional effects of crustal contamination (see
details in Section 5.2.3), we noted that the GYR samples are all enclosed
by mixing curves between the EMW source and crustal materials
(Fig. 8), suggesting that the EMW source could account for He-C sys-
tematics of the hydrothermal volatiles in the South Tibet.

5.2.3. Contributions from crustal components to the volcanic-geothermal
volatiles

Crustal contamination must be a process accounting for differ-
entiation of the mantle-derived volatiles during their transportation
from source region to surface (Roulleau et al., 2015; Tardani et al.,
2016), particularly for volatiles rising through the thickened Tibetan
crust. Silicate rocks (e.g., granitoids) and carbonate rocks (e.g., sedi-
mentary limestones) pervasively outcrop along GYR (Kidd et al., 1988;
Kapp et al., 2005; Coulon et al., 1986), and are likely to be country
rocks of the volcanic-geothermal system. Due to interaction between
recharging meteoric water and country rocks, the hydrothermal fluids
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would be enriched in radiogenic “He and CO, and act as the con-
taminants for EMW-derived volatiles.

During the crustal contamination process, the helium and carbon
isotopic ratios of the SIL and CAR endmembers in continental crust of
the Lhasa terrane are assumed to be identical to those of recycled
crustal materials from the subducted Indian slab (Table 5). The best-fit
mixing curves between the EMW source and crustal materials indicate
that the GYR samples can be well explained by crustal contamination
(Fig. 8). And more importantly, the proportion of the CAR components
(e.g., 15%, 20%, 30%, 50%, 100%; Fig. 8) in the crustal endmember
appears to increase for south to north (Fig. 8). Namely, the CAR com-
ponents involved in contamination of samples in the south (e.g., the
Yangbajing samples) are less than those of samples in the north (e.g.,
the Gulu and Yuzhai samples). This is consistent with the increasing
813C values (from —9.05%0 to 0.10%o) from south to north of the
volcanic-geothermal volatiles of the GYR (Fig. 7b). The carbonate from
the Lhasa terrane playing an increasing role from south to north along
the northern GYR (Figs. 8a and 9c), implies the transition of lithology
from silicate to carbonate along GYR, which is in accordance with the
distribution of the crustal lithologies of the rift.

5.3. Genetic model of deep carbon emissions in the northern GYR

On the basis of origin and evolution of the GYR samples, together
with constraints from petrogeochemical and geophysical studies, we
propose a two-stage model to account for deep carbon emissions in the
northern GYR, which highlights the important roles of the Indian con-
tinent subduction and magma-carbonate processes interaction (Iacono-
Marziano et al., 2009; Deegan et al., 2010; Carter and Dasgupta, 2015)
in carbon outgassing from extensional rift systems in continent sub-
duction zone.

For the first stage, an EMW source beneath South Tibet was formed
in response to northward subduction of the Indian continental litho-
sphere (e.g., Chen et al., 2015; Shi et al., 2016) and subsequent slab-
mantle interaction (Fig. 9a and b), i.e., mixing between mantle wedge
and the HHCS-derived melts and/or fluids. The feasibility of an EMW
source beneath South Tibet is supported by petrogenesis of the post-
collisional K-rich volcanic rocks (Guo et al., 2013, 2015) and geophy-
sical studies that suggest the presence of a narrow mantle wedge be-
tween the Indian and Asian plates (Zhou and Murphy, 2005; Shi et al.,
2016). As a result of reduce in the India-Asia convergent rate (Lee and
Lawver, 1995), the subducting Indian slab experienced rollback and
caused partial melting of the EMW source (Guo et al., 2013). Ascent of
the EMW-derived melts, together with AFC process in the crustal depth,
would lead to formation of the magma chamber beneath the GYR (as
suggested by the geophysically detected LV-HCZs; Xie et al., 2016),
which can provide heat energy and volatiles for the surface VGFs
(Fig. 9a).

For the second stage, we suggest that the interaction between the
crustal magma chamber and surrounding carbonate plays an important
role in deep carbon emissions from the northern GYR (Fig. 9c). At
present, the high-temperature magma chamber is continuously heating
the underground aquifer and its country rocks (e.g., limestones), which
would liberate radiogenic “He and CO, into the hydrothermal fluids. As
suggested by the He-C coupling model (Fig. 8), the EMW-derived vo-
latiles underwent contamination by the hydrothermal fluids during
their rising from the source region, which ultimately leads to outgassing
of the CO,-rich volatiles into the atmosphere (Fig. 9¢c). Therefore, our
genetic model indicates that the CO, released from the northern GYR
may be mainly supplied by sedimentary limestones in the Lhasa ter-
rane.

6. Conclusion

Soil CO, emissions surveys in this study and previous studies reveal
a substantial range of average soil CO, fluxes (7-437 g m ™2 d=1 for
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the on-rift and off-rift VGFs, which may have close affinities with the
influence of regional fault systems and the distance to source region of
heat and materials. Total soil CO, output of the northern GYR is about
1.50 x 107 ta~?, suggesting high CO, outgassing flux of the VGFs in
extensional rifts of the India-Asia continent subduction zone. As in-
dicated by the He-C isotope coupling model, together with constraints
from petrogeochemical and geophysical studies, the mantle-derived
volatiles are attributed to an EMW source that may exhibit decreasing
degrees of mantle wedge enrichment from south to north, which is
consistent with the northward decreasing amounts of silicate-domi-
nated HHCS components involved in formation of the EMW source. On
the basis of crustal contamination processes, we suggest that the sedi-
mentary carbonate rocks in the Lhasa terrane, which are heated by the
EMW-derived melts beneath the GYR, play as the dominant source of
the carbon released from the VGFs in the extensional rifts.
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