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A B S T R A C T

Variations of helium isotopic compositions across tectonic belts and at regional scales provide critical insights 
into crust–mantle interactions and the transport of heat and volatiles from the Earth’s interior. In this study, we 
report geochemical data from 26 thermal springs, including 51 newly analyzed samples, and integrate a broader 
dataset comprising 854 samples from 350 sites distributed along the Xianshuihe and Red River fault zones of 
southeastern Tibetan Plateau. Distinct helium isotopic anomalies and heterogeneous contributions of recycled 
carbon sourced from altered oceanic crust (AOC) were identified using combined analyses of 3He/4He ratios and 
δ13C–CO2 signatures, supported by an updated helium–carbon coupling model. Clear spatial contrasts were 
observed across the helium boundary zone (HBZ), with δ13C–CO2 and CO2/3He ratios revealing marked differ
ences between the northwestern and southeastern sectors. The mantle-derived helium-3 flux reaches approxi
mately 1.7 × 104 atoms m− 2 s− 1 in the northwest, compared with 1.04 × 104 atoms m− 2 s− 1 in the southeast. 
These disparities align closely with geophysical evidence indicating the presence of a slab tear in the Indian 
lithosphere beneath the Lijiang–Xiaojinhe fault (LXF). In addition, a decarbonation boundary linked to slab 
subduction was delineated near 26◦N with higher recycled carbon fluxes in the northwest (~35 %) than those in 
the southeast (~22 %). This asymmetry is attributed to variations of subduction depth and angle associated with 
tearing of the Indian slab. The results of this study highlight the pivotal role of slab tearing and divergent 
subduction processes in modulating the efficiency and spatial heterogeneity of deep carbon recycling along 
convergent plate margins.

1. Introduction

Sediments and volatiles associated with subducting slabs are trans
ported into the Earth’s interior through subduction zones, potentially 
reaching the mantle and being recycled to the atmosphere, as Earth 
degassing mainly occurs with volcanic activity and regions of active 
faults (Pinti et al., 2011; Plank and Manning, 2019; Zhao et al., 2022). 
This volatile cycle is a crucial part of the Earth’s material exchange and 
significantly influences its climate and habitability (Li et al., 2023a; 
Lopez et al., 2023; Nakao et al., 2016; Zuo et al., 2024). The tectonic 

zone provides conditions for releasing deep-seated volatiles (such as 
carbon and helium), especially in different tectonic settings such as 
arc–continent collision zones, rift zones, continent–continent collision 
zones, and subduction zones, which are key pathways for volatile 
transfer (Umeda et al., 2012; Hiett et al., 2021; Caracausi et al., 2022; Li 
et al., 2022). Early Earth subduction at higher temperatures (hot sub
duction) transferred negligible volatiles to the deep Earth, whereas 
modern subduction at lower temperatures (cold subduction) causes 
significant volatile transport, affecting the efficiency of volatile recy
cling over geological time (Hanyu et al., 2019; Li et al., 2020a; Randazzo 
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et al., 2021; Zhang et al., 2024). Some studies suggest that most sub
ducted carbonates undergo decarbonation and dissolution in the mantle 
wedge and enter the recycling process at relatively shallow depths 
(Kelemen and Manning, 2015; Foley and Fischer, 2017), whereas others 
indicate that subducted carbonates may penetrate deeper into the 
mantle transition zone (Thomson et al., 2016; Mazza et al., 2019). The 
depth at which decarbonation occurs is influenced by the characteristics 
of the subducting slab, which further contributes to the 
orders-of-magnitude differences observed in carbon cycling efficiency 
(Clift, 2017; Guo et al., 2017; Lages et al., 2021; Tian et al., 2019). The 
amount of carbon delivered to the deep Earth by modern subducting 
slabs varies significantly, owing to differences in slab formation, evo
lution, and sedimentary history (Asaah et al., 2015; Plank and Manning, 
2019; Tian et al., 2023; Zummo et al., 2024). This variability may also 
account for large uncertainties in the estimates of modern 
subduction-related carbon recycling efficiencies. However, the influence 
of different slab morphologies on carbon recycling efficiency remains 
unconstrained.

Volatiles in Earth’s interior are released into the atmosphere mainly 
via volcanoes and fault systems (Caracausi and Sulli, 2019; Hao et al., 
2024). Conversely, the release and evolution of volatiles, such as helium, 
are powerful tracers of regional tectonics and are sensitive to 
crust–mantle interactions and other processes within the crust (Gilfillan 
et al., 2019; Hao et al., 2020; McCrory et al., 2016). Helium isotopes 
(3He/4He), as an inert volatile, are widely used to trace volatile sources 
and tectonic activity owing to their distinct end-members in the crust 
(0.02 RA, where RA is 3He/4He of air = 1.39 × 10− 6), atmosphere (1 RA), 
and mantle (subcontinental lithospheric mantle, 6.1 ± 0.9 RA) (Graham, 
2002; Day et al., 2015). The transport of mantle helium to the surface is 
accompanied by carbon dioxide as a carrier gas; therefore, the coupling 
of helium and carbon has been widely used to trace the release of vol
atiles (Correale et al., 2015; Wang et al., 2024; Hao et al., 2025). Active 
volcanic regions, mid-ocean ridges, and plate boundaries are all 
concentrated areas of carbon release from the Earth’s interior. More
over, convergent plate boundaries play a vital role in the carbon cycle as 
they influence Cenozoic climate change, especially in the Alpi
ne–Himalayan orogenic belt (Zhao et al., 2022). Identifying the pro
portion and migration of deep carbon is crucial for understanding the 
relationship between tectonics and climate.

Decarbonation from volcanic and fault-related rocks is influenced by 
subduction and primarily originates from the subducting slab, mantle 
wedge, and overlying crust (Li et al., 2019; Lopez et al., 2023). Sub
ducting slabs transport materials from trench sediments, marine car
bonates, and altered oceanic crust (AOC) into the mantle, resulting in 
distinct carbon isotopes as AOC contains inorganic carbonate with δ13C 
of approximately 0.8 ‰ ± 0.5 ‰, while mantle-derived carbon isotopes 
show δ13C values of around − 6.5 ± 2 ‰ (Hilton et al., 2002; Sano and 
Fischer, 2013). Sediments of subducting slabs and the overlying crust 
have variable carbon isotopes due to isotopically heavy carbonates (~0 
‰) and isotopically light sedimentary organic matter (SOM; ~ − 30 ‰) 
(Van Soest et al., 1998; Barry et al., 2013). As a reactive gas, carbon 
dioxide undergoes secondary processes in hydrothermal systems such as 
dissolution, degassing, and precipitation, altering end-member infor
mation and adding complexity to carbon evolution (Rizzo et al., 2015; 
Wang et al., 2023).

In this study, we investigated the influence of lithospheric slab 
morphology, particularly slab tearing, on the efficiency of deep carbon 
recycling at the convergent margin of the southeastern Tibetan Plateau. 
By analyzing and compiling 3He/4He and δ13C–CO2 isotopic data from 
376 sites (905 samples, including 26 newly sampled thermal springs 
with 51 samples) on the southeastern Tibetan Plateau, we assessed 
spatial variations in mantle-derived volatile fluxes across major tectonic 
blocks. Specifically, based on an improved helium–carbon coupling 
model, we identified a two-stage deep carbon release process and 
identified obvious helium isotope and AOC ratio differences on the north 
and south sides of the Lijiang–Xiaojinhe Fault (LXF). By integrating 

these observations with the seismic tomography results, we identified a 
slab-tearing zone near the LXF, and evaluated its role in controlling deep 
carbon release pathways and volatile partitioning. This research pro
vides significant insights into deep element cycling in collisional 
boundary regions, the uplift process of the Tibetan Plateau, and Earth’s 
habitability.

2. Geological settings of the study area

The southeastern Tibetan Plateau experienced significant Cenozoic 
tectonic activity related to the Plateau interior. During the mid-Miocene, 
material from the Plateau extruded southeastward (Liu et al., 2014; 
Zhang et al., 2022). Tectonic activity increased at ~20 Ma, with 
clockwise rotation beginning at approximately 15 Ma (Li et al., 2020b). 
Fault systems near the LXF show notable differences between the 
northern and southern sides (Fig. 1). The north of the thrust fault system 
lies in high-altitude terrain with a thick crust (approximately 65 km) and 
high heat flow (90 mW/m2) (Dong et al., 2016). In contrast, the southern 
side has low-altitude terrain with a thin crust (approximately 35 km) 
and low heat flow (65 mW/m2) (Liu et al., 2024).

The southeastern Tibetan Plateau is a highland area characterized by 
significant crustal strain, active faults, and seismicity (Royden et al., 
2008; He et al., 2021). It includes three major tectonic blocks: the 
Songpan–Ganzi (SGB), Yangtze, and Indochina blocks, which interact 
along major faults, including the strike-slip Red River (RRF), Xianshuihe 
(XSHF), and Xiaojiang (XJF) faults, and thrust faults like the Long
menshan (LMSF) and Lijiang–Xiaojinhe (LXF) thrust belts (Tapponnier 
et al., 2001; Bai et al., 2010). These fault systems divide the southeastern 
Tibetan Plateau into the Dianzhong block (DZB), Tengchong–Baoshan 
block (TCB), and Sichuan Basin (SCB) (Zhang, 2013). Permian basalts 
from the Emeishan large igneous province are widespread in the 
southwest of the Yangtze Block, forming arcuate belts, with the inner 
belt as the stable core of the DZB (Li et al., 2020b). The XJF within the 
Yangtze Craton has been reactivated owing to Plateau expansion, 
showing significant slip and frequent earthquakes (Zhang, 2013).

3. Materials and methods

3.1. Sampling and measurements

Gas samples from 26 hot springs in the TCV, TCB, and TPSE were 
collected over 5 years and analyzed for helium and carbon isotopes 
(Fig. 1, Table S1). Gas samples were collected using the gas drainage 
method (Hilton et al., 2002), immersing an inverted funnel with a sili
cone tube into the mouth of the hot spring, rinsing the entire pipe 
thoroughly with hot water for 30 min, inserting the outlet of the pipe 
into a 50 mL lead glass bottle filled with hot spring water, and then 
sealing with a silicone plug when the water in the bottle remained at 
approximately 1/3. Analyses were performed within 1 month of sam
pling. Among them, 7 samples from the south of LXF, 4 from the inter
section of XJF and RRF, and 21 from around the Eastern Himalayan 
Syntaxis (EHS) were newly collected, adding to the dataset differs that 
collected by Zhang et al. (2021) and providing an opportunity to 
elucidate crust–mantle interaction within the southeastern Tibetan 
Plateau. We compiled hot spring gas data within the southeastern Ti
betan Plateau from the past 20 years (>50 literatures, Table S2) for 
spatial analysis of gas ratios (CO2/N2, N2/Ar), helium isotopes, and 
carbon isotopes along the XSHF and RRF (for details, please see Text S1 
and Text S2). The helium and carbon fluxes were calculated across the 
five blocks of the study area (Fig. 1).

3.2. Revised helium and carbon coupling model

From the perspective of carbon evolution and migration, mantle 
carbon, subducted slab carbon, and carbon within thick crust influence 
carbon sources in hot springs. Carbon can be divided into three 
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endmembers (Li et al., 2020a; Lopez et al., 2023): depleted MORB 
mantle (DMM), altered oceanic crust (AOC), and continental crust (CC) 
(Text S3). In this study, CC represented crustal carbon, including 
decarbonated carbonate rocks and organic sediments.

Subducted oceanic slab carbon, which is a recycled carbon end
member, is composed of carbonates and oceanic sediments from the 
oceanic lithosphere. Carbonate rocks from subducted slabs dominate the 
recycled carbon endmembers (>80 %; Clift, 2017; Zhao et al., 2025). 
Thus, this study focused on AOC carbon as the primary recycled carbon 
endmember, defined as: 

δ13Cf =
fDMMδ13CDMMCDMM + fAOCδ13CAOCCAOC + fCCδ13CCCCCC

fDMMCDMM + fAOCCAOC + fCCCCC
(1) 

RA,f =
fDMMRA,DMMHeDMM + fAOCRA,AOCHeAOC + fCCRA,CCHeCC

fDMMHeDMM + fAOCHeAOC + fCCHeCC
(2) 

fDMM + fAOC + fCC = 1 (3) 

The mantle carbon endmember primarily considers DMM carbon, as 
determined through geophysical surveys (e.g., magnetotelluric and 
seismic observations) in eastern Tibet. The endmember values for DMM, 
AOC, and CC carbon in the helium–carbon coupling model are provided 
in Table S1 and Table S2. Detailed methodologies and results are pro
vided in Text S1 and Text S2.

Fig. 1. (a) The tectonic setting of the Tibetan Plateau and division of tectonic blocks. (b) Sampling sites and distribution of helium isotopes from hot spring in the 
study area. (c) Enlarged view of sample sites of TCV. Helium isotopes are categorized into four sizes, with solid circles representing data from this study and open 
circles representing compiled data (Table S1 and Table S2). Shading denotes the five tectonic blocks (TPSE, DZB, TCB, TCV, and SCB) in the study area. Yellow 
dashed lines indicate the location of slab tearing observed in seismic tomography; blue and black dashed lines are the lithospheric frontiers of Indian mantle and 
Yangtze mantle, respectively (Hou et al., 2024). Abbreviations: JS: Jinshajiang Suture. BNS: Bangong–Nujiang Suture. YZS: Yarlung Zangbo Suture. MFT: Main 
Frontal Thrust. SF: Sagaing Fault. JSF: Jinshajiang Fault. XSHF: Xianshuihe Fault. DXF: Dege–Xiangcheng Fault. RRF: Red River Fault. XJF: Xiaojiang Fault. LMSF: 
Longmenshan Fault. LXF: Lijiang–Xiaojinhe Fault. TPSE: SE Tibetan Plateau. DZB: Dianzhong block. TCB: Tengchong–Baoshan block. TCV: Tengchong volcano. SCB: 
Sichuan Basin.

Y. Wang et al.                                                                                                                                                                                                                                   Gondwana Research 146 (2025) 93–106 

95 



4. Results and discussion

4.1. Helium and carbon inventories and secondary hydrothermal 
processes

4.1.1. Helium characteristics
Considering that measured 3He/4He ratios (RM) may be affected by 

air-derived helium during sampling or measurement, helium air 
contamination was corrected using the X-factor determined from the air- 
normalized 4He/20Ne ratios and Bussen coefficients of Ne and He. The 
air-corrected 3He/4He ratios (RC) are listed in Table S1 and Table S2. 

The calculated 4He/20Ne values of the samples ranged from 0.33 to 
2622.6, which is higher than that of air (0.32) and the ASW (0.25). 
However, some samples had 4He/20Ne values close to the ASW end
member (Fig. 2a), suggesting that air contamination or meteoric water 
effects cannot be ignored (yellow area in Fig. 2a); these samples are not 
included in further discussion. Based on the volume content of CO2 and 
N2, the samples were divided into two types: CO2-type and N2-type. 
However, there was no significant difference in the helium isotope ratio 
between the two types in the corresponding blocks, indicating that the 
source of the gas may be closely related to variation in the tectonic units.

Statistical diagrams of the helium isotope values (Fig. S1 and Fig. S2) 

Fig. 2. (a) Helium–neon relationship for the five tectonic blocks. The plot is based on a three-endmember model (Sano and Marty, 1995), with crustal helium of 
3He/4He = 0.02 RA and 4He/20Ne = 1000, mantle helium (DMM, Graham, 2002) of 3He/4He = 8 ± 1 RA (SCLM with 3He/4He = 6.1 ± 0.9 RA, Day et al., 2015) and 
4He/20Ne = 1000, and atmospheric helium of 3He/4He = 1 RA and 4He/20Ne = 0.318 (Burnard et al., 1999). Yellow area denote X = 4 and X = 10 [X =
(4He/20Ne)measured/(4He/20Ne)ASW], representing samples with significant air contamination (modified from Zhang et al., 2021). Percentages indicate crust–mantle 
mixing ratios. Helium in the DZB and SCB is predominantly crustal while that in the TPSE shows a wide range (1 % to 50 %) of mantle helium contributions. TCB 
exhibits a detectable ratio of mantle helium with a maximum value of 8 %. (b) CO2/3He versus δ13C–CO2 for hydrothermal gases, comparing carbon sources across 
the five blocks using the MORB, BC (Bulk crust), ORG (Organic Carbon), and CAR (Carbonate) endmembers. Black dashed lines represent carbon isotope frac
tionation models for calcite precipitation at temperatures of 25 ◦C, 90 ◦C, 125 ◦C, 170 ◦C, and 192 ◦C (Barry et al., 2020); blue dashed lines show the solubility 
relationships of gases in water at 50 ◦C with different pH values (Gilfillan et al., 2009). The model starts with metamorphic carbonate characterized by δ13C–CO2 =

0.1 ‰ and CO2/3He = 1013. Suffixes in the legend, T_C and L_C, denote CO2-type gas from this study and the literature, respectively. T_N and L_N represent N2-type 
gases for this study and the literature, respectively. Subsequent representation in related maps is the same.
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showed that the TCV block has the highest values, whereas the TPSE and 
TCB have bimodal distributions with relatively high values. DZB and 
SCB exhibited low values, mostly < 0.1 RA. According to the three end- 
member model, considering subcontinental lithospheric mantle (SCLM) 
at 6.1 ± 0.9 RA and crustal values at 0.02 RA, helium isotopes > 0.1 RA 
indicate primary mantle degassing, while values < 0.1 RA suggest a 
dominate crustal source (Ballentine and Burnard, 2002; Huang et al., 
2024; Sano and Fischer, 2013). No significant correlation existed be
tween the helium concentration and isotope values within these five 
blocks (Fig. S2), whereas helium-rich samples with lower isotope values 
suggest that crustal helium is predominate across most of the south
eastern Tibetan Plateau. According to the tri-endmember diagram of 
helium–neon isotopes (Fig. 2a), helium is mainly controlled by uranium 
(U) and thorium (Th) enrichment in the crust (Zhang et al., 2021).

Mantle-derived helium varied across the five blocks (Fig. S3), with 
the TCV showing the most significant mantle contribution. The TCB and 
TPSE have mantle helium inputs, although not exceeding 9 %, whereas 
the DZB and SCB are dominated by crustal helium, with mantle contri
butions up to only 5 %. Statistical analysis of helium isotope ratios 
revealed a distinct separation between the TPSE and DZB, whereas the 
results linking the DZB and SCB indicate contiguous blocks with craton 
characteristics (Liu et al., 2024). Geophysical evidence supports this, 
with surface-wave tomography (Liu et al., 2021) and shear-wave split
ting analysis (Li et al., 2023b) identifying high shear-wave velocity 
zones and regions of weak anisotropy beneath the DZB. These findings 
suggest the presence of a robust lithosphere beneath the DZB. Using 
dense array data from the eastern Tibetan Plateau to analyze the relative 
attenuation of teleseismic P-wave phases, Liu et al. (2024) found the 
presence of cratonic lithosphere beneath the DZB, comparable to that 
underlying the SCB. They further inferred that materials extruded 
eastward from the eastern Tibetan Plateau have traversed the LXF into 
the southwestern DZB within the lower crust, but were impeded at this 
boundary within the asthenosphere.

4.1.2. Carbon characteristics
The carbon inventory for five blocks in the southeastern Tibetan 

Plateau were estimated using a four-endmember carbon model (Fig. 2b), 
with DMM of CO2/3He = 1.5 × 109 and δ13C–CO2 = − 6.5 ‰ ± 2.5 ‰, 
BC of δ13C–CO2 = − 14 ‰ ± 1.5 ‰, ORG of δ13C-CO2 = − 30 ‰ ± 10 ‰, 
and CAR of δ13C-CO2 = 0 ‰ ± 2 ‰; the three crustal endmembers 
typically have higher CO2/3He values, averaging of 1013 (Barry et al., 
2020; Sano and Marty, 1995). The TCV, TPSE, and TCB exhibited higher 
mantle carbon signatures, whereas the DZB and SCB were dominated by 
crustal carbon sources (Table S1 and Table S2). The amount of CO2 
within the crust may be linked to regional metamorphism or 
mechanical-chemical processes generating CO2 in collisional orogenic 
zones. Metamorphism primarily produces CO2 through two mecha
nisms: (1) decarburization of calcium silicates at elevated temperatures 
and (2) dehydration reactions within the mineral phases. The heat that 
drives these metamorphic processes is predominantly attributed to 
progressive thermal conduction caused by plate fragment separation, 
plate rollback, or thermal relaxation associated with crustal thickening 
(Randazzo et al., 2021). This type of thermal metamorphism occurs not 
only in regions abundant in deeply metamorphosed rocks and lime
stones, but also in areas with limited carbonate rocks, where siliceous 
clastic metamorphic sediments (carbon contents < 2 %) are present 
(Lopez et al., 2023). Hot springs dominated by crustal carbon show 
significant metamorphic decarbonation within the crust from the Ti
betan Plateau (Becker et al., 2008). According to the three-terminal 
diagram, BC is a carbon end-member of the crust, and the mixed zone 
of the three terminal elements is all CO2-type gas, while N2-type gas is 
outside the mixed zone. Owing to water–gas–rock interaction during gas 
migration, samples beyond the three-endmember limits (Fig. 2b) indi
cate CO2 loss or He addition, which involves secondary processes such as 
calcite precipitation, gas dissolution differences, or high-helium fluid 
addition, as observed in geothermal systems, volcanic areas, and 

continental rift zones (Fig. 3; Ballentine and Burnard, 2002; Crossey 
et al., 2009; Hao et al., 2023). Therefore, our subsequent analysis 
focused on CO2-type gases, as dissolution and precipitation processes 
can be dismissed.

We modeled the changes in He concentrations, CO2/3He, CO2/4He, 
and N2/3He for CO2 dissolution, calcite precipitation, and crustal He- 
rich fluid input. CO2/3He decreased linearly with CO2 loss as calcite 
precipitated, which is consistent with carbon isotope fractionation 
models (Fig. 3; Barry et al., 2020). N2 and He enter the gas phase, as they 
are less soluble than CO2, as the CO2/4He and N2/3He values change 
following the Rayleigh model. The decrease in CO2/4He may have 
resulted from selective gas dissolution in the water. Calcite precipitation 
impacts CO2/4He systematically as δ13C varies, influenced by tempera
ture and pH (Gilfillan et al., 2009). Precipitation occurs at around 150 
◦C, pH 6–8, and depths of 4–5 km based on a 3.5 ◦C/100 m gradient, 
which is a common depth for mountain groundwater circulation (Li 
et al., 2022; Somers and McKenzie, 2020; Wang et al., 2021, 2022).

A significant relationship among CO2-type gases in the study area is 
the positive correlation between CO2/4He and 1/He, with an R2 of 0.97 
(Fig. 4a). This indicates that the addition of CO2-rich fluids is a likely 
cause, that these samples are far from the range of 4He-rich fluids in the 
crust, and that there may be a CO2-rich reservoir at depth. From the 
estimated reservoir temperature (Table S2) and geothermal gradient of 
3.5 ◦C/100 m, it is inferred that the depth of the CO2 reservoir is >10 
km, which is consistent with carbonate metamorphism and decarbon
ization. However, a mixing relationship with mantle CO2 (Fig. 4b) was 
not evident, which is consistent with the estimated mantle carbon ratio 
(most samples) of <5 %. Based on the systematic correlation of He–C, 
CO2/3He is negatively correlated with 3He/4He (Fig. 4c). This may be 
due to contamination by crustal materials. Given that samples with low 
3He/4He values have higher CO2/3He values, this mixture is likely to be 
AOC. Magmatic degassing and calcite precipitation can reduce CO2/3He, 
but cannot explain the negative correlation between CO2/3He and 
3He/4He. From the helium–carbon coupling model, the samples were 
surrounded by the DMM, AOC, and CC mixing curves. Considering the 
evolution process of the two stages, the different proportions of the three 
end elements can be estimated. The end elements of the DMM, AOC, and 
CC in the five blocks were 10 %, 50 %, and 40 %, respectively. The TCB 
and TPSE had a slightly higher mantle carbon proportion (~15 %), 
whereas DZB mantle carbon was <5 % (Table S1 and Table S2). 
Therefore, based on the data, CO2-type gas in this study was mainly 
controlled by crust–mantle mixing, which provides an opportunity for us 
to constrain carbon recycling (Fig. 4; Ray et al., 2009; Buttitta et al., 
2023).

4.2. Geographical distribution of 3He/4He ratios and helium flux

The distribution of 3He/4He ratios provides crucial insights into 
regional crust–mantle interactions and helps identify conduits of mantle 
volatiles through the crust. A total of 376 sites with helium isotope ratios 
revealed significant boundaries after excluding data possibly influenced 
by air contamination during sampling (Fig. 2a and Fig. 3). There were 
remarkably high helium ratios (2.36 ± 0.7 RA, Guanding) at the inter
section of the XSHF and XJF, as well as an anomalously value (5.15 ±
0.1RA, Qingping) observed at the bend between the JSF and RRF. 
Although several other locations along the XSHF and RRF also exhibited 
clear mantle helium signals (<2 RA), these two bend sites with partic
ularly prominent mantle helium anomalies indicate a significant 
contribution of primordial 3He carried by ascending magmas from the 
mantle. Crucially, a distinct mantle helium signal was also detected in 
the hot springs at the southern of the LXF (0.37 ± 0.15 RA, Xia
miandian), where tensive strain occurs in the predominantly thrusting 
system, which is an unfavorable condition for the transfer of mantle 
helium (Zhang et al., 2021). These results suggest that it is difficult for 
the crust to block the release of deep mantle helium even under the 
action of a high-stress within crust. Therefore, along the line where the 
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LXF intersects the XSHF and RRF, we discovered a helium anomaly 
boundary zone (HBZ). Considering the geological and geophysical re
sults, the alignment of the HBZ suggests slab tearing, which provides a 
pathway for mantle helium upwelling (Fig. 7). The location of the 
tearing slab inferred from the helium isotope ratio anomaly is consistent 
with the results of recent P- and S-wave seismic tomography (Fig. 8, 
Fig. S4, and Fig. S5; Hou et al., 2024). In addition, strontium isotope and 
neodymium contour maps of magmatic rocks from this area (24◦–28◦N, 
98◦–102◦E) show an east–north anomaly near 26◦N (Fig. S6; Li et al., 
2024b; Tang et al., 2024).

Conversely, helium ratios decrease significantly south of the LXF, 
particularly within the DZB, where there is almost no mantle helium 
signal. This reduction in the helium ratio is closely related to the nature 
of the XJF within the crust of the DZB, which shares cratonic charac
teristics similar to those of the SCB (Wang et al., 2021). Notably, at the 
intersection of the XJF and RRF, a clear mantle helium signal was 
detected, which was attributed to the influence of the RRF. Geochemical 
data also indicate that the XJF is confined within the crust, whereas the 
RRF penetrates the lithospheric mantle (Shao et al., 2024). The helium 
signal was predominantly crustal within the SCB. However, it was 
challenging to constrain the slab morphology because the number of 
samples was limited (n = 4).

The samples of the five blocks and other non-volcanic hydrothermal 
systems in the study area all spanned five orders of magnitude, among 
which TCV was in the range of typical “volcanic” degassing, TCB was in 
the range of typical “volcanic” to typical “tectonic” areas, and TPSE, 
DZB, and SCB were in the range of “tectonic” areas (Fig. 5). This shows 

that the hydrothermal system in the tectonic region contributes more to 
the mantle helium. The average mantle 3He and 4He fluxes of the TCV 
were 2.1 × 105 (range 6.5 × 104 – 3.2 × 105 atoms m− 2 s− 1) and 4.1 ×
1010 atoms m− 2 s− 1 (range 1.2 × 1010 – 6.1 × 1010 atoms m− 2 s− 1), 
respectively, comparable to typical volcanic areas around the world 
(104–109 atoms m− 2 s− 1 for mantle 3He flux and 109–1014 atoms m− 2 s− 1 

for mantle 4He flux) (Moreira and Kurz, 2013). The average mantle 3He 
flux and 4He flux were 1.7 × 104 atoms m− 2 s− 1 and 2.8 × 109 atoms 
m− 2 s− 1 for TPSE and 1.4 × 104 atoms m− 2 s− 1 and 1.95 × 109 atoms 
m− 2 s− 1 for TCB, and 1.04 × 104 atoms m− 2 s− 1 and 2.52 × 109 atoms 
m− 2 s− 1 for DZB, respectively, which can be compared with typical 
continental degassing (101–107 atoms m− 2 s− 1 for mantle 3He flux and 
106–1012 atoms m− 2 s− 1 for mantle 4He flux) (Torgersen, 2010). From 
the relationship between 4He flux in mantle and 4He flux in crust, tec
tonic activity in the study area is the main process of helium degassing 
from mantle. The TPSE (north of the LXF) and TCB (west) have the 
highest 3He fluxes (Table S3, Fig. 5, and Fig. S7), whereas the DZB and 
SCB are dominated by crustal 4He fluxes. These average flux values for 
each block represent the different characteristics of the southeastern 
Tibetan Plateau. Local anomalies are possible near the Nandinghe fault 
zone in the TCB, and areas of high 4He flux result from regional geology 
and fault interactions, possibly influenced by complex water–gas in
teractions (Wang et al., 2023). Overall, the five blocks can be classified 
into group 1 (TCV), group 2 (TPSE and TCB), and group 3 (DZB and SCB) 
based on their distinct helium inventory and flux characteristics.

Fig. 3. Plots of (a) CO2/3He vs. CO2, (b) CO2/3He vs. He, (c) CO2/4He vs. 3He/4He, and (d) CO2/3He vs. N2/3He for hot spring gas of the five blocks of the 
southeastern Tibetan Plateau. Grey circles represent typical DMM and air/ASW endmember values from Sano and Marty (1995). Dotted lines in (a) suggest the input 
of He-rich fluids with the DMM as a starting point. The processes of dissolution (Gilfillan et al., 2009), calcite precipitation, and input of crustal radiogenic 4He (Hao 
et al., 2023) are shown by solid gray lines in (a) and (b).
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4.3. Spatial characteristics of helium–carbon and the subduction slab

The refined He–CO2 coupling model considered a two-stage evolu
tion process for CO2 (Text S2 and Table 1; Van Soest et al., 1998; Li et al., 
2020a). Previous studies highlight significant CC in the region, with 
δ13C-CO2 and 3He/4He values of − 7.7 ‰ ± 1.6 ‰ and 0.03 ± 0.01 RA, 
respectively. Subduction carries carbonates and organic sediments, 
considered as AOC, which decarbonate and rise through faults into hy
drothermal systems (recycled carbon; Lopez et al., 2023). The two-stage 
carbon model for recycled carbon is detailed in the supplementary 
materials. Our results show that the TCV has 37 % recycled carbon, TPSE 
approximately 35 %, and TCB approximately 24 %, while DZB and SCB 
have 22 % and 14 %, respectively (Fig. 6), which are controlled by 
different tectonic activities.

Helium and carbon isotopes along with the AOC ratios of hot springs 
within 30 km of the XSHF and RRF were analyzed. The helium boundary 
south of the LXF marks the major channel for mantle helium upwelling 
(Fig. 7). The northern segment of the XSHF (labeled 1 in Fig. 7a), likely 
represents the leading edge of the Indian lithospheric slab based on 
helium data and geophysical results (Dong et al., 2020). The helium 
boundary of 2nd and 3rd segments is clear based on the isotope ratio, 
while that of the 4th segment is based on the model proposed by Hou 
et al. (2024). This helium boundary line is supported by the (1) LXF 
thrust dividing the TPSE and DZB block; (2) TPSE being characterized by 
more mantle helium than is the DZB (Fig. 7e); (3) TPSE having a higher 

Fig. 4. He–CO2 systematics. (a) CO2/4He vs. 1/He and (b) 3He/4He (RC/RA) vs. 1/He. CO2-type gas shows a significant mixing trend with mantle fluid. The initially 
exsolved gases from crustal fluid reservoir are defined according to the geochemical tendency of the samples. Crustal 4He-rich fluids are expected to have lower 
CO2/4He than are mantle fluids, reflecting excess 4He relative to CO2. (c) 3He/4He (RC/RA) vs. CO2/4He; note that in some cases the δ13C–CO2 value of mantle fluids 
could be comparable with that of the mixture between crustal reduced and oxidized carbon. (d) 3He/4He (RC/RA) vs. δ13C–CO2 (‰), showing two-stage evolution 
using the He–C coupling model and values for the DMM, AOC, and CC end-members (Table 1).

Fig. 5. Mantle 4He flux vs. crust 4He flux in study area based on a porosity of 
1%. Pink shading represents the range of volcanic helium degassing, and gray 
shading represents the range of tectonic helium degassing. Hollow square 
represents data from Torgersen (2010) and Hao et al. (2024).
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ratio of recycled carbon than does the DZB (Fig. 7f). Isotopic data pro
files show a north–south division, indicating lithospheric slab tearing 
near 26◦N (Li et al., 2024b). The Indian lithospheric mantle subducts at a 
low angle north of the boundary (2nd segment), whereas the subduction 
is steeper and deeper south of that (Hou et al., 2024; Li et al., 2024b).

The junction points (southeast of DZB) of the XSHF, RRF, and LXF 
faults might have high permeability for mantle helium release. 

However, the XSHF and RRF are strike-slip faults under compression, 
and the LXF is a thrust fault, all experiencing high strain at intersections, 
indicating that the junctions are not more permeable than other fault 
segments (Zhang et al., 2021; Newell et al., 2023). Permeability appears 
consistent along the fault zone, as shown by the lack of correlation be
tween RC/RA, δ13C-CO2, recycled AOC ratio, total strain rate, and crustal 
thickness (Fig. S8). We derived the mantle helium and carbon anomalies 

Fig. 6. Average proportions of the three endmember elements of regional carbon emissions in the five blocks. The proportion of AOC is 0.35 in TPSE, and 0.22 in 
DZB, showing a distinct difference.

Fig. 7. (a) Helium boundary of the southeastern Tibetan Plateau and seismic profiles A–A’, B–B’, and C–C’. (b) Topography profile of A–A’ in (a). (c) The RC/RA 
transect profile along the RRF (blue cycle) and XSHF (red cycle); shaded area shows the slab tearing belt. (d) P-wave structures along profile A–A’ (modified from 
Hou et al., 2024 with permission from Springer Nature). (e) and (f) are values of RC/RA, fDMM and fAOC transects along profiles B–B’ and C–C’, respectively.
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along the XSHF and RRF, which were controlled by lithospheric slab 
tearing at depth.

The helium isotope ratio offers a unique tracer of crust–mantle in
teractions. According to the contour map of hot spring helium isotope 
ratios in the study area (Fig. 8), there is a clear band of high helium 
isotope ratios south of LXF, and high ratios in the Tengchong volcano 
area. This band of high helium isotope ratios is consistent with seismic 
imaging (Hou et al., 2024). In addition, the contours of the AOC ratio on 
both sides of the helium boundary show a clear boundary, indicating the 
controlling effect of plate-tearing morphology on AOC cycling carbon.

In addition to AOC, the variation ratio of mantle carbon along the 
LXF (Table S2) indicates that metasomatized lithospheric mantle of the 
Indian continental plate may serve as a potential reservoir for deep 
volatiles (Aulbach et al., 2013; Aulbach et al., 2017; Kovács et al., 2021). 
Geophysical and geochemical studies have shown that the Indian lith
ospheric mantle has experienced pervasive metasomatism by sediment- 
derived fluids and melts, leading to enrichment in incompatible ele
ments and volatiles (Zhou et al., 2012; Zhu et al., 2021; Dong et al., 
2022). This metasomatized lithospheric mantle can release CO2-rich 
volatiles when subjected to thermal perturbation or mechanical disin
tegration during lithospheric tearing, foundering, or underthrusting 
processes (Cloetingh et al., 2021; Gorczyk and Gonzalez, 2019; Tang 
et al., 2025; Wang et al., 2017). In the Tengchong volcanic field and 
southeastern Tibetan Plateau, multiple geochemical indica
tors—including low δ26Mg, low δ44/40Ca, elevated Ba/Th, and enriched 
Sr–Nd–Pb isotopes—suggest a mantle source modified by Indian 
carbonate-rich sediments and lithospheric materials (Liu et al., 2017; 
Tian et al., 2018). These signatures are interpreted as evidence of slab- 
derived supercritical fluids and dolomitic components metasomatizing 
the overlying mantle wedge at depths of 120–300 km (Liu et al., 2017; 
Tian et al., 2018). Given that slab tearing enhances asthenospheric up
welling and exposes the lower lithosphere to decompression and heat
ing, it is plausible that such processes promote CO2 release from the 
hydrated and carbonated Indian lithosphere near the tear edge (Fig. 9a; 
Aulbach et al., 2017; Lange et al., 2023). Notably, recent Mg–Ca isotope 

models estimated that 5 %–8 % of dolostone was incorporated into the 
mantle beneath Tengchong, further indicating significant carbonate 
recycling in this region (Liu et al., 2017). Nonetheless, it remains chal
lenging to conclusively determine whether the carbon source originated 
from the Indian lithospheric mantle and/or AOC. Further research is 
required to provide a more comprehensive understanding of carbon 
source models.

4.4. Slab tearing and its geodynamic implications

Geodynamic models related to the uplift of the southeastern Tibetan 
Plateau include the rigid block extrusion model (Tapponnier et al., 
2001), continuous deformation model (England and Houseman, 1986), 
crustal flow model (Clark and Royden, 2000) and slab-tearing model 
(Hou et al., 2024). The material in the Plateau interior moves southeast, 
whereas the Yangtze Plate blocks eastward movement and causes 
southeast clockwise rotation (Wang et al., 2014). The DZB bounded by 
the LXF is crucial for responding to the eastward movement (Liu et al., 
2014). The southeastern margin of the plateau is divided by large strike- 
slip faults such as the XSHF and RRF, resulting in intense tectonic ac
tivity and frequent seismicity (Wang et al., 2021). The tearing of the 
Indian lithospheric slab beneath eastern Tibet triggers diverging sub
duction, facilitating material movement and rotation and resulting in 
differential eastward growth.

Geochemical evidence (helium isotope ratios) for slab tearing of the 
Indian subducting plate is consistent with seismic tomographic obser
vations and provides insights into the uplift of the southeastern Tibetan 
Plateau (Fig. 9). Across the Tibetan Plateau and southeastern Asia, to
mography profiles show significant lateral variations in the subducting 
Indian lithosphere, reflecting the complex tectonic processes of the 
subducting Indian lithosphere from west to east and southeast. In the 
southeastern EHS and Indo–Burma Range, a prominent high-velocity 
tomographic anomaly trending NW–SE has been observed along the 
plate boundary (Raoof et al., 2017; Yao et al., 2021). This anomaly 
corresponds to the ongoing eastward subduction of the Indian litho
sphere beneath Burma and western Yunnan (Fig. 9a; Replumaz et al., 
2010; Raoof et al., 2017; Ding et al., 2022; Hou et al., 2024). Local 
discontinuities in the high-velocity body beneath the Indo–Burma range 
suggest slab tearing in the subducted Indian lithosphere (Raoof et al., 
2017; Bian et al., 2022; Ding et al., 2022; Hou et al., 2024). P-wave 
anomaly maps and cross-sectional profiles across the EHS and 
Indo–Burma Range highlight this tearing, which plays a crucial role in 
shaping the lithospheric structures in southeastern Asia (Raoof et al., 
2017; Ding et al., 2022). Seismic tomography suggests that sub-vertical 
slab tears in the EHS are associated with distinctive magmatic signa
tures, such as potassic igneous rocks ranging from mafic to felsic 

Fig. 8. (a) Contour map of helium isotope ratios in the study area. The apparent high helium isotope ratio band on the southern side of the LXF is consistent with the 
tearing slab region (dashed yellow lines, Fig. 1b) revealed by P-wave velocity imaging (Hou et al., 2024). (b) Contour map of AOC ratios showing a distinct car
bon boundary.

Table 1 
Summary parameters of the He–C coupling model for the three end-members.

C (ppm) δ13C (‰) He (ppm) RC/RA

Depleted mantle, DMM 700a − 6.5 ± 2.5b 0.0288c 8 ± 1b

Altered oceanic crust, AOC 11,400d 0.3 ± 1e 0.00023d 0.02b

Crustal carbon, CC 8500a − 7.7 ± 1.6f 0.204f 0.03 ± 0.01f

Note. a. (Lopez et al., 2023); b. (Sano and Fischer, 2013); c. (Zhang et al., 2016); 
d. (Hoefs, 2021); e. (Van Soest et al., 1998); f. This study, calculated by the 
average value of CO2/3He, 3He/4He (RC/RA) and δ13C-CO2.
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compositions, faulting, and block rotation (Lu et al., 2012; Li et al., 
2017; Bian et al., 2022).

Slab tearing was also supported by evidence from Eocene–Oligocene 
potassic felsic intrusions, rapid block rotations (40–20 Ma), and mantle 
anisotropy derived from GPS and seismic data. The tearing of the sub
ducting slab induces toroidal mantle flow, as observed in the SKS 
splitting and seismic anisotropy data, and facilitates asthenospheric 
material influx beneath the EHS (Chen et al., 2015; Zhou et al., 2019). 
This mantle upwelling causes localized heating, partial melting of the 
extending crust, and thermal advection, leading to the formation of 
NW–SE dextral strike-slip shear zones. These zones bend into N–S and 
NE–SW orientations near the syntaxis, merging with the Sagaing Fault 
(Li et al., 2017; Ding et al., 2022). Paleomagnetic and kinematic evi
dence suggests that the clockwise rotation of crustal blocks in south
eastern Tibet is a direct consequence of slab tearing and subsequent 
mantle flow (Li et al., 2017; Gan et al., 2021; Ding et al., 2022). How
ever, in southeastern Tibet, the development of a V-shaped conjugate 
shear system reflects the unique geographic and tectonic conditions. The 
sinistral shear zone of the Ailaoshan Red River, combined with the 
dextral zones, forms the largest system in the region. In western Yunnan, 
Tertiary potassic felsic magmatism (~38–32 Ma; Lu et al., 2012) is 
linked to lithospheric mantle and asthenospheric upwelling during the 
Eocene (Omrani et al., 2008; Hou et al., 2024). This upwelling facilitated 

by slab tearing can produce adakitic magmatism, thermal anomalies, 
and lateral mantle flow perturbations (Li et al., 2017).

Based on geological and geophysical data from the southeastern EHS 
and surrounding regions, we propose a deformation model for the crust, 
and a slab tear in the subducting Indian lithosphere beneath the EHS. 
This model reconstructs the morphology and structure of the Indian 
Plate beneath the Tibetan Plateau and Indo–Burma Range. Additionally, 
high-velocity anomalies suggest that the Indian lithosphere is torn 
beneath the EHS, with ruptures extending to depths of ~600 km beneath 
the Indo–Burma Range (Fig. 9c, e; Raoof et al., 2017; Hou et al., 2024). 
Slab tearing triggers diverging subduction and is crucial for carbon 
recycling at convergent boundaries (Bekaert et al., 2021; Zhang et al., 
2024). The subduction of the Indian lithosphere beneath southern Tibet 
controls crustal metamorphic CO2 and mantle degassing (Li et al., 
2024a). The escaped material in the southeastern Tibetan Plateau is 
blocked by the craton-like DZB, causing lithospheric tearing and dif
ferential subduction north and south around the LXF, which controls 
element cycling. The carbon recycling ratio is 35 % to the north and 22 
% to the south of the LXF, based on the calculated AOC ratio (Table S2), 
suggesting that subduction morphology controls volatile recycling.

The TCV is a Cenozoic intraplate volcano on the southeastern Ti
betan Plateau, and its magmatic source has been debated (Lei and Zhao, 
2016; Zou et al., 2017; Tian et al., 2018; Wang et al., 2025). Our data 

Fig. 9. Schematic diagram showing slab tearing and controls on carbon recycling south of the LXF on the southeastern Tibetan Plateau. South of this fault system, the 
Indian slab undergoes steep, deep subduction, while to the north, it experiences gentler, shallower subduction (Yao et al., 2021). (c) and (e) Seismic tomographic 
profiles of B–B’ and C–C’ (in Fig. 7), respectively, in the eastern Tibetan Plateau (modified from Hou et al., 2024 with permission from Springer Nature), showing the 
subducting slab still connected with the surface plate.
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suggest that the tearing slab forms a slab window that allows localized 
mantle upwelling to recharge the TCV. This magma may be related to 
the partial melting of the enriched mantle wedge, resulting in slab 
detachment from the subducting Indian slab, according to geochemical 
and numerical model simulation results (Zhang et al., 2017). This 
interpretation contradicts earlier models that attributed the TCV to slab 
dehydration within the mantle transition zone, differentiating it from 
volcanoes of the Changbai Mountains (Zhu et al., 2019).

5. Conclusions

This study presents a spatial analysis of gas compositions and iso
topes (He-C) from 376 hot springs (905 samples) on the southeastern 
Tibetan Plateau combined with a two-stage He–CO2 evolution model, 
and investigates the inventories of helium and carbon, as well as their 
evolutionary processes. The distribution and variation patterns of heli
um flux, carbon flux, and recycled AOC ratio along the fault zones (RRF 
and XSHF) were characterized. We identified the presence of slab 
tearing in the Indian lithosphere slab south of the LXF according to 
helium isotope geochemical perspective for the first time. This slab 
tearing provides new insights into the uplift mechanisms of the south
eastern Tibetan Plateau, control of carbon recycling efficiency at 
convergent plate boundaries, and origin of intraplate volcanic 
magmatism.
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Pinti, D.L., Béland-Otis, C., Tremblay, A., Castro, M.C., Hall, C.M., Marcil, J.-S., 
Lavoie, J.-Y., Lapointe, R., 2011. Fossil brines preserved in the St-Lawrence 
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