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ABSTRACT

The geodynamic mechanisms underlying 
the development of the southeastern mar-
gin of the Tibetan Plateau (SETP) remain 
unclear. Several models of deformation have 
been proposed and have primarily been as-
sessed by GPS and geophysical data. In 
recent years, an increasing amount of geo-
chemical data pertaining to geothermal gases 
in the vicinity of the SETP has been collected. 
Upon examining and analyzing the He inven-
tory and its spatial variation patterns, we 
determined that the transportation mode for 
deep volatiles in the SETP corroborates the 
existence of crustal flow. Gas samples from 
the Sichuan basin and the middle section of 
the Anninghe-Xiaojiang fault system exhibit 
typical crustal He degassing (RC/RA < 0.1
RA, where RA is atmospheric [air] 3He/4He, 
and RC is air-corrected 3He/4He), whereas 
mantle-derived fluids are unequivocally de-
tected in the remainder of the SETP (RC/RA 
> 0.1 RA). This process involves the lateral
movement of crustal flows, which convey
mantle noble gas signals from the Tibetan
Plateau to the Yangtze craton. The signifi-
cant mantle signal in the bending section of
the Xianshuihe fault system is attributed to
the swift migration of mantle fluids through
the crust, demonstrating that crustal move-
ment can exert additional impacts on vertical 

movement of mantle fluids. Our results are 
supportive of the existence of crustal flow, 
supporting the hypothesis that the uplift and 
expansion of the SETP are relevant to the 
crustal flows. At the same time, our study 
also emphasizes that the influence of crustal 
movement on deep fluid migration cannot be 
ignored.

INTRODUCTION

The collision between the Indian and Eurasian 
continents resulted in the eastward extrusion of 
the Tibetan Plateau (TP; Yin and Harrison, 2000; 
Klemperer, 2006; Schellart et al., 2019), leading 
to significant tectono-magmatic events across 
the southeastern margin of the TP (SETP) and its 
adjacent regions since the Cenozoic era (Huang 
and Chevrot, 2021; Ma et  al., 2023; Molnar 
and Stock, 2009; She and Fu, 2020). The SETP 
exemplifies an orogenic plateau margin that has 
undergone considerable expansion over geolog-
ical time scales, presenting an invaluable case 
study for understanding continental dynamics.

A pivotal framework for elucidating the uplift 
mechanism of the SETP is the crustal flow model 
(Royden et al., 1997, 2008; Clark and Royden, 
2000), which outlines the lateral movement of 
the mid-lower crust (Fig. 1A), believed to origi-
nate from the interior of the TP toward the Indian 
craton and Yangtze craton (YC). Supported by a 
diverse array of evidence from geological struc-
tures (e.g., Chen et al., 2022) and geodetic (e.g., 
Shen et  al., 2005), magnetotelluric (e.g., Bai 
et al., 2010), and seismic data (e.g., Zhao et al., 
2013; Liu et al., 2014), the crustal flow model 
has significantly advanced our understanding 
of the region’s geological evolution. However, 

it is noteworthy that this model remains largely 
constrained by geophysical and structural obser-
vations, while direct geochemical evidence has 
been absent.

Helium (He), due to its highly volatile nature 
and chemical inertness, exhibits significant 
variations in 3He/4He ratios among the mantle, 
crust, and atmosphere, making 3He/4He a valu-
able indicator for identifying sources of geo-
logical gases and deep geological structures 
(Ozima and Podosek, 2002). Recent research 
has increasingly focused on hydrothermal He in 
the SETP and its surroundings, primarily explor-
ing its seismogenic implications and providing 
insights into deep processes (e.g., Zhou et al., 
2020; Tian et al., 2021, 2026; He et al., 2023; Liu 
et al., 2023; Luo et al., 2023; Wang et al., 2023, 
2025). Yet, these studies often cover relatively 
limited areas (e.g., He et al., 2023; Luo et al., 
2023), overlooking the broader geological con-
text that is crucial for a comprehensive under-
standing. A recent study (Zhang et al., 2021a) 
has made a notable contribution by attempting 
to correlate the release of mantle He with con-
temporary total strain rates. While that model 
represents a significant step forward, it does not 
fully address the crustal signal observed in the 
high-strain-rate area of the Anninghe-Xiaojiang 
fault system (AXFS; Tian et al., 2023).

By conducting quantitative and integrated 
studies of He geochemistry across a broad geo-
graphical scope, we introduce a new model that 
connects crustal flow with the distribution pat-
terns of mantle He signals in the SETP. In doing 
so, we seek to deepen our understanding of the 
SETP’s building mechanisms, and to provide a 
benchmark for investigating noble gas signals in 
areas with active crustal movement.
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GEOLOGICAL SETTING

The SETP, situated between the eastern Hima-
layan syntaxis and the Sichuan basin, exhibits 
a distinctive topographic gradient (Fig.  1B). 
Over a horizontal distance of ∼1000–1500 km, 
the elevations gradually decline southeastward 
from ∼4–5 km to 1–2 km. The SETP is situated 
at the intersection of several crustal fragments 
(Fig. 1A), and the convergence of these crustal 
fragments began in the early Paleozoic (Roy-
den et al., 1997, 2008; Yin and Harrison, 2000) 
and culminated in strike-slip faulting (Fig. 1B) 
associated with the Indo-Asian collision during 
the Cenozoic (Royden et al., 2008; Wang et al., 
2014; Tong et al., 2021).

The SETP exhibits a distinctive “Y” shape 
of major fault system (Fig. 1), comprising the 
Xianshuihe fault system (XFS) in the northwest, 
the Longmenshan fault system (LMFS) in the 
northeast, and the AXFS in the southeast. These 
faults form a larger and more complex left-lat-

eral fault system along the eastern and northern 
boundaries of the SETP (Fig. 1). During the neo-
tectonic period (after 5 Ma), the SETP under-
went primarily strike-slip displacement of  the 
crust, supplemented by some dip-slip displace-
ment (Wang et  al., 2012, 2014). These faults 
remain active and have produced several destruc-
tive earthquakes in recent decades. These active 
thrusts (i.e., the LMFS) and strike-slip faults (i.e., 
the XFS and AXFS) have accommodated crustal 
shortening and extrusion since at least the mid-
Miocene (Tapponnier et al., 2001; Li et al., 2018; 
Lei et al., 2022), and serve as favorable pathways 
for the ascent and release of deeply derived fluids 
from the continuous expansion of the SETP (Tian 
et al., 2021; Zhang et al., 2021a).

MATERIALS AND METHODS

We collected a total of 78 gas samples from 44 
hot springs along the XFS and the AXFS, span-
ning from 2014 CE to 2020 CE. Samples were 

collected using a 50 mL lead-glass bottle con-
nected via tubing to an inverted Teflon funnel, 
which was fully submerged in the geothermal 
spring, and geothermal gases were collected 
using the water-displacement method. Prior to 
sampling, the geothermal gases were allowed 
to flush through the entire system for more than 
5 min to minimize contamination from atmo-
spheric components. Once approximately two-
thirds of the bottle volume was filled with gas, 
the bottle was sealed with a butyl rubber stop-
per and an aluminum cap. The sealed vial was 
then placed inside a 500 mL amber polyethyl-
ene bottle filled with in situ geothermal water 
to prevent potential atmospheric contamina-
tion. The collected gas samples were promptly 
transported to the Key Laboratory of Petroleum 
Resources Research at the Northwest Institute 
of Eco-Environment and Resources (Lanzhou, 
China) for analysis, which was completed within 
a 30 day period. Field measurements, location 
information, and measured data of this study are 

Figure 1. (A) Schematic map 
showing the location of the 
southeast margin of the Ti-
betan Plateau (SETP) within 
the current continental setting. 
Red arrows are selected and 
slightly generalized GPS mea-
surements from Royden et  al. 
(2008). (B) Spatial distribution 
of air-corrected 3He/4He ratios 
(RC) relative to air 3He/4He 
(RA), i.e., RC/RA, for samples 
from this study as well as from 
the literature, on a regional 
digital elevation map indicating 
the topographic features. Only 
high-quality RC/RA samples 
were plotted (see the Helium 
Inventory and Spatial Varia-
tions section of the text for our 
definition of high-quality.). 
The active faults (including 
strike-slip faults and thrusts) 
are shown as solid black lines, 
and regional faults are high-
lighted with bold solid black 
lines. Full names and abbrevia-
tions of the geological settings 
are as follows: TP—Tibetan 
Plateau; YC—Yangtze craton; 
SG—Songpan-Ganzi block; 
SCB—Sichuan basin; AXFS—

Anninghe-Xiaojiang fault system; LMFS—Longmenshan fault system; LF—Litang fault; LXF—Lijiang-Xiaojinhe fault; RBFS—Red 
River fault and bookshelf fault system; RRF—Red River fault; TRFS—Three Rivers fault system; XFS—Xianshuihe fault system; TVF—
Tengchong volcanic field; SVF—Simao volcanic field. The samples are divided into four groups (YC, RBFS, TP, SCB [in red text]) that are 
outlined with gray shaded areas.
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provided in Tables S1 and S2 in the Supplemen-
tal Material.1 We also collected He-C isotope 
data of the adjacent region from the literature 
(see Supplemental Data S1).

The compositions of the gas samples were 
analyzed using an Agilent Macro 3000 gas 
chromatography system. For gas concentra-
tions between 1% and 100%, the relative stan-
dard deviation (RSD) was <0.5%, while for 
concentrations between 0.1% and 1%, the RSD 
was <1%. The isotopes of He and Ne in the gas 
samples were measured using a Noblesse noble 
gas mass spectrometer. For measured 3He/4He 
values (R) > 1 × 10−7, the precision is ±10%, 
while for 1 × 10−8 < R < 1 × 10−7, the preci-
sion is ±15%. Atmospheric air from Gaolan 
Hill in the southern part of Lanzhou was used to 
calibrate the instrument. The isotopic composi-
tions of CO2 in the bubbling gas samples were 
analyzed using a stable isotope ratio mass spec-
trometer (IRMS; Thermo-Fisher Scientific Delta 

Plus XP) and a GC-IRMS analytical system gas 
chromatograph (Agilent 6890). The δ13CCO2 val-
ues are determined with a precision of ±0.5‰ 
and reported relative to the Peedee belemnite 
(PDB) standard in per mill.

RESULTS AND DISCUSSION

Volatile Sources and Secondary Processes

The predominant gas species in most gas 
samples from the AXFS is N2, while CO2-rich 
gases are more commonly observed along the 
XFS (Fig. 2A; Table S1). Most samples show 
low levels of O2 (<1%), thus indicating limited 
exposure to atmospheric O2, or lower dissolved 
oxygen in near-surface environments. Argon 
(Ar) is usually present at low levels (<1.5%) in 
all samples (Table S1). The He concentrations 
in samples along the XFS ranged from 0.2 ppm 
to 2700 ppm (Table S1), generally lower than in 
samples along the AXFS (2.9–233,000 ppm).

Deep-derived volatiles, primarily CO2, 
commonly serve as carrier gases for He trans-
port through fault zones (e.g., O’Nions and 
Oxburgh, 1988; Kulongoski et al., 2013; Boles 
et al., 2015). Based on the ternary mixing model 
of He-CO2 systematics proposed by Sano and 

Marty (1995), most samples collected in the 
surrounding areas of the SETP fall within a 
mixed region defined by mid-ocean-ridge basalt 
(MORB)–type mantle, carbonate, and organic 
matter end members (Fig. 2B). Notably, there 
is no evidence of subcontinental lithospheric 
mantle–type mantle beneath the study area and, 
for simplicity, the MORB-type mantle is taken 
into account in this study.

Meanwhile, carbon compositions of certain 
samples, predominantly from the Sichuan basin, 
the middle section of the AXFS, the Tengchong 
volcanic field (TVF), and the Simao volcanic 
field (SVF) fall outside the established mixing 
curves (Figs.  2B and S1). This suggests that 
their CO2 has undergone secondary processes. 
Although open-system magma degassing 
could lower CO2/3He ratios, this represents a 
basic trend of the Rayleigh distillation process 
and fails to account for the dispersed and low 
CO2/3He values in TVF and SVF, let  alone 
the absence of contemporary volcanic activity 
elsewhere.

In this context, we propose that the relatively 
low δ13CCO2 values and CO2/3He ratios observed 
across these samples result from calcite precipi-
tation in hydrothermal environments, leading 
to the formation of carbonate minerals; e.g., a 

1Supplemental Material. Calculation methods 
(Supplemental Texts S1–S3), Supplemental Data 
S1, Figures S1 and S2, and Tables S1 and S2. Please 
visit https://doi​.org​/10​.1130​/GSAB​.S​.31258528 to 
access the supplemental material; contact editing@
geosociety​.org with any questions.

A B

Figure 2. Diagrams of the CO2-3He-4He system in the study area in the southeastern margin of the Tibetan Plateau (SETP). (A) Triangle 
plots of CO2-3He-4He abundance measured in gas samples from the study area (modified from Giggenbach et al., 1993). SCLM—subconti-
nental lithospheric mantle; RC/RA—ratio of air 3He/4He (RA) to air-corrected 3He/4He (RC). (B) CO2/3He ratio versus δ13CCO2 values for the 
gas samples collected from the SETP in this study as well as from literature (see Supplemental Data S1 [see text footnote 1]), compared to 
the mid-ocean-ridge basalt (MORB), marine carbonate, and organic sediment end members (Marty and Jambon, 1987; Sano and Marty, 
1995; Hoefs, 1997). The solid lines represent binary mixing lines among the three end members. Dashed lines represent predicted trajec-
tories of calcite precipitation at variable temperatures (25 °C, 90 °C, 170 °C, 192 °C), starting from a carbonate end member (see Supple-
mental Text S1 [see text footnote 1] for calculation details of open-system fractionation between CO2 and calcite). TP—Tibetan Plateau; 
YC—Yangtze craton; SCB—Sichuan basin; RBFS—–Red River fault and bookshelf fault system.
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relative high abundance of carbonate phases was 
found in fault core of the XFS (Wu et al., 2023), 
and the fluid geochemistry of this CO2-rich geo-
thermal water indicates that thermal decompo-
sition of carbonate components in the crust are 
involved (Tian et  al., 2021; Liu et  al., 2022). 
Carbon fractionation during calcite precipita-
tion is temperature-dependent (Ray et al., 2009; 
Tardani et al., 2016; Barry et al., 2020), and most 
samples outside the mixing curves align with the 
expected calcite fractionation trends between 
90  °C and 192  °C (Fig.  2B). Such a process 
leads to significant carbon removal, with the 
most CO2-depleted samples exhibiting over 90% 
elimination of original carbon content.

Helium Inventory and Spatial Variations

Globally, different tectonic domains 
exhibit distinct 3He/4He ratios (R), typi-

cally reported relative to air (R/RA, RA = air 
3He/4He = 1.399 × 10−6; see Ozima and 
Podosek, 2002). The data presented in this study, 
along with data collected from the literature, are 
plotted on mixing curves representing three end 
members (Figs.  3 and S2), i.e., air-saturated 
water (ASW) assuming a recharge temperature 
of 15 °C (0.99 RA), MORB-type mantle [8 RA and 
105 × (4He/20Ne)ASW; Graham, 2002] and crust 
[0.01–0.05 RA, 105 × (4He/20Ne)ASW; Ballentine 
et al, 2002]. RC/RA represents the air-corrected 
3He/4He ratio (only terrestrial He remained) 
calculated using the following method: RC/
RA = [(R/RA × X) − 1]/(X − 1)], where 
X = [(4He/20Ne)measured/(4He/20Ne)ASW]. Sam-
ples with lower (4He/20Ne)measured/(4He/20Ne)ASW  
ratios, which indicate higher atmospheric con-
tamination, will exhibit greater uncertainties in 
RC/RA ratios. Henceforth, we classify samples 
with (4He/20Ne)measured/(4He/20Ne)ASW ratios >10 

(i.e., samples located to the right of the vertical 
blue line in Fig. 3) as “high-quality” samples for 
He inventory discussion. In the following discus-
sion, we use RC/RA to refer to 3He/4He.

Due to the cold mantle state of the Sichuan 
basin and the YC (Sun et al., 2022), gas samples 
from the Sichuan basin and the middle section 
of the AXFS exhibit typical crustal He degas-
sing (Fig. 3A), with <1% of He from the mantle 
(<0.1 RA; Figs. 1B and 3A). In contrast, there 
is unequivocal evidence for the presence of 
mantle-derived fluids in the rest of the SETP 
region, with most corrected 3He/4He ratios (RC/
RA) being >0.1 (>1.3% of MORB). Notably, 
mantle signals have also been detected in the 
northern section of the AXFS (Fig. 1B), despite 
its location above the cold YC.

Three focal regions in the SETP are character-
ized by high 3He/4He values (Figs. 1B and 3), 
i.e., the bending section of the XFS, the TVF, and 
the SVF. The significant mantle characteristic 
observed in these three focal regions compared 
to other areas in the SETP can be attributed to 
potential differences in the efficiency of mantle 
He transport through the continental crust.

Mantle He is most efficiently introduced into 
the crust through volcanism and/or magmatism 
via mantle-derived melts (Ballentine et  al., 
2002). The high mantle signatures observed in 
samples from the TVF and the SVF (Fig. 3B) 
are correlated with magma chambers degas-
sing in the shallow crust (Zhang et al., 2021b). 
The 3He/4He ratios of these magma gases have 
been attenuated from a typical MORB value 
to their current values (refer to Supplemental 
Text S2 for calculation details), corresponding 
to several eruption times in the TVF and SVF 
(Fig. 3B).

Linking Crustal Flow to the Distribution 
Pattern of Mantle He in the SETP

Except for the TVF and SVF, the relatively 
weak mantle signatures in the SETP do not sup-
port the existence of active shallow magma sys-
tems. Additionally, there is no evidence of recent 
mantle-derived magmatism in the study area. 
Paleozoic mantle-derived pegmatite veins (older 
than 250 Ma) are only scattered in the adjacent 
region of the XFS, but they cannot explain the 
mantle He characteristics in hydrothermal gases, 
as the original 3He/4He value in the system will 
gradually evolve to R/RA << 0.01 after 250 Ma 
through radioactive 4He accumulation caused by 
decay of U and Th.

In the absence of alternative explana-
tions, the mantle composition detected in 
hot springs suggests that, with the exception 
of the TVF and SVF, mantle-derived He is 
directly emitted from the mantle. The rollback 

Figure 3. Helium source iden-
tification. 3He/4He ratios (R) 
reported relative to air (R/
RA) versus (4He/20Ne)measured/
(4He/20Ne)ASW (ASW—air-
saturated water) for gases in 
the ambient area of the south-
eastern margin of the Tibetan 
Plateau (SETP) from this study 
and the literature (see Supple-
mental Data S1 [see text foot-
note 1]; A), and of the Red River 
fault and bookshelf fault sys-
tem (RBFS; B). The solid black 
lines represent mixing curves 
among ASW, mid-ocean-ridge 
basalt (MORB)–type mantle, 
and crust. The vertical blue 
lines represent samples with 
(4He/20Ne)measured/(4He/20Ne)

ASW ratios >10; samples above 
which we classify as “high 
quality” samples. TP—Tibetan 
Plateau; YC—Yangtze cra-
ton; SCB—Sichuan basin. The 
dashed lines in panel A repre-
sent the ASW components mix-
ing with crust-mantle mixtures 
containing varying proportions 
(0.5%, 1%, 5%, 10%, and 
20%) of MORB-type mantle 
He. XFS—Xianshuihe fault 
system. The dashed lines in 

panel B represent the mixing of the ASW components with possible volatiles released from 
crustal magma degassing since the Miocene in the Tengchong volcanic field (TVF) and the 
Simao volcanic field (SVF) within the RBFS (see Supplemental Text S3 [see text footnote 1] 
for calculation method). The blue shaded area indicates the range of attenuated ratios at 
8 Ma, while the ranges for other ages are not shown, for visual clarity.
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of the Indian and Pacific plates has prompted 
delamination of the continental lithosphere 
beneath the Red River fault and bookshelf 
fault system (RBFS) and the southern sec-
tion of the AXFS (Zhao et  al., 2023). This 
phenomenon has triggered the upwelling of 
the hot asthenosphere, leading to the partial 
melting of the lithospheric mantle. The TP 
mantle, characterized by its high temperature 
and Tertiary tectonothermal age (Guo and 
Wilson, 2019), undergoes partial melting, 
thereby facilitating the release of mantle He 
across the TP, including the SETP.

The intensity of the surface mantle signal 
depends on the velocity at which mantle fluids 
traverse the crust (refer to Supplemental Text S2 
and Table S2). The one-dimensional steady-state 
advection rate of mantle-derived He along major 
fault systems ranges from 8 mm/yr to 258 mm/
yr. This ascent is primarily facilitated by convec-
tive processes, wherein carrier gases such as CO2 
and N2 play a critical role in transporting He, and 
fault zones act as the dominant conduits for vola-
tile migration. Circulation of geothermal waters 
promotes the upward transport of He and other 
gases through convection. The addition of radio-
genic 4He, both within geothermal waters and 
during fluid migration, can dilute mantle-derived 
He and result in a decrease in the observed He 
isotopic ratios.

Contrary to expectations, samples from the 
northern section of the AXFS, located above 
the cold mantle of the YC and distinct from the 
southern section of AXFS, demonstrate mantle 
signals that extend beyond mere vertical migra-
tion of mantle noble gases.

With the SETP, a ductile crust flow, esti-
mated to be reside at a depth of 20–40 km 
(Jiang et al., 2015), has been observed. Klem-
perer et  al. (2022) presented irrefutable evi-
dence of mantle-derived He across extensive 
regions of Tibet. Notably, these regions, pos-
sessing crust thicker than that of the SETP, dis-
play high lithospheric temperatures (e.g., Jiang 
et al., 2019) and are experiencing crustal flow 
(e.g., Zhao et al., 2013). We posit that the clock-
wise movement of crustal flow (Fig. 4) not only 
preserves the mantle signal near the surface in 
regions above hot mantle, but also imparts lat-
eral momentum to mantle fluids. This process 
facilitates the emergence of thermally released 
mantle fluids from the TP atop the cold mantle 
of the YC (Fig. 4B).

It is noteworthy that the bending section of 
the XFS (Figs. 1B and 4A) exhibits the most 
significant mantle contributions in the SETP 
(Fig. 3A; Table S2), surpassed only by the values 
of the TVF and the SVF. The highest 3He/4He 
ratio observed in this section can reach to 2.88 
RA (sample XFS17a), underscoring the rapid 

ascension of mantle fluids to the surface. This 
section hosts Gongga Shan (Fig. 4A), the high-
est peak in the SETP, where the crustal uplift 
rate of 2–3 mm/year is the fastest recorded in 
the SETP (Jiang et al., 2022). Notably, the bend-
ing segment of the XFS is also under the highest 
compressive stress conditions along the XFS (Li 
et al., 2022).

It is widely acknowledged that compres-
sional tectonic environments impede the upward 
movement of deep-seated fluids (e.g., Faulkner 
and Armitage, 2013; Tamburello et  al., 2018). 
Synthesizing these studies, we posit that the 
pronounced compressive stress may restrict the 
entry of mantle fluids into the crust, whereas 
extrusion pressure will accelerate the emergence 
the mantle fluids, which are already hosted in 
the crust, at the surface. The transition between 
compression and extension not only controls the 
deformation mode of the lithosphere but also 
directly influences the circulation efficiency of 
deep fluids. It is plausible that as well as extru-
sion pressure, additional mechanisms, such as 
rapid crustal uplift and erosion (e.g., Wang et al., 
2012; Lei et al., 2022), will also contribute to the 
swift surfacing of mantle fluids. The coupling of 
mantle-derived fluid cycling with tectonic stress 
and crustal flow is thus of key significance for 
understanding lithospheric dynamics and tec-
tonic evolution.

A B

Figure 4. A new model of mantle helium migration constrained by crustal flow in the southeastern margin of the Tibetan Plateau (SETP). 
(A) Schematic map showing the tectonic framework of the SETP (after Zhang et al., 2021a) and the crustal flow (after Bai et al., 2010). 
XFS—Xianshuihe fault system; LMFS—Longmenshan fault system; AXFS—Anninghe-Xiaojiang fault system; LXF—Lijiang-Xiaojinhe 
fault; RRF—Red River fault. (B) Cross-section profile of the blue curved line (NW–S) in panel, illustrating how the crustal flow influences 
the deep migration processes of mantle volatiles in the SETP. YC—Yangtze craton.
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CONCLUSIONS

Our study leveraged a comprehensive data-
set that encompasses newly gathered data and 
an exhaustive review of existing literature, spe-
cifically targeting variations in He isotope ratios 
within the SETP. Mantle He signals detected 
above the cold YC mantle suggest that crustal 
flow influences the migration of mantle fluids. 
The mantle signal observed in the bending sec-
tion of the XFS demonstrates that crustal move-
ment will exert additional impacts on mantle 
fluids, such as modifying the duration required 
for mantle fluids to ascend to the surface, either 
by shortening through squeezing and surface 
denudation or lengthening via crustal thickening.

Our analysis of noble gases in the SETP aligns 
with the uplift model of the plateau driven by 
crustal flows. Concurrently, it serves as a bench-
mark for investigating volatile gas signals in 
other geologically complex settings, underscor-
ing the limitation of solely relying on contem-
porary structural frameworks to interpret noble 
gas signals in tectonically active regions. Our 
study is limited to the southeastern margin of the 
Tibetan Plateau. Future work should compare 
these results with other regions of the Tibetan 
Plateau to assess the generality of the coupling 
between fluid migration and crustal flow.
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