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During continent–continent collision, does the downgoing continental plate underplate
far inboard of the collisional boundary or does it subduct steeply into the mantle, and
how is this geometry manifested in the mantle flow field? We test conflicting models
for these questions for Earth’s archetypal continental collision forming the Himalaya
and Tibetan Plateau. Air-corrected helium isotope data (3He/4He) from 225 geother-
mal springs (196 from our group, 29 from the literature) delineate a boundary separat-
ing a Himalayan domain of only crustal helium from a Tibetan domain with significant
mantle helium. This 1,000-km-long boundary is located close to the Yarlung-Zangbo
Suture (YZS) in southern Tibet from 80 to 92°E and is interpreted to overlie the
“mantle suture” where cold underplated Indian lithosphere is juxtaposed at >80 km
depth against a sub-Tibetan incipiently molten asthenospheric mantle wedge. In south-
eastern Tibet, the mantle suture lies 100 km south of the YZS, implying delamination
of the mantle lithosphere from the Indian crust. This helium-isotopic boundary helps
resolve multiple, mutually conflicting seismological interpretations. Our synthesis of
the combined data locates the northern limit of Indian underplating beneath Tibet,
where the Indian plate bends to steeper dips or breaks off beneath a (likely thin)
asthenospheric wedge below Tibetan crust, thereby defining limited underthrusting for
the Tibetan continental collision.
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One long-standing seismologically driven model of the Himalaya–Tibet orogen—and
by implication other continental collisions—is that the Indian plate underplates
(underthrusts) much or all of the Tibetan Plateau, implying the lithospheric mantle
below Tibet is cratonic Indian mantle (1, 2) (Fig. 1A). In an alternative model and
description of mountain building, also seismologically driven, India plunges steeply
into the mantle (subducts) beneath southernmost Tibet, implying the mantle beneath
most of Tibet is “orogenic” and hot (3, 4) (Fig. 1B). An essential difference is whether
there is an asthenospheric mantle wedge between the Tibetan crust and the downgoing
Indian plate (Fig. 1B). Here we show with helium isotope data that India subducts
beneath an asthenospheric wedge that underlies three-quarters of the Tibetan Plateau.
In Tibet, numerous seismological studies offer conflicting locations of the “mantle

suture” [southern limit of orogenic or asthenospheric mantle at the Moho (5)] and
hence the extent of incorporation of Indian continental lithosphere into the Tibetan
Plateau (1–7) (Fig. 1 A and B). Seismic wavespeed in the mantle is largely a proxy for
temperature (8), and some interpret a south-to-north P-wavespeed decrease beneath
southern Tibet as marking the northern leading edge of Indian subduction and the
mantle suture (3) (red line, Fig. 1C), whereas others focus on the continuity from
northern India to northern Tibet of surface-wave velocities down to >200-km depth
that are consistent with a lithospheric mantle lid (2) (blue line, Fig. 1C).
Here we use helium-isotope ratios (3He/4He) measured in all accessible warm and

hot springs in Tibet collected across diverse geologic settings such as suture zones, rifts,
different host rocks, and different proximity to crustal intrusions. Our data explore the
deep structure of the Himalaya and Tibet crucial to understanding the development of
the world’s largest mountain belt. Our hypothesis is that a “mantle suture” between
cold Indian mantle and a hot orogenic Tibetan mantle wedge (Fig. 1B) should be iden-
tifiable by a boundary or transition at Earth’s surface between groundwaters containing
entirely crustal 3He/4He ratios and a domain with resolvable primordial mantle 3He
that has ascended from the mantle wedge. We build on similar studies in the Andes
that also used helium isotopes from hot springs above a subducting plate to delineate
a boundary between crustal-derived and mantle-derived helium domains (9). An
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equivalent surface boundary has also been found in Japan,
above the subducting Pacific and Philippine Sea plates (10),
that bounds a region of high mantle 3He correlated with low
seismic wavespeeds in the mantle (10). We build on earlier
helium-isotope mapping in Tibet (11, 12) but with an order-
of-magnitude more data across more diverse geologic settings
to allow a continuous and more precise delineation of isotopic
boundaries. Our broad geographic coverage spanning 1,500 km
demonstrates that different helium domains are not associated
with local geology or crustal terrane boundaries, thereby show-
ing that measured 3He does not represent the modern release
of 3He preserved within the crust from an earlier geologic
period. Our database includes 86 springs from which samples
air-corrected using 20Ne unequivocally show the presence of
mantle-derived helium (SI Appendix, Table S1).
The result is a geochemically constrained sharp boundary

between a Himalayan domain of only crustal helium to the
south and a Tibetan domain with mantle helium to the north.
This boundary parallels the geologically defined suture zone for
over 1,000 km across Tibet and resolves competing geophysical
interpretations for the location of the mantle suture. Our
boundary agrees best with tomographic images utilizing body
waves (3, 6) and coincides with and helps explain both the
northern limit of >65-km-deep earthquakes in the Indian plate
(13) and the change in seismicity from dominantly normal
faulting in southern Tibet to dominantly strike-slip faulting in
central Tibet (14).

Results

New 3He/4He Data in Tibet. Tibet forms one of Earth’s great
geothermal provinces, with over 700 warm, hot, and boiling
springs (15). In Tibet, local topography drives advective flow to
depths of 2 to 5 km (16, 17) so that even the hottest springs
require no heat source beyond topographically driven penetra-
tion into a crust of average continental heat flux 60 to 90
mW�m�2 (17). Thus, spring temperatures largely represent
depth of groundwater circulation and the extent of mixing
between meteoric (shallow) and deeply sourced groundwaters.
We systematically sampled 196 distinct spring systems (Materials
and Methods), some not previously known to science, at eleva-
tions up to 5,630 m and temperatures of 6 to 93 °C spanning

1,500 km along- and 500 km across-strike (SI Appendix, Fig.
S1). We measured 3He/4He of >280 distinct samples from these
196 springs (Dataset S1) plus numerous replicates, providing
data exceeding our stringent quality criteria (Materials and Meth-
ods) for 168 spring systems. We supplement our own measure-
ments with previously published data from 29 additional sites,
mostly further south (Nepal/India) or north (Tarim/Qaidam).

We measured the 3He/4He ratio (R) of each sample and rati-
oed it to that in air (RA = 1.384 × 10�6), giving R/RA (Fig. 2).
We correct for atmospheric contributions using the He/Ne of
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Fig. 1. Alternative geometries of continental collision, and location map. (A and B) Cartoons defining “underthrusting,” “subduction,” and “mantle suture”
[boundary of Indian lithosphere with (A) Tibetan lithosphere or (B) asthenosphere]. Blue: cratonic lithosphere (cold); red: asthenosphere (hot). (C) Map (same
area as Fig. 3) locating cross-section in Fig. 4 (yellow swath) and previous seismic interpretations: red: mantle suture from body-wave tomography (3); green:
crustal front from receiver-functions (7); blue: northern limit of 240-km-thick Indian lithosphere produced by pure-shear shortening (2) intended to repro-
duce lithospheric thickness mapped by Rayleigh-wave tomography (8). Thin gray lines: sutures/major faults, south to north. MFT, Main Frontal Thrust; STD,
South Tibet Detachment; YZS, Yarlung-Zangbo Suture; BNS, Banggong-Nujiang Suture; JRS Jinsha River Suture and major strike-slip faults ATF (Altyn Tagh),
KF (Kunlun), and KKF (Karakoram). Thick gray lines: active rifts: YR, Yare; TG, Thakkola graben; LG, Lunggar graben; TY, Tangra-Yumco; PX, Pumco-Xainza; YG,
Yadong-Gulu; CS, Cona-Sangri. Colored circles and triangles correspond to geologic terranes and match symbols in Fig. 2 and SI Appendix, Figs. S2 and S5.

Fig. 2. Isotopic data by Tibetan terrane. R/RA plotted against (He/Ne)sample/
(He/Ne)ASW, Field T. Circles: our “high-quality” data separated by a vertical
line at (He/Ne)sample/(He/Ne)ASW, Field T = 10 from hexagons: our “uncertain-
quality” data; triangles: all “high-quality” data from other authors. Loca-
tions: blue: Tarim and Qaidam Basins; orange: Qiangtang terrane (includes
one Songpan-Ganzi spring); white: Lhasa terrane; gray: Tethyan Himalaya;
black: Greater, Lesser, and Sub-Himalaya; crosses indicate water samples.
Data are superimposed on mixing curves of three end-member compo-
nents [mantle = 8RA and 105(He/Ne)ASW, crust = 0.02RA, 10

5(He/Ne)ASW,
and ASW = 0.985RA (black square)]. Our “null,” “intermediate,” and
“mantle” designations are separated at 0.5% and 1% mantle contributions
(corresponding to R/RA = 0.06 and 0.1 at high He/Ne values); red, yellow,
blue, and green arrows and lettering correspond to colors in Fig. 3. SI
Appendix, Fig. S2 shows these data after air correction (plotting RC/RA

instead of R/RA). All plotted data are listed in Dataset S1 but only “high-
quality” points are plotted in Fig. 3.
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air-saturated water (ASW) at the actual temperature, elevation,
and salinity of each spring [hereafter (He/Ne)ASW, Field T], giv-
ing RC/RA (9, 18) (Fig. 3 and SI Appendix, Fig. S2). The mid-
ocean ridge basalt mantle end-member is 8 ± 1RA (18–21), so
samples with RC >0.1RA have >1% of their helium derived
from the mantle. Samples with RC >0.1RA, despite their con-
tinuous dilution by radiogenic 4He during transport or storage
(22, 23), indicate the unambiguous, recent addition of mantle
volatiles (18–22) and are here called “mantle” samples. We
only report samples as “mantle” if RC > 0.1RA and if (He/
Ne)sample/(He/Ne)ASW, Field T > 10 and if [O2] < 1% (Fig. 2
and Dataset S1). RC values ≤0.1RA are considered ambiguous.
The 3He/4He production ratio in Earth’s crust varies from 0.01
to 0.05RA (18–22) but is canonically 0.02RA (18–20), imply-
ing that any sample with RC >0.02RA must contain a lithio-
genic, tritiogenic, or mantle component. Our null hypothesis is
that there should be no mantle helium component at the sur-
face of Earth’s thickest crust. In order to essentially preclude
false positives (false identification of samples as “mantle”) at the
expense of accepting some false negatives (failing to recognize
actual “mantle” samples), we term samples with 0.06RA < RC

≤ 0.1RA “intermediate” and samples with RC ≤0.06RA as
“null,” or of crustal composition. Any cutoff value is arbitrary,
but our choice of 0.06RA and 0.1RA is supported by the
bimodal distribution of sample values (Fig. 3C and SI
Appendix, Fig. S3) and is consistent with previous helium stud-
ies in Tibet and surrounding regions (11, 12, 20, 23). Our
helium boundary is robust to different assumptions: Halving or
doubling the cutoff values between categories does not materi-
ally affect our interpretations (SI Appendix, Fig. S3B).
Regional release of primordial 3He from the mantle across

large tectonic provinces requires incipient partial melting (11,
12, 19) and/or a flux of metasomatic fluids (21, 24, 25) and
may be enhanced by pervasive strain (19, 20, 25) that assists
fluid segregation (26). Less than 0.5% of metasomatic water is
needed to lower the mantle solidus to 850 °C at 75- to 100-km
depth (27). Melt interconnection and melt mobility should
prevail down to the coldest temperatures of (CO2 + H2O)-
assisted melting, certainly down to 0.1 vol % melt (28). Even
trace melting (∼0.01%) very efficiently extracts 3He from man-
tle minerals because of its strong incompatibility (partition
coefficient ∼10�4) (29). Helium also partitions into metaso-
matic aqueous fluids to which the upper mantle is permeable at
≥800 °C if the fluids are even slightly saline (1% NaCl) (30).
Both temperature and age make Indian lithosphere an

implausible source for mantle degassing. Indian crust now sub-
ducting beneath the Himalaya or underplating beneath Tibet is
cold (Fig. 1 A and B), with Moho temperature of ∼420 to
520 °C (13, 31) beneath the Himalayan front. Warming during
underthrusting is so slow that the Indian Moho temperature
would only reach 650 to 700 °C beneath the Banggong-
Nujiang Suture (13), temperatures sufficient for dehydration
and decarbonation reactions but still too low to release helium
from mantle minerals. Moreover, Indian lithosphere is Paleo-
proterozoic to Archaean in age (13, 31) so should exhibit
highly elevated [4He] and helium isotopic values consistent
with canonical crustal production rates (i.e., ∼0.02RA).
In contrast, Tibetan mantle is hot and has a Tertiary tecto-

nothermal age as shown by mantle-sourced potassic and ultra-
potassic volcanism spanning the Tibetan Plateau (32). Active
volcanism in the northern Qiangtang and Songpan-Ganzi ter-
ranes (Fig. 3) suggests Moho temperatures ≥1,150 °C (33).
Tibetan mantle has also been metasomatized by CO2 and H2O
first from the subduction of Tethyan oceanic crust then from

India’s carbonate-rich passive continental margin and the Indian
crustal basement with ∼1% water (31), as shown by the isotopic
contributions from the Indian lithosphere to Neogene volcanics
(32). The hot, metasomatized Tibetan mantle wedge above and
north of Indian lithosphere is a viable source of 3He enrichment.
Hence, the surface trace of the mantle suture should be marked
by a transition between a region of “null” values (i.e., ≤0.06RA)
above old, cold (<700 °C) Indian lithosphere (whether crust or
mantle) and a region with widespread “mantle” samples (i.e.,
>0.1RA) above the hotter (>∼850 °C), H2O- and CO2-
enriched, incipiently molten Tibetan mantle wedge.

Mapping the Mantle Suture. Fig. 3 includes 86 springs span-
ning 1,200 km that have unequivocal recent input of primor-
dial 3He from the upper mantle (≥0.1RA) (SI Appendix, Table
S1). At the scale of the entire orogen (at least 80° to 92°E) we
can draw a sharp boundary line between these “mantle” springs
to the north and 90 “null” springs to the south. This preferred
boundary includes offsets beneath surface rifts and cleanly sepa-
rates two distinct populations of samples (Fig. 3C and SI
Appendix, Fig. S2A), lying as it does south of 99% (all but one)
of the “mantle” samples and north of 94% (all but five) of the
“null” samples from the Himalaya and Tibet plateau. It also
cross-cuts surface geological features including crustal terrane
boundaries, thereby implying the bimodality arises in the man-
tle. Alternative interpretations of the data that we considered
included a straight-line transition zone more than one crustal-
thickness (>75-km) wide that can achieve an equally good sep-
aration of “mantle” from “null” samples only if it encompasses,
hence fails to honor, >20% of the individual springs (Fig. 3).
Alternate boundaries, for example drawn strictly parallel to the
Yarlung-Zangbo Suture (YZS) (11, 12), also honor many fewer
high-confidence data points (SI Appendix, Fig. S7).

In contrast to the clear spatial organization of RC/RA values
(Fig. 3) there is little geographical organization that would sug-
gest control by other physicochemical parameters (SI Appendix,
Fig. S4). We see no spatial control on pH, conductance,
[CO2], or [CO2]/[

3He]. The scarcity of high-temperature
springs in northern Tibet may suggest the lower topographic
relief there does not drive surface fluids to significant depths. A
tendency toward higher [4He] content in southern Tibet may
correlate with young radiogenic rocks such as the Gangdese
batholith and Indian shelf/slope sedimentary rocks and base-
ment in that region. Although high-[4He] fluids require a larger
[3He] inventory in order to be recorded as “mantle” samples,
the production ratio of [3He] to [4He] in crustal helium
(∼0.02 RA) is independent of [U] and only weakly dependent
on [U/Th]. Thus, fluids with high absolute concentration of
[4He] also have high [3He], and hence [3He]/[4He] (R/RA)
only varies over two orders of magnitude (Fig. 2) despite [3He]
and [4He] each varying by greater than four orders of magni-
tude (Fig. 3C). The consequent strong correlation of [3He]
with [4He] (Fig. 3C) and the minimal correlation of RC/RA

with [4He] (r2 = 0.06) or spring temperature or other physico-
chemical spring parameters (SI Appendix, Fig. S5) show that
neither spring characteristics, nor carrier gases, nor high strain
rates, nor proximity to Quaternary volcanic sites (SI Appendix,
Fig. S5) can explain the geographical organization of 3He/4He
values (Fig. 3). We conclude that the plateau-wide helium
boundary separates distinct mantle provinces.

This helium boundary places the surface expression of the
mantle suture as subparallel to and variably 0 to 170 km north
of the YZS from 79 to 91°E and up to 100 km south of the
YZS from 91 to 93°E. Given that upward transport of mantle

PNAS 2022 Vol. 119 No. 12 e2113877119 https://doi.org/10.1073/pnas.2113877119 3 of 7

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113877119/-/DCSupplemental


helium through the lithosphere is within a carrier fluid (18, 19)
(carbonic, aqueous, or magmatic) by buoyant, hence subverti-
cal, ascent (9, 23, 34), this surface expression lies above the
actual mantle suture. Fig. 3 also plots all earthquakes with
hypocentral depths at 65 to 100 km, thereby including events
both close above and below expected Tibetan Moho depth.
Brittle-failure earthquakes generally require temperatures at
∼70-km depth of ∼600 °C (13) and hence mark the presence
of cold Indian lithospheric mantle south of the mantle suture
(35), though higher strain rates expected near the transition
from underplating to subduction may allow earthquakes near
the mantle suture to occur at temperatures up to at least
700 °C (36). In contrast, all Quaternary volcanoes in Tibet
(Fig. 3)—that suggest higher temperatures, hence the absence
of Indian lithosphere, directly below the Tibetan Moho—lie
north of our mantle suture. This orogen-scale result requires
incipiently melting and/or fluid-fluxed mantle north of the
helium boundary and requires that Indian lithosphere does not
directly underplate most of Tibet (Fig. 4).

Our preferred helium boundary shown in Fig. 3 (white line)
has a location uncertainty ±5 to 75 km (SI Appendix, Fig. S3C)
due to the irregular availability of springs for sampling, but our
preferred abrupt boundary segmented at several rifts that paral-
lel the plate-convergence direction separates 99% of “mantle”
samples from 96% of “null” samples. Our abundant “mantle”
samples in Tangra-Yumco (TY), Pumco-Xainza (PX), and
Yadong-Gulu (YG) rifts north of the YZS are consistent with
the Moho offsets and slab tears or fragmentation previously
claimed beneath these rifts from seismological evidence (Fig.
3A and SI Appendix, Fig. S7). An alternative interpretation to
our preferred inference of slab tearing beneath the Cona-Sangri
(CS) rift would be that these “mantle” samples reflect ∼100-
km horizontal transport within the crust along the discontinu-
ous normal faults that bound the segmented rift (Fig. 3).

The helium boundary that we associate with the mantle
suture is only locally geographically coincident with the Indian
crustal front (Fig. 4). The “31°N discontinuity” interpreted as
the Indian crustal front (7) (green line, Fig. 3, cf. Fig. 1B) is
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Fig. 3. Distribution of “mantle” and “null” samples. (A) 3He/4He isotope data (RC/RA); circles and triangles as in Fig. 2, now color-coded red “mantle” samples
>1RA; yellow “mantle” samples >0.1RA; green “intermediate” samples >0.06RA; blue “null” samples ≤0.06RA. Mantle suture: preferred: thin solid white line
shows 10-km-wide helium boundary that 1) separates 99% of “mantle” samples from 96% of “null” samples, dashed where data are sparse, 2) separates 65-
to-100-km deep earthquakes (black stars) from Quaternary volcanoes (narrow red triangles), and 3) is further constrained to trend 105° orthogonal to plate-
convergence vector (white arrows) and be offset only at active rifts (heavy black lines). Alternate interpretation of helium transition shown as 75-km-wide
transparent white line. Small white squares: seismic observations of Moho offsets and abrupt upper-mantle velocity transitions (lines linking squares). Yel-
low lines: sutures/major faults; black lines: normal faults; blue/green/red geophysical boundaries as in Fig. 1C. (B) RC/RA as a function of distance from the
preferred 10-km-wide helium boundary (using northern dashed line in A and color-coded by terrane affinity as in Figs. 1C and 2). All samples in the blue
“India” null quadrant, yellow “Asia” mantle quadrant, or green intermediate band fit our preferred model. (C) Measured abundance of [3He] vs. [4He] color-
coded as in main map, showing clear bimodality (two parallel but clearly separated trend-lines). (D) Seismic body-wave tomography, dVp/Vp at 100 km depth
(3), same area as A, overlain by preferred helium boundary (white line). (E) As in D but showing adjoint tomography, dVs/Vs at 80 km depth (6). For additional
data sources see SI Appendix, Fig. S7.
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best imaged at 85°E and is there collocated with our helium
boundary. Further west seismic data are far less clear but the
crustal front has been interpreted (7, 23) further north than
our preferred helium boundary at 80°E (Fig. 3). East of 85°E
the helium boundary diverges increasingly south of the crustal
front (5, 7), by ∼200 to 300 km at 92 to 93°E (Fig. 3), imply-
ing delamination of Indian mantle from Indian crust (23) and
crustal-scale wedging of Indian crust into Tibetan lithosphere
(Fig. 4).
Our preferred interpretation of segmented Indian lithosphere

subducting beneath an asthenospheric mantle wedge resolves
the spectrum of apparently conflicting seismic data. Regional
high 3He/4He observations have been widely linked to low
mantle wavespeeds as a proxy for partial melting and/or vola-
tiles (9, 10, 24). We make the same observation across Tibet:
Our orogen-scale result is consistent with adjoint-tomographic
seismic-wavespeed images (6) and many other body- and
surface-wave measurements (3–5, 37, 38) that show lower-
wavespeed upper mantle north of our mantle suture than
beneath the Himalaya (SI Appendix, Fig. S6). Lower-frequency
surface-wave tomography may map the northern limit of
Indian lithosphere (2, 8) (blue line, Figs. 1C and 3), not as pre-
viously interpreted directly below Tibetan crust (2, 8), but
rather beneath an asthenospheric mantle wedge north of the
mantle suture as is suggested by low seismic wavespeeds at
∼100 km depth (35) beneath northern Tibet in this same
tomography (2, 8). In contrast, higher-frequency body-wave
tomography (3) and combinations of surface- and body-wave
methods (37, 38) image the southern limit of incipiently melt-
ing or fluid-fluxed mantle at the mantle suture (red line, Figs.
1C and 3), and higher-resolution receiver functions image the
northern limit of Indian crust (the crustal front) within Tibet
(5, 7) (green line, Figs. 1C and 3). North of the mantle suture,
recent tomographic images (6) show the sub-Tibetan astheno-
spheric mantle wedge likely extends from 80- to 120-km depth
above a ∼10°-dipping slab. Alternatively, shear-wave propaga-
tion characteristics (1, 39) suggest the asthenospheric wedge
may be much thinner, implying an even shallower-angle sub-
duction so that preexisting Tibetan mantle lithosphere has been
displaced and replaced by India, with the exception of a thin

layer of hot therefore weak mantle (Fig. 4). In this view of the
India–Asia collision, continental subduction beneath Tibet is
conceptually analogous to the modern-day “flat-slab” subduc-
tion of the Nazca Ridge for ∼600 km inboard beneath the
Peruvian Andes in a region lacking active volcanism, but with
the top of the oceanic slab separated from the Andean Moho
by a very thin (0 to 20 km) mantle wedge (40).

Discussion

The principal discoveries from our 3He/4He study of 225 geo-
thermal springs across the Tibetan Plateau and Himalaya are
that there is widespread mantle degassing through Earth’s
thickest crust in Tibet, but not through the Himalaya, and that
a sharp helium boundary is broadly subparallel to the YZS,
ranging from ∼150 km north to ∼100 km south of the suture.
We interpret this helium boundary to overlie the “mantle
suture” where cold underplated Indian lithospheric mantle is
juxtaposed against sub-Tibetan Plateau mantle that is hot and/
or fluid-fluxed (asthenospheric mantle wedge). The region in
southeastern Tibet where the mantle suture lies 100 km south
of the YZS is particularly interesting because the lack of Indian
mantle lithosphere between the mantle suture and the surficial
suture (YZS) requires delamination of the mantle lithosphere
from the Indian crust (5) (Fig. 4). East of Lhasa (90° E) the
helium boundary or transition may project southeast as it
approaches the Burma subduction zone.

West of the intersection of the YZS and Karakoram fault
(80°E) the helium boundary likely turns northwest toward the
Hindu Kush salient, west of the active west-Kunlun volcanoes
but east of a cluster of deep earthquakes (Fig. 3) including
mantle seismicity terminating at the Altyn Tagh fault which
marks the mantle suture and northern limit of Indian under-
thrusting at 78°E (13, 41).

Our improved location of the geochemically identified man-
tle suture reconciles diverse and conflicting geophysical inter-
pretations and suggests that some of the complex geodynamic
models based on along-orogen variability interpreted largely
from seismic data (42) warrant reexamination. Similarly one
might reconsider whether the gradual change from dominantly
extensional faulting in southern Tibet to dominantly strike-slip
faulting in central Tibet (SI Appendix, Fig. S6E) is controlled
by the northern limit of a supposed rigid Indian crust (Indian
crustal front) beneath Tibetan crust (14) or by the southern
limit of a weak mantle wedge at the mantle suture, or both.
We suggest the weak mantle wedge may be more significant in
explaining reduced intraplate coupling north of the mantle
suture where the subducting plate ceases to exert strong trac-
tions on the overriding plate.

Our 3He/4He data can only constrain the modern location
of the mantle suture but in so doing provide a vital benchmark
for ongoing controversies about how and when subduction
advance or slab rollback have created fundamental shifts in the
style of the Himalayan orogen (32, 43). Slab tearing that is a
well-attested aspect of oceanic subduction (21, 34, 40) can now
be more directly studied in subducting continental crust
through precise mapping of the mantle suture and its along-
strike offsets (Fig. 3).

Materials and Methods

Field Methods. We have sampled gas (or if not possible, water) from 196 dis-
tinct (separated by >1 km) cold, warm, and boiling springs that combine with
published data to build a dataset of 225 individual springs across Tibet (Dataset
S1). Where multiple outlets were present we typically sampled two of the
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Fig. 4. True-scale cross-section of Tibet at ∼88° to 91°E along yellow swath
in Fig. 1C. All solid gray lines have been geophysically imaged (23). Mantle
suture is interpreted vertically below the boundary between “null” and
“mantle” helium domains and its delineation is the main contribution of
this paper. Black arrows show relative motion of Indian crust (green) and
lithosphere (blue) with respect to fixed Asia (gray). Dip of subducting slab is
not constrained by helium studies and likely varies along strike (37, 38),
shown here with 5° to 30° dip based on seismic attenuation (1, 39) and
tomographic studies (6, 35). Location of the crustal front (northern limit of
Indian crust immediately above the Tibetan Moho) varies along strike with
respect to the mantle suture, sometimes north of the mantle suture (5) (as
shown here), elsewhere coincident with (7), or possibly south of (32, 35),
the mantle suture. MHT, Main Himalayan Thrust.
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strongest gas (bubble) flows within the highest-temperature water of highest
conductivity. Gas and water samples were collected in refrigeration-grade copper
tubes flushed in-line with >50 volumes of sample fluid prior to sealing with
stainless steel clamps (44).

Some geothermal springs are single outlets (SI Appendix, Fig. S1 E, F, G,
and I); others have many tens of spring vents spread continuously over hun-
dreds of meters (SI Appendix, Fig. S1 A–D and H and Table S1). We report all
outlets within 1 km as a single spring unless they lie in different drainages
or have clearly distinct field parameters (e.g., temperature, conductance, pH).
Samples >1 km apart, even when along a single fault or river valley, are
reported separately. Spring temperatures ranged from 6 to 93 °C (SI
Appendix, Fig. S5A), plus one fumarole, and two well-head samples at
105 °C and 195 °C (#34 ZGR08 and #100 ZDX14). We collected samples at
elevations from 1,934 to 5,634 m above sea level (data from other authors
extends down to 307 m above sea level in the Subhimalaya) (SI Appendix,
Fig. S5H). pH ranges from 6.2 to 9.9 (or as low as 6.0 for data from other
authors) and conductance from 0.14 to 14 mS (SI Appendix, Fig. S5 B and C).
All high-quality “mantle” samples separated by >25 km are listed in SI
Appendix, Table S1, and complete data are listed in Dataset S1.

Laboratory Methods. Fluid samples were extracted from the copper tube on a
vacuum line and sonicated for ∼30 min to ensure complete transfer of dissolved
gases from the extraction vessel to the sample inlet line (45). Major gas compo-
nents (CO2, N2, O2, Ar, CH4) were measured at Ohio State University using an
SRS Residual Gas Analyzer 300 AMU quadrupole mass spectrometer and a
Thermo Fisher Trace 1310 gas chromatograph equipped with a thermal conduc-
tivity detector and flame ionization detector (44, 46). Average precision values
for each analyte, based on repeated measurements of the Lake Erie Air and DCG
Partnership and Praxair natural-gas reference materials, are as follows: [N2]
±1.91%, [CO2] ±2.07%, [Ar] ±2.38%, and [CH4] ±2.56%. Noble-gas elemental
and isotopic compositions were measured and corrected (47) using a Thermo
Fisher Helix SFT noble-gas mass spectrometer (44, 48). [4He], [22Ne], and [36Ar]
concentrations were determined by comparison to monometrically calibrated ali-
quots of the internal but cross-referenced (49) Lake Erie Air reference material.
Average external precision for noble-gas isotope concentrations based on
known–unknown standards were 4He 1.26%, 22Ne 1.93%, and 36Ar 0.96%.
Helium isotopic values were determined by comparison to Lake Erie Air and the
Scripps Institute of Oceanography MM gas reference materials. Average isotopic
errors for helium were approximately ±0.0096 times the ratio of air for 3He/4He
(or 1.330 ×10�8). Helium and neon isotope ratios were corrected for
HD+, 20NeH+, 40Ar2+, and CO2

2+ interferences (47, 50). The average isotopic
errors are 20Ne/22Ne <±0.49%, 21Ne/22Ne <±0.96%, 38Ar/36Ar <±0.89%, and

40Ar/36Ar <±0.56%. One hundred seventy-six of the noble-gas data reported
from our 196 distinct springs were analyzed at Ohio State University; the remain-
ing 20 samples were analyzed elsewhere (Dataset S1) using substantially simi-
lar methods.

Atmospheric Corrections. Atmospheric 3He is accounted for and corrected by
measuring the atmospheric abundances of air-saturated noble gases (e.g., 20Ne)
in crustal fluids and calculating RC/RA, which is the ratio of the measured value
of 3He/4He to the equivalent ratio in air (RA, 1.384 × 10�6) after correction
using the solubility of 4He/20Ne in ASW calculated using the field-measured
parameters spring temperature, salinity, and elevation. These RC/RA values
are on average 0.001RA lower than (RC/RA)Static T calculated with a static ASW
composition assuming 45 °C, salinity = 0.01 per mil and elevation 4,700 m.
Similarly, (He/Ne)ASW, Field T values are on average 0.06 log10 units lower than
(He/Ne)ASW, Static T. Our approach is similar to the X-factor (9, 20, 21) but is a
more conservative correction, mostly reducing (He/Ne)ASW, Static T values, and
excluding data points with (He/Ne)sample/(He/Ne)ASW, Field T ≤10 using the geo-
logically more reasonable choice of ASW, rather than air, contamination.

Data Availability. All study data are included in the article and/or supporting
information.
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