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ABSTRACT
This study, via combined analysis of geophysical and geochemical data, reveals a lithospheric architecture
characterized by crust–mantle decoupling and vertical heat-flow conduits that control orogenic gold
mineralization in the Ailaoshan gold belt on the southeastern margin of Tibet.Themantle seismic
tomography indicates that the crust–mantle decoupled deformation, defined from previous seismic
anisotropy analysis, was formed by upwelling and lateral flow of the asthenosphere, driven by deep
subduction of the Indian continent. Our magnetotelluric and seismic images show both a vertical conductor
across the Moho and high Vp/Vs anomalies both in the uppermost mantle and lowest crust, suggesting that
crust–mantle decoupling promotes ponding of mantle-derived basic melts at the base of the crust via a
heat-flow conduit. Noble gas isotope and halogen ratios of gold-related ore minerals indicate a mantle
source of ore fluid. A rapid decrease in Cl/F ratios of lamprophyres under conditions of 1.2 GPa and
1050◦C suggests that the ore fluid was derived from degassing of the basic melts. Similar lithospheric
architecture is recognized in other orogenic gold provinces, implying analogous formational controls.

Keywords: crust–mantle decoupling, lithosphere architecture, orogenic gold deposit, seismic
tomography, magnetotelluric imaging, Tibet

INTRODUCTION
Orogenic gold deposits (OGDs), which supply
∼30% of our gold resources worldwide, were
formed by massive aqueous-carbonic fluid flow
along major fault zones during orogeny [1]. Such
OGDs formed abundantly in Precambrian green-
stone belts during periods of continental growth
associated with episodic mantle plumes [2]. Their
auriferous ore fluids are traditionally regarded to be
derived from dehydration of crustal rocks during
progrademetamorphism [1,3–5]. However, there is
increasing evidence for the existence of Phanerozoic
OGDs that are sited on the margins of Archean
cratons (Fig. 1a) [4–9], which usually underwent
destruction or reworking due to later oceanic
subduction and/or continental collision [9–12] on
these margins. These OGDs normally postdated

regional prograde metamorphism and were con-
comitant with mafic dyke swarms [4,13]. Typical
examples include the Early Cretaceous OGDs, such
as at Apsaka in the Siberian Craton [14] and the
Jiaodong Peninsula in the North China Craton
[15–17], as well as the Cenozoic OGDs in the
Ailaoshan gold belt in the Yangtze Craton [18–21].
Their ore fluids, although contentious [22], were
argued to have been derived from a sub-crustal
source, with a strong mantle lithosphere affinity
[17,23–25]. In view of this, comprehensive studies
on the architecture of the lithosphere and geological
processes within it are necessary to understand the
genesis of such orogenic gold deposits [1,2,11].

The Cenozoic Ailaoshan gold belt, on the
southeastern margin of Tibet (Fig. 1b), is an
ideal terrane to test and constrain genetic models
for such gold deposits. This is because the gold

C©TheAuthor(s) 2022. Published byOxfordUniversity Press on behalf of China Science Publishing&Media Ltd.This is anOpen Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original
work is properly cited.

https://doi.org/10.1093/nsr/nwac257
https://orcid.org/0000-0002-1688-9452
https://orcid.org/0000-0002-6071-8108
https://orcid.org/0000-0001-8198-7684
mailto:houzengqian@126.com
mailto:wqf@cugb.edu.cn
mailto:zhang11@ustc.edu.cn
https://creativecommons.org/licenses/by/4.0/


Natl Sci Rev, 2023, Vol. 10, nwac257

Siberia

Cathaysia

North-South Gravity Lineament

Yan
gt

ze

Indochina

Central Asia

North China

Ji
an

gn
an

Pacific Ocean

Qinling-Dabie

Khingan-Bureya
Massif

Craton 
Subduction 
zoneOrogen

Fault Orogenic 
gold deposit 

Tectonic 
block

Fig. 1b20°

10°

30°

50°

40°

130°110°

1000 km

Jiaodong

Ailaoshan

S
ibum

asu

W
est B

urm
a

(b)

Tan-Lu Fault
Yangtze
Craton

Indochina Block

RRF

X
JFS

G
F

ALS

Zhenyuan
Jinchang

Chang’an

Daping

Daduhe

Beiya

JAF

ALF

0 (m)

1000

2000

3000

4000

21°

22°

23°

24°

25°

26°

27°

28°

29°

97° 98° 99° 100° 101° 102° 103° 104° 105°

Tengchong

Simao

Dali

31-17 Ma

15-1
M 

0
a

Tibetan
Plateau

Ailaoshan
fault system 

G
LG

F
40 M

a

100 km

Y
M

F

(a) 5000

Suture Fault
Orogenic gold deposit
Porphyry Au-Cu deposit

Granitoid intrusions
(36-30 Ma)
Ultrapotassic dyke
swarms (37-33 Ma)

Basaltic lavas
(14-0.1 Ma)

Neoproterozoic granite/
mafic-ultramafic rocks

Precambrian high-grade
metamorphic rocks

Paleozoic low-grade
metamorphic rocks

Oceanic island basalts
(13-0.2 Ma)

A
lti

tu
deXiaoqinling Kunming

Figure 1. (a) Eastern Asia cratons showing Precambrian blocks (Stanovoy, Khingan-Bureya, North China, Yangtze, Cathaysia)
and Phanerozoic orogenic gold provinces at their edges (modified from ref. [4]). (b) Tectonic framework of the eastern Indo-
Asian collisional zone (modified from ref. [37]), bounded by Cenozoic faults with ages labeled (ALF: Ailaoshan fault; GLGF:
Gaoligong fault; LMT: Longenshan thrust fault; SGF: Sagaing fault; RRF: Red-River fault; XJF: Xiaojiang fault; YMF: Yuanyuan-
Muliou fault). Four large orogenic gold deposits (e.g. Zhenyuan, Jinchang, Chang’an and Daping) and the associated Cenozoic
igneous rocks along the RRF are shown. A world-class porphyry gold deposit at Beiya and a gold prospect along the Dadu
River are shown for comparison.

mineralization formed in this belt is anomalously
young and well preserved, with the underlying
lithosphere most likely to represent that at the time
the gold deposits formed. Related previous research
includes crustal deformation analysis [26,27],
seismic and magnetotelluric (MT) imaging of the
lithosphere [28–33], petrological investigation of
Cenozoic igneous rocks [34,35], and systematic
isotope analyses related to the genesis of OGDs
[6]. These data suggest that decoupling of the crust
and mantle occurred during deformation, and that
low velocity and resistivity anomalies developed
at different depths in this region. Although not
definitive, the isotopic signatures of sulfur and
oxygen for the OGDs imply mantle derivation of
the auriferous ore fluid. However, the nature of
mantle–crust architecture and its tectonic drivers,
especially the nature of the control by lithosphere
on the OGDs, was not previously well defined. In
this study, we have improved this understanding by
reconstructing and refining lithosphere structure
utilizing more advanced seismic and MT imaging
methods with more densely spaced stations, and
by obtaining robust geochemical data, including
noble gas (He, Ar, Kr, Xe) and halogen (Cl, F,
Br, I) data for gold ores and spatially associated
lamprophyres. Our results reveal a lithosphere
structure characterized by crust–mantle decoupling
with high-flux conduit systems across the Moho,
which promoted ponding and degassing of hydrous

mantle melts at the mantle–crust transition and
controlled the formation of the OGDs.

GEOLOGICAL BACKGROUND
Ailaoshan, the largest orogenic gold belt in SW
China, is located on the southeastern margin
of the Tibetan Plateau, which is built on a tec-
tonic collage of continental blocks, including the
Sibumasu, Indochina and Yangtze blocks, that
amalgamated due to Triassic Paleo-Tethyan and
Cenozoic Neo-Tethyan closures [36]. Its tec-
tonic evolution was primarily controlled by the
Cenozoic Indo-Asian collision, which resulted in
numerous strike-slip faults with block extrusion and
Eocene-Miocene magmatism (Fig. 1b).

The Ailaoshan gold belt is controlled by a se-
ries of Cenozoic strike-slip faults, including the Red-
River fault (RRF), Ailaoshan fault (ALF) and And-
ing fault (ADF) (Fig. 1b) [37]. This gold belt was
developed in juxtaposed high-grade (east) and low-
grade (west) metamorphic zones bounded by the
ALF. The protolith of the former were largely Neo-
proterozoic volcanic-sedimentary rocks, recording
oceanic subduction beneath the Yangtze Craton
[38], whereas the latter is composed of Paleozoic
strata and Paleo-Tethyan ophiolitic melanges [39],
representing tectonic relics of the Paleo-Tethyan
Ocean. The eastern high-grade metamorphic zone
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Figure 2. (a) A depth slice of P-velocity image at 160 km. Bounded at ∼26◦N, a major low-velocity anomaly at 160 km
depth occurs in the southern part with nearly E-W-trending fast directions in mantle (blue line) by SKS shear wave splitting
measurements [28,30,72] and nearly N-S-trending surface displacement vectors (white line) by GPS measurements [26,27].
This image shows the lithosphere decoupling deformation induced by the upwelling asthenosphere. (b) Variation in�Vs/�h
near the Moho. The low-resistivity bodies near the Moho [33] are shown for comparison. For explanations see the text.
(c) Variation in Vp/Vs ratios near the actual Moho, reflecting main sites for underplating of basic melts at the crust–mantle
boundary interface along the Ailaoshan belt. Abbreviations for fault names are the same as those in Fig. 1.

experienced amphibolite-granulite facies metamor-
phism peaking at 44–36 Ma [40,41], followed by
near-isothermal decompression at 32–25 Ma and
retrogrademetamorphismat 25–14Ma[42].Due to
the India-Asia collision, extrusion of the Indochina
block initiated left-lateral shearing along the RRF
at 34–30 Ma [40,41,43]. The Eocene ultrapotassic
lamprophyre dike swarms (37–28 Ma) with minor
granite (used sensu lato throughout) stocks (36–
30 Ma) intruded at about the same time along the
RRF [44,45]. The gold mineralization that is spa-
tially associated with Eocene ultrapotassic magma-
tism forms numerous large gold deposits, such as the
Zhenyuan, Chang’an and Daping deposits (Fig. 1b)
[18,20], which are sited in the folded pre-Triassic
low-grademetamorphic zone that is bounded by the
ADF and ALF (Fig. 1b).

The gold deposits in the Ailaoshan gold belt have
features characteristic of OGDs, with two styles of
mineralization [18]: quartz vein deposits such as
Daping and disseminated ores such as Zhenyuan,
Chang’an and Jinchang. Robust radiogenic isotope
data define a range of mineralization ages of 45 to
26 Ma [37,46–48], except for the Jinchang deposit
with a fuchsite 40Ar/39Ar age of ca. 60Ma [49]. Sim-
ilar timing of gold mineralization is also recorded
from the northwestern margin of the Yangtze Cra-
ton, where the Dadu River gold prospect with min-
eralization ages of 30–20 Ma is controlled by the
Cenozoic Xiaojiang fault (XJF) system [50]. In ad-
dition, the world-class Beiya porphyry gold deposit
is spatially and probably genetically associated with
Eocene granite stocks and lamprophyre dikes (36–
32Ma) near Dali (Fig. 1b) [51,52].

RESULTS
Seismic velocity structure and Vp/Vs
model
A large magnitude low-velocity anomaly is im-
aged to the south of latitude 26◦N at a depth of
160 km by mantle seismic tomography (Fig. 2a).
Along the profile at latitude 24◦N, this low-velocity
anomaly is located on the eastern side of the
subducted Indian continent and lies beneath the
Asian lithosphere (Indochina and Yangtze) at lon-
gitude 97◦E–106◦E, both of which are imaged
as high-velocity anomalies (Fig. 3a). This low-
velocity anomaly extends upwards to ∼80 km
depth and downwards into the mantle transition
zone (Fig. 3a).

The Vp and Vs models from joint inversion of
body wave arrival times, surface wave dispersion
curves, and receiver functions clearly show amiddle-
crustal (av 20 km in depth) P-wave and S-wave
low-velocity layer (Fig. S1) corresponding to high
Vp/Vs values (Fig. S2) and low-resistivity anomalies
(Fig. 3c) beneath the Ailaoshan gold belt. The low-
velocity layer extends continuously along a profile at
25◦N, but gradually declines southward and concen-
trates at 101◦E–103◦E beneath the Ailaoshan gold
belt (Fig. S1).The S-wave velocity gradients (Vs/h)
across the Moho show significant variations in the
area. Bounded by the RRF, the Vs gradients in the
Indochina block are generally higher than those to
the northeast of the RRF. Along the RRF, especially
to the north of ∼26◦N, there is a low-Vs gradient
zone. Similarly, a low-Vs gradient zone also exists
along anNS-strike fault system corresponding to the
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Figure 3. (a) The Vp structures along a profile at 24◦N. The 1000◦C, 1200◦C and 1400◦C adiabats of the upper mantle are
estimated based on our determination of seismic velocity using the method from ref. [73]. Geological interpretation is given
based on seismic velocity features and other geophysical data (see text). (b) Variation in Vp/Vs along a profile at 24◦N. Two
major domains of high Vp/Vs occur at the Moho (dashed line) and in the uppermost mantle. (c) MT 3D resistivity model
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Yuanyuan-Muliou fault (YMF) and XJF and ends at
∼24◦N (Fig. 2b).

The Vp/Vs model derived from joint inversion
along a profile at 24◦N clearly shows a large high
Vp/Vs body in the uppermost mantle and two

distinct-scale high Vp/Vs anomalies near the Moho
(33–40 km) (Fig. 3b). Such a spatially separated
high Vp/Vs pattern across the Moho also appears
in other profiles across the Ailaoshan gold belt
(Fig. S2).
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MT imaging results
A new 3D resistivity model shows that a resistor
in the upper crust exists directly beneath the
trace of the RRF and XJF, but that some locally
spaced low-resistivity anomalies occur in the
crust below the gold ore districts (Figs 3c, S3).
In particular, there are at least three large low-
resistivity anomalies near the Moho at 101–104◦E
(Fig. 3c). These extend upward into the middle-
upper crust and connect to the low-resistivity
anomalies below the gold ore deposits. Similar
structures are also shown on other profiles from
north to south (Fig. S3). Importantly, these
low-resistivity anomalies at the Moho penetrate
downward across the lithosphere-asthenosphere
boundary (LAB) [53], converging into a significant
conductor in the upper mantle (Fig. 3c) [33],
which is broadly coincident with a high Vp/Vs body
(Fig. 3b). Two relatively high-resistivity anomalies
in the upper mantle spatially correspond to the
Yangtze Craton and Indochina block, respectively
(Fig. 3c), reflecting the trans-lithosphere conduc-
tors that occur along the boundary of convergent
blocks.

Noble gas and halogen compositions of
ore minerals
The He-Ar isotope ratios of disseminated gold ores
are equivocal in terms of source as there is fluid-rock
interaction during gold mineralization. However,
the quartz vein ores,which reflectminimal fluid-rock
reactions, are more likely to provide less equivocal
indications of fluid source. We therefore analyzed
the halogen compositions and noble gas isotope ra-
tios of fluid inclusions hosted in both quartz and au-
riferous pyrite from samples of quartz vein gold ores
hosted by diorite and dolomite at Daping (Supple-
mentary Data, Tables S1–2).

Our results show that crushing quartz releases
fluids with consistent molar Br/Cl (0.7 × 10−3 to
1.2 × 10−3) and molar I/Cl ratios (12 × 10−6

to 34 × 10−6), which are close to mantle val-
ues but contrast sharply with the atmosphere end-
member (Fig. 4a). Crushing the pyrite samples re-
leased 3.7–12.0 × 10−7 cm3 STP/g 4He and 0.7–
1.6× 10−7 cm3 STP/g 40Ar, and yielded a restricted
range of 3He/4He (1.0–1.3 R/Ra) and 40Ar/36Ar
(550 to 1680) ratios (Fig. 4b–d), close to but higher
than previous results (0.1 to 1 R/Ra) [54,55]. The
fluids trapped in both pyrite and quartz at Dap-
ing have consistent 40Ar/36Ar ratios (Supplemen-
tary Data, Tables S1–2), resembling those in the
Jiaodong gold deposits with a demonstrated strong
mantle contribution [56], but differing from those

of Macreas in New Zealand with a proposed pre-
dominantly crustal source (Fig. 4b, c) [57]. All sam-
ples at Daping have 3He/36Ar ratios of 2–8 × 10−3

(Fig. 4c), similar to mantle values, but higher than
those of air-saturated water (5–6× 10−8) [58].

Volatiles in lamprophyre dikes
We analyzed F and Cl contents of phlogopites
and estimated pressure and temperature for lam-
prophyre dikes in the Ailaoshan gold belt (Supple-
mentary Data, Table S3) to better understand rela-
tionships between lamprophyres and orogenic gold
ores. Our results show that the phlogopites from
lamprophyres not spatially associated with gold de-
posits in western Tethys (Alpine Orogen) have ex-
tremely low Cl/F ratios, which has been attributed
to the lack of abundant volatiles in their source [59].
In contrast, the lamprophyre dikes spatially associ-
ated with both the Chang’an and Daping gold de-
posits have both demonstrably higher Cl/F ratios
and distinctive distributions in terms of pressure-
temperature (P-T) conditions compared to those in
western Tethys (Fig. 5). The phlogopites in both
gold deposits show a similar tendency, in which they
first reach maximum Cl/F values at ∼2.2 GPa and
1150◦C, and then values rapidly decrease towards
1.2 GPa and 1050◦C (Fig. 5).

DISCUSSION
Our study presents a number of geophysical mod-
els, including Vp, Vs, Vs/h and Vp/Vs, as well as
resistivity at different scales around the Ailaoshan
gold belt (Figs 2, 3). Similar models have been
obtained in previous studies for Vp and Vs structure
[60–62], Vp/Vs structure [63] and resistivity
structure [33,64]. However, Vs/h across the Moho
is obtained in the study area for the first time. The
application of joint seismic inversion with three dif-
ferent data types helps to improve seismic images of
the lithosphere. More densely spaced MT stations
in this study also help to provide better electrical
images of deep structure. More importantly, the
conjunction of these diverse geophysical parameters
enables us to reconstruct a more systematic and
comprehensive picture of lithospheric structure in
order to constrain the deep geodynamic processes
that were capable of triggering gold mineralization.
The lithospheric structure imaged by seismic and
MT methods is the best approximation of the
lithospheric structure at the time of mineralization.
The mineralization slightly postdated the shearing
along the Ailaoshan belt, block rotation of the
Indochina block, and extensive magmatic intrusion
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Figure 4.Halogen values and He-Ar isotopic compositions of fluid inclusions from gold-related quartz and pyrite of the Daping
gold deposit. (a) I/Cl vs. Br/Cl plot for quartz. (b) 40Ar∗/4He vs. 3He/4He plot for pyrite. (c) 3He/36Ar vs. 40Ar/36Ar plot for pyrite.
(d) 40Ar/36Ar vs. 3He/4He plot for pyrite and binary mixing modeling for the fluid source. M equals mantle components. The
mantle, crust, ancient granitic basement, air, amphibole and sedimentary pore water reference values are from ref. [58] and
references therein. The reference values of sediments are from refs [112,113], of mantle halogen ratios from ref. [114], and
of seawater from ref. [115] and references therein. The SCLM 40Ar/3He reference values are from ref. [54]. Abbreviations:
Py= pyrite, Py-di = pyrite in diorite, Py-di = pyrite in dolomite, Q-di = ore quartz hosted in diorite, Q-do = ore quartz hosted in
dolomite, SCLM = subcontinental lithospheric mantle, SET = seawater trajectories.

in the western Yangtze block. Afterwards, the region
basically entered a tectonic quiescent stage with
crustal uplift and sporadicmafic dike intrusion along
the Ailaoshan belt, which does not correspond to
the heat flux in both space and intensity.

Lithospheric deformation and
crust–mantle decoupling
The nature of lithosphere deformation and mate-
rial flow in the southeastern Tibetan Plateau have
been constrained using several geophysical imaging
methodologies [28–32]. The crustal displacement
fields determined byGPSmeasurements [26,27] in-
dicate that the surface movement involved clock-
wise rotation around the East Himalayan syntaxis
(Fig. 2a), suggesting nearly NS-trending crustal
flow across the RRF [28]. However, the pattern of
Vs gradients (Vs/h) across the Moho shows that
this crustal flow may mainly occur to the north of
∼26◦N. Figure 2b displays two nearly NS-trending

low-Vs gradient zones along RRF and XJF, north of
∼26◦N, corresponding to two previously imaged
low-velocity zones [65,66], interpreted to represent
two crustal channel flows [67]. In contrast, south of
26◦N, the Vs gradients across the Moho have dis-
tinct geographically restricted patterns. To the west
of theRRF, a large high-Vs gradient domain spatially
overlaps with the Indochina block, suggesting that
the block is relatively rigid and lacks ductile crustal
rheology and Moho reworking. To the east of the
RRF, a low-Vs gradient zone, bounded by the Xiao-
jiang and Yuanyuan-Muliou faults, is truncated by
the RRF at 24◦N (Fig. 2b). Such an abrupt change
suggests that crustal flow was likely blocked by the
large-scale strike-slip RRF starting at∼26◦N, where
the Indochina block is interpreted to have been ex-
truded along the RRF.

Many studies of seismic anisotropy in the south-
eastern Tibetan Plateau show that the polarization
directions in the crust are dominantly N-S [67–70],
consistent with geodetic estimates of crustal dis-
placement (Fig. 2a) and the N-S-trending rock
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fabrics interpreted to be caused by crustal compres-
sion and shearing. In contrast, themantle anisotropy
derived from analysis of teleseismic shear wave
splitting has a pronounced transition in polariza-
tion direction from primarily N-S to mostly E-
W around latitude 26◦N (Fig. 2a) [28–30,62].
This transition reflects a fundamental change in the
deformation regime within the southeastern margin
of Tibet along the RRF. Recent seismic anisotropy
studies have ascribed the E-W orientation of seismic
anisotropy to deformation from the upper astheno-
sphere to the mantle lithosphere [32,62,71].

North of ∼26◦N, the anisotropy can be inter-
preted to represent coherent deformation between
the crust and mantle lithosphere [28,30,72]. South
of∼26◦N, however, the SKS polarization directions
do not correlate with known surface features and
GPS measured data (Fig. 2a), implying that defor-
mation between crust and mantle was mechanically
decoupled [29]. It is noteworthy that this large-scale
domain of decoupled deformation spatially overlaps
with the extensive low-velocity body in the upper
mantle (Fig. 2a). This decoupled deformation be-
tween crust and mantle constitutes a specialized ar-
chitecture for the Ailaoshan gold belt.

Asthenosphere driving lithospheric
crust–mantle decoupling
Our seismic Vp image demonstrates strong veloc-
ity heterogeneity in the upper mantle (Figs 2a, 3a).
The profile at 24◦N clearly depicts that the Indian
lithosphere, as a high-Vp body, experienced high-
angle subduction and reached the mantle transition
zone (Fig. 3a). To the east of the subducted Indian
slab, a large-magnitude mushroom-shaped low-Vp
body extends laterally beneath the rigid Asian man-

tle lithosphere, with its stem rooted into the deep
mantle (Fig. 3a). We interpret this effect as repre-
senting upwelling asthenosphere driven by eastward
deep subduction of the Indian lithosphere. Our seis-
mic images depict that the upper interface of the as-
thenosphere is at a depth of∼80 km (Fig. 3a), con-
sistent with the LAB depth (80–100 km) beneath
the Ailaoshan gold belt [53]. These data are consis-
tent with extensive thinning of the overlying Asian
lithosphere caused by upwelling asthenosphere.

Figure 3adenotes the adiabat of the uppermantle
calculated using a velocity-temperature model [73],
which defines a steep temperature gradient centered
on the upwelling asthenosphere. We estimate that
the mantle temperatures at ∼80 km were up to
1000◦C (Fig. 3a), consistent with those recorded by
mantle xenoliths at Maguan (928–1110◦C at 50–
80 km [74]). This estimated temperature is also
close to the estimated equilibrium temperatures
(1007–1130◦C) for theQuaternary basalts at Teng-
chong [75] and those (1000–1150◦C) of Eocene
lamprophyres along the RRF [76]. In addition, this
mantle temperature approximates the solidus tem-
perature of the H2O-bearing mantle peridotite at
similar pressures [77]. These data suggest that the
upwelling asthenosphere provided enough heat for
partial melting of the overlying Asian mantle litho-
sphere since the Eocene. At a deeper level of 82–
120km,whereocean-islandbasalts (OIBs)originate
[78], the calculated mantle temperatures reach the
lowest melting temperature (1200◦C) of the man-
tle peridotite [77], but lower than the estimated
equilibrium temperature (<1373◦C) of the OIB
magmas at Maguan [79]. This means that melt seg-
regation from the limited partially melted upwelling
asthenosphere could have led to the generation of
OIB magmas.

Page 7 of 15



Natl Sci Rev, 2023, Vol. 10, nwac257

Ophiolitic fragment 

XJF

RRF

YM
F

Lamprophyre
Yangtze Craton

Indochina Block

GPS

Zhenyuan

Daping

Chang’an

Crust

Crust

Asthenosphere

Magma ponding

LAB
Degassing of melts

Partial melting

SCLM

SKS

100 km

200 km

Upwelling

asthenosphere1000 °C

1200 °C

Figure 6. A cartoon illustrating a lithosphere architecture characterized by crust–
mantle decoupling, constrained by geophysical and geological data, and its control
over generation of orogenic gold deposits. The subduction of the Indian continent in-
duced E-W-trending flow of mantle lithosphere driven by asthenosphere upwelling
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flux conduit, along which basic magma ponded and degassed, leading to formation
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The above P-T estimates for the mantle litho-
sphere, combinedwith the temporal-spatial distribu-
tion of the Cenozoic magmatic rocks south of 26◦N
(Fig. 1b), further constrain a sub-lithosphere pro-
cess beneath the Ailaoshan gold belt. This process
is interpreted to include vertical upwelling of the as-
thenosphere that triggered mantle melting focused
at 35 Ma, lateral flow that produced the Tengchong
basalts at 14 Ma, and continued upwelling and melt
segregation that generated E-W-trending sporadic
OIBmagmatic rocks since 13Ma.We therefore sug-
gest that vertical upwelling and lateral flow of the
asthenosphere, driven by eastward deep subduction
of the Indian continent during Cenozoic collision,
caused E-W-directed deformation and extension of
the overlying Asian mantle lithosphere (Fig. 6).

Heat-flow conduits and ponding of basic
magma
The emplacement of the Eocene lamprophyre dikes
along the RRF (Fig. 1b) suggests that this block

boundary fault likely provided a channel for heat
flow from the upper mantle (Fig. 6), which is sup-
ported by low-Vs gradients across the reworked
Moho by upwelling heat flow along the RRF
(Fig. 2b). Seismic receiver functions analysis in-
dicates that the converted phases at both Moho
and LAB beneath the RRF show significant lateral
discontinuities, suggesting a lithosphere-scale verti-
cal discontinuity and mechanically weak zone [33].
The heat-flow data suggest that heat flow via this
weak zone strongly modified the crustal thermal
state beneath the RRF. For example, the lowermost
crust at Dali, near the RRF, has an abnormally high
geothermal temperature estimated as being up to
1000◦C [80], thus triggering its melting to gener-
ate the Eocene gold-rich porphyries at Beiya [52].
The heat flow along the RRF also resulted in high-
temperature granulite-facies metamorphism of the
lower crust at 40–35Ma [42].

Our MT model further constrains the heat-flow
conduit across theMoho. It shows that the spherical
conductors near the Moho extend downwards and
converge into a large conductor in the upper mantle
(Figs 3c, S3).This remarkable low-resistivity feature
cannot easily be explained by the presence of rela-
tively dry upper mantle, based on anhydrous man-
tle xenoliths [81], requiring the involvement of melt
and/or water. The maximum melt fraction is up to
3% in the uppermost mantle, based on the analy-
sis of mantle H+ water and melt content [33]. This
requires that the heat-flow conduits were rooted in
theunderlyingmantle lithosphere containing a small
amount ofmelt and traversed across theMoho along
the Ailaoshan belt.

This interpretation is also consistent with our
Vp/Vs model, which shows two spatially sepa-
rated high Vp/Vs anomalies at 30–40 km and 60–
80 km beneath the RRF (Fig. 3b). Theoretically,
such high Vp/Vs ratios could be largely attributed
to more mafic rocks and/or partial melts [82]. The
high Vp/Vs body in the uppermost mantle (60–
80 km) is rooted in the underlying asthenosphere as
shown by the high-magnitude low-velocity anomaly
(Fig. 3a, b), suggesting that thepartiallymeltedman-
tle lithosphere was heated by upwelling astheno-
sphere. High Vp/Vs anomalies at the base of the
crustal base spatially coincide with the lower-crustal
conductors that extend upward into gold ore dis-
tricts (Fig. 3b, c, Fig. S4), consistent with a model in
which hydrous basic to ultrabasic magmas ponded
largely at the base of the crust, but partly intruded
into the upper crust as lamprophyre dikes.

Integrated analysis of the Vp structure, Vp/Vs ra-
tio and theMTmodel combinedwith geological ob-
servations indicates that ponding of mantle-derived
basic magmas at the base of the crust was largely
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concentrated at two locations along the RRF. The
first is located east of the RRF, where the OGDs
spatially occupy the edges of a Vp/Vs anomaly at a
depthof 35km(Fig. 2c). For example, theZhenyuan
gold district is located at an intersection between the
RRF andYMFat∼24◦N(Fig. 2c), where the crustal
conductors coincide with a high Vp/Vs body in the
lower crust (Fig. 3b, c), and Vs/h reflects strong ve-
locity modification near the Moho (Fig. 2b). The
Chang’an and Daping gold districts are located at
an intersection of the RRF with the XJF at ∼23◦N,
where the highVp/Vsmantle anomalies are spatially
coincident with high mantle conductors beneath
the gold districts (Fig. S4), and variation in Vs/h
suggests a local thermal disturbance at the Moho
(Fig. 2b). All these data lead us to conclude that the
block boundary at the RRF provided channels for
highheat flow from thepartiallymeltedmantle litho-
sphere, and that decoupling between crust andman-
tle deformation promoted ponding of basic magmas
at the base of the crustwith limited intrusion into the
upper crust. The second ponding location is around
Dali, where basic magmas ascended via heat-flow
conduits and ponded at the base of the crust, leading
to partial melting of the lower crust to generate hy-
drousmagmas thatwere theparents of theporphyry-
gold deposit at Beiya (Fig. 2c). We therefore argue
that the lithospheric architecture that was character-
ized by crust–mantle decoupling and heat-flow con-
duits across theMoho had a profound impact on the
formation of the Ailaoshan gold province.

Link between basic magmas and gold
deposits
Phlogopites, as the largest and most abundant phe-
nocrysts in lamprophyres, are able to dynamically re-
equilibrate their composition in the melts [83], and
thus can preserve a halogen record representative
of the melt composition during crystallization [84].
Thehalogens, especiallyCl andF, have been recently
applied to trace and evaluate the role of magmatic
volatiles, according to their sensitivity to volatile de-
gassing [85] and their similar properties to incom-
patible elements [86]. The concentrations of halo-
gens in a magma would gradually increase with its
evolution and, accordingly, Cl/F ratios would in-
crease due to the greater partition coefficient of Cl
than F in volatile-rich melts such as those crystalliz-
ing lamprophyres. However, the exsolution of fluid
by degassing would remove a large amount of Cl
from the melt into the fluid, leading to a significant
decrease in Cl/F ratios in the evolved magmas [87].

The Cl/F ratios of phlogopites from lampro-
phyres in the Ailaoshan gold belt continuously de-
crease,withPandTranging from2.4GPa to1.2GPa

and 1150◦C to 1050◦C (Fig. 5). Cl/F ratios demon-
strate a particularly rapid decrease at 1.2 GPa and
1050◦C (Fig. 5), which corresponds to the depth of
the crust–mantle boundary (35–40 km; Fig. 3) and
the high geothermal temperature of up to 1000◦C at
theMoho [80].This indicates that a large amount of
Cl was extracted by degassing of the hydrous mag-
mas at the interface of the crust–mantle transition.
This degassing process is also recorded by some spe-
cial textures of the lamprophyre dikes, such as gas
cavities and abundant carbonate ocelli [34].

The noble gas and halogen contents and ratios of
fluids trapped in ore minerals can constrain whether
the fluid that exsolved from the basic magma has the
capacity to generate gold ores, since the noble gases
and halogens are normally stable during fluid trans-
port [57,88] and therefore caneffectivelydistinguish
between different fluid reservoirs [89]. PreviousHe-
Ar isotope analyses on fluid inclusions from gold-
related pyrites yielded a range of 3He/4He of 0.1
to 1 R/Ra [54,90], suggesting a mantle contribu-
tion to the ore fluid [90]. Our new data show rel-
atively high 3He/4He ratios (1.0 to 1.3 R/Ra) and
3He/36Ar ratios (2–8 × 10−3), confirming a signif-
icant contribution from mantle or degassing mantle
melts to the ore fluid. In particular, the fluid inclu-
sions from minerals in quartz vein orebodies have
molar Br/Cl ratios of 0.7–1.2× 10−3and I/Cl ratios
of 12–34× 10−6, identical to those of mantle values
(Fig. 4a), further demonstrating that ore fluids had
the potential to be formed by degassing of hydrous
basic magma at the base of the crust.

The conclusions obtained via new geochemical
data are supported by Pb-S isotope data. The lam-
prophyre dikes have narrow ranges of 206Pb/204Pb
(18.50–18.59), 207Pb/204Pb (15.60–15.65) and
208Pb/204Pb (38.75–38.84), which overlap with
those of gold-related sulfides in the Ailaoshan gold
belt (Supplementary Data) [91,92]. The gold-rich
rims of ore pyrites uniformly display a limited range
of δ34S values around 0� [6,93,94], similar to
those expected for a mantle source for the lampro-
phyre dikes that are spatially related to the gold
deposits.

The lamprophyre dikes themselves have too low
a volume to directly exsolve ore fluid to form the
gold deposits but provide a link to related but larger-
volume subcrustal magma-related devolatilization
processes that do have this capacity. Thus, the spa-
tially and temporally related gold deposits and lam-
prophyres do not have a direct genetic relationship
but are indirectly connected to a similarmantle litho-
sphere source and belong to the different conse-
quences of the same mantle process. The platinum
group element (PGE) analyses carried out in a pre-
vious study have shown that the basic magma has
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witnessed sulfide saturation and separation [6,95],
which would increase the fertility of the fluid source.

Crustal conduits for ore fluid migration
Our MT imaging reveals vertical or oblique high-
strength conductors in the middle-upper crust
(Figs 3c, S4). For example, a high-strength
conductor that is inclined to the NE extends
obliquely downward to 40 km beneath the
Zhenyuan ore district (Fig. 3c). Similarly, two
high-strength conductors beneath the Chang’an
and Daping ore districts intersect near the Moho
(Fig. S3). These conductors cannot be explained
by the widely exposed high-grade metamor-
phic rocks in the Ailaoshan belt, which typically
display low conductivity [33]. A possible interpre-
tation is that the ophiolitic fragments or oceanic
relics, which survived underneath the Ailaoshan belt
[96] and were strongly replaced by heat fluid flows,
migrated along the faults. This is similar to the MT
structures, called Fingers of God, from below the
supergiant Olympic Dam iron-oxide copper-gold
deposit, which are interpreted to represent fluid
pathways that extended from themantle lithosphere
across the Moho into the upper crust [97].

The results from this study, in combination with
reassessment of previously published He-Ar iso-
topic data [54,90], provide clues related to the in-
volvement of the ophiolitic fragments or oceanic
relics in the formation or modification of aurifer-
ous ore fluids in the Ailaoshan belt. The varied
3He/4He ratios of 0.03–1.34 Ra and 40Ar/36Ar ra-
tios of 310–4020 of the auriferous fluids indicate
that they contain a component of altered oceanic
crust (AOC) (Fig. 4d), in addition to a compo-
nent from metasomatized mantle lithosphere, the
lamprophyre source. Binary mixing modeling of
3He/4He and 40Ar/36Ar ratios suggests that the
AOC components account for 30% (Fig. 4d). It is
most likely that the AOC components were derived
from serpentinized ultramafic rocks, altered oceanic
relics, in the ophiolitic melanges that were under-
thrust northeastward along the steeply dipping ALF
[33].These serpentinized ultramafic rock blocks are
interpreted to represent crustal fluid conduits, in
which lithological heterogeneities were utilized by
advecting ore fluids.Thewater/rock interaction dur-
ing fluid migration in the middle-upper crust could
have increased the fluid fertility.

Lithospheric control over orogenic gold
deposits and its implications
Our results show that the lithospheric architecture
was essentially characterized by mechanical decou-

pling between crust and mantle, formed as a re-
sult of asthenosphere upwelling and lateral flow.
This architecture promoted the partial melting of
metasomatized mantle lithosphere and provided a
favorable space forponding anddegassingofmantle-
derived melts and a well-linked structural architec-
ture for transport of melts and fluids, thus control-
ling the evolution of the Ailaoshan orogenic gold
system.

Such a lithospheric structure, characterized by
crust–mantle decoupling, is also interpreted for
world-class giant gold provinces worldwide. The
Jiaodong gold province was formed during the tran-
sition of subduction direction of the Pacific plate
from NW to NNW at ca. 120 Ma [4,9]. The
strike-slip movement along the Tanlu fault, a trans-
lithospheric fault in the Jiaodong Peninsula, was
NNE-trending, nearly perpendicular to the SKS fast
direction in the mantle [98], thus showing the fea-
ture of crust–mantle decoupling (Fig. 6). Such a
lithospheric structure promotes the degassing of the
hydrous basicmagmas at the base of the crust or dur-
ing ascent, as suggested by previous studies based on
the close spatial-temporal association between the
mafic dikes and gold deposits in the Jiaodong gold
belt [12,99]. Similarly, in the Xiaoqinling Orogen,
central China, the crust with E-W-trending move-
ment overlaps the underlying upper mantle with
an N-S-trending SKS fast direction [100]. More-
over, in South China, the NE-trending orogenic belt
overlies a nearly N-S-trending mantle SKS fast di-
rection [101]. The Juneau gold belt, Alaska, along
the Pacific eastern subduction zone, is also a po-
tential analog of the Ailaoshan and Jiaodong gold
provinces. This gold belt formed at ∼55 Ma, when
a change from orthogonal to oblique subduction
caused a shift from thrusting to strike-slip motion
on theNNW-trending ore-controlling Sumdumand
Fanshaw faults [102]. All these examples indicate
that the critical architecture characterized by crust–
mantle decoupling is typically formed during a tran-
sition period between tectonic regimes, driven by
change in drift direction of the subducting plate and
the orientation of the crust in orogenic settings.The
obvious discrepancy between the subduction direc-
tion and orientation of crustal deformation reflects
a lithospheric architecture characterized by crust–
mantle decoupling, in which the orogenic gold de-
posits discussed above formed.

The reason why crust–mantle decoupling is ben-
eficial for gold mineralization is that it has the ca-
pacity to connect the following processes that oc-
cur at different depths in the crust–mantle system.
They include: (i) a deep thermal engine represented
by upwelling asthenosphere, which triggered par-
tial melting of metasomatized mantle lithosphere to
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generate basic-ultrabasic magma; (ii) crust–mantle
decoupling, which provided a dilatational space for
ponding and degassing of the basic magma at the
base of the crust; and (iii) crustal-scale strike-slip
faults that serve as heat-flow conduits for magma
intrusion and fluid migration. We suggest that
crust–mantle decoupling provides an optimal con-
figuration related to a transition in tectonic regime,
coincident with the presence of trans-lithosphere
faults, and mafic dike emplacement, that is critical
to the formation of specific orogenic gold deposits.
Such lithosphere architecture is normally developed
at craton or thick lithosphere margins, which pro-
vide high-quality exploration targets for a variety of
ore deposit types [103]. From another perspective,
the metallogenic model proposed here implies that
despite the fact that asthenosphere upwelling can
occur in different tectonic regimes [103,104], it
is only capable of triggering gold mineralization
with the additional key parameters of mantle litho-
sphere compositions and geometries, trans-crustal
and trans-lithosphere structures, and suitable trap
rocks and structures. This metallogenic model pro-
vides a new lithospheric control andpetrological and
geochemical constraints on the subcrustal model for
the formation of OGDs.

CONCLUSIONS
The multidisciplinary research carried out in this
study has reconstructed the architecture of the litho-
sphereon the southeasternmarginofTibet anddeci-
phered its control over the formationofOGDs along
theAilaoshangoldbelt.Thearea is characterizedby a
lithosphere that was shaped by the decoupled defor-
mation of crust and mantle that was, in turn, driven
by deep Indian continental subduction. This archi-
tecture facilitated the development of heat-flow con-
duits and exerted structural control over the gener-
ation of OGDs. The formation of OGDs was initi-
atedbymantle partialmelting, basicmagmaponding
and fluid release at the base of the crust, as well as
fluid migration in the middle-upper crust with sim-
ilar geophysical signatures to that of the supergiant
OlympicDam iron-oxide copper-gold deposit. Simi-
lar lithosphere architecture is recognized in some gi-
ant gold provinces, implying that analogous geody-
namic processes controlled their formation.

METHODS
To image the lithosphere structure for the Ailaoshan
gold belt, we jointly used seismic and MT imag-
ing methods. For seismic imaging, we adopted a
multi-scale strategy to first image mantle structure

for southwest China using the teleseismic double-
difference tomographymethod [105].We then pro-
duced a Vp/Vs model of the lithosphere and the ve-
locity gradients across the Moho by joint inversion
of seismic body wave arrival times, surface wave dis-
persion data and receiver functions [106]. The de-
tails of different inversions and results are given in
the Supplementary Data.

For MT imaging, based on the previous 3D elec-
trical resistivity model of the lithosphere in the
area [33], we added two horizontal (at 24◦N and
25◦N) and longitudinal profiles (at 100◦E and
101◦E), with the total MT stations increasing from
173 to 309 (Supplementary Data). The electromag-
netic inversion systemModEM [107,108] was used
to invert the full impedance tensor with a homoge-
neous 100 �m half-space starting model. The final
total RMS (root mean square) misfit value reached
2.20 after 160 iterations (Supplementary Data), and
a new more refined resistivity model with a wider
area than the previous model [33] was obtained
(Figs 3, S3). The details of the inversion and the
model are presented in the Supplementary Data file.

The ∼70-mg-sized aliquots of high-purity sepa-
rates of gold-related quartz that were irradiated in
theMcClellanResearchReactorCenter atUCDavis
were analyzed by crushing steps under a vacuo con-
dition. A MAP215-50 noble gas mass spectrome-
ter was used to expand the purified noble gases for
Ar isotope analysis, with the data reduction based
on ref. [109]. The 1 sd uncertainties for Br/Cl and
I/Cl are ∼3% and ∼5%, respectively [110]. He-
lium and Ar isotopes of ore pyrites were measured
at the Institute of Geology and Geophysics, Chi-
nese Academy of Sciences, Beijing, using the Helix
SFT mass spectrometer. The operating procedures
and sample measurements data can be found in refs
[111,112].

Electron probe microanalysis (EPMA), for
major-element analysis of phlogopite, was carried
out at the Geological Analysis Unit (GAU), Mac-
quarie University, using a Cameca SX-100 electron
microprobe with five wavelength-dispersive spec-
trometers. Minerals were analyzed using a 15 kV
accelerating voltage, with a beam current of 20 nA
and diameter of 1–2 μm. Counting times were 10 s
for peak and 5 s for background measurements on
each side of the peak. Natural minerals and syn-
thetic oxides were used as standards for correction
[119].The temperature and pressure calculation for
phlogopite are given in the Supplementary Data.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.
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