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ABSTRACT
Uplift of the Tibetan Plateau is thought to be one of the most important orogenic and 

climate forcing events of the Cenozoic Era, associated with geodynamic changes related to 
India-Asia collision and subsequent continental lithosphere subduction. However, the fate and 
scale of the subducted continental lithosphere segments remain highly controversial. Using 
a comprehensive compilation of the spatiotemporal distribution of postcollisional magmatic 
rocks across Tibet, together with new geochemical and Sr-Nd-Pb isotopic data and modeling 
simulations, we propose a holistic, two-stage evolutionary model to explain the link between 
genesis of the magmas and continental subduction. The magmatism prior to 25 Ma resulted 
from continuous upwelling of a carbonate-rich upper-mantle plume induced by northward 
underthrusting of Indian oceanic and continental lithosphere with its cover of Tethyan plat-
form carbonate sediments, whereas magmatism after 25 Ma was related to opposing north-
directed and south-directed continental subduction. Our model indicates a transformation 
in the distribution and nature of the magmatism in Tibet at ca. 25 Ma, which reflects a sig-
nificant change in the Himalayan-Tibetan orogen and associated mantle dynamic processes 
in the early Miocene. Understanding this transformation could have important implications 
for the utility of the Himalayan-Tibetan system as a modern analogue for ancient orogens.

INTRODUCTION
Tibetan Plateau uplift is one of the most im

portant Cenozoic geological events (DeCelles 
et al., 2014), and it is considered to be the topo
graphic expression of northward Indian plate sub
duction (Replumaz et al., 2016). However, the 
timing and location of the northern leading edge 
of continental lithosphere subduction have been 
topics of vigorous debate (Chen et al., 2018).

Understanding the petrogenesis of post colli
sional magmatism can provide important con
straints on the processes of continental subduction 
(Guo et al., 2015). Previous studies have focused 
on individual volcanic fields, with limited sam
pling of the regional distribution of magmatism 
(Williams et al., 2001), and their petrogenesis has 
not been fully investigated in a geo dynamic con
text. Almost all previous studies were based on 
differentiated magmatic rocks (MgO < 6 wt%), 
the parental magmas of which may have under
gone combined crustal assimilation and frac

tional crystallization (AFC), making it difficult 
to understand the characteristics of their mantle 
source (Guo et al., 2006). Lack of detailed field 
sampling and of petrological, geochronological, 
and geochemical data has precluded further con
straints on the petrogenesis of the magmas and 
their link to continental subduction. By constrain
ing the compositional characteristics of primi
tive postcollisional magmatic rocks across the 
whole Tibetan Plateau (Fig. 1), we developed a 
robust model to better explain the link between 
continental subduction and magma petrogenesis.

GEOLOGICAL SETTING
The Tibetan Plateau is a collage of nearly east

west–trending allochthonous terranes, including 
the SongpanGanzi, Qiangtang, and Lhasa ter
ranes, from north to south. These terranes are 
bounded by a series of tectonic sutures (Fig. 1). 
The Jinsha, Kunlun, and BangongNujiang sutures 
resulted from Tethys oceanic closures, whereas 
the IndusTsangpo suture marks the boundary of 
IndiaAsia collision at 65–60 Ma, according to re

cent studies (DeCelles et al., 2014; Hu et al., 2015). 
Postcollisional magmatism has occurred across 
the whole plateau, with a nearcontinuous range 
of igneous activity since 55 Ma (Table DR1 in the 
GSA Data Repository1). Based on our compilation 
of ages for volcanism (Table DR1), this may be 
subdivided into two stages, which may be further 
subdivided into groups 1–3 (Fig. 1). The early 
stage (group 1) formed largescale lava flows and 
pyroclastic deposits in central Tibet (55–25 Ma); 
the late stage is distributed in southern (group 2; 
25–8 Ma) and northern (group 3; 25 Ma–present) 
Tibet (Fig. 2A), where smallscale lava flows occur 
within extensional basins. The age and volume of 
the magmatism decrease from central (pre–25 Ma) 
to south and north Tibet (post–25 Ma); the com
positions of the magmatic rocks also change from 
central to south and north Tibet (Figs. 2 and 3).

COMPOSITION OF GROUP 1–3 ROCKS
Wholerock major and traceelement and 

SrNdPb isotope data for groups 1–3 were ob
tained for 91 primitive (MgO > 6 wt%) mag
matic rocks from across the whole of Tibet 
(Table DR4). They are not affected by crustal 
contamination (AFC), as evidenced by a lack of 
correlation of 87Sr/86Sr with SiO2, and therefore 
may provide important constraints on the nature 
of their mantle source. Geochemical modeling 
allowed us to quantify the relative roles of car
bonatitic melts and subducted terrigenous sedi
ments in their mantle source (Fig. 3C).

Group 1 includes ultrapotassic, potassic, high
K calcalkaline (HKCA), and Narich rocks, 
forming a continuous suite from Krich to Na
rich magmatic rocks in central Tibet (Figs. 1 and 
2B). The samples display elevated CO2 contents 
in melt inclusions within pyroxene phenocrysts 
(Figs. DR1–DR3). They have low Ni/MgO and 
SiO2 contents (Fig. 2D) and high Ca in olivine 
phenocrysts (Fig. 3A). Group 1 exhibits decreas
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ing large ion lithophile element (LILE) concen
trations from Krich to Narich magmatic rocks 
(Fig. 3B). SrNdPb isotopic modeling indicates 
that a carbonatitic component was present in their 
mantle source, consistent with carbonate sedi
ments on the northwardsubducted Indian pas
sive continental margin being subducted into the 
sublithospheric mantle (Fig. 3C). The carbonatite 
component becomes weaker from the ultrapotas
sic and potassic magmatism through HKCA to 
ocean island basalt (OIB)–type magmas.

Group 2 rocks are Krich magmatic rocks in 
south Tibet (Figs. 1 and 2B). They are distin
guished from group 1 by low Sr/Nb ratios (Fig. 
2C), enrichments of SiO2 and K2O (Fig. 2B), and 
depletion of Ca in olivine phenocrysts (Fig. 3A). 
The magmatic rocks display significant negative 
SrBa anomalies in mantlenormalized traceele
ment patterns (Fig. DR4). These, together with 
SrNdPb isotope mixing simulation results (Fig. 
3C), indicate that a subducted Indian continen
tal silicate sediment component was important 
in their mantle source, linking the petrogenesis 
of group 2 with northward Indian subduction.

Group 3 rocks are Krich magmatic rocks 
(Fig. 2B) in north Tibet (Fig. 1). Intermediate 
and variable Ni/MgO and SiO2 contents (Fig. 
2D), together with Ca contents in olivine pheno
crysts that span the boundary between silicate 
and carbonate metasomatism (Fig. 3A), indi
cate important roles for both carbonatitic and 
subducted terrigenous sediment components 
in their mantle source. The SrNdPb isotope 
compositions plot between end members defined 
by depleted midoceanic ridge basalt (MORB) 
mantle (DMM), Asian continental lithosphere 
(ACL), and Indiaderived carbonate sediments 
(Fig. 3D), suggesting that ACL has subducted 
beneath north Tibet since 25 Ma (Fig. 4B).

These three groups of magmatic rocks are as
sociated with different Tibetan terranes (Fig. 1), 
and they are typically located within the ter
ranes, rather than along the terrane boundaries. 
The differences in the compositions of groups 
1–3 resulted from the subduction of differ
ent types of continental lithosphere in a dual 
polarity subduction system (Fig. 4).

DISCUSSION

Mantle Transition Zone–Derived 
Carbonated Mantle Plume

Petrogenesis of the mafic postcollisional 
magmas has been proposed to result from de
compressioninduced melting of upwelling as
thenospheric mantle beneath central Tibet since 
55 Ma (Guo et al., 2006). Their compositions 
may provide significant constraints on the na
ture and evolution of this mantle upwelling. 
The presence of CO2rich melt inclusions (Fig. 
DR3), the highCa contents in olivine pheno
crysts (Fig. 3A), the occurrence of carbonatite
metasomatized mantle wehrlite xenoliths (Fig. 
DR5), distinct positive SrBa anomalies in 
mantlenormalized traceelement patterns (Fig. 
DR4), and high proportions of carbonatitic com
ponents in the mantle source of group 1 (Fig. 
3C) indicate upwelling of a carbonated upper
mantle plume, which originated from subducted 
Indian continental lithosphere and its cover of 
platform carbonate sediments arriving at the 
top of the mantle transition zone (MTZ) (Fig. 
DR6). Partial melting of this carbonated man
tle resulted in group 1 magmatism from 55 to 
25 Ma (Fig. 4A).

The magmatic rocks display a decrease in 
age (Fig. 2A), decreasing Ba/Th and Sr/Nb (Fig. 
2C), and positive SrBa anomalies in mantle

normalized traceelement patterns (Fig. DR4) 
from central (55–25 Ma) to south and north 
(25 Ma–present) Tibet. Both Na and Krich 
rocks are observed in the center of the proposed 
upwelling, but only Krich rocks occur on its 
southern and northern margins (Fig. 2B). The 
transformation in their spatiotemporal distribu
tion and compositions occurred at ca. 25 Ma, 
suggesting a decreasing proportion of the car
bonated mantle component from the center 
(pre–25 Ma) to the margins (post–25 Ma) of the 
upwelling (Fig. 3C). There appears to have been 
a change in carbonated mantle plume (CMP) 
upwelling through time—a largescale MTZ
derived CMP from 55 to 25 Ma (Fig. 4A), fol
lowed by a decrease in plume size after 25 Ma 
(Figs. 4B–4D).

The upwelling model is supported by recent 
geophysical studies. A highelectricalconductiv
ity and lowresistivity anomaly with a plumelike 
shape (Unsworth et al., 2004), together with a 
lowP wave velocity anomaly down to the MTZ 
(Nunn et al., 2014), has been recognized beneath 
central Tibet (Fig. DR6). These geophysical data 
clearly can only provide a presentday “snap
shot” of our geochemistrybased model since 
55 Ma. Despite the geophysical evidence for an 
uppermantle plumelike structure, there is no 
large igneous province in Tibet, probably be
cause there was no significant thermal anomaly 
(Guo et al., 2015), and the enriched component 
in the plume was carbonatitic (Fig. 3C).

Two-Stage Evolution Model
Continental subduction triggered both the 

CMP upwelling and the twostage distribution 
of groups 1–3 (Fig. 2A). Thus, the history of 
group 1–3 magmatism could reflect a twostage 
evolution of continental lithosphere subduction.
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The first stage formed a largescale eastwest–
trending (group 1) magmatic belt in central Tibet 
from 55 to 25 Ma (Fig. 1), induced by a high pro
portion of Indiaderived carbonate sediments in 
its source (Fig. 3C). This resulted in CO2fluxed 
melting of mantle peridotite above the subducted 
Indian slab (Fig. 4A), as evidenced by a series of 

ultrapotassic and potassic to HKCA and OIBlike 
magmatic rocks (Fig. 2B). This first stage fol
lowed initial IndiaAsia collision at 65–60 Ma 
and the resultant northward subduction of the 
Indian plate with its cover of platform carbonate 
sediments (Kent and Muttoni, 2013) from 65 to 
55 Ma; this lithosphere arrived at the top of the 

MTZ beneath central Tibet at 55–50 Ma, based on 
the following evidence: (1) our SrNdPb isotopic 
results identified subducted India–derived com
ponents in the group 1 source from 55 Ma (Fig. 
3C); and (2) the presence of a thickened MTZ 
beneath central Tibet (Duan et al., 2017) is con
sistent with accumulation of a “cold” subducted 

Figure 2. A: Age of postcollisional mag-
matic rocks on the Tibetan Plateau, indicat-
ing younging trends from central (group 1) 
to south (group 2) and north (group 3)  Tibet, 
as shown by arrows. Blue dashed line indi-
cates transformation of magmatism at 25 Ma. 
Filled and open symbols represent, respec-
tively, data from this study (Table DR2 [see 
footnote 1]) and data published in previous 
studies (Table DR1). B: K2O versus SiO2. 
HKCA—high-K calc-alkaline. C: Sr/Nb of 
postcollisional magmatic rocks, indicating de-
creasing trends of Sr/Nb from central (group 1) 
to south (group 2) and north (group 3) Tibet, 
as shown by arrows. This shows that carbon-
ate melt metasomatism (with high Sr/Nb) oc-
curred in mantle source of group 1 (55–25 Ma) 
in central Tibet, whereas silicate metasoma-
tism (with low Sr/Nb) occurred in source of 
groups 2 and 3 (25 Ma to present) in south 
and north Tibet. Different trace-element ratios 
in south and north Tibet resulted from differ-
ent compositions of silicate melt metasoma-
tizing respective mantle sources, caused by 
different (dual) continental subduction. D: Ni 
(ppm)/MgO (wt%) versus SiO2 (wt%), indicat-
ing group 1 resulted from carbonate-induced 
metasomatism, whereas group 2 was derived 
from a silicate sediment–melt metasomatized 
mantle source; roles for both carbonatitic and 
silicate melt meta somatism were recognized 
in mantle source of group 3 magmas. Pink 
dashed line separates fields of magmas derived from partial melting of mantle metasomatized by carbonate and silicate melts (from Guo et al., 
2015). Filled and open symbols in B–D represent, respectively, data from this study (Table DR4) and data from previous studies (see source 
literature in the description following Table DR4).
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ridge basalt (MORB) mantle (DMM), Indian 
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approach and results. Data sources and sym-
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slab, which was the product of northward Indian 
lithosphere subduction. Thus, the MTZ beneath 
central Tibet, and overlying mantle metasoma
tized by an Indiaderived carbonate sediment 
component, can be considered to be a “grave
yard” of subducted Indian lithosphere. Genera
tion of lowdensity, lowviscosity carbonatitic 
melts with extreme enrichments in trace elements 
(Fig. 3B) is inferred to have induced upwelling of 
a carbonated uppermantle plume from the MTZ 
beneath central Tibet since 55 Ma.

The ascent of carbonatitic melts in the man
tle plume would result in their interaction with 
the surrounding mantle peridotite (Zhang et al., 
2017). Orthopyroxene (Opx) is thought to have 
the highest efficiency and smallest enthalpy of 
reaction with ascending carbonatitic melts com
pared to other mantle minerals (Russell et al., 
2012), and thus it is preferentially assimilated. 
Reaction rims on Opx in peridotite xenoliths 
indicate its dissolution during interaction within 
filtrating carbonatitic melts; this has been rec

ognized in mantle wehrlite xenoliths entrained 
within postcollisional magmas to the northeast 
of the plateau (Fig. DR5). The interaction may 
be explained by following reaction:

 2Opx + carbonatitic melt =  
 2Ol + Cpx + 2CO2, (1)

where Ol is olivine, and Cpx is clinoyroxene.
Continued reaction of Opx with ascending 

carbonatitic melts would result in a transition 
in magma compositions from carbonatitic to 
silicate melts. The transitions from carbon
atite through Krich to Narich magmatism in 
group 1 (Fig. 3B) are consistent with greater 
interaction between the carbonatitic melts and 
surrounding mantle rocks. We thus propose that 
the group 1 rock spectrum resulted from up

welling of a carbonated uppermantle plume 
beneath central Tibet from 55 to 25 Ma (Fig. 1).

The second stage (25 Ma to the present) is 
associated with occurrence of groups 2 and 3 in 
south and north Tibet. A subducted India– derived 
component has been identified in the source of 
group 2 (Fig. 3C), whereas an Asiaderived com
ponent has been recognized in group 3 (Fig. 3D). 
This indicates the occurrence of opposing In
dian and Asian subduction systems during this 
 period (Fig. 4B). This stage involved formation 
of a keel of thickened lithosphere in central Tibet 
(Wang et al., 2010) and a decreasing thickness 
of the lithosphere toward south and north Tibet, 
which resulted from lithosphereasthenosphere 
interaction induced by mantle plume upwell
ing. The most important characteristics of this 

B 25–17Ma

Asian plateIndian plate

  Lhasa Terrane Songpan Ganzi
Terrane

Thickened Tibetan
Lithosphere

D 8–0Ma

Indian plate Asian plate

  Lhasa Terrane

Thickened
Tibetan Lithosphere

Asthenospheric 
upwelling from MTZ

Himalayas
  Lhasa
Terrane

A 55–25Ma

Qiangtang Terrane

BNS JS KS

Songpan Ganzi
Terrane

Asian plate

MBT ITS

N

Indian plate

BNS JS KS

Tibetan Lithosphere

BNS JS KS

Uprising flow induced by
slab breakoff and detachment

C 17–8Ma

MCT
STDS

Himalayan
leucogranites

Songpan Ganzi
Terrane

ITSMBT

Flat subduction of Indian slab
under Tibetan plate

Continental 
subduction

Asia-derived 
components

Asthenospheric 
upwelling from MTZ    Rift

Qiangtang Terrane

Qiangtang Terrane

Group 1

Group 2
Group 3

Group 3

Qiangtang Terrane

Indian plate

  Lhasa Terrane Songpan Ganzi
Terrane

BNS JS KS

Uprising flow 
induced by slab tearing

Thickened
Tibetan Lithosphere

Asian plate

ITSMBT

Uprising flow induced by
slab rollback and breakoff

Group 3

Group 2

Mixed 
melts(1)

Mixed 
melts(2)

Metasomatism by
slab derived fluid

India-derived 
components

Asthenospheric 
upwelling from MTZ

Asthenospheric 
upwelling from MTZ

CMP

Figure 4. Model of two-stage evolution of post-
collisional magmatism in Tibet (see Figure 1 
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and Indian continental lithosphere beneath Ti-
betan Plateau caused upwelling of carbonate-
rich asthenospheric mantle plume (CMP) from 
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1 magmatism in central Tibet from 55 to 25 Ma. 
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2016). This would have led to formation of a 
slab window, through which asthenospheric 
mantle flow triggered further melting of 
mantle source of group 2 (B). North-south 
extension resulted in the east-west–trending 
magmatic belt of group 2 from 25 to 17 Ma in 
south Tibet. North-south extension ceased at 
ca. 17 Ma and was replaced by east-west ex-
tension from 17 to 8 Ma (Williams et al., 2001; 
DeCelles et al., 2011), forming north-south–
trending rifts in south Tibet and east-west 
extension by dike emplacement from 17 to 
8 Ma (C). Northward flat subduction of Indian 
continental lithosphere resulted in the closure 
of the asthenospheric mantle window beneath 
south Tibet (Chen et al., 2018), leading to the 
absence of magmatism from 8 Ma to pres-
ent (D). Group 3 comprised only small-scale 
potassic magmatism from 25 to 17 Ma (B), 
whereas an east-west–trending magmatic (in-
cluding adakites; Wang et al., 2005) flare-up 
occurred in north Tibet from 17 Ma to present 
(C–D). This signals formation of a slab window 
due to rollback and break-off of the subducted 
Asian slab since 17 Ma (Guo et al., 2014), trig-
gering melting of the metasomatized mantle 
wedge and its overlying thickened continental 
crust beneath north Tibet (C–D).
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stage, as a result of a gradual decrease of the 
IndiaAsia convergence rate (Jagoutz et al., 
2015), was that magmatic activity weakened 
and finally ceased in central Tibet (Figs. 2A 
and 4C), because of the presence of thickened 
lithosphere (Wang et al., 2010), as well as the 
smaller scale of carbonated plume upwelling 
rela tive to that from 55 to 25 Ma. The decreasing 
lithospheric thickness would have led to edge
driven, smallscale convection in the plume head, 
which would have induced its southward and 
northward spreading (Fig. 4B). The southward 
spreading in the plume head, together with its 
interaction (labeled by mixed melts [1] in Fig. 
4B) with SiO2rich mantle domains metasoma
tized by Indiaderived components (Guo et al., 
2015), suggests that the source of group 2 was 
dominated by Higher Hima layan Crystalline 
Sequence (HHCS)– derived terrigenous compo
nents subducted within the mantle wedge be
neath south Tibet (Fig. 4B). Similarly, interaction 
(labeled by mixed melts [2] in Fig. 4B) of north
ward spreading in the plume head with SiO2rich 
domains metasomatized by Asiaderived compo
nents (Guo et al., 2014) indicates that group 3 
resulted from southward subduction of the Asian 
continent since 25 Ma (Fig. 4B). The discovery 
of mantle pyroxenite xenoliths in groups 2 and 
3 (Wu et al., 2001; Cheng and Guo, 2017) sug
gests that their mantle source was influenced by 
silicate metasomatism according to the reaction:

 SiO2 (melt) + Olivine =  
 Pyroxene (Opx and Cpx). (2)

Group 2 is characterized by an eastwest–
trending magmatic belt from 25 to 17 Ma (Fig. 
4B), outcrops located within northsouth–trend
ing rifts from 17 to 8 Ma (Fig. 4C), and a lack 
of volcanism from 8 Ma to the present (Fig. 
4D). This may be explained by slab breakoff–
induced northsouth extension since 25 Ma 
(Replumaz et al., 2016), replaced by eastwest 
extension from ca. 17 Ma (DeCelles et al., 2011) 
and northward flat subduction of Indian litho
sphere leading to a closure of the mantle window 
since 8 Ma in south Tibet (Fig. 4D).

CONCLUDING REMARKS
The spatial distribution, volumes, and com

positions of the postcollisional magmatic rocks 
in Tibet and their entrained mantle xenoliths 
indi cate that the continental lithosphere–derived 
components in their mantle sources were differ
ent before and after 25 Ma, suggesting that a 
critical transformation in geodynamic processes 
occurred at ca. 25 Ma. The transition resulted 
from dual continental subduction becoming 
dominant since 25 Ma, which is a significant 
event in the evolution of the Tibetan Plateau. 
Magmatism prior to 25 Ma reflects the extensive 
contamination of the asthenosphere above the 
MTZ by northwardsubducted Tethyan platform 
carbonate sediments.
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