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ABSTRACT

Porphyry deposits, due to their significant 
size and economic value, have long been a 
focus of research. Nevertheless, the major-
ity of studies concentrate on the genesis of 
porphyry deposits, with relatively few con-
sidering how post-formation preservation 
conditions go on to influence their present-
day distribution. The unique geographical 
setting of the Tibetan Plateau makes it a key 
region for investigating the interplay between 
ore deposits, tectonic deformation, and geo-
morphic evolution in an intraplate setting. In 
particular, its abundant tectonic and mag-
matic events have facilitated the formation 
of numerous porphyry deposits. This study 
combines big datasets of whole-rock geo-
chemistry, zircon geochronology, and low-
temperature thermochronology to recon-
struct the tectonic and magmatic evolution, 
paleoelevation variations, and exhumation 
history of various terranes within the Tibetan 
Plateau since Jurassic times and explores 
how these processes relate to the formation 
and preservation of porphyry deposits. Our 
results show that the Qiangtang terrane con-
tains a higher and more clustered concentra-
tion of porphyry Cu-Au deposits during in-
tervals of decreasing paleoelevation, whereas 
the Lhasa terrane predominantly hosts por-
phyry Cu-(Mo) deposits during intervals of 
increasing paleoelevation. We propose that 
intense tectonic and magmatic activity is a 
critical factor in the formation of porphyry 
deposits, while significant fluctuations in the 
paleoelevation of terranes also favor their de-
velopment. Conversely, regions of the Tibetan 
Plateau with high degrees of exhumation host 

fewer porphyry system deposits, and their 
deposits tend to be of smaller tonnage. This 
indicates that post-formation exhumation 
plays a critical role in the preservation of 
porphyry deposits, with intense exhumation 
likely leading to erosional loss of previously 
formed deposits. Areas with lower exhuma-
tion volumes should therefore be prioritized 
as key targets for future mineral exploration.

1. INTRODUCTION

Porphyry systems are notable for their large
mineralization volumes, shallow burial depths, 
and uniform ore grades, making them one of 
the principal global sources of metals such as 
copper (Cu), molybdenum (Mo), and gold (Au; 
Richards, 2003, 2015; Sillitoe, 2010). The clas-
sic porphyry system model established by Sil-
litoe (2010) includes porphyry deposits located 
in the deeper central part of the complex, Cu, 
Au, and/or zinc (Zn) skarns formed in contact 
zones with carbonate strata, and epithermal ore-
bodies located in shallower strata overlying the 
main porphyry body (Sillitoe, 2010; Mao et al., 
2014; Richards, 2015). Porphyry system depos-
its (PSDs) typically form within oceanic or con-
tinental arcs above subduction zones on active 
continental margins (Sillitoe, 1972; Richards, 
2003; Wilkinson, 2013). However, recent stud-
ies have demonstrated that continental collision 
orogenic belts also represent important settings 
for the formation of PSDs (Richards, 2009; Hou 
et al., 2015; Yang and Cao, 2024). These envi-
ronments facilitate low-angle underthrusting and 
subduction, crustal shortening and thickening, 
uplift, erosion, and contemporaneous adakitic 
magmatism that are all thought to contribute to 
the formation of PSDs (Cooke et al., 2005). Due 
to the fact that most PSDs form at shallow depths 
(typically 1–6 km, with a consistent average of 
∼2 km; Wilkinson and Kesler, 2007; Yanites and 
Kesler, 2015), prolonged tectonic activity and

exhumation processes may result in the uplift 
and exposure of older PSDs to the surface, lead-
ing to their degradation (Wilkinson and Kesler, 
2007; Leng et al., 2018). As a consequence of 
this survivor bias, known porphyry deposits 
around the world typically have Phanerozoic 
ages, with a majority concentrated in the Ceno-
zoic Era (Singer et al., 2008). Therefore, know-
ing the tectonic evolution and exhumation pro-
cesses following PSD mineralization is crucial 
for assessment of mineral resource potential and 
exploration (Wilkinson and Kesler, 2007; Gong 
et al., 2021).

The Tibetan Plateau has a rich history of mag-
matic activity and tectonic evolution, making it 
one of the most important regions for PSDs. It 
has undergone multiple phases of tectonic uplift 
and prolonged exhumation. Regional differences 
in the timing and pattern of uplift have resulted 
in differential exposure across the Tibetan Pla-
teau, which has consequences for the preserva-
tion potential of deep-seated mineral deposits 
across the orogen (Kesler and Wilkinson, 2006; 
Bierlein et al., 2016; Min and Gao, 2022; Leng 
et al., 2018). Nevertheless, the timing, duration, 
and rates of differential uplift of the Tibetan Pla-
teau remain a subject of much debate, with many 
valuable contributions over the past two decades. 
Techniques including clumped isotopes (Rowley 
and Currie, 2006; Ding et al., 2014; Ingalls et al., 
2018; Xiong et al., 2020; Xu et al., 2022), fos-
sil assemblages (Spicer et al., 2003; Hu et al., 
2016b; Ding et al., 2017; Su et al., 2019a; Zhang 
et al., 2022), whole-rock geochemistry on mag-
matic rocks (Zhu et al., 2017; Hu et al., 2020), 
and others have been used to infer paleoeleva-
tion histories across the plateau; however, these 
studies have yielded inconsistent results. More-
over, previous research has primarily focused 
on the paleoelevation variation processes of the 
Tibetan Plateau without establishing a connec-
tion to the mineralization and preservation of 
porphyry deposits. The evolution pattern of pla-
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teau paleoelevation and its relationship with por-
phyry systems remain to be further investigated.

Apatite and zircon (U-Th)/He dating and 
fission-track thermochronological methods, due 
to their relatively low closure temperatures, are 
capable of recording thermal regimes occur-
ring within the topmost few kilometers of the 
upper crust. These methods are widely applied 
to studies of Cenozoic mountain uplift and 
tectonic evolution (Farley and Stockli, 2002; 
Kirby et al., 2002; Clark et al., 2005; Ouimet 
et al., 2010; Wilkinson, 2013; Tian et al., 2014; 
Zhang et al., 2015; Wang et al., 2016; Tan et al., 
2017; Cao et al., 2022; Zhao et al., 2022a; Yin 
et  al., 2023; Zhang et  al., 2024a). A suite of 
recent studies have harnessed apatite and zircon 
thermochronology to constrain the cooling and 
exhumation histories of porphyry deposits in 
the Tibetan Plateau, and corresponding datas-
ets have been established for specific areas of 
interest (e.g., Ouimet et al., 2010; Wilson and 
Fowler, 2011; Li et al., 2014; Tian et al., 2014; 
Zhang et al., 2015; Wang et al., 2016; Zhao et al., 
2016; Tan et al., 2017; Leng et al., 2018; Yang 
et al., 2020; Cao et al., 2022; Su et al., 2022; 
Yang et al., 2022a, 2022b; He et al., 2023; Zhang 
et  al., 2024a, 2024b). These studies not only 
quantify the thermal histories of deposits and 
determine their uplift and exhumation rates, but 
also provide a reliable technical foundation for 
exploring the influence of regional tectonic evo-

lution on deposit preservation potential. Never-
theless, previous research has primarily focused 
on specific mining districts or localized regions, 
with a lack of comprehensive studies addressing 
the entire Tibetan Plateau. The impact of post-
mineralization exhumation on the spatiotempo-
ral distribution of PSDs in the Tibetan Plateau 
remains poorly constrained. Therefore, compil-
ing, integrating, and analyzing the existing dis-
parate thermochronological data from across the 
Tibetan Plateau to reconstruct its spatiotemporal 
exhumation history is likely to be of great value 
in furthering our understanding of the regional 
tectonic evolution in relation to its porphyry 
deposits endowment.

In this study, we begin by compiling a series 
of datasets from across the Tibetan Plateau, 
including the location and formation ages of 
PSDs, the geochemistry of igneous rocks (both 
whole-rock and zircon geochemistry), and ther-
mochronological data including (U-Th)/He 
and fission-track analyses of zircon and apa-
tite minerals. We then reconstruct the regional 
paleoelevation and exhumation history and 
compare it to the spatiotemporal distribution of 
porphyry deposits. This study aims to synthesize 
constraints on the tectonic events, growth, and 
evolution of the Tibetan Plateau, offering new 
evidence to address existing controversies in 
the field, while also investigating the influence 
of tectonic-magmatic activities on PSD miner-

alization and subsequent preservation, thereby 
providing novel insights for enhanced explora-
tion targeting.

2. GEOLOGICAL SETTING

The Tibetan Plateau is the highest and most 
extensive topographic feature on Earth, covering 
an area ∼3500 × 1500 km and including 82% 
of the world’s surface area that resides >4 km 
above sea level (Fielding et al., 1994; Fig. 1). 
Its complex and rapid evolution has created a 
diverse geological and topographic landscape 
that has long been regarded as a key area for 
exploring mechanisms of intraplate deformation 
and interactions between active tectonics, land-
scape evolution, and paleoclimate (An et  al., 
2001; Clark et  al., 2005; Dupont-Nivet et  al., 
2007). Over the past ∼300 m.y., several terranes 
have collided due to the subduction of interven-
ing oceanic basins during closure of the Tethys 
Ocean (Allégre et al., 1984; Yin and Harrison, 
2000; Ding et al., 2022). From north to south, 
the principal suture zones of the Tibetan Plateau 
include the Ayimaqin-Kunlun suture zone, Jin-
sha suture zone, Bangong-Nujiang suture zone, 
and Yarlung-Tsangpo suture zone. These suture 
zones divide the plateau into five major accre-
tionary terranes from north to south: the Kunlun-
Qaidam, Hoh Xil–Songpan Garze, Qiangtang, 
Lhasa, and Himalayan terranes (Fig. 1). Addi-

Figure 1. Topography, ma-
jor crustal terranes, and por-
phyry deposits of the Tibetan 
Plateau. Symbols represent 
different sub-types of por-
phyry system deposits (PSDs), 
scaled by total metal content 
and colored by formation age. 
AKSZ—Ayimaqin-Kunlun 
suture zone; JSSZ—Jinsha 
suture zone; BNSZ—Bangong-
Nujiang suture zone; YTSZ—
Yarlung-Tsangpo suture zone; 
LSSZ—Longmu Co–Shuanghu 
suture zone; LMF—Luobadui-
Milashan fault; SNMZ—Shi-
quanhe-Nam Tso mélange 
zone. Suture zone data from 
Yin and Harrison (2000).
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tionally, the Longmu Co–Shuanghu suture zone 
separates the Qiangtang terrane into the North 
Qiangtang and South Qiangtang sub-terranes. 
The Lhasa terrane is further divided into north-
ern, central, and southern Lhasa sub-terranes, 
bounded by the Luobadui-Milashan fault and 
the Shiquanhe–Nam Tso mélange zone. These 
multiple subduction and collision events have 
led to the formation of a highly heterogeneous 
lithosphere in the plateau region, as well as a 
complex history of crustal deformation and sur-
face elevation changes (Ding et al., 2022).

Ideas concerning the growth history of the 
Tibetan Plateau have evolved from synchronous, 
essentially uniform uplift to punctuated periods 
of episodic and spatially localized growth (Mol-
nar et al., 1993; Mulch and Chamberlain, 2006; 
Wang et al., 2008b; Ibarra et al., 2023). Recent 
decades have seen the development of concepts 
including the northward growth model (Tappon-
nier et al., 1982, 2001; Mulch and Chamberlain, 
2006), the eastward expansion model (Royden 
et al., 1997, 2008; Clark and Royden, 2000; Cao 
et al., 2022), the proto-Tibetan Plateau model 
(Kapp et al., 2007; Wang et al., 2008a, 2008b; 
Rohrmann et al., 2012; Wang et al., 2014; Ibarra 
et  al., 2023), and the central Tibetan valley 
model (Rowley and Currie, 2006; Ding et al., 
2014; Su et al., 2019b, 2020; Spicer et al., 2021; 
Ibarra et al., 2023). Although perspectives vary, 
most previous studies agree that the majority of 
the present-day relief developed primarily due to 
collision between the Indian and Eurasian conti-
nents from 65 Ma to 45 Ma (Molnar et al., 1993; 
Mulch and Chamberlain, 2006; Zhu et al., 2015; 
Hu et al., 2016a; Ibarra et al., 2023).

The Tibetan Plateau exhibits intense tec-
tonic activity, preserving a detailed record of 
processes ranging from subduction of Tethyan 
oceanic crust through to collision of the Indian 
and Asian continental plates (Tang, 2019). Mag-
matic rocks and porphyry metallogenesis span 
the entire period from oceanic subduction to 
continental collision (Fig.  1). These deposits 
are primarily concentrated within three distinct 
metallogenic belts: (1) the Gangdese belt of the 
southern Lhasa terrane, with primary diagenetic 
and metallogenic ages concentrated in Early 
to Middle Jurassic, Paleocene, Oligocene, and 
Miocene times; (2) the Bangong-Nujiang belt; 
and (3) the Yulong belt, which respectively 
straddle the western and eastern sections of 
the boundary between the Lhasa and Qiantang 
terranes and have deposits predominantly with 
Early Cretaceous to Eocene formation ages.

Subduction-related porphyry copper deposits 
are associated with calc-alkaline arc magmas, 
which derive from a metasomatized astheno-
spheric mantle wedge (Richards, 2003; Sillitoe, 
2010). These deposits are predominantly charac-

terized by copper mineralization, often accom-
panied by gold and silver (Ag), as exemplified 
by the Xiongcun, Tiegelongnan, Duobuza, and 
Bolong deposits. In contrast, collision-related 
porphyry copper deposits are linked to mildly 
alkaline magmas, which form by remelting of arc 
lithosphere that has previously been modified by 
subduction (Richards, 2009; Hou et al., 2023). A 
subset are often associated with crustal thicken-
ing and include a series of skarn-type lead (Pb)-
Zn(-Cu-Au-Ag) deposits, such as Mengya’a and 
Dongzhongla, as well as low-sulfidation, epith-
ermal Ag-Pb-Zn(-Au) deposits. Deposits associ-
ated with strike-slip faulting include porphyry-
skarn Cu-Mo-tungsten deposits such as Yulong 
and Nuri-Chengba. Meanwhile, deposits formed 
in an extensional setting include porphyry-skarn 
Cu-polymetallic deposits such as Qulong, Jiama, 
Bangpu, and Zhuno (Tang et al., 2024).

3. DATA AND METHODS

3.1. Tibetan Plateau Mineral Deposits

In this study, we compiled information data 
on PSDs (including porphyry, skarn, and epith-
ermal deposits) within the age range of 250 Ma 
on the Tibetan Plateau (Fig.  1). Specifically, 
there are 22 porphyry system Cu-Au deposits, 
14 porphyry system Pb-Zn deposits, and 55 por-
phyry system Cu(-Mo) deposits. Furthermore, 
we categorized the tonnage of the deposits into 
five levels: < 0.1 Mt, 0.1–1 Mt, 1–2 Mt, 2–5 Mt, 
and 5–15 Mt. Detailed information on the depos-
its is presented in Table S1 in the Supplemental 
Material.1

3.2. Whole-Rock Geochemistry

The whole-rock geochemical data used in the 
study were sourced from the Tibetan Plateau 
magmatic rock dataset (Chapman and Kapp, 
2017), EarthChem (https://earthchem​.org​/), and 
GEOROC (https://georoc​.eu​/georoc​/new-start​
.asp) databases. Each data point includes 10 
major elements (SiO2, TiO2, Al2O3, FeOT, MnO, 
MgO, CaO, Na2O, K2O, P2O5) and 22 trace ele-
ments (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, 
Er, Tm, Yb, Lu, Sr, Y, Rb, Ba, Hf, Nb, Ta, Th). 
The collected dataset of whole-rock magmatic 
rocks was utilized to reconstruct paleoelevation 
changes on the Tibetan Plateau, and thus, each 
data point also required age and coordinates. To 
eliminate mafic samples and extreme outliers, 
only data with SiO2 content between 55 wt% and 

75 wt% and MgO ≤ 6 wt% were included (Guo 
and Yang, 2023).

After screening, the data on magmatic rocks 
from the Himalayan and Kunlun-Qaidam ter-
ranes were found to be insufficient to recon-
struct paleoelevation changes. Therefore, this 
study focuses on the paleoelevation changes 
of the Lhasa and Qiangtang terranes. A total of 
2701 magmatic rock data points with ages span-
ning 200 m.y. were collected from these two 
terranes, including 773 data points from South 
Lhasa, 1027 from Central and North Lhasa, and 
901 from Qiangtang terrane. Detailed data can 
be found in Table S2. The spatiotemporal dis-
tribution of the data is presented in Figure S1.

3.3. Paleoelevation Records

Previous studies have quantitatively recon-
structed paleoelevations of the Tibetan Plateau 
during different periods and at various loca-
tions using stable isotopes of water, carbon-
ate clumped isotope thermometry, coexistence 
approach of organisms, and other methods. 
These reconstructions have provided crucial 
constraints on the timing and geodynamic mech-
anisms of continental deformation and plateau 
growth. To compare with the results of this study, 
we compiled published paleoelevation data from 
the literature, encompassing ∼136 paleoel-
evation records from different terranes of the 
Tibetan Plateau (Table S3). However, existing 
paleoelevation data for the Tibetan Plateau are 
predominantly focused on the Cenozoic, with 
scarce studies on paleoelevation reconstruc-
tion before the collision between the Indian and 
Eurasian continents. Furthermore, differences 
in reconstruction methods may lead to varying 
results, potentially resulting in significant dis-
crepancies between certain outcomes.

3.4. Thermochronology

Low-temperature thermochronology data can 
quantitatively constrain the history of surface 
cooling by reconstructing the spatiotemporal pat-
terns of erosion and tectonic exhumation, infer-
ring the timing and magnitude of topographic 
variations (Reiners and Brandon, 2006; Reiners, 
2007). In this study, a total of 5460 low-temper-
ature thermochronological data points were col-
lected from the Tibetan Plateau region, includ-
ing 1012 apatite (U-Th)/He ages, 2770 apatite 
fission-track ages, 887 zircon (U-Th)/He ages, 
and 791 zircon fission-track ages (Table S4).

3.5. Zircon U-Pb Age

The zircon U-Pb age data points used in this 
study for investigating magmatic activity peri-

1Supplemental Material. Tables S1–S7 and Figure 
S1. Please visit https://doi​.org​/10​.1130​/GSAB​.S​
.31378654 to access the supplemental material; 
contact editing@geosociety​.org with any questions.
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ods on the Tibetan Plateau were sourced from 
the GEOROC database and magmatic rock 
dataset (Chapman and Kapp, 2017). Each data 
point includes coordinate information to ensure 
it can be assigned to specific terranes, thereby 
reflecting the magmatic activity characteristics 
of different terranes. Since all ages discussed 
in this study are under 200 Ma, the 206Pb/238U 
ratio was interpreted as the zircon crystalli-
zation time (Black et  al., 2003). Meanwhile, 
Data points with Th/U <0.1 were excluded to 
eliminate the influence of metamorphic zir-
cons (Cavosie et  al., 2004). Additionally, to 
ensure the quality of the data samples, only 
magmatic zircon grains with concordant ages 
were retained, i.e., 90% < age(207Pb/235U)/
age(206Pb/238Pb) < 110% (Zhang et al., 2023). 
Finally, ∼20,000 records were retained in the 
dataset for magmatic zircons in the Tibetan Pla-
teau. The detailed data are available in Table S5.

3.6. Paleoelevation Calculation

This study utilized the whole-rock dataset 
to calculate the paleoelevation of the Tibetan 
Plateau through a two-step process. The first 
step involved modeling the historical variations 
in crustal thickness of different terranes of the 
plateau using the quantitative model for conti-
nental crustal thickness (Guo and Yang, 2023). 
This model was developed based on magmatic 
rock data from the GEOROC database and 
constructed using the extremely randomized 
tree machine learning method. The elemental 
types in the model’s training set were consistent 
with the whole-rock geochemical data used in 
this study, and the corresponding crustal thick-
ness values for the training dataset were derived 
from the CRUST1.0 model (Laske et al., 2013). 
The second step applied the crustal thickness to 
paleoelevation conversion method (Zhu et al., 
2017) to calculate the paleoaltitudinal variations 
in different regions. The conversion formula is 
paleoelevation = (calculated crustal thickness 
− normal crustal thickness)/[crustal density/
(lithospheric mantle density − crustal density)], 
where normal crustal thickness is 37 km, aver-
age crustal density is 2.77 g/cm3, and litho-
spheric mantle density is 3.27 g/cm3 (He et al., 
2014; Zhu et al., 2017).

3.7. Exhumation Rate Calculation

With the thermochronology dataset, we 
employ a one-dimensional thermal model 
assuming vertical exhumation and thermal 
steady-state to estimate exhumation rates of the 
Tibetan plateau. This model takes into account 
parameters such as sea-level temperature, atmo-
spheric lapse rate, geothermal gradient, thermal 

diffusivity, and model thickness and is appli-
cable to different thermochronometric systems 
(see van der Beek and Schildgen, 2023, for 
details). We utilize thermochronological data 
from the past 30 m.y. to investigate variations 
in exhumation across different regions of the 
Tibetan Plateau. The 30 m.y. is divided into two 
time intervals: 30–15 Ma and after 15 Ma. For 
each interval, exhumation rates are calculated 
based on the thermochronological data, enabling 
the application of appropriate model parameters 
for each time period. The parameters used in the 
article are shown in Table S6.

4. RESULTS AND DISCUSSION

4.1. Tectonic and Magmatic Activity of the 
Tibetan Plateau

Since the four thermochronological systems 
(zircon fission-track, zircon (U-Th)/He, apatite 
fission-track, and apatite (U-Th)/He) employed 
in this study cover a closure temperature range 
of ∼260 °C to 60 °C, these systems exhibit a 
high sensitivity to changes in upper crustal tem-
peratures induced by tectonic or geomorphic 
processes. This sensitivity enables the recon-
struction of long-term exhumation histories 
and imposes constraints on landscape evolution 
over large spatial scales (e.g., Reiners, 2007; 
Rohrmann et al., 2012; Cao et al., 2022; Zhang 
et al., 2024a, 2024b). Figure 2 displays the kernel 
density curves of the low-temperature thermo-
chronology datasets and frequency histograms 
of the magmatic zircon age dataset, which can 
effectively reflect the intensity of tectonic and 
magmatic activity in different terranes of the 
Tibetan Plateau over a time span of 200 m.y. The 
Kunlun-Qaidam terrane lacks zircon (U-Th)/He 
analysis data, showcasing only the kernel density 
curves of the other three thermochronological 
systems data.

The Kunlun-Qaidam terrane experienced sig-
nificant tectonic activity during the Late Triassic 
(Fig. 2A). This activity was driven by the intense 
subduction of the Paleo-Tethys Ocean plate as a 
result of the Indosinian orogeny. The northward 
subduction of the Tethys Ocean plate exerted 
compressional forces on the northern Kunlun-
Qaidam terrane, leading to pronounced crustal 
shortening and thickening in the Late Triassic 
(Hu et al., 1999; Xia et al., 2014a; Liu et al., 
2020). The effects of Paleo-Tethys subduction 
persisted into the Early Jurassic and served as 
a key mechanical mechanism controlling the 
development of a series of Jurassic foreland 
basins in the Qaidam region (Hu et al., 1999). 
During the Early Cretaceous, the initial uplift 
and erosion of the Qilian Mountains occurred 
ca. 120 Ma, influenced by the collision between 

the Lhasa terrane and the Eurasian continent 
(Vincent and Allen, 1999; Jolivet et al., 2001). 
Simultaneously, the southward subduction of the 
Eurasian continent and terrane accretion altered 
the regional extensional regime in the West Qin-
ling region (Ratschbacher et al., 2003; Craddock 
et al., 2012). Upwelling of asthenospheric mate-
rial in this extensional environment triggered 
regional magmatic activities (Li et  al., 2013). 
Following the ca. 65 Ma India-Eurasia collision, 
tectonic activity became widespread across the 
northern plateau (Li et al., 2015; Qi et al., 2016). 
It is now widely accepted that the collision first 
affected the northern plateau during the Oligo-
cene, leading to crustal shortening and thicken-
ing (e.g., Kapp and DeCelles, 2019; Ding et al., 
2022; Liu et al., 2025). Although the results of 
this study cannot directly determine when the 
continental collision began to influence the Kun-
lun-Qaidam terrane, they indicate that tectonic 
activity in the terrane reached its peak intensity 
ca. 25 Ma (Fig. 2A). This is consistent with the 
hypothesis that ca. 30 Ma, the Asian lithosphere 
(Qaidam terrane) underwent southward subduc-
tion beneath the Hoh Xil Basin into the mantle to 
significant depths (Tapponnier et al., 2001; Ding 
et al., 2003; Ye et al., 2015; Qi et al., 2020).

The Hoh Xil–Songpan Garze terrane has 
experienced intense tectonic activity since 
50 Ma (Fig.  2B). During the Eocene–Oligo-
cene, the southward subduction of the Asian 
continental lithosphere caused crustal shorten-
ing in the Hoh Xil Basin between 51 Ma and 
27 Ma, leading to the formation of a thickened 
lithospheric mantle (Staisch et al., 2014, 2016; 
McRivette et  al., 2019). With the continued 
northward subduction of the Indian continent 
and the southward subduction of the Asian 
continent, delamination and faulting occurred 
in both continents ca. 25 Ma (Qi et al., 2020; 
Ding et al., 2022). The resultant asthenospheric 
upwelling triggered magmatism in the Hoh Xil 
Basin during this period (Turner et al., 1996) and 
simultaneously led to the rapid surface uplift of 
the Himalayan terrane, the Hoh Xil region, and 
the Kunlun Mountains (Qi et al., 2020). This 
also explains the concentration of widespread 
magmatic activity in the Hoh Xil Basin within 
∼25 m.y. (Fig.  2B). In contrast, the eastern 
Songpan-Garze terrane experienced a relatively 
stable history during the Jurassic and Creta-
ceous, with no major tectonic events occurring 
between 150 Ma and 30 Ma (Xu and Kamp, 
2000; Reid et  al., 2007; Roger et  al., 2010). 
Most post-orogenic exhumation in this region 
occurred after 30 Ma in response to the India-
Asia continental collision (Xu and Kamp, 2000; 
Jolivet et al., 2001; Roger et al., 2010; Wilson 
et al., 2006). The Tertiary deformation of the 
Songpan-Garze terrane can be viewed, to some 
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extent, as an inheritance of the Triassic orogeny 
(Indosinian Orogeny; Roger et al., 2010).

During the early Cretaceous, the collision 
between the Lhasa and Qiangtang terranes 
triggered widespread magmatic activity within 
both terranes (Figs.  2C and 2D). Before this, 
the closure of the Paleo-Tethys Ocean caused 
two stages of bidirectional subduction of the 
Bangong-Nujiang Tethys oceanic lithosphere, 
resulting in a prolonged Jurassic magmatic 
record in the Lhasa and Qiangtang terranes (Zhu 
et al., 2016; Li et al., 2020; Liu et al., 2022). The 
scarcity of magmatic records in the Qiangtang 
terrane between ca. 140 Ma and 130 Ma is inter-
preted as reflecting the termination of subduc-
tion and the initiation of collision (Kapp et al., 
2007; Zhu et al., 2016). The relatively intense 
tectonic activity in the Lhasa and Qiangtang 

terranes during this period (Figs. 2C and 2D) 
can also be attributed to the closure of the Ban-
gong Ocean. From the Early to mid-Cretaceous, 
driven by the northward flat-slab subduction of 
the Neo-Tethyan oceanic lithosphere, the Lhasa 
terrane subducted beneath the Qiangtang ter-
rane. This led to significant crustal thickening 
and surface uplift in central Tibet even before 
the India-Eurasia continental collision (Kapp 
et al., 2007; Rohrmann et al., 2012; Zhang et al., 
2019). However, Ma et al. (2021), by estimat-
ing mantle potential pressures, suggested that 
the continental lithosphere beneath central Tibet 
was relatively thin during the Late Cretaceous 
(ca. 90 Ma). They proposed that lithospheric 
delamination caused by excessive thickening in 
northern Qiangtang led to lithospheric stratifica-
tion, which explains the lack of contemporane-

ous crustal shortening and related deformation 
in the Qiangtang terrane compared to the Lhasa 
terrane (Kapp and DeCelles, 2019). The subduc-
tion of the Lhasa terrane beneath the Qiangtang 
terrane may also account for the absence of 
magmatic records in the Qiangtang terrane and 
the eruption of magmatic activity in the Lhasa 
terrane during 95–85 Ma (Figs.  2C and 2D). 
The ca. 65 Ma India-Eurasia collision further 
intensified magmatic and tectonic activity in 
the Lhasa terrane. Simultaneously, the collision 
sustained the convergence and compression of 
the Lhasa-Qiangtang terrane, resulting in crustal 
shortening and thickening in the Qiangtang ter-
rane (Kapp et al., 2007; Rohrmann et al., 2012; 
Zhao et al., 2020), which may have suppressed 
volcanic activity. During 55–45 Ma, the break-
off of the Neo-Tethyan oceanic plate beneath 

Figure 2. Spatiotemporal dis-
tribution map of tectonic activ-
ity, magmatic events, and ore 
deposit distribution on the Ti-
betan Plateau since the Juras-
sic. The dashed curve illustrates 
the kernel density distribution 
of thermochronological data, 
serving as an indicator of tec-
tonic activity intensity. The blue 
histogram shows the distribu-
tion of magmatic zircon counts, 
which reflects the abundance 
of magmatic activity. The pink 
histogram represents the num-
ber of ore deposits, highlight-
ing mineralization processes. 
AFT—apatite fission-track; 
Ahe—apatite (U-Th)/He; 
ZFT—zircon fission-track; 
ZHe—zircon (U-Th)/He.

A

B

C

D

E

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B38560.1/7781213/b38560.pdf by Australian National University user on 18 March 2026



Peng Zhang et al.

6	 Geological Society of America Bulletin, v. 136, no. XX/XX

the Lhasa terrane triggered magmatic eruptions 
in the Gangdese Arc (Zhu et  al., 2017; Kapp 
and DeCelles, 2019). The continued northward 
subduction of the Indian lithosphere terminated 
magmatic activity in southern Lhasa by ca. 
40 Ma (DeCelles et al., 2011). From 45 Ma to 
30 Ma, magmatic activity in the Qiangtang ter-
rane increased in intensity, influenced by the 
continued southward subduction of the Asian 
lithosphere and the northward subduction and 
delamination of the Lhasa lithosphere (Ding 
et al., 2003, 2007, 2022; Guo and Wilson, 2019; 
Fig. 2C). Around 25 Ma, delamination and fault-
ing in the Eurasian and Indian plates respectively 
caused tectonic and magmatic activity in south-
ern Tibet (Lhasa) and northern Tibet (Hoh Xil 
Basin; Ding et al., 2022). The onset of frequent 
magmatic activity in Hoh Xil is linked to the 
break-off of the Asian lithosphere beneath the 
Hoh Xil Basin (Fig. 2B). After the dense seg-
ment of the Indian plate broke off, the relatively 
cold Indian lithosphere resumed northward 
subduction. Consequently, magmatic activity in 
southern Tibet has been in decline since 8 Ma 
(Ding et al., 2022).

Figure 2E shows that the Himalayan terrane 
has undergone three significant magmatic events. 
These correspond to (1) a large igneous province 
event in the eastern Tethys Himalaya during the 
Early Cretaceous triggered by the Kerguelen 
mantle plume (Zhu et al., 2008, 2009; Xia et al., 
2014b; Ma et al., 2018), (2) magmatism induced 
by the rollback of subducted Neo-Tethys oce-
anic crust at ca. 90 Ma (Ma et al., 2013a, 2013b; 
Wan et al., 2019), and (3) magmatism triggered 
by the lithospheric break-off of the Indian plate 
at ca. 25 Ma (Chen et al., 2015; Ji et al., 2020; 
Ding et  al., 2022). The continued subduction 
of the Indian lithosphere beneath the south-
ern Himalaya eventually terminated magmatic 
activity in the Himalayan terrane (Ding et al., 

2022). Intense tectonic denudation has resulted 
in the preservation of only thermochronological 
data younger than ca. 25 Ma in the Himalaya 
(Fig. 2E), reflecting the rapid elevation of the 
Himalayan terrane. It should be noted that the 
Himalayan orogen is a Cenozoic feature formed 
by the India-Eurasia collision. Thus, the pre-
Cenozoic magmatic events (1 and 2) predate the 
orogeny and fall outside the focus of this study; 
they are presented solely to provide a complete 
record of magmatic activity.

4.2. Paleoelevation of the Tibetan Plateau

Figure  3 displays the correlation results 
between the crustal thickness calculated using the 
extremely randomized tree model and the actual 
crustal thickness (derived from CRUST1.0). The 
results indicate a good fit of the model. Therefore, 
this study considers the predicted crustal thick-
ness using this method to be highly convincing. 
After obtaining the results for crustal thickness 
in the Tibetan Plateau, further simulated recon-
structions of paleoelevation for the Southern 
Lhasa, Central and Northern Lhasa, and Qiang-
tang terranes were performed using transforma-
tion formulas. The reconstruction result is shown 
in Figure 4. Our paleoelevation reconstruction 
builds on previous work by incorporating broader 
spatial data coverage (see Fig. S1), extending the 
temporal range from the Jurassic to the present, 
and generating spatiotemporally explicit eleva-
tion ranges with median values. This refined 
reconstruction serves as a valuable extension 
and update to existing models of paleoelevation 
evolution. In this study, paleoelevation is used 
not as a standalone research focus but as a quan-
titative basis for examining its spatiotemporal 
relationship with porphyry deposits. This section 
provides the paleotopographic context for the 
analyses that follow.

A comparison reveals that the reconstructed 
paleoelevation in this study generally aligns with 
the paleoelevation records found in the literature 
(Fig. 4). However, it is noteworthy that for certain 
periods and regions, the reconstructed results for 
some terranes are notably lower or higher than 
the majority of paleoelevation records, such as 
during the 65–30 Ma period for the Lhasa ter-
rane. One potential reason for these discrepan-
cies could be the regional distribution of mag-
matic rocks within the terrane during that period, 
where data cannot cover the entire terrane well, 
leading to reconstructed results reflecting only 
the paleoelevation history of specific local areas 
within the terrane rather than the entire region. 
Another possibility could be that the uplift of the 
terrane was regional and heterogeneous, while 
previous studies’ paleoelevation records were 
concentrated in certain popular research areas, 
thereby not effectively constraining the entire 
terrane. This issue is particularly evident dur-
ing the 65–45 Ma period for the Lhasa terrane, 
where the reconstructed paleoelevation results 
in this study exhibit a wide range of variations. 
These variations reflect the intense and hetero-
geneous tectonic activity and uplift history of 
the Lhasa terrane during the collision between 
the Indian and Eurasian plates, highlighting the 
challenges in accurately capturing the paleoele-
vation dynamics of the region during this period.

Our results indicate that during the Juras-
sic period, the paleoelevation of certain local 
areas within the Lhasa terrane may have fluctu-
ated, but the average elevation remained nearly 
unchanged, consistently oscillating around sea 
level (Figs. 4A and 4B). In contrast, the average 
elevation of the Qiangtang terrane experienced 
a significant uplift of nearly 2000 m during 
the Late Jurassic (Fig. 4C), influenced by the 
northward subduction of the Bangong-Nujiang 
Tethys Ocean. However, prior to its collision 
with the Lhasa terrane, the average elevation of 
the Qiangtang terrane returned to ∼1000 m. This 
was likely due to the bidirectional subduction of 
the Bangong-Nujiang Tethys, which created a 
widespread extensional environment in the lith-
osphere (Li et al., 2024). Between ca. 120 Ma 
and 100 Ma, the collision between the north-
ern Lhasa terrane and the Qiangtang terrane 
caused an uplift of ∼1600 m in the central and 
northern Lhasa terrane. Although the average 
elevation of the Qiangtang terrane showed no 
significant change during this period, the pres-
ence of elevation anomalies reflects localized 
uplift events in certain areas. This phenomenon 
could be attributed to crustal thickening within 
the Qiangtang terrane, induced by the collision, 
which subsequently led to lithospheric delami-
nation over a short time scale (please see Sec-
tion 4.1). The effects of this collision persisted 

Figure 3. Comparison of crustal 
thickness predicted by ex-
tremely randomized tree model 
with that given by CRUST1.0 
in validating the dataset. The 
coefficient of determination 
(R2) provides an indication of 
goodness of fit, and the root-
mean-square error (RMSE) is 
the standard deviation of the 
prediction error.
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into the 100–80 Ma period, during which the 
average elevation of the central and northern 
Lhasa terrane rose to ∼2800 m, with the uplift 
extending southward. This southward extension 
resulted in the southern Lhasa terrane reaching 
a paleoelevation of ∼3000 m before the colli-
sion between India and Eurasia. Before 65 Ma, 
the average elevation of the central and north-
ern Lhasa terrane returned to its Jurassic level, 
which may be linked to slab rollback preceding 
the break-off of the Neo-Tethyan oceanic lith-
osphere (Manea et al., 2012; Hu et al., 2020). 
This extensional regime extended into the south-
ern Lhasa terrane during the initial stages of the 
India–Asia collision. Another possibility is that 
excessive crustal thickening in the Lhasa terrane 
led to lithospheric delamination during the Late 

Cretaceous; however, this event likely occurred 
later than the delamination experienced by the 
Qiangtang terrane (Ji et al., 2014).

The widespread anomalies observed in Fig-
ures  4A and 4B during the 65–45 Ma period 
reflect an unstable paleo-elevation history of 
the Lhasa terrane in the early stages of the col-
lision. However, the average elevation of the 
Lhasa terrane during this time shows no signifi-
cant overall uplift. Following the break-off of 
the Neo-Tethyan oceanic plate beneath south-
ern Tibet, which triggered magmatic activity 
(Zhu et al., 2017; Kapp and DeCelles, 2019), 
southern Lhasa experienced rapid uplift. By 
the 45–30 Ma period, its average elevation had 
reached ∼4000 m. During this same period, the 
northward subduction of the Indian lithosphere 

terminated magmatic activity in southern Lhasa 
(DeCelles et al., 2011), leading to a subsequent 
slowdown in the uplift rate (Fig. 4A). In contrast, 
the average elevation of central and northern 
Lhasa remained ∼1000 m since 80 Ma, until a 
period of rapid uplift occurred during 40–30 Ma. 
This uplift was triggered by the delamination 
and break-off of the Lhasa lithospheric mantle 
due to subduction processes (Ding et al., 2003, 
2007, 2022; Guo and Wilson, 2019). As revealed 
by our study, the relatively low elevations of the 
Qiangtang and central-northern Lhasa terranes 
prior to the India-Eurasia collision support the 
view proposed by Guo et  al. (2025) that the 
north-central Tibetan Plateau experienced exten-
sive crustal thickening during the Cenozoic. 
Overall, from 30 Ma to the present, the Lhasa 

Figure 4. Reconstruction of 
paleoelevation in the Tibetan 
Plateau. The collection of re-
gional paleoelevations every 
15 m.y. or 20 m.y. The results 
reconstructed in this paper are 
represented by box plots, where 
the orange solid line repre-
sents the median and the green 
dashed line represents the aver-
age. The hollow circles repre-
sent outliers in the box plots. 
The solid blue line connects 
the medians of paleoelevation 
for each time period, simulat-
ing the temporal variation in 
paleoelevation. The gray dots 
indicate paleoelevation records 
from the literature, while the 
colored histogram represents 
the number of newly formed 
porphyry deposits during that 
time period. The orange range 
on the left y-axis denotes the 
current elevation range of the 
region. PSDs—porphyry sys-
tem deposits.
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terrane has undergone continuous uplift, gradu-
ally reaching its current elevation. As for the 
Qiangtang terrane, two distinct stages of uplift 
can be identified since the collision between 
India and Eurasia. The first stage was an early 
uplift phase driven by crustal thickening asso-
ciated with the collision. The second stage, we 
propose, was triggered by the delamination of 
the Asian lithospheric mantle beneath the Qiang-
tang terrane ca. 25 Ma (Zhao et al., 2020, 2022b; 
Li et al., 2022).

4.3. Regional Exhumation of the Plateau

The preservation of porphyry deposits is pri-
marily influenced by arid paleoclimate condi-
tions and Cenozoic tectonic quiescence (Gong 
et  al., 2021). The exhumation of the Tibetan 
Plateau is controlled by the interplay between 
tectonics and climate, as well as their coupling 
effects (Copeland et  al., 1995; Willett, 1999). 
Tectonics drive rock uplift and exhumation, 
while climate enhances erosion rates, removing 
surface materials. Notably, the intensification of 
the Asian monsoon during the mid-Miocene (ca. 
15–10 Ma) played a dominant role in the exhu-
mation of the Tibetan Plateau region (Clift et al., 
2008). This intensification likely influenced 
hydrothermal activity and material migration 
within porphyry systems by altering moisture 
conditions and mineral compositions in the 
crust. Furthermore, the differential exhumation 
of the Tibetan Plateau affects the exposure levels 
of overlying strata and even the porphyry bodies 
themselves (Leng et al., 2018), which is critical 
for the subsequent preservation of ore deposits. 
Therefore, quantifying the differential exhuma-
tion of the Tibetan Plateau is essential for under-
standing regional mineralization processes and 
the preservation of deep-seated ore deposits.

The strong influence of the Asian monsoon 
has led to a sharp increase in the exhumation 

rate of the Tibetan Plateau since ca. 15 Ma 
(Clift et  al., 2008). Additionally, considering 
the uncertainty of paleogeothermal gradients 
and the limited availability of older data, which 
may result in larger errors, we have restricted our 
discussion to the exhumation rates calculated for 
the past 30 m.y. We found that, since 30 Ma, the 
exhumation rate in the southern plateau has been 
significantly higher than that in the northern pla-
teau, with the highest exhumation rate observed 
near 30°N latitude (Figs. 5B and 5C). This cor-
responds to the Gangdese region south of Lhasa 
and the Himalayan orogenic belt (Fig. 5A). Sub-
sequently, we calculated the exhumation thick-
ness using the exhumation rate and correspond-
ing thermochronological ages. The calculated 
results were subjected to kriging interpolation, 
which allowed us to obtain the distribution of 
exhumation thickness across different regions 
of the Tibetan Plateau since 30 Ma (Fig.  6). 
These results are well correlated with tectonic 
events in the Tibetan Plateau. The Qaidam ter-
rane, the Songpan-Ganzi terrane, the Hoh Xil 
Basin, and the Lhasa region exhibit extensive 
and thick exhumation (Fig. 6), which are respec-
tively associated with the southward subduction 
of the Qaidam terrane ca. 30 Ma (Tapponnier 
et al., 2001; Ding et al., 2003; Ye et al., 2015; 
Qi et  al., 2020), the impact of the India-Asia 
continental collision ca. 30 Ma on the Songpan-
Ganzi terrane (Xu and Kamp, 2000; Jolivet et al., 
2001; Wilson et al., 2006; Roger et al., 2010), 
and the delamination and faulting beneath the 
Lhasa and Hoh Xil Basin ca. 25 Ma (Ding et al., 
2022; please see Section 4.1 for more details). 
Furthermore, since 15 Ma, the exhumation rate 
along the Himalayan topographic front has been 
exceptionally high (Clift et al., 2008), resulting 
in the thickest exhumation depths in the Hima-
layan region (Fig. 6).

Since 30 Ma, the Tibetan Plateau has been 
subjected to continuous denudation driven by 

active tectonic processes (Fig. 2), aligning well 
with the conditions assumed in this study and 
the applied model. However, it is important to 
emphasize that the model assumes a constant 
denudation rate, which clearly underestimates 
the temporal variability of denudation rates 
over geological time scales. On the other hand, 
while we employed different input parameters 
for different time intervals during model appli-
cation, we still assumed that the parameters 
remained constant within each specific time 
interval, which is likewise a coarse approxima-
tion. Consequently, the calculated denudation 
rates and thicknesses presented in this study 
inevitably involve some degree of error. Fortu-
nately, the primary focus of this study lies in the 
spatial variations of denudation across different 
regions. Since the model exerts similar effects 
on all predicted regions, we are confident that 
the results are valid for the purpose of cross-
regional comparisons of denudation magnitude. 
To achieve more accurate estimations of regional 
denudation volumes and rates, we recommend 
incorporating more comprehensive datasets and 
employing more advanced simulation software.

4.4. Indication of the Distribution of 
Porphyry Deposits

PSDs within Jurassic-aged rocks of the 
Tibetan Plateau are primarily concentrated in 
the Qiangtang terrane, the Lhasa terrane, and 
the southeastern margin of the plateau (Fig. 1). 
Examining the temporal distribution of deposits 
in Figure 2, we observe that PSDs in the Lhasa 
terrane are predominantly distributed across 
three time intervals: 180–165 Ma, 120–85 Ma, 
and 65–10 Ma. In contrast, PSDs in the Qiang-
tang terrane are mainly distributed during 
125–115 Ma and 45–30 Ma. These time periods 
correspond to major tectonic events, such as 
the bidirectional subduction of the Bangong-

Figure 5. The calculated re-
sults of exhumation rate. (A) 
The spatial distribution of 
exhumation rates. (B, C) The 
latitudinal distribution of ex-
humation rates calculated us-
ing apatite (U-Th)/He (Ahe), 
apatite fission-track (AFT), 
zircon (U-Th)/He (ZHe), and 
zircon fission-track (ZFT) data. 
The blue shading represents 
the kernel density distribution 
of exhumation rate calculation 
results.
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Nujiang Tethys, the collision of the Lhasa and 
Qiangtang terranes, and the India-Eurasia conti-
nental collision. Without exception, these events 
triggered significant tectonic and magmatic epi-
sodes, which are prerequisites for the formation 
of PSDs. To ultimately form porphyry deposits, 
the magma must exhibit relatively high oxygen 
fugacity, and sulfur and water content (Sillitoe, 
2010; Richards, 2015), as these factors deter-
mine the metallogenic fertility of the magma. 
Despite abundant magmatic activity in the East 
Kunlun region ca. 110 Ma, typical porphyry 
copper systems did not develop (Fig. 2A). This 
is attributed to the relatively low oxygen fugac-
ity and water content of the associated magma 
(Feng et al., 2024).

In addition to tectonic and magmatic activ-
ity, the formation of PSDs is closely linked to 
crustal thickness, as well as active uplift and ero-
sion (Richards, 2003; Cooke et al., 2005; Wilkin-
son, 2013; Lee and Tang, 2020). By analyzing 
the number of various types of deposits in the 
Lhasa and Qiangtang terranes over different time 
intervals and comparing these with paleoeleva-
tion evolution trends, we find that most porphyry 
deposits in the Tibetan Plateau developed during 
periods of significant paleoelevation changes. 
During these periods, the paleoelevation of the 
Lhasa and Qiangtang terranes exhibited rapid 
increases or decreases, or regional instability, 
which is reflected in the increasing frequency of 
outliers (Fig. 4). We attribute this to the control-
ling role of crustal thickness in ore formation. 
Paleoelevation changes result from both tectonic 
evolution and surface fluctuations. In this study, 
we only consider the control of tectonic evolu-
tion on paleoelevation, simplifying the relation-
ship between paleoelevation and crustal thick-
ness to a linear model under idealized conditions. 

Here, paleoelevation serves as a key proxy that 
translates deep crustal thickness changes into 
an interpretable surface-topographic narrative. 
This transformation allows us to directly link 
orogenic evolution with near-surface processes 
(e.g., exhumation), thereby explaining the spatial 
distribution of deposits. While this simplification 
overlooks surface processes to some extent, it 
still highlights the importance of crustal thick-
ness in controlling the development of PSDs. 
Crustal thickness influences the duration and 
volume of magmatic activity, the timing of 
sulfide saturation, and the enrichment of chal-
cophile elements (Park et al., 2021; Chiaradia, 
2022). Furthermore, magmas tend to exhibit 
higher oxygen fugacity with increasing crustal 
thickness (Wilkinson, 2013; Richards, 2015; Ai 
et al., 2025). Thus, crustal thickness plays a criti-
cal role in the development of PSDs, which par-
tially explains the relationship between paleoel-
evation evolution and the temporal distribution 
of PSDs observed in this study.

When comparing the distribution of PSDs 
between the Lhasa terrane and the Qiangtang 
terrane, it is evident that the Qiangtang terrane 
hosts a greater number of porphyry Cu-Au 
deposits, which are primarily associated with 
the extensional stages of the terrane. In contrast, 
the Lhasa terrane predominantly features por-
phyry Cu(-Mo) deposits, mostly formed during 
periods of paleoelevation uplift (Fig.  4). This 
observation highlights the influence of crustal 
thickness on the metallogenic processes of por-
phyry systems. Specifically, porphyry Cu depos-
its enriched in copper are more likely to form 
in regions with a thickened lower crust. This is 
because the development of large, water-rich 
magma chambers in the deep middle to lower 
crust can supply adequate amounts of Cu (Cooke 

et al., 2005; Chiaradia and Caricchi, 2017; Park 
et al., 2021; Richards, 2022). On the other hand, 
thinner crusts, which may receive a greater 
influx of oxidized materials from subducted 
slabs, tend to exhibit higher oxidation states. 
This leads to early sulfide saturation, resulting 
in the depletion of copper at earlier stages (Jen-
ner et al., 2010; Park et al., 2015, 2019; Lee and 
Tang, 2020; Ai et al., 2025). However, the late-
stage sulfide saturation in shallow magma reser-
voirs, combined with an increase in chalcophile 
elements, enhances the precipitation efficiency 
of gold in fluids. Consequently, thinner crusts 
have a relatively greater potential for hosting 
gold-rich porphyry copper deposits (Chiaradia, 
2020, 2022). Figure 4 further reflects the differ-
ing mechanisms of deposit formation between 
the two terranes: the southern Lhasa terrane is 
dominated by crustal thickening–related miner-
alization, whereas the Qiangtang terrane is pri-
marily characterized by crustal thinning–related 
mineralization. In the central and northern Lhasa 
terrane, both mechanisms are evident. We attri-
bute these differences to the tectonic settings of 
the subduction margins of the continental plates. 
Subduction margins undergo rapid thickening 
during continental collision, while post-colli-
sion, they are more likely to experience exten-
sional tectonic regimes. Additionally, excessive 
crustal thickening at the subduction margins 
during collision can lead to crustal delamina-
tion, resulting in crustal thinning. We propose 
that the collision between the Lhasa and Qiang-
tang terranes, as well as the collision between the 
Indian and Asian plates, caused over-thickening 
and subsequent delamination at the subduction 
margins (please see Section 4.1). This process 
facilitated the ascent of magma into the overly-
ing central and northern Lhasa terrane and the 

Figure 6. Kriging interpolation 
of exhumation thickness in the 
Tibetan Plateau. Exhumation 
thickness = exhumation rate 
× thermochronology age. The 
circular symbols represent 
the types of mineral deposits, 
while the size of the symbols 
indicates the tonnage of the de-
posits. Blue symbols represent 
newly formed deposits within 
the current time range (deposit 
age after 30 Ma), whereas pink 
symbols indicate older deposits 
formed prior to the time period 
(deposit age before 30 Ma). All 
kriging interpolations were 
performed in ArcGIS. PSDs—
porphyry system deposits.
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Qiangtang terrane, forming PSDs in an exten-
sional setting. In contrast, the southern Lhasa 
terrane, influenced by the persistent northward 
push of the Indian plate and the stress transmit-
ted from the northern collision, remained under 
compressional conditions during continental 
collision. As a result, magmatic ascent and min-
eralization in the southern Lhasa terrane were 
often accompanied by crustal thickening.

Notably, the number of newly formed deposits 
in the Lhasa terrane surged during the 25–10 Ma 
period, but no new PSDs have developed since 
10 Ma (Fig.  2D). This phenomenon can be 
attributed to the delamination and fracturing of 
the Asian and Indian continental lithospheres 
ca. 25 Ma, which triggered intense tectonic and 
magmatic activity in southern Tibet (Lhasa) 
and northern Tibet (Hoh Xil Basin; Ding et al., 
2003). In the Lhasa terrane, magmatic activity 
was terminated ca. 8 Ma due to the renewed sub-
duction of the Indian plate (please see Section 
4.1), effectively halting the formation of por-
phyry deposits. In contrast, despite experiencing 
similar tectonic and magmatic processes since 
25 Ma, the Hoh Xil–Songpan Garze terrane did 
not develop any PSDs (Fig. 2B). We hypothesize 
that this may be related to the significant exhu-
mation experienced in the Hoh Xil–Songpan 
Garze region since ca. 15 Ma.

By integrating the exhumation thickness distri-
bution across the Tibetan Plateau, as calculated in 
this study, with the distribution of PSDs (Fig. 6), 
we observe that the vast majority of deposits are 
concentrated in areas with relatively low exhu-
mation thickness. In contrast, deposits located in 
regions with higher exhumation thickness tend 
to have relatively smaller tonnages. We interpret 
this pattern as evidence that the shallow burial 
depth of porphyry deposits (typically 1–6 km) 
makes regions with extensive exhumation less 
favorable for both the formation and subsequent 
preservation of such deposits. Among the three 
major porphyry metallogenic belts of the Tibetan 
Plateau, both the Bangong-Nujiang and Yulong 
metallogenic belt are located in regions of rela-
tively low exhumation. In the Gangdese belt, the 
eastern and western segments similarly exhibit 
limited exhumation, whereas the central segment 
shows significantly higher exhumation levels. 
However, due to the lack of thermochronological 
data in the central and western segments of the 
Gangdese belt, the calculated exhumation rates 
in these regions are limited (Fig. 5A), which may 
affect the precision of the interpolated results in 
Figure 6. A similar situation is observed in the 
Hoh Xil region. To better constrain the extent 
of exhumation in the central and western Gang-
dese, additional thermochronological data are 
required. In conclusion, we conclude that the 
formation of PSDs requires intense tectonic and 

magmatic activities, while a lower degree of 
exhumation is equally important for their sub-
sequent preservation. Porphyry deposits formed 
in regions that have experienced intense ero-
sion since 30 Ma may have already been eroded 
away. Conversely, regions with extremely low 
exhumation thickness are also associated with 
sparse mineral deposit distributions (Fig.  6). 
We hypothesize that this may be due to limited 
excavation in these areas, with mineral deposits 
likely remaining buried at greater depths and yet 
to be discovered. These regions could serve as 
key targets for future mineral exploration.

5. CONCLUSIONS

This study reconstructs the tectonic activ-
ity, magmatic evolution, and paleoelevation 
variations and exhumation history of different 
tectonic terranes of the Tibetan Plateau from 
the Jurassic to the present, based on extensive 
datasets including whole-rock geochemistry 
of magmatic rocks, zircon geochronology, and 
low-temperature thermochronology. Our find-
ings refine the understanding of the tectonic and 
topographic history of the Tibetan Plateau and 
provide robust constraints on the formation and 
subsequent preservation of PSDs. The main con-
clusions are as follows:

(1) Regions with intense exhumation host 
fewer PSDs and deposits with relatively smaller 
tonnages, indicating that such environments are 
not conducive to the subsequent preservation of 
porphyry deposits. In certain regions with rela-
tively low degrees of erosion, mineral deposits 
may remain buried at considerable depths and 
have yet to be discovered, thus representing key 
targets for future mineral exploration.

(2) The distinct metallogenic mechanisms 
between the Lhasa and Qiangtang terranes are 
attributed to their respective positions along the 
subduction fronts of different continental plates. 
In the southern Lhasa terrane, porphyry min-
eralization formed during intervals of crustal 
thickening, which are generally associated with 
higher paleoelevation tendencies, whereas in the 
Qiangtang terrane, it is mainly linked to crustal 
thinning and correspondingly lower paleoel-
evation tendencies. In contrast, the central and 
northern parts of the Lhasa terrane exhibit the 
coexistence of both mechanisms. Moreover, 
the differences in PSD types between the two 
terranes suggest that a thicker crust facilitates 
greater Cu supply to porphyry systems, while a 
thinner crust favors Au enrichment.
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