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Abstract The Gangdese belt in Xizang has experienced
both Jurassic subduction and Cenozoic continental colli-
sion processes, making it a globally renowned region for
magmatic rocks and porphyry copper deposits. Numerous
Jurassic intrusions have been identified in the belt. Apart
from the quartz diorite porphyry in the large Xietongmen
deposit, the Cu mineralization potential of other Jurassic
intrusions in this belt remains unclear. This study presents
zircon U-Pb dating and trace elements, apatite major and
trace elements as well as published whole-rock geochemi-
cal and isotopic data of the Dongga tonalite in the central
part of the Gangdese belt, aiming to reveal the petrogen-
esis, oxidation state, volatile content, and Cu mineraliza-
tion potential of this intrusion. The Dongga tonalite has a
zircon U-Pb age of 179.4 +0.9 Ma. It exhibits high whole-
rock V/Sc values (8.76—14.6), relatively low apatite Cey/
CeN* ratios (1.04—1.28), elevated zircon (Eu/Eu*)N values
(an average of 0.44), high Ce**/Ce** values (205-1896),
and high AFMQ values (1.3-3.7), collectively suggesting
a high magmatic oxygen fugacity. The Dongga tonalite fea-
tures amphibole phenocrysts, relatively high whole-rock
Sr/Y ratios (20.3-58.9), and lower zircon Ti temperatures
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(502-740 °C), reflecting a high magmatic water content.
Estimation of magmatic sulfur content (0.002-0.024 wt%)
based on apatite SO; contents indicates an enriched magma
sulfur content. Combined with previous studies and the col-
lected Sr—Nd—Hf isotopes, the Dongga tonalite is derived
from juvenile lower crust related with subduction of the Neo-
Tethys oceanic slab. When compared with Xietongmen ore-
bearing porphyries, the Dongga tonalite exhibits remarkable
similarities with the Xietongmen ore-bearing porphyries in
terms of magma source, tectonic background, magmatic
redox state, and volatile components, which indicates that
the Dongga tonalite has a high porphyry Cu mineralization
potential, and therefore, provides important guidance for the
future mineralization exploration.

Keywords Tonalite - Zircon - Apatite - Mineralization
potential - Dongga area - Gangdese belt

1 Introduction

Copper possesses excellent electrical conductivity, thermal
conductivity, and malleability, making it widely utilized in
traditional industries such as aerospace, steel, chemical, and
medical sectors (Wen et al. 2008; Mo and Pan 2006; Guo
et al. 2018). Additionally, it also plays a vital role in the
development of emerging industries (Huang et al. 2019; Li
et al. 2021; Wang et al. 2023). According to statistics, global
copper demand is projected to reach 8 million tons by 2032
(Huang et al. 2019; Li et al. 2021; Wang et al. 2023). Despite
being the world’s largest consumer of copper, China’s proven
Cu reserves account for only 2.95% of the global copper
reserves (Huang et al. 2019; Lebdioui 2020; Li et al. 2021;
Benabdallah et al. 2023). Therefore, conducting research on
the mineralization potential assessment for porphyry copper
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deposits could be a key to understanding mineralization pro-
cess, and therefore could facilitate efficient exploration.

Porphyry deposits are the main source of copper and
molybdenum, and a significant source of gold, providing
approximately 75% of copper, 50% of molybdenum, and
20% of gold in the world (Wang et al. 2015a, 2015b; Xu
et al. 2016; Huang et al. 2020). Consequently, they have
become a primary target in modern mineral exploration
efforts (Tang et al. 2015; Xu et al. 2021; Liu et al. 2022).
The Gangdese metallogenic belt in Xizang is a globally
renowned magmatic and porphyry copper belt. It has
undergone the entire process from the subduction of the
Neo-Tethyan oceanic plate to the collision between the
Indian and Eurasian continental blocks. Over the past 50
years, remarkable advance has been made in post-colli-
sional porphyry deposits, especially with the discovery
of a series of giant and large collision-related porphyry
Cu—Mo deposits, such as Qulong, Jiama, Tinggong, and
Chongjiang (Wang et al. 2015a, 2015b; Xu et al. 2016;
Chen et al. 2020a, 2020b; Huang et al. 2020; Zhao et al.
2022; Zhang et al. 2023). In contrast, porphyry Cu depos-
its formed related to the subduction of the Neo—Tethyan
oceanic plate has received less attention due to only one
large ore deposit (Xietongmen deposit) that have been
found (Chen et al. 2020a, 2020b; Huang et al. 2020; Zhao
et al. 2022; Zhang et al. 2023). The formation of por-
phyry Cu deposits is influenced by many factors such as
the magmatic-hydrothermal system, composition of the
parent magma, magma volume, magma viscosity, sulfide
saturation, and timing of the fluid release (Hou et al. 2004,
Xu et al. 2016; Lebdioui 2020; Wang et al. 2023). Previ-
ous studies have shown that ore-forming magmas of the
porphyry Cu deposits usually exhibit characteristics of
high oxygen fugacity, and high water-, sulfur-, and copper
contents, which are key factors in determining the miner-
alization potential (Mao et al. 2017; Wu et al. 2017; Zhao
etal. 2014, 2017a, 2017b; Guo et al. 2018; Zhu et al. 2022;
Fan et al. 2022).

The Xietongmen porphyry Cu—Au deposit is the only
known large Jurassic subduction-related porphyry Cu—Au
deposit in the Gangdese Belt, south Xizang (Huang 2009;
Lang 2007a, 2007b, Lang et al. 2012; Chen et al. 2020a,
2020b). According to previous studies, multiple coeval inter-
mediate to felsic plutons are developed in the Gangdese Belt
in the same tectonic settings (Wen et al. 2008; Zhao et al.
2009; Wang et al. 2015a, 2015b; Xu et al. 2016; Qu et al.
2022), raising the question of whether these coeval plutons
also have the potential for subduction-related porphyry-type
mineralization. Therefore, we present new geochronologi-
cal, whole-rock geochemical, and mineralogical data for the
tonalites in the Dongga area, Gangdese belt, and compare
these data with the published data from the Xietongmen
ore-bearing porphyry (Lang et al. 2010; Huang et al. 2011,

Tang et al. 2015; Wang et al. 2017; Yin et al. 2016; Xie et al.
2018), aiming to reveal whether the magmatic rock in the
Dongga area has the potential for a porphyry copper deposit.

2 Regional geological background

The Xizang Plateau is divided into the Songpan—Ganze,
Qiangtang, Lhasa, and Tethyan Himalayan terranes from
north to south, which are separated by the Jinshajing, Ban-
gong-Nujiang, and Indus—Yarlung Zangbo suture zones,
respectively (Fig. 1a; Zhao et al. 2009, 2017a, 2017b; Wang
et al. 2017; Guo et al. 2018; Zhang et al. 2022). The Lhasa
terrane was further subdivided into northern, central, and
southern subterranes, bounded by the Shiquan River-Nam
Tso mélange Zone and the Luobadui—Milashan Fault,
respectively (Zhang et al. 2005; Zhu et al. 2011).

The Gangdese Belt (Fig. 1b) located in the southern
Lhasa terrane, is a globally renowned magmatic rocks and
porphyry copper mineralization belt (Gao et al. 2016; Cai
et al. 2019; Li et al. 2021; Xiao et al. 2021). The magmatic
rocks within this belt formed as a result of Jurassic—Cre-
taceous subduction of Neo—Tethyan oceanic crust and the
subsequent collision of Indian with Eurasian blocks during
the Early Tertiary. Magmatic rocks are widely distributed
along the southern margin of the Gangdese belt, including
(1) Early Jurassic Yeba Formation volcanic rocks and Late
Jurassic-Early Cretaceous Sangri Group volcanic rocks
(Zhu et al. 2008). The former is mainly composed of basalt,
andesite, dacite, and rhyolite, while the latter is dominated
by basaltic andesite, andesite, and dacite (Zhu et al. 2009;
Kang et al. 2014); (2) Triassic to Miocene Gangdese batho-
lith, comprising gabbro, diorite, and granite (Wen et al.
2008; Guo et al. 2018); (3) Paleocene—Eocene co-collisional
Linzizong volcanic rock series, including a variety of vol-
canic rocks ranging from andesite to rhyolite (Xu et al. 2016;
Chen et al. 2021); (4) Miocene potassic-ultrapotassic vol-
canic rocks (Zhao et al. 2009; Hawkesworth et al. 2010) and
adakitic intrusive rocks (Hou et al. 2004; Wu et al. 2017; Xu
et al. 2020; Xiao et al. 2021). Complex structural deforma-
tion and fault zones are developed in the Gangdese belt,
including thrust faults, strike-slip faults, and normal faults.
The dominant orientation of these faults is predominantly
east—west (Zhu et al. 2013; Wu et al. 2017; Mao et al. 2017,
Guo et al. 2018; Cai et al. 2019; Tang et al. 2021; Xiao et al.
2021). The Gangdese Belt is host to numerous economically
significant porphyry Cu—Mo deposits, primarily formed as
a result of the collisions between the Indian and Eurasian
continental blocks. Examples of these deposits include
Qulong, Jiama, Chongjiang, Tinggong, Zhuno, and so on,
which are classified as large- to giant-size porphyry Cu—Mo
deposits. Additionally, only one large-size porphyry deposit
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Fig.1 a Tectonic framework of the Xizang Plateau (modified after
Zhu et al. 2011). b Simplified geological map of the southern Lhasa
subterrane showing the distribution of the gabbro—granite complexes

is associated with the subduction of the Neo—Tethys Ocean,
namely the Xietongmen porphyry Cu—Au deposit.

The Xietongmen Cu—Au deposit is located in the Xie-
tongmen County, southern Gangdese belt, Xizang (Lang

@ Springer

(modified after the 1:200 000 geological map). ¢ Geological sketch
map of the Dongga gabbro—granite complex (modified after the
1:200 000 geological map)

et al. 2010; Tang et al. 2012). The exposed strata in the
mining area mainly consist of the Lower-Middle Juras-
sic Xiongcun Formation, which is primarily composed of
volcanic breccia, volcanic conglomerate, and tuff, with
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minor sandstone, siltstone, and shale. The magmatic rocks
in the mining area were mainly formed during the Jurassic
and Paleogene (Lang et al. 2010, 2012; Xie et al. 2015).
Jurassic intrusive rocks include Early- to Mid-Jurassic
hornblende-quartz diorite porphyry, Mid-Late Jurassic
hornblende-quartz diorite porphyry with coarse-grained
quartz phenocrysts, and Late Jurassic quartz diorite por-
phyry. Paleogene intrusive rocks consist of quartz dior-
ite, biotite granite porphyry, and some pegmatite veins
(Lang et al. 2012). The mining area is characterized by
the development of fault structures, mainly brittle-ductile
fault zones, and related fracture zones, which are dis-
tributed in a NW-, NWW-, and NE-trending (Lang et al.
2012; Tang et al. 2012). The alteration types in the dis-
trict include potassic alteration, sericitization, and pro-
pylitic alteration. The primary ore bodies of the deposit
are located in the contact zone between the quartz diorite
porphyry and the volcaniclastic rocks of the Xiongcun
Formation (Ding et al. 2012).

The study area is located in the Dongga area, near the
city of Xigaze, north of the Yarlung Zangbo River, and
is situated in the central Gangdese Belt (Fig. 1b, c¢). In
the Dongga area, intrusive rocks are well-developed, with
gabbro, tonalite, and granodiorite being the dominant
rock types. The lithology of gabbro is mainly amphibo-
lite gabbro, locally developed cumulate pyroxene. The
surrounding rocks of gabbro are composed of tonalite and
granodiorite, and the boundary between them is not obvi-
ous (Zhu et al. 2022). Some mafic enclaves (microgran-
ular-fine-grained diorite or gabbro-diorite) are contained
in these granitoids (Wang et al. 2017).

3 Petrographic characteristics

In this study, detailed field observation and microscopic
examination were conducted on the petrography of the

tonalite in the Dongga area. The rock exhibits a mass
structure, and its primary minerals include plagioclase
(40-60 vol%), quartz (20-25 vol%), biotite (ca. 15 vol%)
and hornblende (ca. 15 vol%) (Fig. 2a—c). The accessory
minerals present in the rock include zircon, apatite, and
titanite.

4 Analytical methods
4.1 Zircon U-Pb dating and trace element analysis

Zircon grains analyzed in this study were separated from
samples using conventional heavy liquid and magnetic sepa-
ration methods. They were handpicked under a binocular
microscope and mounted in epoxy resin disks, which were
then polished to expose the grains. Transmitted and reflected
light micrographs and cathodoluminescence (CL) images
were taken to characterize their internal structures. Zircon
U-Pb dating and trace element analysis were conducted syn-
chronously using laser ablation inductively-coupled plasma
mass spectrometry (LA-ICP-MS) at the State Key Labo-
ratory of Nuclear Resources and Environment, East China
University of Technology, China. The zircon grains were
then ablated for trace elements at the same spots using a
Photon Machines Analyte NWR193HE excimer laser abla-
tion system, coupled to an NexION 1000 quadrupole ICP-
MS. Zircon grains were ablated using a 30 pm diameter
crater, the repetition rate of 8§ Hz and 2.5 J/cm? fluence. All
data were corrected by standard ZAF correction procedures.
The obtained zircon U-Pb dating and trace element data
were processed using Iolite software (Paton et al. 2011). The
software Isoplot R (Vermeesch 2018) is used to calculate
the weighted mean age and draw the Concordia diagrams
(Appendixes 1 and 2).

Fig. 2 a Hand specimen photograph of tonalite in the Dongga area; b, ¢ Micrographs of the tonalite. All the thin section photographs were
taken under cross-polarized light. Qtz =Quartz; Amp = Amphibole; Ap = Apatite; P1=Plagioclase
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4.2 Apatite major element analysis

Apatite grains were separated from crushed rock samples
through standard heavy-liquid and magnetic techniques.
Then they were handpicked under a binocular microscope
and mounted in epoxy resins. Apatite grains in this study are
transparent and euhedral to subhedral in shape.

Apatite major element were determined using a FE-
EPMA (JEOL JXA-8530F Plus) equipped with five wave-
length-dispersive spectrometers at the State Key Laboratory
of Nuclear Resources and Environment, East China Univer-
sity of Technology, China. The accelerating voltage, beam
current and beam size were operated at 15 kV, 20 nA and
2-5 pm, respectively. During the analysis routine, F and Cl
were first analyzed to avoid their loss. The analytical uncer-
tainties were < 1% for major elements. All raw data were
corrected using the ZAF (atomic number, absorption, fluo-
rescence) method (Appendix 3).

4.3 Apatite trace element analysis

Apatite trace elements were measured at the State Key
Laboratory of Nuclear Resources and Environment, East
China University of Technology, China. The mineral grains
were ablated for trace elements at the same spots for the
major element anlalyses using a Photon Machines Analyte
NWRI193HE excimer laser ablation system, coupled to an
NexION 1000 quadrupole ICP-MS. A squid signal smooth-
ing device is included in this laser ablation system. Apatite
grains were ablated using a 30 pm diameter crater, the rep-
etition rate of 8 Hz and 2.5 J/cm? fluence. The apatite trace
element results are given in Appendix 4.

S Results
5.1 Zircon U-Pb dating

The zircon U-Pb data for the tonalite are in Appendix 1.
Most zircon grains are mostly transparent, colorless to light
yellow, euhedral crystals. These zircon grains are usually
150-250 pm in length with 30-80 pm in width. Additionally,
zircon grains with low concordance (<90%) are removed.
All zircon grains show oscillatory zoning in CL images and
have Th/U ratios of 0.4—1.0 (Appendix 1), greater than 0.1,
indicating these zircons are of magmatic origin (Schaltegger
et al. 2005).

Twenty-nine zircon grains were analyzed for the tonalite.
Eight zircon grains have a low concordance, which is
excluded from the final average weighted mean age calcula-
tion. The other Twenty-one zircon grains yielded a weighted
mean age of 179.4 +0.9 Ma, with MSWD = 1.05 (Fig. 3).
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Fig. 3 U-Pb concordia diagram of zircon grains from the tonalite in
the Dongga area
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the Dongga area and the Xietongmen ore-bearing porphyries. Nor-
malization values for chondrite are taken from Sun and McDonough
(1989)

5.2 Trace elements in zircons

To avoid the potential contamination from mineral inclu-
sions like REE-bearing minerals and Ti-(Fe) oxides, zircon
trace element data with La>0.1 ppm and Ti> 50 ppm are
filtered out. The zircon trace element results are shown in
Appendix 2. The total rare earth element content (3 REE)
ranges from 642 to 1134 ppm, with an average of 867 ppm
(Appendix 2). Yttrium is highly enriched, ranging from 638
to 1332 ppm, with an average of 938 ppm. The rare earth
element distribution pattern shows enrichment of heavy rare
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earth elements (Gd-Lu) ranging from 586 to 1128 ppm and
depletion of light rare earth elements (La-Eu) ranging from
13.9 to 36.5 ppm. The LREE/HREE ratios range from 0.020
to 0.037, with an average of 0.026, and (Gd/Yb)y shows a
stable distribution with an average value of 0.025. In most
samples, the average Ce content is 18.5 ppm, exhibiting a
strong positive Ce anomaly. The (Eu/Eu*)y values range
from 0.23 to 0.68, with an average of 0.44, indicating a nega-
tive Eu anomaly (Fig. 4). Using the zircon Ti thermometer
method provided by Ferry and Watson (2007), the calculated
zircon Ti temperatures range from 502 to 740 °C, with an
average of 671 °C.

5.3 Apatite major and trace elements

The main components of apatite from the tonalites in the
Dongga area are CaO, P,0s, F, MnO, and SO;. The CaO
and P,0O;5 contents in the apatite are relatively homogeneous,
with CaO ranging from 53.7 to 55.7 wt% (average of 54.7
wt%) and P,Oj ranging from 40.4 to 42.7 wt% (average of
41.8 wt%) (Appendix 3). The SO; content is between 0.18
and 1.11 wt% (average of 0.27 wt%). The apatites exhibit
relatively high F content, ranging from 2.36 to 3.74 wt%
(average of 2.93 wt%), while CI content is relatively low,
with a maximum value of 0.412 wt% and an average of 0.149
wt% (Appendix 3). There is a negative correlation between
F and Cl elemental concentrations. In addition, the samples
contain small amounts (<1 wt%) of TiO,, K,0, FeO, ThO,,
Na,O, MgO, Al,03, and SiO,.

The trace element data of apatite from the tonalite in the
Dongga area are provided in Appendix 4. Sr content in the
apatites is relatively low, ranging from 284 to 765 ppm, with
an average of 367 ppm. The apatites exhibit relatively high
concentrations of rare earth elements (REE), with ZREE
ranging from 281 to 921 ppm and an average of 538 ppm.
Yttrium is enriched, ranging from 248 to 547 ppm, with an
average of 390 ppm. According to the rare earth element
partitioning, LREE (La—Eu) ranges from 122 to 611 ppm,
with an average of 296 ppm, and HREE (Gd-Lu) ranges
from 156 to 332 ppm, with an average of 242 ppm. The
ratios of LREE/HREE range from 0.61 to 3.2, with an aver-
age of 1.2, and the average (Sm/Yb)y ratio is 1.5, while
the average (La/Yb)y ratio is 0.6. The apatite exhibits light
rare earth element (LREE) depletion, heavy rare earth ele-
ment (HREE) enrichment, negative Eu anomalies [(Eu/
Eu*)y=0.56-1.0] and no significant Ce anomalies (Cey/
Cey*=1.0-1.3) (Fig. 5).
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Fig. S Apatite REE element patterns of the tonalite from the Dongga
area and the Xietongmen ore-bearing porphyries (normalization val-
ues for chondrite are from Sun and McDonough 1989)

6 Collected whole-rock geochemical results
6.1 Whole-rock major elements

According to previous data (Appendix 5; Wang et al. 2017),
this study provides a systematic summary of the major ele-
ment compositions of the tonalite from the Dongga area.
The tonalite from the Dongga area exhibits relatively low
SiO, content (56.7-62.7 wt%), moderate alkali content
(K,0 +Na,0=5.28-5.69 wt%), and low CaO content
(5.65-7.14 wt%). The tonalite falls within diorite in the
TAS diagram (Fig. 6a). The Al,O5 content in the tonalite
from the Dongga area is relatively low (16.4-18.4 wt%),
and the A/CNK ratio ranges from 0.921 to 0.971. When
plotted on the A/CNK-A/NK diagram, they fall within the
sub-alkaline metaluminous field, indicating a typical meta-
luminous calc-alkaline nature (Fig. 6b, c). The K,O content
(1.33-1.48 wt%) and the AR content (1.54—-1.66 wt%) are
both relatively low (Fig. 6d), and when plotted on SiO,-K,0
and AR-SiO, diagrams, the tonalite falls within the calc-
alkaline series.

Summarizing the major element data of ore-bearing
quartz diorite porphyries from the Xietongmen No. 1 and
No. 2 deposits based on previous studies (Appendix 5; Lang
et al. 2010; Huang et al. 2011; Yin et al. 2016; Chen et al.
2020a, b), the SiO, content in the quartz diorite porphy-
ries is relatively low, generally ranging from 61.4 to 68.2
wt%, while the alkali content is moderate, with K,0+Na,O
ranging from 3.86 to 8.38 wt%. The dominant rock types
of the quartz diorite porphyries fall within granodiorite
in the TAS diagram (Fig. 6a), and the AR content is rela-
tively low, ranging from 1.41 to 2.43 wt%. When plotted on
the AR-SiO, diagram, the dominant rock types fall within

@ Springer
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the calc-alkaline series, indicating a calc-alkaline nature
(Fig. 6b). The Al,O4 content in the quartz diorite porphyries
is relatively low, ranging from 13.1 to 19.7 wt%, and the A/
CNK ratio ranges from 0.832 to 2.75. When plotted on the
A/CNK-A/NK diagram, most of the samples fall within the
sub-alkaline metaluminous and sub-alkaline weakly peralu-
minous fields (Fig. 6¢).

6.2 Trace elements

According to previous studies (Appendix 5; Wang et al.
2017; Mahoney et al. 1998), this study provides a systematic
summary of the trace element composition for the tonalite
from the Dongga area. The tonalite from the Dongga area is
enriched in elements such as K, Sr, and Pb, while depleted
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Baragar 1971, Maniar and Piccoli, 1989); and d SiO,-K,O classifica-
tion diagram for the tonalite from the Dongga area and the Xietong-
men ore-bearing porphyries, according to Peccerillo and Taylor 1976)

in elements like Nb, Ta, Zr, and Hf (Fig. 7a). It exhibits rela-
tively low total rare earth element (XREEs) concentrations
ranging from 50.2 to 65.6 ppm, indicating a light rare earth
element-enriched pattern. The tonalite also displays positive
Eu anomalies (8, =0.83-0.98) (Fig. 7b).

Summarizing the trace element data of the Xietong-
men No. 1 and No. 2 ore-bearing quartz diorite porphyries,
based on previous studies (Appendix 5; Lang et al. 2010;
Huang et al. 2011; Yin et al. 2016; Chen et al. 2020a, b), it
is observed that the mineralized quartz diorite porphyries
are characterized by enrichment in elements such as Rb,
K, and Sr, while depletion in elements like Nb, Ta, and Ti
(Fig. 7a). The total rare earth element (XREEs) contents
in the Xietongmen No. 1 and No. 2 quartz diorite porphy-
ries are relatively low, ranging from 35.5 to 116 ppm, with
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(La/Yb)y ratios of 1.8—11. They exhibit relatively weak Eu
anomalies (&g, =0.64-1.3) (Fig. 7b).

6.3 Whole-rock Sr-Nd isotopes

This study provides a systematic summary of the whole-rock
Sr—Nd isotope compositions of the tonalite from the Dongga
area and the ore-bearing porphyries from the Xietongmen
deposit based on Wang et al. (2017) and Yin et al. (2016)
(Appendix 6). The tonalite from the Dongga area exhibits a
limited range of Sr—Nd isotope compositions, with an ini-
tial 37Sr/%0Sr ratio (Is,) of 0.7035. The ey,(t) values range

from 6.4 to 6.8. They possess young Nd model ages, with a
Tpm2(Nd) value ranging from 443 to 409 Ma (Fig. 8a).

For the Xietongmen ore-bearing porphyries, the I, and
eng(t) values were calculated at a zircon U-Pb age of 179
Ma. The samples display relatively uniform initial 8’Sr/*Sr
ratios (Ig,) ranging from 0.704 to 0.705, with an average
of 0.704. The eyy(t) values range from 5.4 to 5.9. They
also exhibit young Nd model ages, with Nd model ages
[Tppmo(Nd)] ranging from 669 to 468 Ma (Fig. 8a).
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6.4 Zircon Hf isotopes

The Hf isotope composition of the tonalite from the Dongga
area and the Xietongmen ore-bearing porphyries are col-
lected, based on the previous studies (Tang et al. 2015; Wang
et al. 2017; Yin et al. 2016; Appendix 7). The tonalite from
the Dongga area exhibits highly depleted zircon Hf isotope
compositions [ey(t) =11.4-15.0] and also possesses young
Hf model ages, with Tpy,(Hf) values ranging from 493 to
262 Ma. The Xietongmen ore-bearing porphyries have gy (t)
values ranging from 10.4 to 16.8, with an average of 13.9, and
the Ty (HE) values range from 515 to 119 Ma, with an aver-
age of 308 Ma (Fig. 8b).

7 Discussion
7.1 Ages and tectonic setting

The obtained U-Pb dating result for the tonalite in the
Dongga area of the Gangdese belt in this study is 179.5+0.9
Ma, indicating its formation in the Early Jurassic. This result
is consistent with the previous study on the same rock in the
Dongga area, which reported a similar age of 179.7+1.7 Ma
(Wang et al. 2015a, b). By systematically collecting previ-
ous data on the ages of ore-bearing porphyries and min-
eralization in the Xietongmen deposit (Appendix 1, Chen
et al. 2020a, b), it was found that the ages of quartz diorite
porphyries in the Xietongmen No. 1 and No. 2 ore-bearing
porphyries (166.3 +2.6 and 175.5 + 1.0 Ma, respectively)
are consistent with the mineralization ages of the deposit
(molybdenite Re—Os ages: 161.5+2.7 and 172.6 +2.1 Ma,
respectively).

The subduction of the Neo—Tethys Ocean is thought to be
initiated at the Middle-Late Triassic (Wang et al. 2015a, b)
or Early Jurassic (Zhang et al. 2015). During the Late Trias-
sic to Cretaceous (230-80 Ma), the Neo-Tethys Oceanic slab
underwent stable oblique subduction, triggering continuous
magmatic activity in the Gangdese belt (Wang et al. 2015a).
From the Early Cretaceous (—110 Ma), the subduction angle
of the slab gradually increased, leading to an enhanced and
southward migration of magmatic activity (Chen et al.
2020b; Guo et al. 2018). In the Cenozoic (— 65 Ma), due
to a steepening of the subduction angle, magmatic activ-
ity mainly concentrated along the southern margin of the
Lhasa Terrane. Subsequently, around 50 Ma, a detachment
occurred due to the collision between the Indian and Eura-
sian plates (Kang et al. 2014). Our data together with previ-
ous studies (Tang et al. 2015; Wang et al. 2017; Yin et al.
2016) indicate that the tonalite (with an age of 179.5+0.9
Ma) in the Dongga area and the Xietongmen ore-bearing
porphyries (166.3 +2.6 and 175.5 + 1.0 Ma, respectively for
the Xietongmen No. 1 and No. 2 ore-bearing porphyries)
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in the Gangdese belt were formed in the Neo-Tethys Oce-
anic slab subduction process. Therefore, we conclude that
the tonalites in the Dongga area and the Xietongmen ore-
bearing porphyries have a similar formation age and tectonic
background.

7.2 Genetic types of rocks and source of magma

According to the mineral assemblage, whole-rock geochemi-
cal characteristics, and source properties, granite is com-
monly classified into I-type, S-type, and A-type granites
(Chappell and White 1974; Whalen et al. 1987). I-type gran-
ites are primarily characterized by amphibole as the main
indicative mineral, with accessory minerals such as magnet-
ite, sphene, apatite, and zircon (Wu et al. 2017). The amphi-
bole occurred as a major mineral in the tonalite. Besides,
there are several distinguishing features between apatite
in I-type granites and S-type granites. Firstly, in terms of
source characteristics, I-type granites are derived from a
mixture of mantle and lower crust (Barbarin et al. 1999;
Chappell and White et al. 1974). While S-type granites are
derived from partial melting of the lower crust. Secondly,
apatite in I-type granites typically contains high amounts of
F and CI elements, while apatite in S-type granites is rela-
tively depleted in these elements (Wu et al. 2017). This study
demonstrates that the apatite in the tonalite in the Dongga
area is rich in F and CI elements. Additionally, The Sr—Nd/
Nd" isotopic composition of apatite also indicates that the
tonalite in the Dongga area belongs to the I-type granite
(Fig. 9), which is the same rock type as the Xietongmen
ore-bearing porphyries (Chen et al. 2020a, b).
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Fig. 9 Apatite Sr—Nd/Nd" ratio for the for the tonalite from the
Dongga area and the Xietongmen ore-bearing porphyries (modified
after Zhang 2020)
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The composition of the magma source is an important
factor influencing porphyry mineralization, where depleted
mantle-derived materials can provide abundant ore-related
elements such as Au, Cu, and S, and exhibit depleted
Sr—Nd-Hf isotope characteristics (Hou et al. 2006). Recent
studies revealed that the ey,(t) values of the tonalite in the
Dongga area range from 6.42 to 6.82, and the two-stage
model ages (tpy,) range from 443 to 409 Ma (Tang et al.
2015; Wang et al. 2017; Yin et al. 2016), indicating that the
magma may have been derived from partial melting of juve-
nile lower crust (Fig. 8a). Furthermore, the granitic intrusive
rocks in the Dongga area have depleted zircon Hf isotopic
compositions [ey(t)=11.4-15.0], suggesting that they are
products of partial melting of juvenile lower crust, similar to
the isotopic composition of depleted mantle. This indicates
that the magma source in the Dongga area is likely a juvenile
crust with a similar isotopic composition to the depleted
mantle, capable of providing abundant ore-related elements
such as Au, Cu, and S for the formation of porphyry deposits
(Fig. 8b).

7.3 Magma redox state and volatile contents

Magma oxidation state and volatile contents (including
water, sulfur) are vital for the formation of porphyry Cu
deposit (Peccerillo and Taylor 1976; Zhao 2012; Li et al.
2014; Tang et al. 2015; Wang et al. 2021; Xu et al. 2021,
Huang et al. 2022). High oxygen fugacity can facilitate the
decomposition of sulfides in the source region and increase
the solubility of Cu and S (Ferry and Watson 2007; Hou and
Yang 2009; Wang et al. 2021). High water content facili-
tates the magma rising to shallow depths, where fluid satu-
ration occurs, followed by the unloading of Cu, resulting
in the formation of porphyry Cu mineralization. Therefore,
the magma oxidation state and volatile contents (including
water and sulfur) are crucial for the formation of porphyry
Cu deposits.

7.3.1 Magma oxidation state

Zircon (Eu/Eu*)y and Ce**/Ce’* ratios, whole-rock V/Sc
ratios, apatite Cey/Cey* could reflect the magma oxidation
states (Xiao et al. 2021; Xie et al. 2018; Zhu et al. 2022). Ce
and Eu exhibit variable valence states, and the abundance
of Eu in zircon often reflects the redox conditions of the
magma. The Eu anomaly is commonly expressed using (Eu/
Eu*)y, where Eu*=4/Sm,, - Gdy . Based on this, (Eu/Eu*)y
can be used as a criterion to assess the relative oxygen fugac-
ity of the magma (Trail et al. 2012), and that the zircon (Eu/
Eu*)y values increase with higher oxygen fugacity. In this
study, zircon trace element data from the tonalites samples
in the Dongga area, with an average (Eu/Eu*)y value of 0.44
(Appendix 4), showed negative Eu anomalies, which are

highly consistent with the REE patterns of the Xietongmen
ore-bearing porphyry with zircon (Eu/Eu*)y ratios ranging
from 0.33 to 0.77 (average of 0.49) (Chen et al. 2020a, b;
Xie et al. 2018) (Fig. 10b).

Under relatively oxidizing conditions, Zr in zircon is typi-
cally present as Zr**, while Ce exists as Ce** (Hoskin and
Schaltegger 2018). Due to the similar valence state and ion
radius between Ce** and Zr**, Ce can easily substitute for Zr**
in the zircon lattice, resulting in positive Ce anomalies. The
Ce**/Ce’* ratio in zircon can be used to reflect the oxygen
fugacity of the magmatic system (Li et al. 2014; Huang et al.
2019). Zircon Ce**/Ce®* values for the tonalite ranged from
205 to 1896, showing relatively high Ce**/Ce* values in this
region (Appendix 2). By comparing with the data from Chen
et al. (2020a, b) and Xie et al. (2018), it was found that the
Xietongmen No.1 and No. 2 ore-bearing porphyries have simi-
lar and relatively high zircon Ce**/Ce** values (respectively,
ranging from 11.8 to 1745 and 10.9 to 4106) (Fig. 10c). Mag-
matic oxygen fugacity is proposed to be calculated using Ce,
U, and Ti in zircon: log fO,(samples) — log fO,(FMQ) =

3.998(+0.124) X log <Ce/ VU X Ti) +2.284(+0.101)

(Loucks et al. 2020). Based on this formula, the tonalite in the
Dongga area has AFMQ values ranging from 1.3 to 3.7
(Appendix 2). The Xietongmen No. 1 and No. 2 ore-bearing
porphyries has AFMQ values of 0.56—1.8 and 0.73-1.83,
respectively (Fig. 10d). The whole-rock V/Sc ratios can effec-
tively reflect changes in magma oxygen fugacity. V and Sc
exhibit similar geochemical behaviors during partial melting
processes in the mantle (Canil 1997; Toplis and Corgne 2002).

At a given temperature, higher magma oxygen fugacity
corresponds to larger V/Sc ratios, and subsequent weather-
ing and metamorphism processes do not significantly impact
the V/Sc ratio. Published data on the whole-rock V/Sc ratios
of tonalite from the Dongga area and the Xietongmen ore-
bearing porphyries support this observation (Lang et al. 2010;
Huang et al. 2011; Wang et al. 2017; Yin et al. 2016; Chen
et al. 2020a, 2020b). The whole-rock V/Sc ratios of the tonalite
in the Dongga area (ranging from 8.76 to 14.6, with an average
of 10.6) are very similar to those of Xietongmen ore-bearing
porphyries (ranging from 6.64 to 22.3, with an average of
11.4) (Fig. 11). The Ce anomaly in apatite is also considered
a representative of the oxidized state of the parental magma,
as Ce’" in apatite is more easily substituted compared to Ce**
(Sha and Chappell 1999; Cao et al. 2012; Huang et al. 2023).
Apatite crystals crystallized in relatively oxidized magmas will
have lower Cey/Cey™* ratios compared to those crystallized
in reduced magmas. In other words, higher magma oxygen
fugacity corresponds to lower Cey/Cey* ratios. The tonalite
from the Dongga area exhibits relatively low apatite Cey/Cey*
ratios ranging from 1.04 to 1.28 (Appendix 4). Previous data
analysis by Chen et al. (2020a, 2020b) also indicates that apa-
tite from the Xietongmen ore-bearing porphyries has relatively
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low Cey/Cey* ratios (ranging from 0.97 to 1.0). The similarity
in apatite Cey/Cey* ratios between the two regions suggests
comparable oxygen fugacity conditions in the magmas of the
Dongga area and the Xietongmen deposits (Fig. 12). These
features indicate that the parental magma of the tonalite in
the Dongga area is relatively oxidized, similar to those of the
Xietongmen ore-bearing porphyries, favoring the formation of
porphyry copper deposits.

7.3.2 Magma volatile contents

Magma water content: The occurrences of amphibole, rela-
tively high whole-rock Sr/Y ratios, and low Ti-in-zircon
temperature are important proxies for high magma water
content (Piccoli and Candela 2002; Ding et al. 2012; Zhao
2012; Loucks et al. 2020; Wang et al. 2021). According to
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our observations for the tonalite in the Dongga area, as well
as previous studies on the Xietongmen ore-bearing por-
phyries (Chen et al. 2020a, b), all of these rock samples
contain amphibole phenocrysts. The higher water content in
the magma inhibits the separation crystallization of plagio-
clase, making amphibole the main segregate phase. Addi-
tionally, based on previous whole-rock geochemical data of
the Dongga tonalite (Wang et al. 2017), these rocks exhibit
relatively high whole-rock Sr/Y ratios ranging from 20.3 to
58.9, which are comparable to the Sr/Y ratios of the Xie-
tongmen No. 1 and No. 2 ore-bearing porphyries (4.5 to 38.4
and 8.3 to 40.1, respectively) (Lang et al. 2010; Huang et al.
2011; Yin et al. 2016; Chen et al. 2020a, b) (Fig. 13). Fur-
thermore, our study on tonalites samples reveals relatively
low Ti-in-zircon temperatures, ranging from 502 to 740 °C
with the average value of 671 °C. Ti-in-zircon temperatures
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of the Xietongmen No. 1 and No. 2 ore-bearing porphyries
are also relatively low, ranging from 607 to 763 °C with
the average value of 672 °C, respectively (Xie et al. 2018;
Chen et al. 2020a, b) (Fig. 10a). The presence of amphibole
phenocrysts, relatively high whole-rock St/Y ratios, and low
Ti-in-zircon temperatures for the tonalite in the Dongga area,
similar to those for the Xietongmen ore-bearing porphyries,
supports that these rocks were formed from water-rich mag-
mas, favoring the formation of porphyry copper deposits.
Calculating magmatic sulfur contents based on the apatite
SO; contents is complex, because that the apatite SO con-
tents are not only affected by magmatic sulfur contents, but
also magma temperatures, and oxidation state (Peng et al.
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Fig. 13 The Y-Sr/Y diagram for the tonalite from the Dongga area
and the Xietongmen ore-bearing porphyries

1997; Belousova et al. 2002; Parat and Holtz 2005; Parat,
Holtz and Streck 2011). Nevertheless, Peng et al. (1997)
provided the apatite-melt partition coefficient formula of
InK,; = 1n[(805),,/(505),,,,] = 21130/T = 16.2,  which
can be used to estimate magmatic S content semiquantita-
tively. The estimated magmatic S contents are 0.002—0.024
wt% for tonalite samples in the Dongga Area. Besides,
previous studies proposed a partitioning relationship of
(SO3)ap = 0.157 X In(S05),,,,, + 0.9834 for magma sulfur
content and apatite sulfur content (Parat, Holtz and Streck
2011). Estimation of magmatic S content based on the apa-
tite saturation temperatures and the equation of Parat Holtz
and Streck (2011) yields 0.001-0.043 wt% for tonalite sam-
ples in the Dongga Area. These values are comparable to the
magmatic sulfur content of the Xietongmen No. 1 and No. 2
ore-bearing porphyries, which were calculated to be in the
range of 0.011-0.051 wt% and 0.001-0.012 wt% using the
formula of Peng et al. (1997), as well as 0.002-0.037 wt%
and 0.001-0.026 wt% when employing the formula of Parat
Holtz and Streck (2011). Therefore, the magmas of tonalite
in the Dongga Area are sulfur-rich.

7.4 Implication for porphyry copper mineralization

This study presents a systematic analysis of the petrology,
whole-rock geochemistry, and mineralogy of the tonalite
in the Dongga area, Gangdese belt. By integrating previ-
ous researches, the study proposes that the granitoids in the
Dongga area may have the potential to form porphyry copper
deposits. The main supporting evidence includes: (1) The
tonalite in the Dongga area formed in Early Jurassic, and
derived from partial melting of juvenile lower crust dur-
ing the Neo—Tethyan oceanic plate subduction process. The
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magmatic source in the area resembles the isotopic composi-
tion of the depleted mantle. This magmatic source is capable
of supplying abundant ore-forming metal elements such as
Au and Cu, as well as S elements, facilitating the formation
of porphyry copper deposits. (2) The high oxidation state of
magmas plays a crucial role in the formation of porphyry
deposits. The tonalite exhibits the whole-rock V/Sc ratios
ranging from 8.76 to 14.6 (average of 10.6), apatite Cey/
Cey* ranging from 1.04 to 1.28, average zircon (Eu/Eu*)y of
0.44, and Ce**/Ce’" ratios ranging from 205 to 4392, AFMQ
values ranging from 1.3 to 3.7. These characteristics indi-
cate that the parental magmas of the tonalite in the Dongga
area exhibit high oxygen fugacity, favoring the formation of
porphyry deposits. (3) Volatile components such as S and
water are essential media for magmatic-hydrothermal pro-
cesses, facilitating the further enrichment of ore-forming
elements. The presence of amphibole phenocrysts, relatively
high whole-rock St/Y ratios (ranging from 20.3 to 58.9), and
low Ti temperatures in zircon ranging from 502 to 740 °C
(average value of 671 °C) for the tonalite in the Dongga area
suggest a high magma water content. Besides, the magma
is sulfur-rich as calculated based on the apatite SO; con-
tents (see Sect. 7.3). These characteristics suggest that the
tonalite in the Dongga area are enriched in volatile compo-
nents such as water and S, which promote the enrichment
of ore-forming elements. By studying the magmatic source,
tectonic background, redox state of magmas, and volatile
components of the tonalites in Dongga area, and comparing
them with the mineralized porphyry rocks of the Xietong-
men deposit, the study finds significant similarities between
the two areas. This indicates that the Dongga area may have
the potential to host large-scale porphyry copper deposits.
The only known subduction-related porphyry Cu—Au deposit
(Xietongmen porphyry Cu—Au deposit) in the Gangdese belt
is probably due to the subsequent erosion process and/or lack
of exploration (Chen et al. 2020a, 2020b).

8 Conclusions

This study conducted systematic analyses including zircon
U-Pb dating, zircon trace element, apatite major and trace
element on the tonalite in the Dongga area, Gangdese Belt.
Then comparing the obtained results with collected pub-
lished data on the Xietongmen ore-bearing porphyries, the
following conclusions were drawn:

1. The tonalite in the Dongga area is an I-type granite and

formed at 179.4 +0.9 Ma, indicating an Early Jurassic
crystallization age.
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2. The tonalite in the Dongga area predominantly origi-
nated from partial melting of juvenile lower crust related
with the Neo-Tethys oceanic plate subduction.

3. The tonalite in the Dongga area exists high oxygen
fugacity, water- and S-rich features.

4. The tonalite in the Dongga area shares similarities to the
Xietongmen ore-bearing porphyries in terms of magma
source, tectonic background, magma redox state, and
volatile contents, which suggest that it has the potential
for the formation of porphyry copper deposits.
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