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ABSTRACT

The Lietinggang-Leqgingla deposit is a representative skarn-type polymetallic deposit in the eastern of the central
Lhasa subterrane. It comprises Pb-Zn and Fe-Cu-(Mo) mineralization that are part of the same metallogenic
system. Garnet-skarn hosting Fe-Cu-(Mo) mineralization distributed in the contact zone between the Jubuzhari
complex intrusions and carbonate strata of the Mengla Formation. The Pb-Zn mineralization is hosted in distal
garnet-pyroxene and pyroxene-actinolite skarns, which formed in the strata of Mengla Formation. Here, we
investigate quartz diorites (61.06 & 0.93 Ma) that are related to Fe-Cu mineralization in the northern part of the
mining area. The quartz diorites are characterized by low SiO3 (61.57-65.88 wt%), low K20 (2.53-3.07 wt%),
and high total alkali (Na2O + K20) contents (5.69-6.35 wt%). They are enriched in large-ion lithophile elements
and light rare earth elements, but depleted in high field strength elements and heavy rare earth elements. The
quartz diorites yield variably low (La/Yb)y ratios (4.29-7.07, the average value is 6.36) with moderately
negative Eu anomalies (Eu/Eu* = 0.49-0.72). Furthermore, they exhibit a narrow range in (87Sr/865r)i ratios
(0.706355-0.706807) and weakly negative enq (t) (—2.08 to —1.57), and positive eys (t) (+0.14 to +3.46) values.
Based on the geochemical characteristics presented in this study and previously published data, we propose that
the ore-forming rocks related to Fe-Cu and Pb-Zn mineralization were formed at the same time. The intermediate
intrusions associated with Fe-Cu mineralization were derived from partial melting of lithospheric mantle mixed
with the rejuvenated lower crustal melts, after which the mixed magma underwent minor fractional crystalli-
zation during upwelling. The felsic intrusions associated with Pb-Zn mineralization were formed by melting of
mantle-derived basaltic magmas with old lower crust component contributions and which underwent extensive
fractional crystallization.

1. Introduction

zinc, and lead (Meinert, 2005). Researchers have studied a variety of
topics regarding skarn-type deposits in the past, including tectonic

Skarn deposits are widely distributed around the world and are setting, mineral assemblages, geochronology, alteration and minerali-
directly related to magmatic-hydrothermal activity associated with zation, ore-forming fluids, and the sources of the ore-forming materials
plutonic bodies. Those magmatic fluids are significant sources of eco- (Einaudi et al., 1981, 1982; Newberry and Swanson, 1986; Meinert,
nomic metals such as iron, copper, gold, molybdenum, tungsten, tin, 1995, 2005; Samson et al., 2008; Wang et al., 2011; Zarasvandi et al.,
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2015; Shu et al., 2017; Zhao et al., 2017; Ma et al., 2017, 2019).

It has been demonstrated that the iron ore skarn-type deposits can be
related to intermediate-acid igneous rocks such as (quartz) diorite and
granodiorite (Li et al., 2012). Copper-zinc-lead skarn ore deposits, on the
other hand, are generally associated with I-type granitoids such as
monzogranite, granodiorite, and quartz monzonite-porphyry
(Hezarkhhani, 2006; Maher, 2010; Kloppenburg et al., 2012). The
metal associations are to a large extend controlled by the magma redox
state and the degree of fractionation (Chang et al., 2019). In addition,
the mantle and crustal materials play an important role in the formation
of magmatic hydrothermal deposits (Richard, 2009, 2011; Wang et al.,
2015; Yang et al., 2016; Zhang et al., 2019; Xu et al., 2021a).

The Himalayan-Tibetan orogeny resulted from the collision of Indian
and Asian continents in the Early Tertiary, resulting in the thickest crust
on earth (Yin and Harrison, 2000; DeCelles et al., 2004; Chu et al., 2006;
Zhuetal., 2009; Hou et al., 2009, 2015). During the syn-collisional stage
(65-41 Ma), asthenospheric upwelling not only promoted partial
melting of lithospheric mantle and crust, but also affected the Precam-
brian basement and Paleozoic sedimentary cover (Hou et al., 2006,
2015, 2021; Zhu et al., 2013), which resulted in the formation of the
northern Gangdese Pb-Zn-Ag-Fe-Cu-Mo-W polymetallic belt (NGPB)
(Zheng et al., 2015; Fu et al., 2017; Zhang et al., 2019). This belt extends
for nearly 600 km along the Luobadui-Milashan Fault in the central
Lhasa subterrane (Meng et al., 2007; Huang et al., 2012; Zhao et al.,
2014; Zheng et al., 2015; Fu et al., 2017). There are four major types of
mineralization systems in the NGPB, including: skarn Fe-(Cu), granite-
related Pb-Zn-Ag, skarn Pb-Zn-Fe-Cu-Mo, and porphyry/skarn Mo-Cu-
W (Hou et al., 2015; Zheng et al., 2015; Zhang et al., 2019). Previous
studies have suggested that the skarn Fe-(Cu) mineralization is
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associated with syn-collisional metaluminous granodiorites, mon-
zogranites, and quartz diorite, all of which were generated from partial
melting of lithospheric mantle mixed with rejuvenated lower crustal
melts (Zheng et al., 2015). The ore-forming intrusions related to the
skarn Pb-Zn deposits were closely associated with the ancient basement
of the central Lhasa subterrane (Fu et al., 2017). The polymetallic de-
posits that have been found in the NGPB include the Bangpu porphyry/
skarn Mo-Cu-Pb-Zn deposit (Zhao et al., 2015), the Longmala skarn Fe-
(Cu)-Pb-Zn deposit (Fu et al., 2014), and the Lietinggang-Leqingla Pb-
Zn-Fe-Cu-(Mo) deposit (Ma et al., 2015, 2017). These deposits have been
well documented in terms of their metallogeny, geochronology, source
of ore-forming rocks, and geodynamic setting (Fu et al., 2014; Ma et al.,
2015, 2019, 2020; Zhao et al., 2015; Wang et al., 2017, 2018). However,
a critical issue that has not been resolved yet is how Pb, Zn, Fe, and Cu
metals that are derived from different origin sources can be the enriched
together in the same metallogenic system.

The Lietinggang-Leqingla deposit is a skarn-type polymetallic de-
posit in the NGPB comprising both Pb-Zn and Fe-Cu-(Mo) mineraliza-
tion. The relationship between the Pb-Zn and the Fe-Cu mineralization,
and the different ore-forming intrusions have not been investigated yet.
In this paper we present zircon geochronological and Hf isotope, and
whole-rock geochemical (major and trace element geochemistry, Sr-Nd
isotope) data of the quartz diorite associated with Fe-Cu mineralization
from the Lietinggang-Legingla deposit. We aim to obtain a better un-
derstanding of why the skarn-type Pb-Zn and Fe-Cu mineralizations
developed in the same metallogenic system.
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Fig. 1. (a) Geological sketch map of Tibetan Plateau (modified from Zhu et al., 2011); (b) Simplified regional geological map of the central and eastern Gangdese
metallogenic belt in the Lhasa terrane showing the distribution of significant ore deposits (modified from Hou et al., 2006; Meng et al., 2007). JSS: Jinsha suture zone;
BNS: Bangong-Nujiang suture zone, SNMZ: Shiquan River-Nam Tso Mélange Zone, LMF: Luobadui-Milashan fault, IYZS: Indus-Yarlung Zangbo suture zone, NL:
Northern Lhasa subterrane, CL: Central Lhasa subterrane, SL: Southern Lhasa subterrane.
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2. Regional geological setting

The Himalayan-Tibetan Plateau is a complex tectonic collage
composed of four continental terranes, including (from north to south)
the Songpan-Ganze, Qiangtang, Lhasa and Himalayan terranes, which
are separated from each other by the Jinsha suture zone (JSSZ),
Bangong-Nujiang suture zone (BNSZ), and Indus-Yarlung Zangbo suture
zone (IYZSZ), respectively (Yin and Harrison, 2000; Pan et al., 2004; Zhu
et al., 2009, 2012) (Fig. 1a). The southernmost Eurasian Lhasa terrane
has a length of ~2000 km and a width of 100-300 km. It is bounded to
the north by the Bangong-Nujiang suture zone, which was formed by the
Late Jurassic-Early Cretaceous closure of the Paleo-Tethyan Ocean due
to continental collision between the Lhasa and Qiangtang terranes (Yin
and Harrison, 2000; Zhu et al., 2009). To the south, it is bounded by the
Indus-Yarlung Zangbo suture zone, which resulted from the Paleocene
collision between the Asian and the northward moving Indian conti-
nental plates (Mo et al., 2005; Hou et al., 2006). The Lhasa terrane can
be further subdivided into a northern, central, and southern subterrane,
which are separated by the Shiquan River-Nam Tso Mélange Zone
(SNMZ) and the Luobadui-Milashan Fault (LMF), respectively (Fig. 1a;
Zhu et al., 2011). The northern Lhasa subterrane comprises Jurassic-
Cretaceous and minor Triassic sedimentary rocks and Lower Creta-
ceous volcano-sedimentary rocks (Pan et al., 2004; Zhu et al., 2011). The
central Lhasa subterrane was once a ribbon-shaped microcontinent with
a Proterozoic and Archean basement, and comprises widespread Permo-
Carboniferous metasedimentary rocks, Late Jurassic-Early Cretaceous
volcano-sedimentary rocks, and minor Ordovician, Silurian and Triassic
limestones (Pan et al., 2004; Zhu et al., 2010, 2011, 2013). In the
southern Lhasa subterrane, the Precambrian crystalline basement is
locally preserved (Dong et al., 2010), whereas the sedimentary cover is
largely confined to the eastern part, largely consisting of Late Triassic-
Cretaceous clastic sedimentary rocks and abundant volcanic rocks
collectively known as the Yeba Formation (Pan et al., 2004; Zhu et al.,
2008, 2013).

The Lhasa terrane is characterized by the widespread occurrence of
Late Triassic-Early Tertiary Gangdese batholiths and the Mesozoic-
Cenozoic volcanic successions (i.e., the well-known Gangdese
magmatic belt) situated along the southern margin of the Lhasa terrane
(Harris et al., 1990; Hou et al., 2015; Mo et al., 2003; Chu et al., 2006; Ji
et al., 2009; Zhu et al., 2011, 2013). The formation of these magmatic
rocks is related to the subduction of the Neo-Tethyan Ocean and the
collision between the Indian and Asian continents (Mo et al., 2005; Ji
etal., 2009; Zhu et al., 2009, 2011). The Gangdese magmatic arc records
a long, punctuated history of magmatism from ~215 to ~10 Ma, with
four periods of intense magmatic activity, i.e., at 210-170 Ma, 110-80
Ma, 65-41 Ma, and 30-10 Ma (Chu et al., 2006; Mo et al., 2007; Ji et al.,
2009; Zhu et al., 2017). Intense magmatic activity took place during the
Paleocene-Eocene, with the magmatic peak activity at ca. 52 Ma (Zhu
et al., 2017). Magmatism during 65-41 Ma associated with the Indian-
Asian continental collision and roll-back of the Neo-Tethyan oceanic
slab, is characterized by the formation of voluminous arc batholiths and
the Linzizong volcanic successions in the south of Tibet (Chung et al.,
2005; Hou et al., 2006; Mo et al., 2005, 2007; Zhu et al., 2009, 2011).
The arc batholiths comprise Paleocene syn-collisional granitoids, Eocene
gabbro and associated granitoid intrusions, and basaltic subvolcanic
rocks (Hou and Cook, 2009). The Linzizong volcanic successions (60-42
Ma) include (high-K) calc-alkaline andesites, rhyolites, and minor
shoshonitic (Chu et al., 2006; Hou et al., 2006; Mo et al., 2005, 2007;
Zhu et al., 2011). Miocene magmatism in the Lhasa terrane is charac-
terized by small volumes of (ultra) potassic lavas and adakite-like in-
trusions (Chung et al., 2003; Gao et al., 2007; Hou et al., 2013, 2015;
Zheng et al., 2014; Yang et al., 2015, 2016).

Magmatic Cu-Mo, Pb-Zn-(Ag), Fe-Cu, and W-Mo deposits have been
recognized in the Lhasa terrane, which constitute the Gangdese por-
phyry Cu-Mo belt in the southern Lhasa subterrane and the northern
Gangdese Pb-Zn-Ag-Fe-Cu-Mo-W polymetallic belt (NGPB) in the central
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Lhasa subterrane (Hou et al., 2006, 2015; Hou and Cook, 2009; Yang
et al., 2015, 2016; Zheng et al., 2015; Fu et al., 2017; Xu et al., 2017,
2021b). The NGPB extends for ~600 km along the Luobadui-Milashan
Fault. Mineralization in the NGPB occurred during the main colli-
sional stage (65-41 Ma) (Meng et al., 2007; Huang et al., 2012; Zhao
etal., 2014; Zheng et al., 2015; Fuet al., 2017). Several ore-deposit types
have been identified in this belt, including porphyry/skarn W-Mo, skarn
Fe-(Cu), granite-related Pb-Zn-(Ag), and skarn polymetallic deposits
(Fig. 1b) (Zheng et al., 2015; Fu et al., 2017). Porphyry/skarn W-Mo
deposits occur in the easternmost margin of the central Lhasa subterrane
and include the Hahaigang skarn W-Mo (63.2 Ma, Li et al., 2014), and
Tangbula porphyry Mo-Cu (20.9 Ma, Wang et al., 2010) deposits. The
skarn Fe-(Cu) deposits (65-49 Ma) are commonly associated with syn-
collisional metaluminous granodiorites, monzogranites (Zheng et al.,
2015 ; Zhang et al., 2019). The granite-related Pb-Zn-(Ag) deposits
(65-55 Ma) are associated with peraluminous granite, quartz porphyry,
and granite porphyry (Zheng et al., 2015). The granite-related Pb-Zn-
(Ag) deposits include skarn-hosted, breccia-hosted, and porphyry-
hosted deposits (Gao et al., 2011; Huang et al., 2012; Ji, 2013; Zheng
etal.,, 2015; Fu et al., 2017; Zhang et al., 2019). The polymetallic skarn-
type deposits are distributed in the eastern of the central Lhasa sub-
terrane, including the Bangpu porphyry-skarn Mo-(Cu)-Pb-Zn deposit
(15 Ma, Zhao et al., 2015), the Longmala skarn Fe-(Cu)-Pb-Zn deposit
(56 Ma, Fu et al., 2014), and the Lietinggang-Leqingla skarn Pb-Zn-Fe-
Cu-(Mo) deposit (58-59 Ma, Ma et al., 2020).

3. Geology of the Lietinggang-Leqingla deposit

The Lietinggang-Leqingla deposit is the largest skarn-type poly-
metallic deposit in the NGPB. It is situated in the northern Linzhou
County of the central Lhasa subterrane (Fig. 1b). The volcanic-
sedimentary rocks in the mining area belong to the Middle Permian
Luobadui Formation, the Upper Permian Mengla Formation, the Upper
Triassic Jialapu Formation, and the Eocene Nianbo Formation. The
Luobadui Formation occurs in the southern part of the mining area and
is dominated by (from south to north) andesitic basalt, medium-thick
limestone and tuffaceous sandstone. The Mengla Formation crops out
in the northern and southern part of the mining area and comprises
tuffaceous sandstone, limestone interbedded with slate, and calcareous
mudstone with intercalations siltstone. The Jialapu Formation (exposed
in the centre of mining area) comprises sandstone, siltstone and
mudstone, and are unconformably overlying the Permian strata. The
Nianbo Formation occurs in the northwest of the mining area and is
dominated by rhyolitic fused tuff with intercalations of volcanic breccia
and tuffaceous conglomerate (Fig. 2). Within the southern part of the
mining area, a near vertical normal fault with an east to west trend
impacted the ore body, which is hosted in limestone interbedded with
slate of the Mengla Formation. In the northern part of mining area a
near-vertical north-south trending reverse fault has displaced the skarn
in some areas.

3.1. Magmatism

The Jubuzhari felsic intrusions that are associated with mineraliza-
tion are widely distributed in the Lietinggang-Leqingla deposit. It
comprises three stocks and crops out over ~5 km? in the southeast of the
mining area (Fig. 2). The felsic intrusions show a gradual granodiorite-
granodiorite porphyry-granite porphyry transition from the center to the
edge. Laser-ablation ICP-MS zircon U-Pb dating of the granodiorite,
granodiorite porphyry, and granite porphyry yield similar crystalliza-
tion ages of 62.4 + 1.2 Ma, 62.6 + 0.6 Ma, and 63.7 + 1.0 Ma,
respectively (Ma et al., 2015; Zhang et al., 2019). The quartz diorite
occurs in the northern part of the mining area in the form of stock
(Fig. 2). It shows a semi-automorphic granular in texture comprising
plagioclase (~50%), K-feldspar (~10%), quartz (~15%), and horn-
blende and biotite (~20%), with accessory apatite, zircon and magnetite
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Fig. 2. Geological map of the Lietinggang-Leqingla Pb-Zn-Fe-Cu-(Mo) deposit.

(Fig. 3). Small-scale sillite and dioritic porphyrite stocks intruded into
the limestone of the Mengla Formation and siltstone of the Jialapu
Formation, respectively.

3.2. Orebodies of the Lietinggang-Leqingla deposit

The Lietinggang-Leqingla deposit includes the Lietinggang Fe-Cu-
(Mo) ore bodies in the north and the Legingla Pb-Zn-Fe-(Cu) ore
bodies in the south. The Lietinggang Fe-Cu-(Mo) ore bodies are devel-
oped as stratiform, cystic or lenticular units in east-west trending garnet
skarns along the contact of the Jubuzhari intrusions and the carbonate
strata of the Mengla Formation (Fig. 2).

The Leqingla Fe-(Cu) ore bodies occurs as laminated, lenticular or
irregular-shaped units and are situated in north-south trending garnet
skarns along the contact between the Jubuzhari intrusions and carbon-
ate strata of the Mengla Formation (Fig. 2). The Leqingla Pb-Zn-(Cu) ore
bodies are hosted in garnet-pyroxene and pyroxene-actinolite skarns,
which are more distal from the Jubuzhari intrusions compared to the
Leqingla Fe-Cu ore bodies.

3.3. Alteration and mineralization

The mining area is characterized by a regular spatially zoned alter-
ation and mineralization. Garnet skarns hosting Fe-Cu-Mo mineraliza-
tion comprise garnet, diopside, hedenbergite, actinolite, epidote, and
chlorite (Fig. 4d). The Fe-Cu-(Mo) mineralization is characterized by
disseminated, massive, and vein-type occurrence of magnetite, chalco-
pyrite, and minor molybdenite (Fig. 4a). Chalcopyrite, pyrite, pyrrhotite
with minor molybdenite, sphalerite and galena replaced the eu- and
subhedral magnetite and early skarn minerals (Fig. 4b, g).

The garnet-pyroxene skarns and pyroxene-actinolite skarns hosting
the Pb-Zn-(Cu) mineralization comprise hedenbergite, ferroactinolite,
epidote, and minor garnet, chlorite, and sericite (Fig. 4e, f). The
mineralization is characterized by the massive, disseminated, and vein-
type occurrence of sphalerite, galena, chalcopyrite, pyrite, and pyrrho-
tite (Fig. 4c). Chalcopyrite is exsolved as an emulsion from the reddish-
brown sphalerite or symbiotic with sphalerite and galena in an allo-
triomorphic granular form (Fig. 4h, i).
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Fig. 3. Photomicrographs showing characteristics of the quartz diorite in the Lietinggang-Legingla deposit. (a) Sample of the quartz diorite. (b) Mineral assemblage
of quartz diorite with hornblende, biotite, plagioclase, quartz, and magnetite (crossed-polarized light). (c) Mineral assemblages of quartz diorite with quartz and
biotite (crossed-polarized light). (d) Plagioclase in quartz diorite (crossed-polarized light). (e) Plagioclase and hornblende in quartz diorite (crossed-polarized light).
(f) Magnetite in quartz diorite (reflected light). Hbl: hornblende, Bt: biotite, Pl: plagioclase, Qtz: quartz, Mt: magnetite.

4. Analytical methods
4.1. Zircon U-Pb age dating and trace elements

Laser ablation ICP-MS zircon U-Pb dating was done at the Mineral
and Fluid Inclusion Microanalysis Lab (Institute of Geology, Chinese
Academy of Geological Sciences, Beijing) using a NWR 193UC laser
ablation system (Elemental Scientific Lasers, USA) equipped with
Coherent 200 excimer laser and a Two Volume 2 ablation cell. The
ablation system was coupled to an Agilent 7900 ICP-MS (Agilent, USA).

The zircon crystals were mounted in epoxy discs, polished to expose
the grains, cleaned ultrasonically in ultrapure water, and then cleaned
again prior to the analysis using AR grade methanol. The analysis was
done using a 30 pm spot size with a 5 Hz and 2 J/cm? laser fluence.

Zircon 91500 was used as primary reference material and GJ-1 and
the Plesovice were used as secondary reference materials. The 91500
was analyzed twice and both of GJ-1 and Plesovice were analyzed once
every 10-12 analyses. Typically, 35-40 s of the sample signals were
acquired after a 20 s of gas background measurement. NIST610 and 91Zr
were used as external and internal standard, respectively, for trace
element analysis. The measured ages of the reference materials used are
as follows: 91500 (1061.5 £ 3.2 Ma, 26), GJ-1 (604 £+ 6 Ma, 20), and
Plesovice (340 + 4 Ma, 20), which agreed well with the nominal values
within the defined uncertainty. The Iolite software package was used for
data reduction (Paton et al., 2010).

4.2. Zircon Lu-Hf isotope geochemistry

In-situ Lu-Hf isotope measurements were done using a Thermo Fin-
nigan Neptune-plus MC-ICP-MS fitted with a J-100 femto-second laser
ablation system Applied Spectra Inc. at the National Research Center for
Geoanalysis, Chinese Academy of Geological Sciences. The analytical
procedures and calibration methods are similar to those described by
Wu et al. (2006). Zircons were ablated for 31 s at a repetition rate of 8 Hz
at 1.5 J/cm?. The ablation pits were 20 x 40 um in diameter. During the
analysis, the isobaric interference of }”°Lu on 7Hf was negligible due to
extremely low 1761,u/Y77Hf values in zircon (normally < 0.002). The

mean 73Yb/72Yb value of individual spots was used to calculate the
fractionation coefficient (Byp) and then to calculate the contribution of
176yb to 7®Hf. An isotopic 173Yb/172Yb ratio of 1.35274 was used.

4.3. Whole rock major and trace element geochemistry

All samples for geochemical analyses were ground to ~200 mesh
sizes using an agate mortar. Major, and trace, and rare earth elements
were measured using X-ray fluorescence spectrometry (XRF) and
inductively coupled plasma mass spectrometry (ICP-MS) respectively at
the National Research Centre of Geoanalysis, Chinese Academy of
Geological Science. The analytical uncertainty of XRF analyses for major
elements was <2% relative. The standards GSR1 and GSD9 were used to
monitor data quality during the analysis. The 20 uncertainties based on
repeated measurements of these standards are <10% for elements with
abundances <10 ppm and <5% for elements with abundances >10 ppm.

4.4. Whole rock Sr-Nd isotope geochemistry

Whole-rock Sr-Nd isotopic analyses were measured on a Finnigan
MAT 262 mass-spectrometer at the Key Laboratory of Crust-Mantle
Materials and Environments (University of Science and Technology of
China). The method of chemical separation of Rb, Sr, Sm, Nd, and
detailed analytical procedures are described by Chen et al. (2007).
875r/%65r and 1**Nd/!**Nd ratios were normalized to ®6Sr/%sr = 0.1194
and 1*°Nd/***Nd = 0.7219, respectively. Repeated measurements of the
Ames metal and the NBS987 Sr standard gave mean values of 0.512143
4 0.000015 (n = 6) for the 1**Nd/***Nd ratio and 0.710246 + 0.000018
(n = 5) for the 87Sr/80Sr ratio (26 error). Total procedural blanks were
<300 pg for Sr and <50 pg for Nd (Chen et al., 2009).

5. Analytical results
5.1. Zircon U-Pb geochronology

Eu- to subhedral zircon grains in quartz diorite are transparent,
colorless, and show oscillatory growth zoning (Fig. 5a). They are
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Fig. 4. Hand specimen photographs and photomicrographs showing the alteration and mineralization in the Lietinggang-Legingla deposit. (a) Banded magnetite,
disseminated chalcopyrite, calcite, quartz, and phlogopite in skarn from the Fe-Cu-(Mo) ore deposit. (b) Disseminated chalcopyrite, molybdenite, and pyrrhotite from
the Fe-Cu-(Mo) ore deposit; (c) Disseminated sphalerite, and galena in skarn from the Pb-Zn-Cu ore deposit. (d) Subhedral magnetite and radial actinolite meta-
somatic early garnet and diopside from the Fe-Cu-(Mo) ore deposit (crossed-polarized light). (e) Quartz-calcite alteration of early garnet, and hedenbergite from the
Pb-Zn-Cu ore deposit (crossed-polarized light). (f) Skarn mineral assemblages of chlorite and sericite (crossed-polarized light). (g) Pyrite-chalcopyrite alteration of
early magnetite, and actinolite from the Fe-Cu-Mo ore deposit (reflected light). (h) Chalcopyrite is exsolved as emulsion in the massive sphalerite and quartz from the
Pb-Zn-Cu ore deposit (reflected light). (i) Galena, sphalerite, chalcopyrite, pyrrhotite, and calcite from the Pb-Zn-Cu ore deposit (reflected light). Grt: garnet, Di:
diopside, Hd: hedenbergite, Act: actinolite, Ep: epidote, Chl: chlorite, Phl: phlogopite, Ser: sericite, Cal: calcite, Qtz: quartz, Mag: magnesite, Cpy: chalcopyrite, Mo:
molybdenite, Py: pyrite, Po: pyrrhotite, Sp: sphalerite, Gn: galena.
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Fig. 5. Zircon U-Pb concordia diagrams (a) and weighted mean age diagrams (b) of quartz diorite in the Lietinggang-Leqingla deposit.
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80-150 pm in length with elongation ratios of 1.5:1 to 3:1. The results of
LA-ICP-MS zircon U-Pb analysis are listed in Table 1. The quartz diorite
yields a weighted mean U-Pb zircon age of 61.06 + 0.93 Ma (16, MSWD
= 0.20, n = 12), which represents the crystallization age of the quartz
diorite (Fig. 5b). Zircon U-Pb ages have been reported for the granodi-
orite (62.4 + 1.2 Ma), granite porphyry (63.6 &+ 1.0 Ma), and granodi-
orite porphyry of 62.6 + 0.6 Ma (Zhang et al., 2019). The overlapping
ages indicate that the quartz diorite and the Jubuzhari felsic intrusions
are coeval.

5.2. Whole-rock major and trace element geochemistry

The whole-rock major and trace element results of Lietinggang-
Legingla quartz diorite are shown in Table 2. The five samples are
characterized by low SiO (61.57-65.88) and high total alkali contents
(Nag0 + K0 = 5.69-6.35), plotting in the subalkaline or tholeiite series
fields (Fig. 6a). They have a consistent K;O content (2.53-3.07), and
show a High-K calc-alkaline affinity (Fig. 6b). In the chondrite-
normalized REE diagram (Fig. 7a), the quartz diorites display LREE
enrichment relative to HREE, with (La/Yb)y and LREE/HREE mass ra-
tios of 4.29-7.07 (average value of 6.36) and 4.80-7.10 (average value
of 6.49), respectively, and a moderately negative Eu anomalies (Eu/Eu*
= 0.49-0.72). Primitive mantle-normalized incompatible element pat-
terns show significant large ion lithophile elements (LILE) enrichment
(e.g., Rb, Th, U, and Ba) and high field strength elements depletion (e.g.,
Nb, Ta, Sr, P, and Ti) (Fig. 7b). Furthermore, all the samples exhibit arc
volcanic geochemical characteristics, i.e., high Y (25.4-28.5 ppm) and
low Sr (255-369 ppm) contents, and low Sr/Y mass ratios (9-15). The
geochemical signatures of quartz diorite are similar to those of the
granitoid and diorite in the Lietinggang-Leqingla deposit (Figs. 6¢, 7b).

5.3. Zircon Hf isotopes

Lu-Hf isotopic analyses of zircons from the quartz diorite (Table 3)
were performed on the same grains as for the U-Pb ages. The zircon
grains yield 17SHf/'77Hf isotopic ratios of 0.282739-0.282835,
176 u/Y77HE isotopic ratios of 0.000942-0.003310, and ey (t) values of
0.14-3.46, with TSy model ages ranging from 911 to 1124 Ma.

5.4. Whole rock Sr-Nd isotopes

Whole-rock Sr-Nd isotopic compositions of the quartz diorite are
given in Table 4. Initial Sr isotopic ratios (87Sr/863r)i and Nd values [eng
(t)] are calculated for the weighted mean age of 61.06 Ma. The samples
exhibit a small range in initial 8Sr/%Sr (0.706355-0.706807) and exq
(t) values of —2.08 to —1.57, with Tpyz model ages of 996-1038 Ma.
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Table 2
Whole-rock major (wt.%) and trace element (ppm) data of the quartz diorite
from the Lietinggang-Legingla deposit.

Sample LTG15-4-2  LTG15-4-3  LTG15-4-4 LTG15-4-5 LTG15-4-6
Rock- Quartz Quartz Quartz Quartz Quartz
type diorite diorite diorite diorite diorite
SiO, 65.88 62.11 61.69 61.88 61.57
TiO, 0.63 0.75 0.73 0.75 0.76
Al,O3 14.50 15.53 14.97 15.42 15.47
TFey03 5.72 7.33 7.64 8.59 7.69
MnO 0.11 0.11 0.06 0.09 0.10
MgO 1.87 2.54 2.64 2.68 2.57
CaO 4.26 5.19 5.11 5.23 5.23
NaxO 3.28 3.12 3.11 3.21 3.16
K20 3.07 2.72 2.65 2.62 2.53
P05 0.12 0.16 0.16 0.16 0.17
LOI 0.52 0.45 0.45 0.16 0.37
Total 99.96 100.01 99.21 100.79 99.62
A/CNK 1.37 1.41 1.38 1.39 1.42
\4 99.9 137.0 141.0 142.0 138.0
Cr 68.3 105.0 87.1 193.0 154.0
Co 11.1 17 15.1 16.4 17.4
Ni 14.5 19.7 17.5 28.9 25.0
Rb 100 102 102 92 95.9
Sr 255 333 369 357 332
Y 28.0 25.6 25.4 28.4 28.5
Zr 199 182 171 174 194
Nb 7.40 7.08 6.82 7.02 6.98
Cs 4.29 5.20 5.26 4.81 5.29
Ba 427 396 392 430 396
La 29.7 27.7 15.5 25.7 27.2
Ce 63.1 58.2 31.3 54.0 56.6
Pr 7.98 7.4 4.19 6.79 7.14
Nd 30.9 28.7 17.7 26.1 27.3
Sm 5.60 5.23 3.64 4.82 4.93
Eu 0.87 0.99 0.88 0.95 0.98
Gd 5.15 4.82 3.74 4.55 4.5
Tb 0.85 0.77 0.61 0.73 0.73
Dy 5.70 5.03 4.11 4.75 4.75
Ho 1.10 1.00 0.84 0.94 0.95
Er 3.43 3.05 2.59 2.87 2.95
Tm 0.48 0.44 0.37 0.4 0.42
Yb 3.20 291 2.59 2.65 2.76
Lu 0.48 0.44 0.39 0.41 0.42
Hf 5.67 5.07 4.79 4.76 5.21
Ta 0.65 0.59 0.54 0.54 0.56
Pb 14.2 14.7 11.8 121 14.9
Th 12.8 8.8 7.43 8.24 7.89
U 3.11 1.79 1.71 2.05 1.81
Sr/Y 9.11 13.01 14.53 12.57 11.65
(La/ 6.66 6.83 4.29 6.96 7.07
Yb)n
Eu/Eu* 0.49 0.59 0.72 0.61 0.62

LOI = loss of ignition, A/CNK = Al,03/(CaO + Na,O + K»0) (molar ratio), Eu/
Eu* = 2 x Euy / (Smy + Gdy).

Table 1

Zircon LA-ICP-MS U-Pb isotopic data from the quartz diorite in Lietinggang-Leqingla deposit.
Spot Pb Th U Th/U  207Pb/2°%pb 207ph,/235y 206pt, /238y 207ph,/206ph 207pp, /235y 206p, /238y

ppm ppm ppm Ratio + 1o Ratio + 1o Ratio + 1o Age + 1o Age + 1o Age + 1o

LTG15-4-1 8.43 296.2 257.3 1.16 0.0448 0.0046 0.0597 0.0065 0.00967 0.00028 —120.0 190.0 59.0 6.3 62.0 1.8
LTG15-4-2 13.05 474.0 788.0  0.60 0.0453  0.0028  0.0592  0.0038  0.00947  0.00023 -70.0 1100 581 3.6 60.7 1.5
LTG15-4-3 11.10 397.2 507.6 0.79 0.0474 0.0031 0.0622 0.0040 0.00965 0.00024 10.0 120.0 61.5 3.9 61.9 1.5
LTG15-4-4 15.30 550.0 854.0 0.65 0.0482 0.0027 0.0635 0.0037 0.00948 0.00022 90.0 110.0 62.3 3.6 60.8 1.4
LTG15-4-5 5.33 199.6 199.6 1.00 0.0437 0.0065 0.0567 0.0081 0.00964 0.00032 —340.0 220.0 54.8 7.7 61.8 2.1
LTG15-4-6 11.15 392.6 505.1  0.78 0.0452  0.0036  0.0598  0.0048  0.00962  0.00024 -90.0 140.0 586 4.5 61.7 1.6
LTG15-4-7 4.20 155.3 161.8 0.96 0.0446 0.0063 0.0576 0.0080 0.00957 0.00033 —270.0 230.0 56.5 7.7 61.4 21
LTG15-4-8 4.95 171.5 287.1 0.60 0.0494 0.0048 0.0655 0.0065 0.00951 0.00026 30.0 180.0 63.7 6.2 61.0 1.7
LTG15-4-9 4.57 162.3 280.2  0.56 0.0443  0.0054 0.0562 0.0068 0.00924  0.00026  —230.0 200.0 54.8 6.5 593 1.7
LTG15-4-10 12.71 465.9 461.0 1.02 0.0485 0.0056 0.0623 0.0068 0.0094 0.00033 80.0 230.0 61.1 6.5 60.3 21
LTG15-4-11 17.74 674.0 763.0 0.88 0.0457 0.0027 0.0601 0.0036 0.00954 0.00023 —40.0 110.0 59.1 3.4 61.2 1.5
LTG15-4-12 69.00 2475.0 1418.0 1.75 0.0480 0.0019 0.0631 0.0028 0.00948 0.00021 81.0 83.0 62.0 2.6 60.8 1.4
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Fig. 6. Classification diagram of the ore-forming suites from Lietinggang-
Leqingla deposit, including (a) (NazO + K30) vs. SiO, (Rollinson, 1993), (b)
K50 vs. SiO, (Rickwood, 1989), and (¢) Y vs. Sr/Y (Drummond and Defant,
1990). Data of the granodiorite, granite porphyry, and granodiorite porphyry
are from Zhang et al. (2019), data of the medium- and fine-grained diorite are
from Wang et al. (2018).
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5.5. Zircon trace elements

The zircon trace element compositions from the samples are listed in
Table 5, and all zircon grains display positively sloped chondrite-
normalized REE patterns (Fig. 8a). They are characterized by depleted
in LREE and enriched in HREE, with a moderately negative Eu anomalies
and positive Ce anomalies. Eu and Ce are sensitive to magmatic oxida-
tion state due to they occur in two valence states in magmas (Eu?* and
Eu3+, and Ce®*' and Ce4+) (Ballard et al., 2002; Burnham et al., 2015).
Thus, zircon Eu anomaly (Eu/Eu*) and Ce anomaly (Ce/Ce*, ce*t/ce®h
can be used to reflect the oxygen fugacity of the magma (Dilles et al.,
2015; Loader et al., 2017). The zircon Eu/Eu* (Eun/[Smy x Gdn1Y2)
from the quartz diorite are 0.03 to 0.21 (with an average of 0.11), which
is lower than those of granodiorite, granodiorite porphyry, and granite
porphyry (Fig. 8b). The Ce anomalyare calculated by the formula Ce/
Ce* = Cen/( [NdN]z/SmN) proposed by Loader et al. (2017). The results
show that zircon from the quartz diorite have Ce/Ce* ratios between
9.39 and 96.13. In addition, zircon Ce3*/Ce*" ratios are generally
considered as another proxy for the zircon Ce anomaly (Ballard et al.,
2002; Qiu et al., 2013), and our results show that the quartz diorite
hasCe3"/Ce** ratios of 12.92 to 158.78. In general, these are similar to
the granodiorite, granodiorite porphyry, and granite porphyry (Fig. 8c).

The crystallization temperature of zircon can be estimates using the
Ti-in-zircon thermometer (Watson et al., 2006; Ferry and Watson,
2007). Zircons in the quartz diorite have crystallization temperature of
718° to 794 °C, with an average of 768 °C, which is higher than those of
granodiorite, granodiorite porphyry, and granite porphyry (Fig. 8d). The
zircon Dy/Yb and (Ce/Nd)/Y ratios have been proposed as a proxy for
the magmatic water content, and magma with high water content is
character by Dy/Yb < 0.3, and (Ce/Nd)/Y > 0.01 (Lu et al., 2016). The
results show that Dy/Yb ratios of zircon grains from quartz diorite are
ranging from 0.25 to 0.41 with an average of 0.33, which is higher than
that of the granodiorite, granodiorite porphyry, and granite porphyry
(Fig. 8d).

6. Discussion
6.1. Geochronology

The intermediate-acid intrusions associated with mineralization in
the mining area mainly include granodiorite, granite porphyry, grano-
diorite porphyry, medium- and fine-grained diorite, with zircon U-Pb
ages of 62.4 + 1.2 Ma, 63.7 + 1.0 Ma, 62.6 + 0.6 M a, 61.9 + 0.5 M a,
and 62.0 £+ 0.6 M a, respectively (Wang et al., 2018; Zhang et al., 2019).
The zircon U-Pb dating of quartz diorite, which is associated with
mineralization and emplaced as stock in the northeast of the mine area
(Fig. 2), yield a consistent age of 61.06 + 0.63 Ma. The molybdenite Re-
Os and sphalerite Rb-Sr isochron ages indicate that the mineralization at
the Lietinggang-Leqingla Pb-Zn-Fe-Cu-(Mo) deposit occurred at 59-58
Ma (Ma et al., 2020). The similarity between the zircon U-Pb ages of the
ore-forming intrusions and the molybdenite Re-Os and sphalerite Rb-Sr
isochron ages suggest a close relationship between the Pb-Zn-Fe-Cu-
(Mo) mineralization and the intrusions. These ages also indicate that
the igneous activity and related skarn Pb-Zn-Fe-Cu-(Mo) mineralization
occurred during the main stage of the Indian-Asian continental collision
(Hou et al., 2006; Hou and Cook, 2009), which is consistent with most
deposits found in the northern Gangdese Pb-Zn-Ag-Fe-Cu-Mo-W poly-
metallic belt, i.e., the Narusongduo Pb-Zn, the Jiaduopule Fe-Cu, and the
Hahaigang W-Mo deposits (Yu et al., 2011; Ji et al., 2012; Li et al,,
2014).

6.2. Petrogenesis of the ore-forming intrusions
6.2.1. Genetic type and magma source

The ore-forming intrusions from the Lietinggang-Leqingla deposit, i.
e., granodiorite, granite porphyry, granodiorite porphyry, quartz



W. Ma et al.

1000

100 |

Sample/Chondrite

La Ce Pr Nd SmEuGd Tb DY Ho Er TmYb Lu

Ore Geology Reviews 145 (2022) 104920

1000 b Granodiorite
(b) Granodiorite porphyry
o) Granite porphyry
z — Quartz diorite
o 100 [ Medium-grained diorite
= —— Fined-grained diorite
2
E 10}
e
<
£
s 1.0
(2]
Ba U Ta La Pr Nd Zr Sm Ti Y Yb

Rb Th K Nb Ce Sr P Hf Eu DY Ho Lu

Fig. 7. (a) Chondrite-normalized REE patterns and (b) primitive-mantle-normalized trace element diagrams for the ore-forming suites from Lietinggang-Leqingla
deposit. The chondrite and primitive mantle values are from Sun and McDonough, 1989. Data sources are the same as in Fig. 6.

Table 3

Hf isotopic data of zircons from the quartz diorite in Lietinggang-Leqingla deposit.
Sample Age 176H£/177Hf 26 17610/ 77HE 26 ) Tpw/Ma TSw/Ma fLo/me
LTG15-4-1-1 62.0 0.282821 0.000024 0.003310 0.000029 2.97 650.15 943.71 —-0.90
LTG15-4-1-2 60.7 0.282835 0.000020 0.002148 0.000019 3.46 609.89 911.23 —0.94
LTG15-4-1-3 61.9 0.282801 0.000016 0.001549 0.000024 2.34 647.69 984.12 —-0.95
LTG15-4-1-4 60.8 0.282830 0.000017 0.001469 0.000010 3.33 605.02 919.46 —0.96
LTG15-4-1-5 61.8 0.282739 0.000018 0.000942 0.000012 0.14 725.76 1124.30 -0.97
LTG15-4-1-6 61.7 0.282823 0.000015 0.001297 0.000021 3.11 612.29 934.44 —-0.96
LTG15-4-1-7 61.4 0.282800 0.000023 0.001298 0.000022 2.28 645.62 987.41 —0.96
LTG15-4-1-8 61.0 0.282769 0.000019 0.001887 0.000037 1.16 700.26 1058.17 —0.94
LTG15-4-1-9 59.3 0.282804 0.000016 0.001357 0.000007 2.39 640.36 978.86 —0.96
LTG15-4-1-10 60.3 0.282769 0.000017 0.001548 0.000009 1.17 693.49 1057.20 —-0.95
LTG15-4-1-11 61.2 0.282825 0.000019 0.001114 0.000038 3.18 606.36 929.60 -0.97
LTG15-4-1-12 60.8 0.282771 0.000018 0.001791 0.000023 1.22 696.28 1054.69 —0.95

Tom = (1/2) x In(1 + ((7°HE/77HE), — (7°HE/Y7 HDpw)/((7Lu/77HE); — (7°Lu/Y"HOpwm), TSy = Tom — (Tom — £) X (fee — £)/(foc — fom)- A =1.867 x 10~ year™;
(7%Lu/Y"Hf)pm = 0.0384. (17°Hf/Y77Hf)py = 0.28325 (Griffin et al., 2000), fo. = —0.5482 (Griffin et al., 2002); fpu = 0.157.

Table 4

Sr-Nd isotopic data of the quartz diorite in Lietinggang-Leqingla deposit.
Sample Rock-type 87Rb/%6sr  87Sr/%0Sr  (4+20,,) 4979m/1Nd Nd/MNd (+20,) ®7sr/%sr); (MBNd/MNA), ena(®  Tpwmz(Ma)
LTG15-4-2 Quartz diorite 1.135 0.707179 0.000013 0.1096 0.512511 0.000007 0.706807 0.512467 -1.80 1015
LTG15-4-3 Quartz diorite 0.886 0.706975 0.000013 0.1102 0.512497 0.000006 0.706685 0.512453 —2.08 1038
LTG15-4-4 Quartz diorite 0.800 0.706787 0.000010 0.1243 0.512521 0.000006 0.706525 0.512471 —-1.72 1009
LTG15-4-5 Quartz diorite 0.746 0.706599 0.000014 0.1116 0.512524 0.000007 0.706355 0.512479 —-1.57 996
LTG15-4-6 Quartz diorite 0.836 0.706962 0.000015 0.1092 0.512501 0.000007 0.706688 0.512458 -1.99 1030

(®7sr/%58r); = (87Sr/8Sr)s — (B7Rb/%0Sr) x (e - 1); App.sr = 1.42 x 107! year™ !, 8Rb/%0Sr = (Rb/Sr) x 2.8956;

ena(®) = [FPNA/MNd)y/G3Nd/A**Nd) caur(®) - 11 x 10,000, CBNd/*Nd); = GBNA/**Nd)s — CY7Sm/MNd) x (T - 1), AN/ **Nd)cuur(t) = 0.512638 —
0.1967 x (" - 1), Agm-ng = 6.54 x 10712 year !, 147Sm/***Nd = (Sm/Nd) x 0.60456 and t = 298 Ma;

Tom = 1/Asmna ¥ In {1 + [((**Nd/***Nd)s - 0.51315)/((**”Sm/ **Nd)s - 0.21357)]}.

diorite, medium-grained diorite, and fine-grained diorite, have similar
geochemical signatures. They are characterized by fractionated REE
patterns with high LREE contents relative to HREE, LILE enrichment (e.
g., Rb, Th, U, Ba), and a significantly depletion of high field strength
elements including Nb, Ta, Sr, P, and Ti (Fig. 7). Furthermore, the ore-
forming intrusions display similar zircon Hf isotopic compositions
(Fig. 9a) and they exhibit negative correlations between the SiO2 and
Ca0, Al,03, MgO, FeO, P,0s, TiO; contents (Fig. 10). Collectively, these
geochemical characteristics indicate that the ore-forming intrusions
share a similar magma source and have a close genetic relationship.
Chappell and White (1992) proposed that S-type granites are
generally peraluminous in nature and have a high Aly03/(CaO + NayO
+ K20) (A/CNK > 1.1) molar ratio whereas I-type granites are metal-
uminous to slightly peraluminous with A/CNK values of < 1.1. The
metaluminous quartz diorite from the Lietinggang-Leqingla deposit
shows an affinity with I-type granites as exemplified by relatively low A/

CNK values (0.87-0.89) and a positive correlation between P20s and
SiOq (Fig. 10e). In conclusion, the geochemical characteristics presented
in this study and in previous studies (Wang et al., 2018; Zhang et al.,
2019) indicate that the ore-forming intrusions in the Lietinggang-
Leqgingla deposit can be classified as I-type granites.

Four models have been proposed for the petrogenesis of the I-type
granitoids: (1) assimilation and fractional crystallization of mantle
derived parental basaltic magmas (Grove et al., 1997; Duchesne et al.,
1998; Sisson et al., 2005); (2) partial melting of crustal materials (Chung
et al., 2003); (3) mixing of felsic and mantle-derived basaltic magmas
(Streck et al., 2007; Danyushevsky et al., 2008); (4) reworking of supra-
crustal sedimentary materials by mantle-like magmas (Kemp et al.,
2007).

Compared with the intermediate to felsic Paleocene intrusive-
volcanic rocks, there are not many outcrops of the coeval mafic
igneous rocks in this deposit. Furthermore, magmatism in the central
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Table 5

Zircon trace elements data of quartz diorite in Lietinggang-Leqingla deposit.
Sample LTG15-4-1 LTG15-4-2 LTG15-4-3 LTG15-4-4 LTG15-4-5 LTG15-4-7 LTG15-4-8 LTG15-4-10 LTG15-4-15
number
Rock type Quartz Quartz Quartz Quartz Quartz Quartz Quartz Quartz Quartz

porphyry porphyry porphyry porphyry porphyry porphyry porphyry porphyry porphyry

La 0.06 1.05 0.08 0.13 0.03 0.02 0.62 0.07 0.02
Ce 18.69 38.40 27.85 40.70 12.27 12.79 12.36 11.58 29.40
Pr 0.48 0.18 0.12 0.19 0.38 0.29 0.32 0.28 0.34
Nd 6.99 2.55 2.02 2.45 5.30 5.28 1.86 4.49 4.78
Sm 11.90 5.93 4.78 5.67 9.72 9.51 3.42 6.61 9.41
Eu 2.07 0.23 0.34 0.12 1.22 0.92 0.34 0.57 0.46
Gd 77.30 36.70 27.20 35.10 50.20 45.90 20.50 35.60 55.70
Tb 27.43 13.28 10.05 12.17 16.47 14.30 7.66 10.83 19.86
Dy 336.10 173.10 122.20 160.80 192.10 169.60 101.20 133.10 251.00
Ho 127.80 69.70 47.00 61.20 70.40 60.20 38.80 49.50 93.30
Er 600.00 362.00 234.90 306.10 328.60 268.10 203.30 227.00 435.00
Tm 111.70 74.70 47.20 61.90 59.90 50.90 40.80 42.90 86.70
Yb 942.00 687.00 420.70 541.00 506.00 413.80 378.90 357.90 757.00
Lu 190.60 143.70 83.70 107.00 100.70 82.60 77.60 72.10 146.00
Ti 16.10 14.10 15.10 10.40 17.80 17.00 7.68 15.40 10.70
Ce*t/ce®t 20.80 158.78 118.86 150.23 13.73 12.92 69.16 16.41 49.14
Eu/Eu* 0.21 0.05 0.10 0.03 0.18 0.14 0.12 0.11 0.06
Ce/Ce* 13.81 96.13 73.83 92.28 9.74 9.39 43.34 11.71 31.55
T (°C) 785 772 779 744 794 790 718 780 747
Dy/Yb 0.36 0.25 0.29 0.30 0.38 0.41 0.27 0.37 0.33

Notes: Eu/Eu* = Eun/[Smy x Gdn]'/2, Ce/Ce* = Cen/([Ndn]12/Smy) (Loader et al.,

et al. (2013); T (°C) are calculated by the method from Ferry and Watson, 2007.
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northern Gangdese polymetallic belt. The Data of the Rema, Jialapu, Jiaduopule, and Yaguila deposits are from Zheng et al. (2015), data of Narusongduo deposit are
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et al. (1999) for the lower crust in Tibet.

Lhasa subterrane is dominated by felsic compositions (Ji et al., 2009,
2012; Zhu et al., 2011; Zheng et al., 2015), suggesting that the
intermediate-felsic rocks could not have been produced by fractional
crystallization or by assimilation fractional crystallization from mantle-
derived basaltic parental magmas. Melts formed directly by partial
melting of crustal materials generally yield negative zircon egy¢ (t) and
eng (t) values (Jia et al., 2018; Zhang et al., 2019). This mechanism can,
therefore, be precluded because all the rock types are characterized by
positive eys (t) values (+0.1 to + 8.1) and young Hf model ages
(599-1124 Ma) (Fig. 9a).

Granites formed by the reworking of supra-crustal sedimentary ma-
terials by mantle-like magmas would comprise zircons with variable ey
(t) values (up to 10 & units) (Kemp et al., 2007), i.e., this mechanism
seems unlikely considering the limited eyf (t) values variation of the
studied samples. Consequently, we propose that the ore-forming in-
trusions were derived from a mantle-crust mixed source, which is
confirmed by the trace element and isotopic data as will be discussed
below.

The ore-forming intrusions are characterized by negative anomalies
of HFSEs (e.g., Nb, Ta, Ti) and positive anomalies of LILE (Rb, Th, U, Ba),
suggesting the involvement of continental crustal components in their
magma source (Rudnick and Gao, 2003). Researchers have documented
that the Th/U and Nb/Ta ratios can be useful for fingerprinting the
source region of intrusions (Sun and McDonough, 1989; Eby et al., 1998;
Gao et al., 2004). The studied ore-forming intrusions have Th/U mass
ratios (3.23-9.80, average value of 4.91), as well as Nb/Ta mass ratios
(10.37-20.26, average value of 12.87), which are consistent with those
of the middle-upper crust (3.8-4.9 and 13.4-16.5 respectively; Rudnick
and Gao, 2003). Moreover, whole rock Sr-Nd isotope and zircon Hf
isotope data of the ore-forming intrusions provide further constraints on
the nature of the magma source. The quartz diorites have slightly lower
eng (t) and slightly higher (87Sr/865r)i whole-rock values (Fig. 9b), which
is in agreement with the intrusive rocks being associated with regional
Fe-Cu mineralization throughout the central Lhasa subterrane (Fig. 1b;
Zheng et al., 2015). The enq (t) and (®7sr/80Sr); values fall on a mixing
line between the Dazi basalt and the middle-upper crust of the Lhasa
terrane, indicating that the rocks were derived from a mixed mantle-
crust source (Zhou et al., 2017). This is supported by zircon Hf iso-
topic data of the ore-forming intrusions (i.e., positive eys (t) values of
+0.1 to +8.1 and young Hf crust model ages of 599-1124 Ma), which
are similar to the young juvenile lower crustal blocks in the southern
Lhasa subterranes. The identification of juvenile lower crustal blocks
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implies a significant mantle contribution in their formation (Hou et al.,
2015). However, the ore-forming intrusions have relatively low egys (t)
values compared to the juvenile material in the southern Lhasa sub-
terranes (egs (t) > 5), implying that the contribution of mantle compo-
nents to the lower crustal blocks in the central Lhasa subterrane is less
than the contribution to juvenile lower crustal blocks in the southern
Lhasa subterrane (Chung et al., 2005; Zhu et al., 2011; Hou et al., 2015).
It is noteworthy that the granodiorite porphyry has a negative zircon ey
(t) values of —6.3 corresponding to an old Hf crust model ages of 1522
Ma (Zhang et al., 2019), suggesting the involvement of ancient crustal
components for the generation of felsic magmas. In summary, we pro-
pose that the ore-forming intrusions were generated by melting of a
mixed mantle and ancient lower crustal materials. Middle to upper
crustal material could also have been involved in the generation of the
ore-forming intrusions of Lietinggang-Leqingla deposit.

6.2.2. Evolution of the ore-forming intrusions

The ore-forming intrusions show decreasing CaO, Al,O3, MgO, FeO,
P,0s, and TiO5 contents with increasing SiO, content, indicating that
the intrusions underwent significant fractional crystallization during
magma evolution. This is confirmed by the linear trends of La vs. La/Sm,
Th vs. Th/La, and Rb vs. Ni (Fig. 11a-c; Allegre and Minster, 1978). The
negative Eu anomalies of the ore-forming intrusions (Eu/Eu*
0.35-0.78), combined with the linear Sr vs. Ba, Sr vs. Rb and Eu/Eu* vs.
Sr/Y trends, indicate varying degrees of plagioclase fractional crystal-
lization (Fig. 11d-f; Jing et al., 2020). The decrease of the Al;03, MgO,
and FeO contents with increasing SiOy content implies hornblende
fractional crystallization (Fig. 10b-d), which is supported by the nega-
tive correlation between the Dy/Yb and Nb/Ta ratios (Fig. 11g; Jiaetal.,
2018). The reason for this is that the amount of hornblende fractionation
will decrease the Nb/Ta ratio (Pfander et al., 2007). Biotite has
extremely high partition coefficients for V, but relatively low values for
Th (Bea et al., 1994). As a peraluminous mineral, biotite fractionation
will result in higher SiO,/Al,03 ratios in residual melts, while lowering
V/Th ratios (Jia et al., 2018). The negative correlation between V/Th
and SiOy/Al;05 ratios (Fig. 11h) suggest biotite fractionation. Further-
more, the variation of (La/Yb)y versus La (Fig. 11i) is consistent with
allanite fractionation.

Generally, a granitic magma will exhibit decreasing contents of Cr,
Ni, Co, Sr, Ba, Zr, and other trace elements, while the Li, Rb, and Cs
increase during fractional crystallization (Gelman et al., 2014; Lee and
Morton, 2015). Trace element ratios such as K/Rb, Zr/Hf and Nb/Ta
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have the advantage to measure the degree of fractional crystallization
because of their consistent geochemical characteristics, which makes
these element ratios remain constant during the magmatic evolution
(Halliday et al., 1991; Green, 1995). However, these ratios would
decrease when the nature of magma changed due to intense fractional
crystallization (Bau, 1996; Claiborne et al., 2006; Deering and Bach-
mann, 2010; Dostal et al., 2015; Ballouard et al., 2016). Therefore, the
Zr/Hf and Nb/Ta ratios can be used as indicators of the degree of frac-
tional crystallization (Halliday et al., 1991; Ballouard et al., 2016). The
granites in the studied deposit, the granite porphyry in the Narusongduo
Pb-Zn deposit, and the quartz porphyry in the Yaguila deposit all have
lower Zr/Hf mass ratios (average values of 29.01, 31.87, and 32.80,
respectively) (Huang et al., 2012; Ji, 2013; Zhang et al., 2019), sug-
gesting their highly fractionated nature (Fig. 12a). The quartz diorite in
the studied deposit, the granite in the Rema Fe-Cu deposit, the grano-
diorite in the Jialapu deposit, and the monzogranite in the Jiaduopule
deposit, on the other hand, are weakly fractionated with higher Zr/Hf
mass ratios (average values of 36.10, 35.33, 40.75, and 37.60,
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respectively) (Yu et al., 2011; Zheng et al., 2015). Also, as shown in
Fig. 12b, the ore-forming rocks of Pb-Zn deposits have relatively high
(Naz0 + K»0)/CaO ratios compared with the ore-forming rocks of Fe-Cu
deposits, indicating that they have undergone a significant fractionation
process (Whalen et al., 1987). Therefore, it can be concluded that the
ore-forming intrusions associated with Pb-Zn mineralization have
experienced more intensive fractional crystallization compared to the
ore-forming rocks associated with Fe-Cu mineralization from the
northern Gangdese Pb-Zn-Ag-Fe-Cu-Mo-W polymetallic belt.

6.3. Implications for the polymetallic mineralization

The ore-forming rocks including quartz diorite, granodiorite, mon-
zogranite, and granite that associated with the skarn Fe-Cu deposits in
the NGPB are calc-alkaline and metaluminous, with lower SiO,, and
higher CaO, MgO, and FeO contents and have strong metasomatized
lithospheric mantle signature (Zheng et al., 2015). Moreover, these
rocks contain microgranular dioritic enclaves which have been derived
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from a relatively enriched mantle source with high Cu concentrations
(Hou et al., 2015; Zheng et al., 2015). Thus, the mantle-derived magmas
provide Fe and Cu for the formation of the Fe-Cu ore deposits (Oyarzun

et al., 2003; Zhang et al., 2019).
Lead and zinc have similar geochemical properties, i.e., they
commonly coexist with each other and have a relatively high content in
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the normal crust (Pb + Zn = 130 ppm; Rudnick and Gao, 2003). In
addition, Pb is an incompatible element with a high abundance in the
middle and upper crust (Hofmann, 1988; Gao et al., 1998). The ancient
metamorphic basement in the central Lhasa terrane has relatively high
Pb content (Wu et al., 2003b). Importantly, the granite-related Pb-Zn
deposits in the NGPB cluster in the oldest crustal regions are developed
along the margin of the old crustal block bounded by lithospheric faults
(Hou et al., 2015). The addition of ancient basement materials is critical
for the formation of Pb-Zn ore deposits (Zheng et al., 2015). It is note-
worthy that the ore-forming rocks related to Pb-Zn deposits have
experienced more extensive fractional crystallization compared to the
ore-forming rocks of the Fe-Cu deposits in the NGPB. Continuous magma
differentiation can cause enrichment of incompatible elements up to 30
times (Lee and Morton, 2015). Therefore, the Pb-Zn mineralization in
the NGPB was controlled by presence of ancient basement materials and
extensive fractional crystallization.

The Lietinggang-Leqingla deposit is one of the unique typical skarn
polymetallic deposits with Pb-Zn-Fe-Cu-(Mo) mineralization in the
central Lhasa subterrane. This deposit requires magmatic conditions to
form Fe-Cu and Pb-Zn at the same time. The ore-forming rocks related to
mineralization include granodiorite, granite porphyry, granodiorite
porphyry, quartz diorite, medium-grained diorite, and fine-grained
diorite. Most geochemical characteristics indicate that the intermedi-
ate intrusions are similar to the ore-forming rocks associated with Fe-Cu
deposits in the NGPB (Figs. 9, 12). This implies that the magmas were
derived from partial melting of lithospheric mantle mixed with the
rejuvenated lower crustal melts (Zheng et al., 2015). Such a mixed crust-
mantle magmatic source comprising ore metals underwent weak frac-
tional crystallization during the ascent process, followed by skarn Fe-Cu
mineralization formed near the surface at the contact with carbonate
rocks. However, the geochemical characteristics of felsic intrusions are
consistent with the ore-forming rocks related to Pb-Zn deposits in the
NGPB (Fig. 12). Thus, these rocks were formed by melting of a mantle-
derived basaltic magmas mixed with old lower to upper crustal material.
During the ascent and emplacement of the melts into shallow crustal
levels, the magma underwent extensive fractional crystallization, and
formed skarn Pb-Zn mineralization in limestone.

7. Conclusions
The conclusions of this study are the following:

(1) The newly identified quartz diorite associated with mineraliza-
tion at Lietinggang-Leqingla deposit was formed at 61.06 + 0.63
Ma, which is coeval with the mineralization-related granodiorite,
granite porphyry, granodiorite porphyry, medium-grained dio-
rite, and fine-grained diorite.

The intermediate intrusions associated with Fe-Cu mineralization
were derived from partial melting of lithospheric mantle mixed
with the rejuvenated lower crustal melts, and underwent weakly
fractional crystallization during upwelling.

The felsic intrusions associated with Pb-Zn mineralization were
formed by melting a mantle-derived basaltic magmas with old
lower crust component contributions, and experienced extensive
crystal fractionation.

The Lietinggang-Legingla polymetallic deposit can be explained
by the simultaneous formation of the ore-forming rocks related to
Fe-Cu and Pb-Zn mineralization.
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