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1 Introduction 
 
Epithermal deposits, typically containing gold, silver, 
lead, and zinc, form at shallow depths (< 2 km) at 
moderate pressures and temperatures (200ï300ÁC) 
(Hedenquist et al., 2000; Corbett, 2002). These deposits 
are classified based on the redox reactions of sulfur in ore-
forming fluids and mineral alteration characteristics into 
high-sulfidation (HS, alunite-kaolinite type) and low-
sulfidation types (LS, adularia-sericite type) (Heald, 1987; 
Berger and Henley, 1989). With increasing studies of 
epithermal deposits, a type of intermediate-sulfidation 
(IS), mineralization conditions and characteristics between 
HS and IS, has been classified (Hedenquist et al., 2000; 
Einaudi et al., 2003). The intricate relationship between 
mineralization and pervasive low-temperature 
hydrothermal alteration continues to make the evolution 
and genetic mechanisms of these ore-forming fluids 
subjects of extensive research (Mango et al., 2014; 
Zamora-Vega et al., 2018; Montoya-Lopera et al., 2020). 
The Ulan Uzhur Ag polymetallic deposit, the subject of 

this study is a newly discovered large intermediate-
sulfidation (IS) epithermal deposit within the Qimantagh 
metallogenic belt in Qinghai Province, northwest China. 
Unlike other epithermal deposits in the region, which are 
typically found in Triassic volcanic and sedimentary 
rocks, this deposit is notably hosted in granitoids (Wang et 
al., 2024). This hosting characteristic is not only rare 
within the Qimantagh metallogenic belt but also 
uncommon globally. Most epithermal deposits are closely 
associated with volcanic-volcaniclastic rocks (Hedenquist 
et al., 2000; Sillitoe, 2010). Such direct granitoid-hosted 
cases are relatively few (Kozğowski and Matyszczak, 
2022). The prevalent low-temperature hydrothermal 
alterations at this site provide an excellent opportunity for 
advancing our understanding of hydrothermal evolution 
and ore formation mechanisms. 
As mineral prospecting technology advances, short-

wavelength infrared spectroscopy (SWIR) has emerged as 
a valuable tool for identifying altered minerals and is 
increasingly utilized to investigate hydrothermal 
alterations within various ore deposits (Cudahy et al., 
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2000; Han et al., 2018; Lampinen et al., 2019; Zuo et al., 
2022), including porphyry (Yang et al., 2005; Harraden et 
al., 2013; Calder et al., 2022), VMS (Herrmann et al., 
2001; Laakso et al., 2015), skarn (Jeong et al., 2016; 
Corr°a et al., 2024), and epithermal types (Chang et al., 
2011; Simpson, 2015; Wang L et al., 2021). For example, 
Zhang et al. (2020), when studying the Tonglushan Cu-Au-
Fe deposit, found that the high chlorite Pos2250 (> 2250 
nm) and kandite Pos2170 (> 2170 nm), as well as 
anomalously high/low Pos2200 values of white mica- 
montmorillonite (< 2202 nm or > 2212 nm) can be used as 
effective vectors toward concealed skarn orebodies. Tian 
et al. (2019), through the study of the Jiguanzui Cu-Au 
deposit, also found that white mica Pos2200 and IC values 
may be effective and rapid in identifying alteration 
minerals and locating hydrothermal centers for skarn 
deposits. 
Within the SWIR spectrum (1.1ï2.5 ɛm), functional 
groups such as H2O, Al-OH, Fe-OH, Mg-OH, CO3

2ī, 
SO4

2ī, and NH4
+ contained in minerals can produce 

distinct diagnostic absorption features generated by the 
vibrational modes of these functional groups (Clark et al., 
1990; Thompson et al., 1999; Jones et al., 2005). These 
differences have been effectively used to identify hydroxyl-
containing, amino-containing, and some carbonate and 
sulfate minerals in geological samples (Jones et al., 2005; 
Yang et al., 2012; Wang L et al., 2021). The position (Pos) 
and depth (Dep) of these absorption features are critical in 
characterizing the mineralization environment of deposits. 
These spectral characteristics, such as systematic changes 
in illite crystallinity (IC) and absorption peak position 
(Pos), serve not only as markers of mineral alteration, 
geochemistry, and crystallinity (Herrmann et al., 2001; 
Laakso et al., 2015; Zuo et al., 2022), but also as direct 
indicators for locating hydrothermal centers or zones of 
mineralization (Yang et al., 2012; Wang et al., 2017; 
Wang L et al., 2021; Liu et al., 2023). Principal 
component analysis (PCA), as an important tool in 
multivariate analysis, is typically used to explore the 
inherent relationships among sets of elements (Davis and 

Sampson, 1986; Katsaounis, 2004). We can utilize PCA 
technology to transform multiple related variables (such as 
the relative contents of different altered minerals, SWIR 
spectral parameters like wAlOH and IC values, etc.) into a 
small number of uncorrelated principal components. This 
helps reveal the hidden intrinsic structure in the data and 
the correlations between variables, thereby identifying the 
key factors controlling the alteration-mineralization 
process. Therefore, this study investigates the Ulan Uzhur 
Ag polymetallic deposit as a case study of how SWIR 
alteration mineral mapping, PCA and 3-D visualization 
can elucidate the evolution of low-temperature 
hydrothermal fluids and the formation mechanisms of 
mineral deposits. By identifying reliable short-wave 
infrared spectral indicators, this research will provide a 
scientific basis for further exploration and prospecting 
efforts in the region. 

 
2 Geological Background 

 
The East Kunlun Orogenic Belt (EKOB), situated in the 

northern part of the Tibetan Plateau, is situated near 
several significant geological features. To the north, it is 
bordered by the Qaidam Basin, while the Kunnan Fault 
and the Bayan Har terrane lie to the south. The Qinling 
Orogenic Belt defines its eastern boundary, and the Altyn 
Tagh Fault along with the West Kunlun Fault are to the 
west (Dong et al., 2021; Wang L Q et al., 2021). 
Structurally, the EKOB is divided from north to south by 
three fault zones: the North Kunlun Fault (NKF), Middle 
Kunlun Fault (MKF), and South Kunlun Fault (SKF). 
These divisions create four distinct terranes: North Kunlun 
Terrane (NKT), South Kunlun Terrane (SKT), Muz Tagh-
Anemaqen Terrane (MAT), and Hoh Xil-Bayan Har 
Terrane (HBT). Additionally, the region hosts three 
paralleling ophiolite belts, from south to north, the 
MuztaghïBuqingshanïAnemaqen M®lange (MBAM) 
zones, the AqikekulehuïKunzhong M®lange (AKM) and 
the QimantaghïXiangride M®lange (QXM) (Yu et al., 
2020; Dong et al., 2024) (Fig. 1). The EKOB has 

    
 

Fig. 1. Simplified geological map of the East Kunlun orogenic belt, showing the distribution of different types of mineral 

deposits in Supp. Table S1 (modified after Yu et al., 2020).  
NKF: North Kunlun fault; MKF: Middle Kunlun fault; SKF: South Kunlun fault; MTF: Muz Tagh fault; AMF: Anemaqen fault. 
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undergone a complex, multi-level superposition of 
structural evolution, which has endowed it with a 
relatively complex tectonic setting (Kou et al., 2015).  
The EKOB contains strata from the Proterozoic to the 
Triassic (Fig. 1). The NKT mainly exposes the basement 
of mid- to high-grade metamorphic rocks of the 
Proterozoic, overlain by the low-grade metamorphic rocks 
and volcanic rocks of the early Paleozoic (He et al., 2016; 
Chen J et al., 2020; Meng et al., 2023), all of which are 
unconformably covered by the Devonian Maoniushan 
Formation (Zhang et al., 2010). Carboniferous to Middle 
Triassic marine rocks is mainly developed in the SKT. 
Limestone, clastic sedimentary rocks, and volcanic rocks 
were deposited from the Carboniferous to the Permian. 
The Triassic strata are mainly composed of continental 
volcanic rocks intercalated with pyroclastic rocks (Chen et 
al., 2024). 
The magmatic rocks in the EKOB are mainly composed 
of granite. The magmatism can be divided into four stages: 
Precambrian, early Paleozoic, late Paleozoicïearly 
Mesozoic and late MesozoicïCenozoic (Mo et al., 2007). 
The early Paleozoic volcanic activity in the Middle 
Kunlun and South Kunlun tectonic belts was concentrated 
in the Late OrdovicianïLate Silurian. I-A type granites 
were generally developed in the Late Devonian (Dong G 
et al., 2018; Xin et al., 2018). The emergence of molasse 
deposition marked the end of the proto-Tethys orogeny 
(Zhang et al., 2010). The Mesozoic volcanic activity was 
concentrated in the PermianïTriassic (Dong Y et al., 
2018). 
The Qinghai Qimantagh area, centrally and westernly 
positioned in the EKOB, is recognized as a vital zone for 
skarn type polymetallic deposits in China (Feng et al., 
2010; Fang et al., 2018; Zhong et al., 2018). It is 
tectonically and chronologically separated into the North 
Qimantagh and South Qimantagh, which are tectonically 
clipped by the Adatan fault in the east and Baiganhu fault 
in the west (Fig. 1) (Yu, 2019). Skarn-related iron-copper-
lead-zinc deposits are main prospecting targets in the belt 
(Zhong et al., 2018) (Supp. Table S1). Correspondingly, 
silver deposits predominantly cluster in the Dulan area of 
the eastern section of the EKOB (Fig. 1). Recent 
exploration in this region of Qinghai Province has led to 
the discovery of several silver polymetallic and 
independent silver deposits, such as the Harizha Ag 
polymetallic deposit, Nagengkangqieer super-large Ag 
deposits and Gemalong small Ag deposits. These deposits 
are primarily hydrothermal in nature, typically epithermal, 
with only a few classifieds as skarn or orogenic type 
(Zhang et al., 2019; Chen X D et al., 2020; Fan et al., 
2021). 
The initiation of the second round of national 
prospecting breakthrough strategic actions has further 
highlighted the Qimantagh area, leading to discoveries 
such as the Mohexiala and Ulan Uzhur Ag polymetallic 
deposits (Xu et al., 2014; Wang, 2020). The focus of this 
study, the Ulan Uzhur Ag polymetallic deposit, is hosted 
in granitoids, unlike other deposits in the region that are 
hosted in Triassic volcanic and sedimentary rocks (Wang 
et al., 2024). Despite these advancements, the scientific 
understanding remains minimal, and extensive low-

temperature hydrothermal alteration has complicated the 
mining area. Consequently, further exploration efforts are 
critically dependent on enhanced theoretical support 
regarding hydrothermal evolution and the ore formation 
mechanisms. 

 
3 Deposit Geology 
 
3.1 Geology of the Ulan Uzhur Ag polymetallic deposit 
The Ulan Uzhur Ag polymetallic deposit is located on 

the southwestern edge of the Qaidam Basin, northwest of 
Qimantagh Mountain in the northern Kunlun region. This 
area is part of the Caledonian back-arc rift zone (Fig. 1). 
The main stratigraphic units in the deposit include the 
Paleoproterozoic Jinshuikou Group and Quaternary 
alluvial deposits. The Jinshuikou Group is notably 
segmented into the Baishahe Formation and the Xiaomiao 
Formation, arranged from bottom to top. The Baishahe 
Formation comprises mainly mid- to high-grade 
metamorphic rocks like metamorphic granulite, gneiss, 
and amphibolite, whereas the Xiaomiao Formation 
consists predominantly of quartzite metamorphic rock 
series (Fig. 2a, b) (Xu, 2014). 
The region's fault structures have been significantly 

influenced by the Caledonian rifting-closure and the 
Indosinian continental margin collision-orogeny. 
Predominantly, the fault structures encompass three 
groups: northwestïwest trending compression-torsion 
reverse faults, northwestïwest trending normal faults, and 
nearly eastïwest tensile translational faults (Fig. 2a, b). 
The primary fault, a northwestïwest trending compression-
torsion reverse fault, is extensive and early-formed, with a 
notable inheritance that dictates magma activity and the 
stratigraphic distribution within the deposit area. 
Magmatic activity in this region is primarily 

characterized by medium-acidic compositions. The 
intrusive activity is categorized into two main phases: (1) 
Late Ordovician medium-fine-grained gneissic biotite 
granite (Fig. 3d); (2) Late SilurianïEarly Devonian 
medium-fine-grained porphyritic biotite monzogranite, 
medium-fine-grained syenite granite, and biotite K-
feldspar granite (Fig. 3c). The earlier phase was eventually 
engulfed by the later intrusions, now visible as variously-
sized remnants. It has been established that the syenite 
granite and monzogranite were formed in a relatively 
extensional environment following the subduction and 
collision of the Proto-Tethys Ocean with the southern 
edge of the Qaidam Block, whereas the gneissic granite 
was generated in a back-arc basin or magmatic arc 
environment related to subduction of the Proto-Tethys 
Ocean (Han et al., 2021). 

 
3.2 Ag polymetallic mineralization 
The newly discovered Ulan Uzhur silver polymetallic 

deposit is an intermediate-sulfidation epithermal deposit in 
the Qimantagh metallogenic belt. Silver mineralization at 
the Ulan Uzhur deposit occurs in granitic gneiss and 
monzogranite. There are 15 structural alteration zones 
delineated in the ore deposit, which are mostly controlled 
by NW and nearly EW linear structures. Among them, the 
large-scale sb3, sb9, and sb11 ore-bearing structural 
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alteration zones host multiple Ag-Pb-Zn ore bodies and 
the lithologies of these three ore-bearing alteration zones 
are mainly porphyritic monzogranite and tectonic breccia 
(Ma et al., 2024). These ore bodies have a length along 
strike of 140 to 2048 m, with a depth of 80 to 422 m and 
an average thickness of 1.17 to 3.02 m. The detailed 
features of the alteration zones and ore bodies are shown 
in Table 1 and Figure 4. 
The ores in the deposit can be divided into oxidized and 
primary ores according to the degree of oxidation (Fig. 3eï
i). The former is a brown-red aggregate (mostly limonite) 
formed by primary ore undergoing supergene oxidation 
leaching, and is located in surface outcrops or shallow 
near-surface locations (Fig. 3e). Primary ores are mostly 
produced in the form of metasomatic altered rocks, which 
are formed when the surrounding rocks near the ore 
undergo intense muscovite and clay mineral alteration 

(Fig. 3f). 
The metallic minerals in the ore are composed of pyrite 

and small amounts of galena, sphalerite, chalcopyrite, 
arsenopyrite, pyrrhotite, chromite and limonite (Fig. 5eï
h). Silver minerals are argentite and pyrargyrite, mostly 
distributed around pyrite, appearing grayish-white with a 
subhedral. This close spatial co-occurrence pattern 
suggests a possible symbiotic relationship between silver 
minerals, sulfide minerals (pyrite, sphalerite) and 
alteration minerals (Fig. 5e). Non-metallic minerals are 
mainly quartz, muscovite (illite), chlorite, calcite and 
adularia, etc. (Fig. 5aïd). The ores have structures such as 
euhedral-heteromorphic granular and metasomatic 
residues, as well as massive, veinlet-like, fine-reticular 
vein-like, disseminated, veinlet-disseminated fabrics (Fig. 
3e, f). The main mineral composition of the surrounding 
rocks consists of quartz, muscovite, and chlorite, followed 

    
 

Fig. 2. Regional geological setting of the Ulan Uzhur Ag deposit.  
(a) Detailed location map of the Ulan Uzhur district within the broader geological context, modified after Han et al., 2021; (b) sketch geologic map 

of the Ulan Uzhur Ag deposit, modified after Ma et al. (2024). 
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by small amounts of biotite and K-feldspar (Fig. 5a, b). 
And the alteration of its surrounding rocks shows a certain 
degree of zoning, white mica alteration runs through each 
alteration zone. The center of mineralization is mainly 
illitization, beresitization and carbonatization, spreads 
outward into narrow and limited kaolinization, with 

pervasive carbonation and chloritization in the periphery. 
Based on the paragenetic sequence of mineralization in 

the Ulan Uzhur deposit (Table 2), the mineralization 
process can be divided into three mineralization-stages: . 
The quartz-pyrite stage (S ) is characterized by irregular 
quartz veins and relatively large-grained euhedral and 

    
 

Fig. 3. Photographs of representative structure and samples from the Ulan Uzhur deposit. 
(a) A chlorite belt filling the space between a fractured zone and surrounding rock produced by the interaction between mineral alteration and struc-

tural deformation; (b) a chlorite belt distributed along conjugate joints indicates pathways for mineralizing fluids; (c) biotite monzogranite from the 

surface that has undergone sericitization and chloritization during hydrothermal alteration; (d) gneissic biotite granite from the surface with biotite 

arranged in a directional pattern records the deformation history; (e) oxidized ore extracted from shallow drilling (Qz6401); (f) primary ore from 

deep drilling (Zk4802); (g) smoky gray quartz-sulfide veins interspersed in altered rocks from Tc 03; (h) Fe-Mn carbonates on the surface of mas-

sive ore from Tc 03; (i) a carbonation film on the surface of ore in Tc 03, formed through surface alteration. Qtz: quartz; Py: pyrite; Cal: calcite. 

Fig. 4. Typical section of Ulan Uzhur Ag deposit (modified after Ma et al., 2024).  
(a) Ore-bearing tectonic alteration zone for Sb3; (b) ore-bearing tectonic alteration zone for Sb11; (c) ore-bearing tectonic alteration zone for Sb9. 


