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Preface

This Reprint compiles nine advanced studies that illuminate the geology, geochemistry, and
tectonic control of rare-metal and related ore deposits across Asia, Europe, and Africa. The articles
explore lithium-, tantalum-, and niobium-bearing pegmatites, sediment-hosted copper, silver-rich
carbonates, and gold systems enriched in critical trace elements such as bismuth, tellurium, and
antimony. They elucidate how magmatic-hydrothermal processes associated with highly fractionated
granites, intracontinental subduction, crust-mantle interactions, metamorphic fluid flow, and basin
inversion events dictate the concentration of metals in pegmatites, greisens, veins, skarns, and
carbonate sequences.

Several contributions dissect the internal evolution of classic LCT and NYF pegmatites, examining
magmatic differentiation, fluid exsolution, and metasomatic footprints that guide exploration. Others
concentrate on granitic magmatism itself, utilizing zircon U-Pb-Hf isotopes and whole-rock chemistry
to unravel crustal melting and mantle input. Two complementary papers on the Bailugou Zn-Pb-Ag
deposit illustrate how fluid inclusion studies and multi-isotope geochemistry can differentiate
metamorphic—orogenic signatures from purely magmatic ones. A robust geochronological study of
Shuigou and Erdaokan links ore formation to distinct tectonic pulses, and documents mantle-derived
components in gold and silver mineralization. Finally, a structural analysis of the West Congo Basin
presents new codes for modeling tectonic inversion, enhancing our understanding of metal transport
pathways.

The aim of this volume is twofold. First, it provides an integrated snapshot of current progress
in deciphering the ore genesis, mineralizing fluids, and metallogenic chronology of deposits that
supply essential metals for use in green technologies and strategic industries. Second, it provides a
comparative framework that may guide future exploration strategies in various tectonic settings. By
presenting a multidisciplinary collection of methods—from isotope geochemistry and fluid inclusions
to structural modeling—we hope to spark dialogue among researchers, exploration geologists, and
policy stakeholders. Graduate students will discover foundational case studies, seasoned investigators
will discover new research perspectives, and industry professionals will discover fresh ideas for target
evaluation. We trust that the insights presented here will inspire further collaborative work and

promote innovative approaches to sustainable resource development.

Zhenjiang Liu and Fangfang Zhang
Guest Editors
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Abstract: The large-scale vein-type Zn-Pb-Ag deposit in the Eastern Qinling Orogen (EQO) has
sparked a long-standing debate over whether magmatism or metamorphism was the primary control
or factor in its formation. Among the region’s vein-type deposits, the large-sized Bailugou deposit
offers a unique opportunity to study this style of mineralization. Similar to other deposits in the area,
the vein-type orebodies of the Bailugou deposit are hosted in dolomitic marbles (carbonate—shale—
chert association, CSC) of the Mesoproterozoic Guandaokou Group. Faults control the distribution
of the Bailugou deposit but do not show apparent spatial links to the regional Yanshanian granitic
porphyry. This study conducted comprehensive H-O-C-S-Pb isotopic analyses to constrain the
sources of the ore-forming metals and metal endowments of the Bailugou deposit. The §3#Scpr values
of sulfides range from 1.1%o to 9.1%. with an average of 4.0%o, indicating that the sulfur generated
from homogenization during the high-temperature source acted on host sediments. The Pb isotopic
compositions obtained from 31 sulfide samples reveal that the lead originated from the host sediments
rather than from the Mesozoic granitic intrusions. The results indicate that the metals for the Bailugou
deposit were jointly sourced from host sediments of the Mid-Late Proterozoic Meiyaogou Fm. and
the Nannihu Fm. of the Luanchuan Group and Guandaokou Group, as well as lower crust and
mantle materials. The isotopic composition of carbon, hydrogen, and oxygen collectively indicate that
the metallogenic constituents of the Bailugou deposit were contributed by ore-bearing surrounding
rocks, lower crust, and mantle materials. In summary, the study presents a composite geologic-
metallogenic model suggesting that the Bailugou mineral system, along with other lead-zinc-silver
deposits, porphyry-skarn molybdenum-tungsten deposits, and the small granitic intrusions in the
Luanchuan area, are all products of contemporaneous hydrothermal diagenetic mineralization. This
mineralization event transpired during a continental collision regime between the Yangtze and the
North China Block (including syn- to post-collisional settings), particularly during the transition from
collisional compression to extension around 140 Ma. The Bailugou lead-zinc-silver mineralization
resembles an orogenic-type deposit formed by metamorphic fluid during the Yanshanian Orogeny.

Keywords: Bailgou Pb-Zn-Ag deposit; H-O-C-5-Pb isotopes; metallogenic model; collision orogeny;
Eastern Qinling

1. Introduction

Vein-type Zn-Pb-Ag deposits are widely distributed globally, with some further classi-
tied as Cordilleran-type or skarn vein deposits. They are particularly common in magmatic
arcs and their related porphyry systems where they may be hosted by faults or the adjacent
country rocks [1]. Examples include the Magma deposit in Arizona, USA [2]; the Casapalca
deposit in Peru [3]; the Tintic deposit in Utah, USA [4]; and the Taebaeksan deposit in

Minerals 2024, 14, 1244. https:/ /doi.org/10.3390/min14121244 1 https:/ /www.mdpi.com/journal /minerals
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South Korea [5]. In contrast, other vein-type Zn-Pb-Ag deposits, known as orogenic or
metamorphic hydrothermal Ag-Pb-Zn deposits are associated with crustal-scale faults and
lack a direct genetic relationship to igneous intrusions; they include Keno Hill in Yukon,
Canada [6]; Coeur d’Alene in Idaho, USA [7,8]; and Cierco in Spain [9]. Additionally,
deposits in Eastern Qinling Orogen including Tieluping [10], Lengshuibeigou [11], Yin-
donggou [12], Weishancheng [13,14], Shagou [15,16], Xiaguan [17], Longmendian [18], and
the Bairendaba [19] in China fall under this category. The sources and composition of ore
fluids and the geological significance of these Zn-Pb-Ag deposits that have no direct associ-
ation with magmatism have long been debated and remain unclear. Further exploration
and research are necessary to understand the detailed ore genetic process.

The Bailugou vein-type deposit is located in the Lushi-Luanchuan WNW-trending
fold-thrust belt, which is part of the Huaxiong terrane in the Eastern Qinling Orogen. It is
situated on the southern margin of the North China Craton (see Figure 1). The concurrence
of orogenic gold deposits and vein-type Zn-Pb (-Ag) deposits in the East Qinling area sets it
apart from “gold-only” metallogenic orogenic provinces [20-22]. Moreover, some orogenic
deposits in the East Qinling area are not exclusively gold but contain zinc, lead, silver, or
molybdenum. For instance, the Dongchuang gold deposit is associated with lead, the Dahu
gold deposit was found with molybdenum orebodies in the deep, and the Xiong’ershan
gold—silver complex ore body contains an independent molybdenum vein, etc. These
geological findings prompt us to consider whether the vein-type zinc-lead (-silver) deposits
in the East Qinling area share the exact genetic origin of the gold deposits in this region.
We are interested in their specific geological and geochemical characteristics and genetic
processes. During the ore-forming process, do they have similarities and differences in
metal sources, hydrothermal systems, and other metal deposits in the Luanchuan area?

Several studies have been published on isotope geochemistry in the Bailugou de-
posit [23-29]. However, most of the previous works were relatively superficial and lacked
detailed stable isotope (S, Pb, C, O, and H) analysis of metallic mineralization and alteration,
which limits the understanding of the genesis of the Bailugou ore deposit.

Here, we present the results of an S, Pb, H, O, and C isotope geochemical study on ore
minerals and wall rocks from the Bailugou Zn-Pb (-Ag) ore deposit. Along with detailed
field and petrographic observations, alteration characteristics, and microthermometric data
of fluid inclusions [30], this paper proposes a metallogenic model for the Bailugou deposit.
This study aims to enhance understanding of the nature and genesis of Bailugou and other
similar vein-type deposits in the Luanchuan area, which may have direct implications for
deposit exploration in the Luanchuan ore field.
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Figure 1. Geological map of the Bailugou deposit (modified from Duan et al. [31]).

2. Geological Setting and Ore Geology
2.1. Ore Geological Setting

The Bailugou Pb-Zn-Ag deposit, with proven reserves of 191.12 x 10 t (Pb + Zn)
and 2446.79 t Ag, with average grades of Pb@11.29%, Zn@5.58%, and Ag@183.32 x 10-¢,
respectively, is situated in the Mesoproterozoic Guandaokou Group and with no direct
spatial and genetic links with the Yanshanian granitic porphyry, the endowment of the
Nannihu Mo-W, and the Shangfanggou Mo-Fe super-large deposits [32,33] in the area
(Figure 1). The Bailugou deposit is hosted in dolomitic marbles of the Mesoproterozoic
Longjiayuan, Xunjiansi, Duguan, and Fengjiawan formations of the Guandaokou Group
and the Neoproterozoic Baizhugou, Sanchuan and Nannihu formations of the Luanchuan
Group (Figure 2). The main ore bodies exhibit a stratiform distribution within the host sed-
iments and are situated at the NWW-trending faults and the NE-NNE-trending faults [34].
Their formation is governed by the interlayer fracture zones within the strata and is located
to the west of the Niuxinduo domed anticline that associated with the middle-west segment
of the Luanchuan fault system (Figure 1).

There are two main phases of magmatic intrusion in the region (Figure 1). The earliest
phase named as the Jingningian period, comprises gabbro intruded and metamophosed
during the Neoproterozoicwhere, whereas the second phase is represented by the Meso-
proterozoic Longwangzhuang alkaline granite (Figures 1 and 2). Rare exposures of the
Yanshanian intrusion exist in this area.
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Luanchuan Group (Pt,L)
Low-grade metamorphic clastic rock-carbonate rock assemblage

Meiyaogou Formation (Pt;m)

Medium to thick layered gray-dark gray mudstone,
carbonaceous mudstone, and coal seams, with
local occurrences of bauxite

Nannihu Formation (Pt;n)
Interbedded layers of purplish-red and brownish-red
mudstone, sandstone, and conglomerate

Sanchuan Formation (Pt,s)
Interbedded layers of purplish-red and brownish-red
sandstone and shale, with coal seams at the top

Baishugou Formation (Pt,b)
Interbedded layers of gray and grayish-white
mudstone, siltstone, and sandstone

\gliy=gd

Guandaokou Group (Pt,G)
Shallow marine facies clastic rock and carbonate rock assemblage

Fengjiawan Formation (Pt,f)

Light gray thick-bedded dolomitic marble, gray
thick-bedded siliceous striped dolomitic marble
interbedded with metamorphic quartz dolomite

Duguan Formation (Pt,d)
Variegated thin-layered dolomitic marble, interbedded
with sericite phyllite and calcareous phyllite

Xunjiansi Formation (Pt,xj)

Gray to grayish-white, thickly layered siliceous banded
dolomitic marble

Longjiayuan Formation (Pt,/j', Pt,/j’, Pt,/}")

Siliceous banded dolomitic marble and medium to
thick-bedded dolomitic marble

D Taihua Group (ArT)

Proterozoic alkali granite

0L

Neoproterozoic metagabbro

15 ore belts/orebodies

Figure 2. Geologic scheme of the Bailugou Zn-Pb deposit (modified from Yan [35]; Zhang [36]).

2.2. Ore Geology

The Bailugou ore deposit comprises four ore bodies, S150, S172, 5171, and S116, along
with several small, low-grade mineralized zones from south to north (Figure 2). The
occurrences of mineralized zones, which are sediment-hosted, are primarily controlled by
the NE-trending faults.

The mineralized zone in the south of the ore district is found within the fracture zone
between the Longjiayuan Formation and Fengjiawan Formation of the Guandaokou Group,
characterized by silicified dolomite marble, partially cataclastic rock, and metagabbro veins.
The mineralized zone to the northwest of the ore district is situated in dolomitic marbles of
the Mesoproterozoic Longjiayuan Formation, Guandaokou Group, which exhibit cataclastic
features. Locally, extrusion foliation and mylonitization are present, with metagabbro veins
occasionally seen intruded along the fabric (Figure 2). Four paralleled Zn-Pb-Ag ore bodies
have been identified along a northwest trend, along with two ore bodies situated to the
south. The occurrences of stratiform ore bodies are consistent with the bedding of the host
sediment stratum. The ore grade increase with depth downwards [26].

The ore mineral assemblages primarily consist of galena, sphalerite, and pyrite, with
chalcopyrite and minor amounts of argentite following. The gangue minerals include
calcite, quartz, dolomite, and kaolinite, along with barite, sericite, talc, and locally carbona-
ceous. The ore structure predominantly exhibits various forms, including disseminated,
fine-vein-disseminated, banded, massive, brecciated, vein-like, stockwork, and crystal
cluster structures. The mineral texture is characterized by granular texture, metasomatic
dissolution, replacement, metasomatic etching texture, cataclastic structure, bird’s-eye
structure, residual skeleton texture (pyrite), and growth girdle zone texture (sphalerite
and dolomite).

Hydrothermal alteration in the Bailugou deposit encompasses silicification, dolomiti-
zation, carbonation, etc. The hydrothermal alteration and mineralization can be roughly
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divided into four stages, ranging from early to late [30]: stage 1, quartz (Q)-pyrite
(Py) = sphalerite (Sp); stage 2, Q—polymetallic sulfide (Ms); stage 3, dolomite (Dol)-Ms;
and stage 4, calcite (Cc).

3. Sampling and Analytical Methods for Stable Isotope Geochemistry

Samples used in this study were collected from the main orebodies of S150, 5116, S171,
and S147 in the Bailugou deposit (N 33°47/36"-N 33°48'36", E 111°38'32"-E 111°45'08").
This paper systematically and comprehensively presents the isotope geochemical charac-
teristics of the Bailugou deposit, integrating previously published data.

Minerals for H isotope analysis were crushed and sieved using 40-60 meshes and then
purified by hand-picking under a binocular microscope, whereas minerals for C, O, S, and
Pb isotopes were pulverized in an agate mill under 200 meshes. All mineral separates were
estimated to be more than 99% pure.

All analyses were conducted at the State Key Laboratory of Lithospheric Evolution,
Institute of Geology and Geophysics, Chinese Academy of Sciences.

The oxygen isotope analysis was obtained on samples of quartz (7), dolomite (4),
and whole strata rock powders (3). Samples were reacted with BrFs under 500 °C-700 °C
for 15 h. The released O, from the reaction was purified using combined cold traps and
converted to CO, gas under 700 °C for measurement of oxygen isotope ratios with a
Finnigan MAT 252 mass spectrometer. The analytical precision for oxygen is 3-0.2 %o.

Hydrogen isotope analyses of HyO from fluid inclusions (FIs) in 7 quartz samples and
4 dolomite powders, which were sufficiently exploded to exclude CO,, CO, SO,, SO3, H;S,
Oy, Hy, Ny, CHy, and inert gases. Then, we used dry ice to freeze the H,O from FIs under
vacuum into the chromium reactor at 800 °C to generate hydrogen gas for measurement
of hydrogen isotope ratios with a Finnigan MAT 253 mass spectrometer. The analytical
precision for hydrogen isotopes is £2 %o.

For the carbon isotope of Fls in the 7 quartz samples, CO, gas was extracted through
successive purification steps and removal under a vacuum of 103 Pa using liquid nitrogen-
pentane after the Fls were sufficiently exploded at the required decrepitation temperature.
The 4 dolomites and 3 bulk marbles were analyzed for CO, gas extracted from calcite via
a reaction with pure phosphoric acid under vacuum. The carbon isotopic compositions
of the extracted CO, were determined using a Finnigan MAT 252 mass spectrometer. The
precision of the carbon isotope analysis is 0.2 %o.

For sulfur analysis of 23 sulfide powders, SO, was extracted from samples by reacting
with cuprous oxide at a ratio of 1:8 under a vacuum of 10~ Pa, raising the temperature to
1000 °C to oxidize sulfide to SO;, then collecting the SO, by liquid nitrogen into a sample
cell (—80 °C) and purifying SO, to measurement with a Finnigan Delta-S mass spectrum
analysis. The analytical uncertainty for 6>*S is 4-0.2%o.

For lead isotope analysis of sulfide samples, approximately 10 to 50 mg of minerals
from each of the 19 samples were first leached in acetone to remove surface contamination,
then washed with distilled water and dried at 60 °C. The washed sulfides were dissolved
in a dilute mix of nitric and hydrofluoric acid. Following ion-exchange chemistry, the
lead in the solution was loaded onto rhenium filaments using a phosphoric acid-silica gel
emitter. The Pb isotopic compositions were measured on a MAT261 thermal ionization mass
spectrometer. All ratios were normalized to the values of NBS 981. The estimated precision
levels for the 2°°Pb /204Pb, 207Pb /204Pb, and 2%Pb /294Pb ratios were approximately 0.1%,
0.09%, and 0.30% at the 20 level, respectively.

Hydrogen and oxygen isotope values are reported in standard notation relative to
the SMOW standard. Carbon isotope values are reported in standard notation relative to
the PDB standard. Sulfur isotope values are reported in standard notation relative to the
V-CDT standard.

5180gpow values of ore-forming fluid were calculated by equilibrium fractionation
equations of 1000InAquartz-water = 3.38 x 10° T2 — 3.40 [37], 1000In®caycite-water = 2.78 X
108 T2 — 2.89 [38], 1000Inmagnetite-water = 2.88 x 10° T~2 — 11.36 x 103 T2 + 2.89 [39],
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1000In@ iogopite-water = 3-86 x 106 T~ — 8.68 x 103 T~ + 2.45 [39], and 1000Ingoiomite-water
=412 x 10° T2 — 4.62 x 103 T2 + 1.71 [39]. 6'3C0; values of carbonate were calculated
by equilibrium fractionation equations of 1000Inacop-calcite = —2.4612 + (7.6663 X 103
T~1) — (2.9880 x 10° T~2) [40] and 1000Ina 4gjomite-calcite = 0-18 x 106 T2 + 0.17 [41]. The
temperature using in the equations was the homogeneous peak temperature of each stage
release from Yang et al. [30].

4. Results
4.1. Sulfur Isotopic Compositions

This contribution analyzed the 6°S values of galenas, pyrites, and sphalerites from

23 ore samples across different alteration and mineralization stages in the Bailugou deposit.

The 63#Scpt values of sulfides in the Bailugou deposit ranged from 1.1%o to 9.1%., with an
average of 4.0%o. The 6>*Scpr values from 72 ore samples, ore-bearing host sediments, and
regional porphyry were collected and compared (Table 1).

Table 1. Sulfur isotope composition of ores, host sediments, and rock mass in the Bailugou ore

district (%).
34
Geologic Body Sample No. Sampling Site Dessacrrrilg’iieon MF{IE:Z:al \fCDST S(]))uartcaes
Bailuogu deposit 5150-4 5150 rr;;;f:;ahzed Ore Gn -1.2 [26]
Bailuogu deposit 07-52 S116 Ore Gn 0.6 [27]
Bailuogu deposit 07-55 S116 Ore Gn 0.6 [27]
Bailuogu deposit BQC-30-Gn 5170, Quancaigou Ore Gn 1.1 This paper
Bailuogu deposit S040-2 5S040 Ore Gn 1.5 [26]
Bailuogu deposit 5040-3 5040 Ore Gn 1.5 [26]
Bailuogu deposit BP-6-Gn 5116, Jiudinggou Ore Gn 2.1 This paper
Bailuogu deposit BLY-10-Gn 5170, Luyuangou Ore Gn 2.5 This paper
Bailuogu deposit BLY-19-Gn 5170, Luyuangou Ore Gn 2.5 This paper
Bailuogu deposit B1472 5147 Ore Gn 3.8 This paper
Bailuogu deposit BGL-6-Gn 5150, Gunligou Ore Gn 7.2 This paper
Bailuogu deposit Bl1 5150 Ore Gn 8.4 [25]
Bailuogu deposit BCL-11-Gn 5171, Luchanggou Ore Gn 8.6 This paper
Average of Gn n=13 3.0
Bailuogu deposit Sjd-23 Ore Py 1.3 [26]
Bailuogu deposit S116-22 5116, Jiudinggou Ore Py 1.3 [26]
Bailuogu deposit BGL-13-Py 5150, Gunligou Ore Py 1.4 This paper
Bailuogu deposit BP-6-Py 5116, Jiudinggou Ore Py 1.7 This paper
Bailuogu deposit 07-53 S116 Ore Py 1.7 [27]
Bailuogu deposit 07-54 S116 Ore Py 2.7 [27]
Bailuogu deposit BGL-6-Py 5150, Gunligou Ore Py 3.1 This paper
Bailuogu deposit BLY-19-Py 5170, Luyuangou Ore Py 3.9 This paper
Bailuogu deposit BCL-11-Py 5171, Luchanggou Ore Py 4.0 This paper
Bailuogu deposit BGL-14-Py 5150, Gunligou Ore Py 44 This paper
Bailuogu deposit BGL-10 5150, Gunligou Ore Py 6.7 This paper
Bailuogu deposit 07-43 5150 Ore Py 8.4 [27]
Bailuogu deposit CM15001-K4 S150 Ore Py 9.2 [26]
Bailuogu deposit BGL-2 5150, Gunligou Ore Py 9.8 This paper
Bailuogu deposit 5150-1 5150 Ore Py 10.9 [26]
Average of Py n=15 47
Bailuogu deposit BGL-14-Sp 5150, Gunligou Ore Sp 1.4 This paper
Bailuogu deposit 07-54 S116 Ore Sp 1.8 [27]
Bailuogu deposit 07-56 S116 Ore Sp 2.0 [27]
Bailuogu deposit BGL-13-Sp 5150, Gunligou Ore Sp 3.3 This paper
Bailuogu deposit BP-6-Sp S116, Jiudinggou Ore Sp 3.4 This paper
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Table 1. Cont.

. . . Sample Test 5%s Data
Geologic Body Sample No. Sampling Site Description Mineral  y.cpr Sources
Bailuogu deposit SXW-22 5040 Ore Sp 3.7 [26]
Bailuogu deposit BLY-10-Sp 5170, Luyuangou Ore Sp 4.3 This paper
Bailuogu deposit BLC-11-Sp 5171, Luchanggou Ore Sp 5.0 This paper
Bailuogu deposit 07-43 S150 Ore Sp 5.1 [27]
Bailuogu deposit BLC-26 5171, Luchanggou Ore Sp 53 This paper
Bailuogu deposit BQC-30-Sp 5170, Quancaigou Ore Sp 7.0 This paper
Bailuogu deposit BGL-6-Sp 5150, Gunligou Ore Sp 9.1 This paper
Bailuogu deposit 5150-3 5150 Ore Sp 9.6 [26]
Bailuogu deposit B12 5150 Ore Sp 10.7 [25]
Bailuogu deposit B13 S150 Ore Sp 12.0 [25]
Average of Sp n=15 5.6
Average of ores from Bailugou deposit n=43 4.5
Luanchuan Gp. Baizhugou Fm. Carbonaceous phyllite Py 124 [23]
Luanchuan Gp. Baizhugou Fm. Carbonaceous phyllite Py 18.6 [23]
Average of Baizhugou Fm. n=2 15.5
Luanchuan Gp. SS7-4 Meiyaogou Fm. Stone coal Py —-124 [24]
Luanchuan Gp. 557-1-2 Meiyaogou Fm. Stone coal Py —10.9 [24]
Luanchuan Gp. SS7-1-1 Meiyaogou Fm. Stone coal Py —-9.7 [24]
Luanchuan Gp. SS7-1-3 Meiyaogou Fm. Stone coal Py —-8.1 [24]
Luanchuan Gp. 557-3 Meiyaogou Fm. Stone coal Py 6.6 [24]
Luanchuan Gp. SS7-2 Meiyaogou Fm. Stone coal Py 7.2 [24]
Luanchuan Gp. S57-7 Meiyaogou Fm. Stone coal Py 10.5 [24]
Average of Stone coal from Meiyaogou Fm. n=7 —2.4
. Marble from
Luanchuan Gp. S-22 Meiyaogou Fm. Shangfanggou Py 1.7 [24]
. Marble from
Luanchuan Gp. S-32 Meiyaogou Fm. Shangfanggou Py 2.5 [24]
. Marble from
Luanchuan Gp. S-18 Meiyaogou Fm. Shangfanggou Py 2.6 [24]
. Marble from
Luanchuan Gp. S-21 Meiyaogou Fm. Shangfanggou Py 2.6 [24]
. Marble from
Luanchuan Gp. S-25 Meiyaogou Fm. Shangfanggou Py 2.7 [24]
Average of Marble from Shangfanggou n=>5 24
. Skarn from
Luanchuan Gp. S-6 Meiyaogou Fm. Shangfanggou Py —4.9 [24]
. Skarn from
Luanchuan Gp. S-8 Meiyaogou Fm. Shangfanggou Py 2.5 [24]
. Skarn from
Luanchuan Gp. S-7 Meiyaogou Fm. Shangfanggou Py 2.7 [24]
Average of Skarn from Shangfanggou n=3 0.1
Sanchuan, Mineralized wall rock
Luanchuan Gp. N-6 Meiyaogou Fm. from Nannihu Py 43 [24]
Sanchuan, Mineralized wall rock
Luanchuan Gp. N-9 Meiyaogou Fm. from Nannihu Py —20 [24]
Sanchuan, Mineralized wall rock
Luanchuan Gp. N Meiyaogou Fm. from Nannihu Py —08 [24]
Sanchuan, Mineralized wall rock
Luanchuan Gp. N-3 Meiyaogou Fm. from Nannihu Py 06 [24]
Sanchuan, Mineralized wall rock
Luanchuan Gp. N-11 Meiyaogou Fm. from Nannihu Py 18 [24]
Luanchuan Gp. N-2 Sanchuan, Mineralized wall rock Py 29 [24]

Meiyaogou Fm.

from Nannihu
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Table 1. Cont.

. . . Sample Test 5%s Data
Geologic Body Sample No. Sampling Site Description Mineral  y.cpr Sources
Sanchuan, Mineralized wall rock
Luanchuan Gp. N-14 Meiyaogou Fm. from Nannihu Py 29 [24]
Sanchuan, Mineralized wall rock
Luanchuan Gp. N-8 Meiyaogou Fm. from Nannihu Py 35 [24]
Average of Sanchuan, Meiyaogou Fm. n=8 0.6
Skarn from
Luanchuan Gp. XS5-10 Sanchuan Fm. Sandaczhuang Py -29 [24]
Skarn from
Luanchuan Gp. XS5-6 Sanchuan Fm. Sandaozhuang Py 1.0 [24]
Skarn from
Luanchuan Gp. XS3 Sanchuan Fm. Sandaozhuang Py 1.8 [24]
Skarn from
Luanchuan Gp. XS5-5 Sanchuan Fm. Sandaozhuang Py 2.5 [24]
Skarn from
Luanchuan Gp. XS5-8 Sanchuan Fm. Sandaozhuang Py 2.8 [24]
Average of Sanchuan Fm. n=>5 1.0
Average of Luanchuan Gp. n =30 1.2
Nannihu rock mass N-15 Nannihu rock mass Mineralized porphyry Py 1.9 [24]
Nannihu rock mass N-18 Nannihu rock mass Mineralized porphyry Py 2.5 [24]
Nannihu rock mass N-41 Nannihu rock mass Mineralized porphyry Py 2.5 [24]
Nannihu rock mass N-47 Nannihu rock mass Mineralized porphyry Py 2.6 [24]
Nannihu rock mass N-56 Nannihu rock mass Mineralized porphyry Py 2.6 [24]
Nannihu rock mass NS-2 Nannihu rock mass Mineralized porphyry Py 2.7 [24]
Nannihu rock mass NS-9 Nannihu rock mass Mineralized porphyry Py 2.7 [24]
Nannihu rock mass N-53 Nannihu rock mass Mineralized porphyry Py 2.8 [24]
Nannihu rock mass N-22 Nannihu rock mass Mineralized porphyry Py 2.9 [24]
Nannihu rock mass N-33 Nannihu rock mass Mineralized porphyry Py 2.9 [24]
Nannihu rock mass N-37 Nannihu rock mass Mineralized porphyry Py 29 [24]
Nannihu rock mass NS-11 Nannihu rock mass Mineralized porphyry Py 2.9 [24]
Nannihu rock mass N-16 Nannihu rock mass Mineralized porphyry Py 3.0 [24]
Nannihu rock mass N-29 Nannihu rock mass Mineralized porphyry Py 3.1 [24]
Nannihu rock mass N-43 Nannihu rock mass Mineralized porphyry Py 3.1 [24]
Nannihu rock mass NS-4 Nannihu rock mass Mineralized porphyry Py 3.1 [24]
Nannihu rock mass N-27 Nannihu rock mass Mineralized porphyry Py 3.2 [24]
Average of Nannihu rock mass n=17 2.8
Shangfanggou rock S Shangfanggou rock Mineralized porphyty Py 20 [24]
mass mass
Shangfanggou rock 515 Shangfanggou rock Mineralized porphyry Py 29 [24]
mass mass
Shangfanggou rock 513 Shangfanggou rock Mineralized porphyry Py 30 [24]
mass mass
Shangfanggou rock 529 Shangfanggou rock Mineralized porphyty Py 31 [24]
mass mass
Shangfanggou rock S5 Shangfanggou rock Mineralized porphyry Py 33 [24]
mass mass
Average of Shangfanggou rock mass n=>5 2.9

Abbreviations: Gn = galena; Py = pyrite; Sp = sphalerite; Gp. = group; Fm. = formation.

4.2. Lead Isotopic Compositions

In this paper, nineteen Pb isotopes from galena, sphalerite, and pyrite samples collected
from the ores of the Bailugou deposit were analyzed, yielding Pb isotopic compositions
of 206Pb /204Pb = 17.676 to 18.456, with an avg. of 18.182; 27Pb /294Pb = 15.506 to 15.646,
avg. of 15.572; and 2%Pb/2%Pb = 38.672 to 39.858, avg. of 39.473, respectively (Table 2).
To systematically and comprehensively study the Pb isotope geochemical characteristics
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and geological significance of the Bailugou deposit, 47 sets of previously reported Pb
isotopic analyses from the ores of the Bailugou deposit, regional strata, and porphyries
were included (Table 2).

Table 2. Lead isotope composition of ores, strata, and rock mass from the Bailugou district.

. Sample Test 206 py,/204 207 py,/204 208 py, /204 Data
Geologic Body Sample No. Description Mineral Pb/~**Pb Pb/***Pb Pb/*"*Pb Sources
Bailugou deposit BP-6-Gn Ore Gn 17.803 15.633 39.344 This paper
Bailugou deposit ~ BQC-30-Gn Ore Gn 18.291 15.569 39.592 This paper

Bailugou deposit 5150-4 Ore Gn 18.426 15.549 39.637 [35]
Bailugou deposit 07-43 Ore Gn 18.259 15.579 39.558 [28]
Bailugou deposit 07-53 Ore Gn 17.718 15.532 38.968 [28]
Bailugou deposit 07-56 Ore Gn 17.725 15.531 38.990 [28]
Bailugou deposit B11 Ore Gn 18.218 15.526 39.264 [25]
Average of Gn n=7 18.063 15.560 39.336
Bailugou deposit BP-6 Ore Py 17.701 15.506 38.915 This paper
Bailugou deposit BLC-11-Py Ore Py 18.239 15.546 39.502 This paper
Bailugou deposit ~ BGL-13-Py Ore Py 18.422 15.596 39.690 This paper
Bailugou deposit BLY-19-Py Ore Py 18.234 15.552 39.551 This paper
Bailugou deposit ~ BGL-14-Py Ore Py 18.456 15.600 39.727 This paper
Bailugou deposit BLC-6-Py Ore Py 18.313 15.595 39.613 This paper
Bailugou deposit BGL-2 Ore Py 18.336 15.566 39.569 This paper
Bailugou deposit BGL-10 Ore Py 18.320 15.565 39.515 This paper
Bailugou deposit S5150-1 Ore Py 18.286 15.575 39.529 [35]
Bailugou deposit  CM15001-K4 Ore Py 18.273 15.500 39.344 [42]
Average of Py n=10 18.258 15.560 39.496
Bailugou deposit BLC-26 Ore Sp 18.224 15.559 39.433 This paper
Bailugou deposit BP-6 Ore Sp 17.709 15.514 38.947 This paper
Bailugou deposit BLC-11-Sp Ore Sp 18.284 15.611 39.714 This paper
Bailugou deposit BLC-6-Sp Ore Sp 18.238 15.520 39.408 This paper
Bailugou deposit B1472 Ore Sp 18.351 15.604 39.715 This paper
Bailugou deposit ~ BQC-30-Sp Ore Sp 17.676 15.557 38.672 This paper
Bailugou deposit ~ BGL-13-Sp Ore Sp 18.353 15.646 39.858 This paper
Bailugou deposit BLY-10-Sp Ore Sp 18.306 15.581 39.607 This paper
Bailugou deposit ~ BGL-14-Sp Ore Sp 18.211 15.551 39.624 This paper
Bailugou deposit 5150-3 Ore Sp 17.632 15.461 38.358 [35]
Bailugou deposit 5040-2 Ore Sp 17.606 15.520 38.496 [35]
Bailugou deposit S040-3 Ore Sp 17.552 15.451 38.264 [35]
Bailugou deposit B12 Ore Sp 17.609 15.466 38.325 [25]
Bailugou deposit B13 Ore Sp 17.608 15.465 38.323 [25]
Average of Sp n=14 17.954 15.536 39.053
Average of Ores from Bailugou deposit n=231 18.070 15.551 39.257
Luanchuan Gp. 200416 Whole rock 18.215 15.648 38.350 [42]
Luanchuan Gp. 200418 Whole rock 19.249 15.684 41.104 [42]
Luanchuan Gp. 200421 Whole rock 17.998 15.560 38.979 [42]
Luanchuan Gp. 200438 Whole rock 18.217 15.635 38.598 [42]
Luanchuan Gp. 200439 Whole rock 18.868 15.685 38.303 [42]
Luanchuan Gp. 5139-3 Whole rock 17.694 15.525 38.692 [42]
Average of whole rock from Luanchuan Gp. n=6 18.374 15.623 39.004
Luanchuan Gp. Y02 Biotite schist Whole rock 17.735 15.468 38.631 [25]
Meiyaogou Fm.
Luanchuan Gp. Y03 Phyllite Wholerock ~ 18.071 15.482 38.905 [25]
Meiyaogou Fm.
Luanchuan Gp. Y21 Biotite marble ~ Wholerock  17.736 15.478 38.463 [25]

Meiyaogou Fm.
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Table 2. Cont.

; Sample Test 206, /204 207 pt, /204 208, /204 Data
Geologic Body Sample No. Description Mineral Pb/~**Pb Pb/~**Pb Pb/~"*Pb Sources
Luanchuan Gp. Y22 Altered granite  Whole rock 17.742 15.466 38.493 [25]
Meiyaogou Fm.

Average of Meiyaogou Fm. n=4 17.821 15.474 38.623
Luanchuan Gp. L8 Biotite quartz v lorock 17700 15.486 38.366 [25]
Nannihu Fm. schist
Luanchuan Gp. L30 Dimicaceous v 1o rock 18257 15.518 38.819 [25]
Nannihu Fm. quartz schist
Luanchuan Gp. L31 _Graphite oy e rock 17.862 15.492 38.640 [25]
Nannihu Fm. dimicaceous schist
Luanchuan Gp. L32 _Graphite o lerock 18817 15.556 39.097 [25]
Nannihu Fm. dimicaceous schist
Luanchuan Gp. L37 Dimicaceous Wholerock  17.612 15.485 38.432 [25]
Nannihu Fm. quartz schist
Luanchuan Gp. L39 Quartz schist ~ Wholerock  17.590 15.455 38.333 [25]
Nannihu Fm.
Luanchuan G Carbon-bearing
< p- L40 biotite Quartz ~ Wholerock  17.670 15.569 38.700 [25]
Nannihu Fm. :
schist
Luanchuan Gp. L41 Calcareous quartz yyp 1o ook 17.585 15.457 38.336 [25]
Nannihu Fm. schist
Luanchuan G Weak mineralized
uanchuan Lp. L42 biotite quartz Whole rock 17.594 15.462 38.359 [25]
Nannihu Fm. .
schist
Average of Nannihu Fm. n=9 17.854 15.498 38.565
Average of Luanchuan Gp. n=19 18.011 15.532 38.716
Guandaokou Gp. 20043b Whole rock 18.103 15.634 38.316 [42]
Guandaokou Gp. S116-1 Whole rock 18.738 15.672 39.094 [42]
Guandaokou Gp. B3 Metagabbro Whole rock 17.937 15.498 38.840 [25]
Breccialized
Guandaokou Gp. B26 marble Whole rock 18.296 15.508 39.272 [25]
Guandaokou Gp. B27 Quartz schist Whole rock 18.086 15.501 38.667 [25]
Guandaokou Gp. B28 Musczz;:iesguartz Whole rock 18.443 15.505 39.179 [25]
Guandaokou Gp. B29 Mus“;‘c’g;tquartz Wholerock 18326 15.506 39.043 [25]
Average of Guandaokou Gp. n=7 18.275 15.546 38.916
Nannihu DE-2 Molybdenite- Gn 17.450 15.540 39.010 (43]
galane ore
Nannihu J5 Biotite K-feldspar 17.806 15.569 38.508 [43]
granodiorite
Nannihu J-4 Porphyritic granite =~ K-feldspar 17.894 15.482 38.093 [43]
Nannihu- ZK705 Porphyriticbiotite 3 ¢13cpar  17.189 15.381 37.655 23]
Sandaozhuang granodiorite
Nannihu- Nan r-1 Medium grained =y 04000 17.499 15.427 37.843 [23]
Sandaozhuang porphyritic granite
Nannihu- .
Sandaczhuang DE-2 Gn-Sp-Py vein Gn 17.450 15.540 39.010 [23]
Nannihu- N-013 Pyrite-fluorite- Py 17.605 15.421 37.710 [23]
Sandaozhuang quartz vein
Average of Nannihu rock mass n=7 17.556 15.480 38.261

10
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Table 2. Cont.

. . Test Data
Geologic Body ~ Sample No.  Sample Description . 206pp/204pp  207pp/204pb  208Pb/20%PD
Mineral Sources
Gn- magnetite vein
Shangfanggou DF-1 nag Gn 16.820 14.840 37.770 [23]
in marble
Gn-Sp in
Shangfanggou DF-16 . oP Gn 17.120 15.230 37.570 [23]
mineralized marble
Average of Shangfanggou rock mass n=2 16.970 15.035 37.670
East Qinlin, Minor
Q & Average of 6 . . .
molybdenum ore smple intermediate-acid K-feldspar 17.619 15.478 38.040 [44]
belt p rock masses
4.3. Hydrogen and Oxygen Isotopic Compositions
In this paper, the gangue minerals quartz and dolomite from different mineralization
zones, various occurrences, and syngenetic with varying stages of mineralization ores of
the Bailugou deposit were selected, and the mineral oxygen isotope and fluid inclusion
hydrogen isotope analyses were conducted (Table 3). Meanwhile, previous results on
hydrogen and oxygen isotopes of the Bailugou deposit were compiled [25,26,28,45] for
comparative analysis (Table 3).
The 6'80g\i0w values of the Bailugou deposit vary from 2.0 to 2.0%0~14.2%0 (n = 23,
avg. 7.1%o), indicating that the fluid is relatively rich in 180. The §Dgpvow values of the
Bailugou deposit range from —90%o to —60%o (1 = 18, avg. —79%o) (Table 3).
Table 3. H-O-C isotope composition of the Bailugou deposit (%o).
. SMOW PDB
Geologic . o Data
Body Sample No. Occurrence Test Mineral Stage 590 1ot 30w ODw 6 Coimerst 8*Ceon Tmiod/”C Sources
5171, .
BLC-30 Luchanggou Quartz 1 18.7 14.2 -85 -0.8 380 This paper
BGL-5 5150, Gunligou Quartz 1 12.7 5.8 —82 -3.4 300 This paper
5171, .
BLC-11 Luchanggou Quartz 1 12.6 7.0 —81 —0.6 340 This paper
S1771, .
BLC-33 Luchanggou Quartz 2 15.0 6.0 —81 0.2 250 This paper
S1771, .
BLC-32 Luchanggou Quartz 2 14.9 7.3 -78 -1.0 280 This paper
1771, .
BLC-13 Luchanggou Quartz 2 12.2 6.3 ~76 -0.2 330 This paper
5170, .
BLY-12 Luchanggou Quartz 2 13.4 5.8 ~74 -1.4 280 This paper
BLC-30 Lu Ch;ﬁg' sou White dolomite 3 154 74 —67  -31 250 This paper
. Pale yellow .
Bailugou BGL-12 5150, Gunligou dolomite 3 9.8 3.0 —66 -1.3 280 This paper
BJD-2 5116, Jiudinggou White dolomite 3 9.9 2.0 —65 -1.8 250 This paper
Pale yellow .
BLY-21 5170, Luyuangou dolgmite 3 11.4 3.5 —60 —2.6 250 This paper
5150-5 5150 vein Quartz 14.9 6.0 -90 250 * 45
Sjd-22 5171 vein Calcite 9.4 21 —83 1.8 3.1 250 * 45
Dolomite 12.0 5.8 295 25
Dolomite 17.7 115 295 25
B17 Dolomite 12.0 52 —3.0 280 * 26
B19 Dolomite 17.7 10.9 -17 280 * 26
S116-21 S116 vein Quartz —-90 45
07-45 5150 orebody Quartz 17.9 10.1 -89 277 28
07-46 5150 orebody Quartz 17.2 8.2 —76 248 28
07-48 5150 orebody Calcite 15.6 8.7 —0.4 261 28
07-49 5150 orebody Calcite 16.1 9.0 13 255 28
07-54 5150 orebody Quartz 16.1 7.6 —89 260 28
07-59 5150 orebody Quartz 20.0 11.0 —82 248 28

11
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Table 3. Cont.

: SMOW PDB
Geologic . Data
Sample No. Occurrence Test Mineral Stage Tmyo/°C
Body 0" Opminerat 60w~ 0Dw 8™ Cineral §°*Cco2 “ Sources
BGL-a Ptyl-f Marble S150 22.6 —1.2 200 This paper
BLY-23 Ptol Marble 5170 23.8 —04 200 This paper
BLC-7 Ptyl Marble S171 21.8 1.0 200 This paper
ZK1613-22 Sanchuan Fm. Marble 19.0 2 [46]
. Sp-bearing
Y21 Meiyaogou Fm. marble 15.7 0.1 [25]
L41 Nannihu Fm. Calcar;"}‘:iz tquartz 17.8 0.8 [25]
h Y02 Meiyaogou Fm. Mica quartz schist 15.7 [47]
Luanchuan . Mineralized mica
Gp. Y03 Meiyaogou Fm. schist 16.7 [47]
L8 Nannihu Fm. Mica schist 11.8 [47]
L30 Nannihu Fm. Mica schist 15.1 [47]
L31 Nannihu Fm. Graphite mica schist 14.1 [47]
L32 Nannihu Fm. Graphite mica schist 13.2 [47]
L37 Nannihu Fm. Quarfcz sqhis"t 9.1 [47]
L40 Nannihu Fm. Graphite biotite 104 [47]
quartz schist
L42 Nannihu Fm. Biotite quartz schist 10.6 [47]
.. Calcareous
B27 Fengjiawan Fm. dimicaceous schist 14.9 [47]
B28 Fengjiawan Fm. Mica schist 14.6 [47]
Guandaokou B29 Fengjiawan Fm. Mica quartz schist 14.2 [47]
Gp. B26 Fengjiawan Fm. Breccialized marble 16.0 -1.8 [26]
B27 Fengjiawan Fm. di .Calcafe"ush. 19.3 -2.8 [26]
imicaceous schist

Notes: 6'80,, data signed as * are calculated based on homogenization temperature measured from Yang
et al. [30].

The §'8Ogpow value and dDgyiow value of stage 1 are 5.8 %0—14.2%o (avg. 9.0%0) and
—85%0 to —81%o (avg. —83%o), the 5180gpow value and dDgyow value of stage 2 are
5.8%0~7.3%0 (avg. 6.4%0) and —81%o to —74%0 (avg. —77%0), the 6'®Ogpow value and
0Dgmow Value of stage 3 are 2.0%0—7.4%o (avg. 4.0%0) and —67%o. to —60%o (avg. —65%.),
the 6180gpiow value and 6Dy, value of stage 4 are 2.1%0—6.0%o (avg. 4.1%o) and —90%. to
—83%o (avg. —87%o). The 6'8Ospiow and dDspiow values exhibit a certain regularity as the
stages progress: the 5 Ogpow values decline successively from stage 1 to stage 4, while
the 6Dspiow values increase sequentially from stage 1 to stage 3.

4.4. Carbon Isotopic Compositions

Quartz and dolomite gangue minerals from various mineralization zones, occurrences,
and syngenetic ores in the Bailugou deposit were selected to investigate the oxygen and
carbon isotopic compositions. The carbon isotope of CO, in FIs and the oxygen isotope of
quartz, as well as the carbon and oxygen isotope of dolomite, are presented in Table 3. The
published data on the carbon and oxygen isotopes from the Bailugou deposit have been
compiled [25,26,28,45-47] (Table 3) to provide a comprehensive and systematic study on
Bailugou ore genesis and fluid evolution.

Nine carbonate samples from the Bailugou deposit yielded 6'3Cppg values ranging
from —3.1%o to 1.8%o (avg. —1.2%.), while seven Fls in quartz yielded S13Cppp values
from —3.4%o to 0.2%o (avg. —1.0%o.). Six bulk-rock samples in the Luanchuan Fm. yielded
S13Cppg values from —1.2%o to 2.0 %o (avg. 0.4%0), and two bulk-rock samples from the
Guandaokou Fm. yielded 013Cppp values from —2.8%o to —1.8%o (avg. —2.3%o).

5. Discussions
5.1. Origin and Evolution of Ore-Forming Fluids
5.1.1. Constraint from H-O Isotopes

The 6Dspow value of ore-forming fluid in stage 1 of the Bailugou deposit was rela-
tively low, indicating it to be of magmatic or hydrothermal origin. However, the §'®Ospiow
value was relatively higher than that of magmatic water. Since the Bailugou ore bodies were
found within low-permeability sedimentary rock that typically has a high 0 and relatively
low water content, any accompanying hydrothermal fluid can naturally exhibit a high
5180 value. With hydrothermal mineralization, the 5180gpow value of the fluid system

12
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gradually declined, while the Dgnow value gradually increased, reflecting the changing
process of the isotope exchange and homogenization between the original ore-forming fluid
and the host sediments. Although there are currently no hydrogen and oxygen isotope data
for the host strata of the Bailugou deposit, the 5180quartz of Nannihu porphyritic granite
(sample no. ZK-38) reported by Zhou et al. was 10.1%o [24]. The corresponding 5180gpmow
value and dDgpow value were 4.1%. (calculated at 325 °C) and —70%o, respectively. This
consistency offers reasonable evidence for the aforementioned inference.

In the hydrogen and oxygen isotope plot of the Bailugou deposit (Figure 3), the
samples from stage 1 were plot in the lower part of the magmatic water box and its
lower right area, indicating that the ore-forming fluid was initially extracted from a
high 180 geological source such as sediments belonging to the Luanchuan and Guan-
daokou Groups, collectively known as the CSC formation (carbonaceous carbonate—shale—
sandstone—chert) [10,48,49], with dolomite in the CSC exhibiting the highest & 180 value [50].
However, since no intrusive bodies are exposed in the immediate vicinity of the ore de-
posits, an intense tectonic-thermal process is necessary to provide the high temperature
required for isotopic exchange. Stage 2 is concentrated in the lower left part of magmatic
water, indicating a magmatic-hydrothermal process. Stage 3 transitions from magmatic
water in the upper left to the meteoric water line, indicating the precipitation of meteoric
water and a gradual weakening of the magmatic-hydrothermal process. The results of
the hydrogen and oxygen isotope study of the Bailugou deposit are consistent with the
evolution of salinity-temperature of fluid inclusion across different stages.

¢ ~sMow

-10

Metamorphic water

Magmatic water

50 J—
0 3
5
® Stage 1
-80 o % |G _|® Stage2
.. @& |9 Stage3
90 0 © O™ 10 Unclear stage (Yan etal.,
2004; Duan et al., 2010)
-100 ; ; ; ; : ; ;
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Figure 3. 6Dy, (%o) versus 680y (%o) in the ore-forming fluids of the Bailugou deposit (based on
Taylor [51]). Data are from Table 3. Unclear stage from [27 45].

Based on the characteristic temperature revealed by the solid solution separation struc-
ture, homogenization temperature of Fls, and equilibrium temperature from sulfur isotope,
Yang et al. [30] suggest that the temperature of mineral precipitation in the ore-forming
fluid of Bailugou deposit ranges from 100 °C to 400 °C, predominantly concentrated be-
tween 350 °C and 400 °C. Both the temperature range and the peak value at each stage of
the ore-forming fluid of the Bailugou deposit exhibit a trend of decreasing from early to late
stages of mineralization. The fluid density changes slightly across each stage. The Bailugou
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deposit maintains a moderate to high density fluid during mineralization. The estimated
formation depth of the Bailugou deposit is approximately 2-12 km, exhibiting typical
characteristics of a fault-controlled deposit. In stage 1, the ore-forming fluid originated
from a mixture of fluids, followed by fluid immiscibility between the magma-sourced fluid
and the ore-bearing CSC host sediments fluid. This fluid transformed into a metamorphic
hydrothermal fluid during the water—rock interactions in stage 2, gradually receding and
possibly experiencing fluid boiling during the mineralization of stage 3.

Research on the evolution of salinities, homogenization temperatures [30], and hydrogen-
oxygen isotopes of Fls from different mineralization stages in the Bailugou deposit indicates
that the initial ore-forming fluid was triggered under intense thermal-tectonic processes.
Magmatic-hydrothermal processes predominated in the early and middle stages, gradually
shifting to an increasing influence of atmospheric precipitation as they approached the
late stage.

5.1.2. Constraint from C-O Isotopes

The range of carbon isotopes of the Bailugou deposit closely aligns with the host
surrounding sediments (Figure 4), falling within the range of marine carbonate rocks
(—3%o0 to 2%o [52]). This indicates that both the Bailugou deposit and the surrounding
sediments have experienced similar diagenetic alterations. This may involve processes such
as carbonate dissolution, precipitation, or interactions with organic matter. A comparison
of 613C values from several primary carbon reservoirs, including natural organic matter,
igneous/magmatic systems, mantle, continental crust, and typical marine faces limestone
with ores in Bailugou deposit, reveals that the 6'3C of Bailugou deposit varies between
the ranges of marine limestone and magmatic rock, and the carbon was sourced from
marine limestone.

% Luanchuan Group,
6"°Cppy= —1.2 10 2.0 (n=6)

= Guandaokou Group,

5"Cpos= —2.8 to 1.8 (n=2)
—_—

N #Fluid, Bailugou deposit, §"°C,,,= —3.4t0 0.2 (n=7)

E Minerals, Bailugou deposit, '°C,,,= —3.1t0 1.8 (n=9)

-3.5 -3 -2.5 -2 -1.5 -05 0 05 1 15 2 25
5"°Copy (%0)

Figure 4. Compilation histograms of S13Cppp (%o) values in sulfides from ores, ore-bearing host
sediments, and regional porphyries of the Bailugou deposit. Data are from Table 1.

The calculated §'8Ogyow values for 23 carbonate samples in the Bailugou deposit
range from 9.4 %o to 20.0%. (avg. 14.5%o.), 15 bulk-rock samples of Luanchuan Group range
from 9.1%o to 23.8%. (avg. 15.8%0), and 5 bulk-rock samples of Guandaokou Group range
from 14.2%o to 19.3%o (avg. 15.8%o0). The range of oxygen isotopes in the deposit aligns
closely with that of the stratum (Figure 5), and both are abundant in the 130 isotope.
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Figure 5. Compilation histograms of 3180gpow (%o) values in sulfides from ores, ore-bearing host
sediments, and regional porphyries of the Bailugou deposit. Data are from Table 3.

The Luanchuan Group and Guandaokou Group are interpreted to have been deposited
in a forearc sedimentary basin [53]. The primary lithology predominantly consists of
medium-thick layered dolomite marble with siliceous bands, which includes conglomerate
lithic sandstone, mudstone, sericite phyllite, calcareous phyllite, and metamorphic quartz
dolomite, representing the CSC protolith formation that had undergone greenschist facies
metamorphism. Melezhik et al. [50] revealed that dolomite in the CSC formation possesses
the highest 6!3C and 80 values. The CMF model (collisional orogeny, metallogeny, and
fluid flow) [10] has deducted that the Middle-Late Proterozoic strata (Luanchuan Group,
Guandaokou Group) were rich in radioactive lead and strontium, with elevated 6'3C and
5180 values [10,48,49], which has been corroborated by studies on the carbon and oxygen
isotope of the strata [47] and the relatively high 6'80 value of the ore-forming fluid from
the Bailugou deposit [29].

5.2. Source of the Ore-Forming Constituents
5.2.1. Constraint from S Isotope

The 5%*Scpr values of sulfides in the Bailugou deposit range from 1.1%o to 9.1%. with
an average of 4.0%o (as shown in Table 1). The §**S values of different sulfides showed
little variation, indicating that they typically come from a similar sulfur source. The narrow
range of 6>*S values for sulfides in the Bailugou deposit contrasts with the broader range
of 643 values found in MVT deposits (—8%o to +19%.) [54].

Previous research has demonstrated that under equilibrium conditions, the §°S values
of paragenetic/coexisting sulfides (including sulfates) decrease in the order of sulfate,
molybdenite, pyrite, pyrrhotite-sphalerite, chalcopyrite, to galena [39,55-57]. The 434S
values of paragenetic sulfides in the Bailugou deposit exhibit the sequences 534Sspha1erite
(@vg. 5.6%0, 11 =15) > 63S, yrite (avg. 4.7 %o, 11 = 15) > %S5 ena (avg. 3.0%0, 1 = 13), indicating
that the coexisting ore mineral assemblage has not completely achieved sulfur isotope
equilibrium, or that the original equilibrium has been disrupted, with only the sulfides
in certain ores reaching partial equilibrium. Hydrothermal processes and sulfur cycling
can significantly influence sulfur isotopic compositions. According to high-temperature
equilibrium extrapolation [58], the §3*Syg value from two pairs of sulfur isotopes with
strong correlation is approximately 2.7%o. Given that the calculated average crustal 534S
is 2.2%o [46], the elevated §3#Syg value of 2.7%o in the Bailugou suggests that the sulfur
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present in the Bailugou deposit likely originates predominantly from the lower crust. This
inference is based on the fact that the lower crust typically has higher §34S values compared
to the upper crust, attributed to processes such as the differentiation and alteration of
sulfide minerals over geological time. Meanwhile, the observed §3S value being higher
than of the average crust indicates that while a significant portion of the sulfur originates
from the lower crust, interactions with upper crustal materials (such as sedimentary rocks
or altered volcanic rocks) could contribute additional sulfur with slightly different isotopic
signatures, potentially altering the overall 6*S composition.

Although the §34S values of individual sulfides cannot indicate their source, the &
value of total S in the fluids may be diagnostic [59]. In hydrothermal systems, where H,S
is the dominant sulfur species in the fluids, or when the fluid redox state is below the
SO, /H,S boundary, 534S (sulfide) = 534S (fluid) [60,61]. Therefore, the average 534S values
can serve as a direct representaton of the sulfur source.

The 534S values of the ores in the Bailugou deposit are higher in 3*S than those of the
meteorite, indicating that heavy sulfur in sulfate played a more significant role during the
mineralization process. There are three proposed mechanisms for concentrating 34S iso-
topes: (1) the addition of sulfate brine during the metallogenic process; (2) the assimilation
of sulfur from sedimentary sulfate by magma, which then extracts metallogenic materials;
and (3) the absorption of seawater sulfate by volcanism during volcanic-sedimentary min-
eralization. Additionally, some lead-zinc deposits form from the mixing of heavy sulfur
in hydrogen sulfide from petroleum gas, such as the Jinding Pb-Zn deposit in northwest
Yunnan, China [62].

The 6%*Scpr values in pyrites from ore-bearing strata of the Bailugou deposit exhibit
a wide range of variations (Table 1), including those enriched with isotope 3S or 32S.
These characteristics are indicative of sulfides formed by bacterial hydrogen sulfide in
environments with fluctuating sedimentary conditions [62]. The 534S values from the
ores of the Bailugou deposit differ from and are more homogeneous than those of the
host sediments.

The small range of variation in 6°*S values indicates an equilibrium sulfur source for
the ore deposit, typically observed in the following scenarios: (1) sulfide deposits with
genetic and paragenetic sources related to magma exhibit a small range of 5%o0—6%o. (e.g.,
most Cu-Ni sulfide deposits), which is less than 10%. in most cases, indicating complete
homogenization of sulfur in high-temperature magma; (2) some epithermal sulfide deposits
may show a narrow range of §>*S values, suggesting a homogenized sulfur source; and
(3) some deposits are without genetic-related magma, such as gold-quartz deposits in the
Yellowknife area, Canada, which are associated with intense chemical activity modified by
granitization and metamorphism [63].

The relatively uniform 6°S values of the Bailugou deposit indicate sulfur homogeniza-
tion of the hydrothermal fluid from the high-temperature source or during the migration
process. To gain a thorough and precise understanding of the sulfur source in the Bailugou
deposit, systematically collected 534S values from relevant geological formations, including
marble and skarn from the Luanchuan Group, Nannihu porphyry, and Shangfanggou
porphyry, have been analyzed (Table 1, Figure 6).

The 534S values of marble and skarn are more homogeneous than those of the stone
coal from the Meiyaogou Formation of the Luanchuan Group. The 434S values of the Shang-
fanggou porphyry and Nannihu porphyry are consistent with, yet more homogeneous
than, those of the Luanchuan Group. The Shangfanggou porphyry, Nannihu porphyry,
and ores of the Bailugou deposit exhibit a consistent peak assemblage of 6°4S values at
1%0—5%o, indicating that the formation of the Bailugou deposit, Shangfanggou porphyry,
and Nannihu porphyry may have undergone similar sulfur homogenization under intense
high-temperature activity.

In summary, this paper suggests that the sulfur in the Bailugou deposit is gener-
ated from sulfur homogenization while the host rocks were being subjected to a high-
temperature hydrothermal event.
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Figure 6. Compilation histograms of 6**S values in sulfides from ores, ore-bearing strata, and regional
porphyries of the Bailugou deposit. Data are from Table 1.

5.2.2. Constraint from Pb Isotope

Scholars have tried to study the metal source and ore genesis of the Bailugou deposit
through lead isotope research (Table 2). Yan et al. [26] proposed that the lead in the Bailugou
deposit originated from host sediments, given the consistency in both the distribution
range and evolution trend of the Pb isotope of the Bailugou deposit and the host sediments.
Meanwhile, considering the close spatial relationship between the Bailugou Pb-Zn deposit
and the Yanshanian porphyry molybdenum deposit in the ore concentration area, Duan
et al. [28,29] suggested that the metallogenic metal of the Bailugou deposit was more likely
generated from the Yanshanian magmatic-hydrothermal processes, with the lead primarily
derived from the host sediments. Based on lead isotope studies, Duan et al. [29,31] proposed
that the veined lead-zinc deposit in the Luanchuan area is a magmatic-hydrothermal filling-
metasomatic deposit associated with porphyry intrusion during the middle Yanshanian.

In this study, the lead isotopic compositions derived from 31 sulfide samples in the
Bailugou deposit (Table 2) showed 2%Pb/2MPb = 17.552-18.456 (avg. 18.077, range 4.9%),
slightly exceeding 18.000; 2”Pb/2%4Pb = 15.451-15.646 (avg. 15.550, range 12%), surpassing
15.300, indicating significant enrichment in U-radiogenic Pb; 2%Pb/2%Pb = 38.264-39.858
(avg. 39.260, range 4.0%), with Th-radiogenic Pb been slightly enriched, which is characteris-
tic of the upper crust or sediment. Among these, seven galena samples yielded lead isotopic
compositions of 2°°Pb/2%Pb = 17.718-18.426 (avg. 18.063), 2/Pb/?%Pb = 15.526-15.633
(avg. 15.560), and 2°8Pb /24Pb = 38.968-39.637 (avg. 39.336); 10 pyrite samples yielded the
lead isotopic compositions of 2°6Pb /2%4Pb = 17.701-18.456 (avg. 18.258), 29’ Pb /2%4Pb = 15.500~15.600
(avg. 15.560), and 2%Pb/2%Pb = 38.915-39.727 (avg. 39.496); 14 sphalerite samples
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yielded the lead isotopic compositions of 2%°Pb/2%4Pb = 17.552-18.353 (avg. 17.954),
207Pb /294Pb = 15.451-15.646 (avg. 15.536), and 2%Pb /294Pb = 38.264-39.858 (avg. 39.053).
The range of lead isotope compositions exhibited noticeable variation, generally suggesting
a multi-stage anomalous lead evolution. Differences among the lead isotopic compositions
of various sulfide samples indicate two or more metallogenic material sources.

Nineteen bulk-rock samples from the Luanchuan Group (Table 2) yielded the lead iso-
topic compositions of 2%°Pb /2%4Pb = 17.585-19.249 (avg. 18.011), 2”Pb /2Pb = 15.455-15.685
(avg. 15.532), and 2%Pb/2%Pb = 38.303-41.104 (avg. 38.716). Among these, four bulk-
rock samples from the Meiyaogou Fm. yielded 2°°Pb/2%4Pb = 17.735-18.071 (avg. 17.821),
207Pp /204Pb = 15.466-15.482 (avg. 15.474), and 2%Pb /2Pb = 38.463-38.905 (avg. 38.623);
nine bulk-rock samples from the Nannihu Fm. yielded 2°°Pb/2%4Pb = 17.585-18.817 (avg.
17.854), 207Pb /204Pb = 15.455-15.569 (avg. 15.498), and 2%8Pb/2%Pb = 38.333-39.097 (avg.
38.565). It demonstrates the characteristic of enriching the U-lead isotope while exhibiting
a deficiency in the Th-lead isotope.

Seven bulk-rock samples from the Guandaokou Group (Table 2) yielded the lead isotopic
compositions of 2%°Pb /24Pb = 17.937-18.738 (avg. 18.275), 2/Pb /2%Pb = 15.498-15.672 (avg.
15.546), and 2%Pb/24Pb = 38.316-39.272 (avg. 38.916). The samples also displayed a
richness in U-radiogenic Pb and a low concentration of Th-radiogenic Pb.

Seven sulfides and K-feldspars from the Nannihu porphyry (Table 2) yielded lead iso-
topic compositions of 2°°Pb /2%4Pb = 17.189-17.894 (avg. 17.556), 2%’ Pb /?%Pb = 15.381-15.569
(avg. 15.480), and 2%Pb/?%Pb = 37.655-39.010 (avg. 38.261). Both are deficient in U-
radiogenic Pb and Th-radiogenic Pb.

Two galena samples from the Shangfanggou porphyry (Table 2) yielded lead isotopic
compositions of 2%Pb /2MPb = 16.820-17.120 (avg. 16.970), 2“Pb/?%4Pb = 14.840-15.230
(avg. 15.035), and 2%Pb /294Pb = 37.570-37.770 (avg. 37.670). Both were also deficient in
U-radiogenic Pb and Th-radiogenic Pb.

The samples from the Luanchuan Group and the Guandaokou Group were more
abundant in radioactive lead than those from the Nannihu porphyry and the Shangfanggou
porphyry. The radioactive lead of ore sulfide in the Bailugou deposit was lower than that
of the Luanchuan Group and Guandaokou Group but higher than that of the Nannihu and
Shangfanggou porphyries.

The single-stage Pb model ages (based on the Holmes—-Houtermans method) and
the characteristic values of y, w, v, Th/U ratio, U/Pb ratio, AB, and Ay of 31 sulfides in
the Bailugou deposit were calculated, respectively (Table 4). The y values of ore lead in
the Bailugou deposit ranged from 9.27 to 9.61 (avg. 9.40), significantly higher than that
of common lead (8.686-9.238). The coexistence of y values higher than 9.58 and lower
than 9.58 indicates that the lead originated from crust-mantle mixed sources [64], and the
metals in the ores of the Bailugou deposit were derived from a mixed source of mantle and
crust. The w values ranged from 39.12 to 44.21, higher than common lead (35.55 & 0.59),
indicating an increased maturity of lead sources. The v values ranged from 0.067 to 0.070,
also higher than common lead (0.063-0.067). The Th/U ratios ranged from 4.08-4.45, which
were even higher than that of common lead (3.92 % 0.09), indicating that Th-radiogenic Pb
are slightly enriched.

Table 4. Relevant parameters for lead isotope composition of ores from the Bailugou deposit.

Test Model Data
Sample No. Mineral Age (Ma) w v Th/U U/Pb AB Ay Sources
BP-6-Gn Gn 633.8 9.61 4421 0.070 4.45 0.131 19.77 50.01 This paper
BQC-30-Gn Gn 2114 9.41 41.34 0.068 425 0.127 15.59 56.63 This paper
5150-4 Gn 86.4 9.36 40.49 0.068 4.19 0.126 14.29 57.83 [35]
07-43 Gn 246.8 9.44 41.51 0.068 4.26 0.128 16.24 55.72 [28]
07-53 Gn 580.2 9.41 42.01 0.068 4.32 0.130 13.18 39.98 [28]
07-56 Gn 574.0 9.41 42.04 0.068 4.32 0.129 13.11 40.57 [28]
B11 Gn 211.0 9.34 40.00 0.068 4.15 0.127 12.78 47.88 [25]
Average of Gn, n =7 363.4 9.43 41.66 0.068 4.28 0.128 14.99 49.80
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Table 4. Cont.

Sample No. Mril::;al AI;/Ieog\Sjla) w v Th/U U/Pb AB Ay S(]))uartcaes
BP-6 Py 563.9 9.36 41.62 0.068 4.30 0.129 11.48 38.56 This paper
BLC-11-Py Py 220.7 9.38 41.05 0.068 424 0.127 14.09 54.23 This paper
BGL-13-Py Py 149.0 9.45 41.22 0.069 422 0.127 17.35 59.25 This paper
BLY-19-Py Py 231.7 9.39 41.35 0.068 4.26 0.127 14.48 55.54 This paper
BGL-14-Py Py 129.2 9.46 41.20 0.069 422 0.127 17.61 60.23 This paper
BLC-6-Py Py 227.4 9.46 41.57 0.069 4.25 0.128 17.29 57.19 This paper
BGL-2 Py 174.5 9.40 40.94 0.068 421 0.127 15.39 56.02 This paper
BGL-10 Py 185.1 9.40 40.81 0.068 4.20 0.127 15.33 54.58 This paper
5150-1 Py 2224 9.43 41.18 0.068 423 0.128 15.98 54.95 [35]
CM15001-K4 Py 137.1 9.28 39.72 0.067 4.14 0.126 11.09 50.01 [42]
Average of Py, n =10 224.1 9.40 41.07 0.068 4.23 0.127 15.01 54.06
BLC-26 Sp 247.6 9.40 41.00 0.068 422 0.128 14.94 52.39 This paper
BP-6 Sp 565.9 9.38 41.78 0.068 431 0.129 12.00 39.42 This paper
BLC-11-Sp Sp 268.0 9.50 42.34 0.069 431 0.128 18.33 59.89 This paper
BLC-6-Sp Sp 188.9 9.32 40.41 0.068 4.19 0.127 12.39 51.72 This paper
B1472 Sp 211.1 9.48 41.84 0.069 4.27 0.128 17.87 59.91 This paper
BQC-30-Sp Sp 638.0 9.47 41.24 0.069 421 0.131 14.81 32.08 This paper
BGL-13-Sp Sp 260.8 9.56 42.87 0.069 4.34 0.129 20.61 63.73 This paper
BLY-10-Sp Sp 215.3 9.44 41.44 0.068 425 0.128 16.37 57.03 This paper
BGL-14 Sp 247.2 9.39 41.78 0.068 431 0.127 14.42 57.49 This paper
5150-3 Sp 559.8 9.28 39.13 0.067 4.08 0.129 8.55 23.70 [35]
5040-2 Sp 645.9 9.41 40.52 0.068 4.17 0.130 12.39 27.38 [35]
5040-3 Sp 606.3 9.27 39.12 0.067 4.08 0.129 7.89 21.19 [35]
B12 Sp 582.4 9.30 39.18 0.067 4.08 0.129 8.86 22.83 [25]
B13 Sp 582.0 9.29 39.17 0.067 4.08 0.129 8.80 22.76 [25]
Average of Sp, n = 14 415.7 9.39 40.84 0.068 421 0.129 13.45 42.25
Average of ores from Bailugou, n = 31 342.1 9.40 41.10 0.068 4.23 0.128 14.30 47.76

Notes: All the relevant parameters were calculated based on the data in Table 4.

The 29Pb /294Pb and 207 Pb /2% Pb ratios of sulfides in Bailugou ores exhibited 2-3 narrow
and concentrated linear distribution ranges in the 27Pb /2Pb vs. 20°Pb /2%4Pb plot (Figure 7),
respectively, indicating a two-component mixing and common lead in single-stage evolution.

The model age calculated using the Holmes-Houtermans method based on the single-
stage evolution model ranged from 86.4 Ma to 645.9 Ma (Figure 8), which can be divided
into two intervals: 560 Ma-646 Ma (n = 11, avg. 594 Ma) and 86 Ma-268 Ma (n = 20,
avg. 204 Ma). For the interval 560 Ma—646 Ma, the corresponding y values were 9.27-9.61
(avg. 9.38), w values were 39.12-44.21 (avg. 40.91), Th/U ratios were 4.08-4.45 (avg.
4.22), and U/Pb ratios were 0.129-0.131 (avg. 0.130). For the interval 86 Ma—-268 Ma, the
corresponding u values were 9.28-9.56 (avg. 9.41), w values were 39.72-42.87 (avg. 41.20),
Th/U ratios were 4.41-4.34 (avg. 4.24), and U/Pb ratios were 0.126-0.129 (avg. 0.127).

The age interval 560 Ma—646 Ma is significantly younger than the deposition of the
Luanchuan Group (1000 Ma to 800 Ma) [66,67] and aligns with the Neoproterozoic Sinian
Period (635 Ma to 542 Ma), which is older (60-150 Myr) than the peak metamorphic
age (about 500 Ma) [68-71] of HP/UHP rocks in the Qinling complex, suggesting that
the deposit and the strata formed under a relatively stable setting prior to continental
subduction. The subdivided peak values for the interval 86 Ma—268 Ma are 200+ Ma and
140+ Ma, which precisely align with the statistical result of lithogenic and metallogenic
ages of molybdenum deposits in the East Qinling area [72]. Considering the geological
setting and previous studies on tectonic evolution of the Qinling orogen, the Bailugou rocks
likely formed from the subduction of the Neo Proterozoic continental material from the
South Qinling at 560 Ma—-646 Ma, were dragged by northward subduction of the Shangdan
ocean, and subsequently underwent two enrichments/modifications at about 200 Ma and
140 Ma, under back-arc extension and continental collision regimes, respectively.

The above indicates that Pb in the Bailugou deposit had undergone multi-stage crust—
mantle mixing evolution, featuring both relatively “old” and “young” Pb. As the model age
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progressed, the lead isotope compositions of sulfides exhibited increasing source maturity,
relatively enriching Th-radiogenic Pb while depleting U-radiogenic Pb.
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Figure 7. Values of 27Pb /2%4Pb vs. 20°Pb /204Pb and 2%8Pb /24Pb vs. 206Pb /204Pb for sulfides of the
Bailugou deposit plotted on diagrams proposed by Zartman and Doe [65]. Note that the different
lines enclose the present Pb isotope ranges for the host rocks and granitoids in the study region. The
lead isotopic data are from Table 2.
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Figure 8. Histograms of the Pb isotope model age calculated by the Holmes-Houtermans method
according to the single-stage evolution model of the Bailugou deposit.

Since sulfides such as pyrite and galena do not contain the parent radioactive elements
of radioactive lead, such as U and Th, the lead isotope ratio remains unchanged after sulfide
crystallization. Consequently, the lead isotope ratio of the ore is primarily derived from the
ore-forming fluid system, which includes the metallogenic fluid, the host rock involved in
water—rock interaction, and the fluid migration pathways prior to deposit formation. Thus,
the lead model age is generally slightly earlier than the metallogenic age. The Bailugou
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deposit is speculated to have formed during the latest hydrothermal activity at 140+ Ma,
coinciding with the area’s metallogenic age of porphyry deposits.

The lead isotopes of the Luanchuan Group, Guandaokou Group, Nannihu porphyry, and
Shangfanggou porphyry were plotted synthetically to compare with the ore sulfides and to
gain further insight into the genetic lead origin of the ore from the Bailugou deposit (Figure 9).
In the 2%7Pb /2MPb vs. 200Pb /24Pb plot and 2%8Pb /2%Pb vs. 2%°Pb /2%Pb plot (Figure 9), the
sulfides from the ores are primarily distributed within the range of the ore-hosting Luanchuan
Group (Figure 9A,B) and Guandaokou Group (Figure 9C,D), confirming the established fact of
strata-sourced Pb. However, some sulfides from the ores held higher 208, /204Pp ratios than
those of the Luanchuan Group and Guandaokou Group, given that there was no accumulation
of radiogenic Pb after the mineralization of ore deposit, which suggests an additional source of
radiogenic Pb from the strata and granites. Furthermore, when compared with the K-feldspar
and galena in Nannihu porphyry and Shangfanggou porphyry, the ore sulfides partially
overlap with them but possess higher radiogenic Pb (Figure 9E,F).
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Figure 9. Lead isotope pattern for the Bailugou deposit and adjacent rocks (plotted on diagrams
proposed by Zartman and Doe [65]). (A,B) the display of sulfides from the ores versus the ore-hosting
Luanchuan Group; (C,D) the display of sulfides from the ores versus the ore-hosting Guandaokou
Group; (E/F) the display of sulfides from the ores versus the K-feldspar and galena in Nannihu
porphyry and Shangfanggou porphyry.
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Previous studies on regional granite porphyries, including the lead isotope compo-
sition from Zhang et al. [73]; the Pb, Sr, and Nd isotope geochemistry from Chen and
Zhang [74]; and the petrochemistry and diagenesis chronology from Bao et al. [75], collec-
tively demonstrate that the Yanshanian granite magma in this region originated from the
lower crust, with possible mixing of mantle-derived materials. Given that the 207Pb /294Pb,
206pp /204Pb, and 2%8Pb /2%4Pb of strata rocks and granites should exceed those of K-feldspar
and ore sulfides, the contribution from the lower crust, along with the mixing of mantle-
derived materials, is essential and likely provides a high radioactive lead content. In
considering the ores of the Bailugou deposit, the ore-hosting Luanchuan and Guandaokou
Groups, the Nannihu porphyry, and the Shangfanggou porphyry were all products of a
deep heat source acting on various geological bodies, including the strata of the Meiyaogou
Fm. and the Nannihu Fm. of the Luanchuan Group, as well as the Guandaokou Group.
The lower crust and mantle materials collectively supplied metallogenic materials for the
Bailugou deposit. The interaction between the ore-hosting Luanchuan and Guandaokou
groups, along with the Nannihu and Shangfanggou porphyries, suggests that these geolog-
ical bodies were influenced by a shared deep heat source. This indicates that the thermal
regime in the area was sufficiently significant to facilitate the mobilization of fluids and
minerals, leading to the formation of ore deposits. The presence of deep heat sources likely
resulted in extensive hydrothermal activity, which may have played a critical role in the
mineralization processes observed in the Bailugou deposit.

5.2.3. Constraint from C-O Isotopes

Carbon-oxygen isotope plotting can effectively trace the source of ore-forming con-
stituents and has been widely used [76-79]. In the plotting of S13Cppp versus 68 Ogpow of
the Bailugou deposit and adjacent rocks (Figure 10), both the host sediments (Luanchuan
and Guandaokou Groups) and the Bailugou deposit vary within an area of sedimentary
rock contamination/high-temperature effect, indicating that the Bailugou metallogenic
hydrothermal fluid may be derived from host sediments due to the high-temperature effect.
Furthermore, the plot of the mineralization stages shows a regular progression from stage
1 to stage 3. This coordinated variation in carbon and oxygen isotopes results from the
mixing of the initial metallogenic hydrothermal fluid and later-injected groundwater in
different proportions [46].
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Figure 10. 6'3Cppg (%o) versus 68 Ogpiow (%o) of the Bailugou deposit and adjacent rocks (modified
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The Ruyang Group in the southern margin of the North China Block shares the same
paleogeographic setting as the Luanchuan and Guandaokou groups during the middle
Proterozoic to early Neoproterozoic. The carbon and oxygen isotopic compositions from
carbonate samples of the Luanchuan Group and Guandaokou Group in this region are
similar to those of the Ruyang Group (618O0gpmow = 22.5%0—24.0%o, 613Cppp is about 0 [28]),
which are lower than those of marine carbonate faces, indicating that it may also be
synchronous result of geological events that led to molybdenum-tungsten and lead-zinc
mineralization in this area.

The sulfur in the Bailugou deposit was derived from the sulfur homogenization in
host sediments under a high-temperature setting. Meanwhile, the strata of the Meiyaogou
Fm. and the Nannihu Fm. of the Luanchuan Group and Guandaokou Group, along
with lower crust and mantle materials, collectively provide metallogenic constituents for
the Bailugou deposit, as revealed by the sulfur and lead isotope. The REE distribution
pattern of the Bailugou deposit [26] also shows that the ore-forming constituents may have
originated from the ore-bearing strata, with no post-mineralization magmatic-hydrothermal
transformation. Combined with previous studies on characteristics of fluid inclusions, as
well as H-O and C-O isotopes, it is demonstrated that the metallogenic constituents of the
Bailugou deposit are sourced from ore-bearing strata, lower crust, and mantle materials.
This understanding aligns with the research of Gigon et al. [82], which traced metal sources
for the giant McArthur River Zn-Pb deposit (Australia) using lead isotopes and suggested
that leaching metals from multiple sources may be crucial for how hydrothermal systems
form giant ore deposits, accounting for their substantial metal tonnage.

5.3. Process of Mineralization

Several disputes remain regarding the genesis of the Bailugou deposit. Yan [35]
asserted that the Bailugou deposit is of MVT type, formed in the middle-late Proterozoic.
Qi [25] contended that the Bailugou deposit is a sedimentary transformation type based on
studies of ore geology, elemental geochemistry, isotopic geochemistry, and characteristics
of fluid inclusions. Others have posited that the genesis of the Bailugou deposit is related
to Yanshanian magmatism [27-29,31,34,83,84].

Research in this paper shows that while the Bailugou deposit shares some geological
characteristics with the MVT-type deposit in the United States, notable differences also exist.
The ore bodies of the Bailugou deposit are primarily controlled by interlayer fractures and
exhibit significantly higher metallogenic temperatures, lower salinity of the ore-forming
fluids, and smaller scale of alteration than those of the MVT type deposits. Moreover, the
previous discussion regarding the source of ore-forming fluids and the origin of miner-
alizing materials consistently indicates that regional tectonic-thermal processes played
a crucial role in mineralization of the Bailugou deposit. Additionally, a recent study by
Chen et al. [85] on the texture and geochemistry of sphalerite from the Chitudian Pb-Zn-Ag
deposit in this area indicates that chemical remobilization induced by tectonic deformation
significantly influences trace elements distribution in sphalerite grain. Therefore, it is
essential to investigate the mineralization age and tectonic background to comprehend the
metallogenic mechanism of the Bailugou deposit.

Currently there are no experimental dating data available for the Bailugou deposit.
The lead model age calculated in this paper is approximately 140+ Ma, although it does
not constrain geochronological implications. However, the Shangfanggou, Nannihu, and
Sandaozhuang superlarge porphyry-skarn molybdenum-tungsten deposits in this area
were formed around 141.5 £ 7.8 Ma [86]. Meanwhile, the Lengshuibeigou large lead-
zinc-silver deposit in this region was formed at 137.22 4 2.49 Ma [35], all indicating a
metallogenic age that aligns closely with about 140 Ma. The time interval from 208 Ma
to 140 Ma, known as the Yanshanian (Jurassic—Early Cretaceous) period, experienced
significant crustal deformation, thickening, and uplift in the Qinling orogenic belt, with
the Yangtze-North China tectonic setting proposed to have shifted from compression and
continental collision to extension [87-89]. Therefore, it is suggested that the Bailugou

23



Minerals 2024, 14, 1244

mineral system is no exception; along with other lead-zinc-silver deposits, porphyry-skarn
molybdenum-tungsten deposits, and the intermediate-acid small intrusive bodies in this
region, they are all products of the same tectonic-hydrothermal mineralization event under
a regime of continental collision (including syn- to post-collisional settings), particularly
during the transition from collisional compression to extension at about 140 Ma.

5.4. Metallogenic Model

The detailed geodynamic evolution of the Qinling Orogen, as illustrated by Chen
et al. [10], improved understanding of regional and local metallogenesis. This paper
proposes a metallogenic model, schematically illustrated in Figure 11, to elucidate the key
tectonic processes and the genesis of the Bailugou lead-zinc deposit, as well as the other
deposits in the Luanchuan polymetallic area, such as the Shangfanggou and Sandaozhuang
Mo-W-Fe deposits and Lengshuibeigou Pb-Zn-Ag deposit.
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and Guandaokou Groups along the passive continental margin, while the Shang-Dan Ocean is
subducted beneath the Central Qinling Terrane (figure revised from Chen et al. [10]). (B) Schematic
representation of CMF (collisional orogeny, metallogeny, and fluid flow) illustrating the relationships
between ore-hosting structures, granitoids, porphyries, and deposits in the Luanchuan area. Fluids,
released from subducted slab and ocean floor sediment, or the hydrated mantle wedge, ascend
along the interface between the slab and the overlying wedge or base of the lithosphere. The over-
pressured ore fluids intersect deep crustal faults and then advect upwards to form orogenic deposits
in second-order structures or hydraulically fractured rock bodies.

From 1.05 Ga to >0.5 Ga, an arc-back arc system and an extensional passive conti-
nental margin developed above the northward subduction of the Shan-Dan paleo-ocean
(Figure 11A). The sedimentary carbonaceous CSC of the Luanchuan Group and the Guan-
daokou Group formed along the Luanchuan and Machaoying fault. During 240 Ma to
140 Ma, the final stages of the continental collision between the South and North China
plates resulted in a stack of underthrust slabs within the Qinling Orogen (Figure 11B). The
overall collision in the Qinling area commenced around 230 Ma to 220 Ma. During this
collision, the lithosphere in the orogenic belt was significantly ruptured, dismantled, folded,
and stacked, showing a series of intracontinental subductions or A-type subductions with
varying scales, styles, and depths. The tectonic regime transitioned from Triassic-Early
Jurassic compression (T3-J, Indosinian Orogeny) through Late Jurassic—Early Cretaceous
(Jo-K) transpressive compression (or transition from compression to extension) to Late Cre-
taceous extension (K3, Yanshanian Orogeny), with continental collision concluding during
the Late Cretaceous [30,48,49,90]. This is typical of the defined hydrothermal deposit zone
in the terrane-scale CMF model (tectonic model for collisional orogeny, metallogeny, and
fluid flow) [10]. During this period, large-scale hydrothermal circulation, reaction, granitic
magmatism, and mineralization occurred in the Luanchuan area and the Qinling Orogenic
Belt. Metallogenic ore systems that formed during this time include the Shangfanggou
deposit, Sandaozhuang Mo-W-Fe deposits, the Lengshuibeigou Pb-Zn deposit [11], the
Tieluping Pb—-Zn deposit [10], and the Dabie-Tongbai-Erlangping Ag-Au-Pb belt [12-14].

Given the geochronological and tectonic background of the study area, the metallo-
genic process of the Bailugou deposit can be summarized as follows:

The increase in temperature and pressure gradients caused the melting of deep rocks
(host sediments and lower crust or upper mantle), resulting in the formation of magma
under elevated temperatures and metamorphic hydrothermal solutions at relatively lower
temperatures. When the tectonic regime transitioned from collision to extension, CO,-rich
ore-forming metamorphic hydrothermal solutions originating from deep sources mobi-
lized and extracted ore-forming constituents from the siliceous banded dolomite marble
of the Luanchuan and Guandaokou groups, which were enriched in ore-forming ele-
ments [25,91,92]. Loaded with abundant ore-forming elements, the fluid migrated upwards
through fault systems (Figure 11B) until it reached the brittle-ductile transition level (BDL).
At this point, fluid immiscibility occurred due to fracturing and pressure drops, causing
the ore-forming components to rapidly precipitate as rough and euhedral crystals [30]. Sub-
sequently, meteoric water sourced from shallow depth flowed downward along fractures
and participated in fluid circulation by mixing with the deep-sourced hydrothermal fluid.
Boiling may have occurred during this process, leading to the accumulation and deposition
of ore-forming constituents along fractures and interlayer detachment zones, resulting
in extensive mineralization [30] (Figure 11B). Thus, the Bailugou Pb-Zn-Ag deposit was
formed. During this process, sulfide ores inherited sulfur and lead isotope signatures
derived from mantle sources, lower crust materials, and strata sources. Stage 1 of mineral-
ization development is primarily characterized by metamorphic hydrothermal solutions
originating from dehydration processes involving deep-seated materials; however, stage 4
incorporates atmospheric precipitation due to the gradual development of an open fracture
system.
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The geological and geochemical characteristics, along with the metallogenic environ-
ment of the Bailugou Pb-Zn-Ag deposit, not only resemble those of orogenic gold deposits
in the East Qinling areas, such as Shanggong [93,94], Kangshan [95], and other global
orogenic gold deposits [20,22,96,97], but also share similarities with orogenic Pb-Zn-Ag
deposits identified in recent years, including Tieluping [10], Lengshuibeigou [11], Yindong-
gou [12], and Weishancheng ore belt [13,14]. Furthermore, integrating geological data,
parameters from Fls, and the tectonic background of the study area, Yang et al. [30] first
classified the genetic types of the Bailugou deposit as an orogenic metamorphic hydrother-
mal Pb-Zn-Ag deposit. This paper reaffirms this classification from the perspective of
isotope geochemistry and a metallogenic model study.

6. Conclusions

1. Investigations of S, Pb, H-O, and C-O isotopes reveal that the ore-forming compo-
nents originated from a combination of sources. The metallogenic materials for the
Bailugou deposits are sourced from the ore-bearing strata, which comprise middle
Proterozoic and Upper Proterozoic dolomite marble, as well as lower crust and mantle
materials.

2. Lead-zinc-silver deposits, molybdenum-tungsten deposits, and small intermediate-acid
intrusive bodies in the Luanchuan ore field formed within the same tectonic-magmatic-
hydrothermal regime, resulting from intense large-scale magmatic-hydrothermal inter-
action in the Qinling Orogen during the Yanshanian period.

3.  The Bailugou deposit developed concurrently with the Qinling Orogen during a
transition from collisional compression to extension, under the collision regime of the
Yangtze and North China continents, in the Late Triassic/Jurassic-Early Cretaceous
period. The metamorphic dehydration of the inserted plates during the collision
orogenic process facilitated the establishment of a hydrothermal metallogenic system
in the ore belt. The ore-forming components were extracted, migrated through intense
fluid—-rock interaction from the Luanchuan Group and Guandaokou Group, and were
eventually deposited.
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Abstract: The Bailugou vein-type zinc-lead-silver deposit is located in the Eastern Qinling Orogen,
China. There has been a long-standing debate about whether its formation is related to magmatism
or metamorphism. To determine the origin of ore-forming materials and fluids, we conducted a
geological and fluid inclusion investigation of the Bailugou. Field surveys show that the vein-type
orebodies are controlled by faults in the dolomitic marbles of the Mesoproterozoic Guandaokou
Group, and they are distal to the regional Yanshanian intrusions. Four ore stages, i.e., quartz—
pyrite £ sphalerite (Stage 1), quartz—polymetallic sulfides (Stage 2), dolomite—polymetallic sulfides
(Stage 3), and calcite (Stage 4), are identified through microscopic observation. The homogenization
temperatures of measured fluid inclusions vary in the range of 100 °C to 400 °C, with the dominating
concentration at 350 °C to 400 °C, displaying a descending trend from early to late stages. The
estimated formation depth of the Bailugou deposit varies from 2 km to 12 km, which is deeper
than the metallogenic limit of the epithermal hydrothermal deposit but conforms to the typical
characteristics of a fault-controlled deposit. The ore-forming fluid in Stage 1 originates from a fluid
mixture and experiences a phase separation (or fluid immiscibility) between the metamorphic-sourced
fluid and the fluids associated with ore-bearing carbonate-shale-chert association (CSC) strata. This
process results in the transition to metamorphic hydrothermal fluid due to water-rock interactions in
Stage 2, culminating in gradual weakening and potential fluid boiling during the mineralization of
Stage 3. Collectively, the Bailugou lead-zinc-silver mineralization resembles an orogenic-type deposit
formed by metamorphic fluids in the Qinling Yanshanian intracontinental orogeny.

Keywords: metamorphic hydrothermal; orogenic zinc-lead-silver ore deposit; Bailugou; fluid
inclusions; Eastern Qinling Orogen

1. Introduction

Since the general classification scheme of silver-lead veins, according to dominant
mineral assemblage, have been first proposed by Beck and Weed [1], the subdivisions
and ore deposits within it have been frequently reorganized, renamed, or even changed
according to new geologic observations or theories, especially for those vein-type Zn—
Pb-Ag deposits genetically related to the intrusions, which are further described as the
Cordilleran-type or skarn vein deposits, were well documented [2-9]. The veins, which are
not genetically related to felsic intrusions but more commonly occur near a crustal-scale
fault, are considered late features in the tectonic evolution of an orogen by Beaudoin and
Sangster [10], based on a worldwide review of silver, lead, and zinc vein deposits from
six districts: the Kokanee Range and Keno Hill (Canada), Coeur d’Aléene (United States),
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the Harz Mountains and Freiberg (Germany), and Pfibram (Czechoslovak). Since then,
more similar cases have been presented as orogenic or metamorphic hydrothermal Ag—
Pb—Zn deposits [11-14]. Some of these vein-type deposits specially develop in Eastern
Qinling Orogen, China, such as Tieluping [15], Lengshuibeigou [16], Yindonggou [17],
Weishancheng [18,19], Shagou [20,21], Xiaguan [22], Longmendian [23], etc. Known as rich
in the endowment of Mo-W-Fe—-Ag-Pb—Zn (Figure 1), where the Nannihu Mo-W and
Shangfanggou Mo-Fe super large deposits [24,25] were endowed, the Luanchuan area also
developed several large to super-large vein-type zinc-lead (-silver) deposits, such as Leng-
shuibeigou, Bailugou, Yindonggou, Tudimiaogou, Banchang, discovered by the geological
survey department of Henan Province in the 2000s [26]. The Lengshuibeigou, Bailugou,
and Yindonggou zinc-lead-silver deposits were approximated with total predicted reserves
of 20 Mt (Pb + Zn) and 19,000 t Ag [27]. There are still many critical issues in the genesis
that are poorly understood and need to be thoroughly explored and specifically discussed.
For example, what are the specific geological characteristics of vein-type zinc-lead (-Ag)
deposits? What are the sources of ore-forming fluid and constituents? What is their detailed
evolutionary process and genetic model? These are some of the questions that require
further exploration and clarification.

Fluids are the primary carriers of mass and heat within the Earth’s crust [28-30].
The flow of fluid, which can be of magmatic, metamorphic, connate, marine, or meteoric
origin [31-33], leads to leaching, mobilization, and transport, finally depositing the elements
of economic interest, which presents as hydrothermal ore deposits. The circulation of
surface-derived fluids within the crust is enhanced by active crustal faults [34]. Thus,
constraining the source of ore-forming fluids is critical to clarifying the origin of metallic
elements during mineralization.

The Bailugou vein-type deposit in the Luanchuan area, Eastern Qinling Orogen, China,
is located in the Lushi-Luanchuan WNW-trending fold-thrust belt, which is part of the
Huaxiong terrane in the Eastern Qinling Orogen, southern margin of the North China
Craton (Figure 1). The history of the discovery of the Bailugou lead-zinc deposit in Henan
Province, China, goes back to the 1950s. Geologists first identified the presence of lead and
zinc deposits in the area during geological prospecting activities. The mine was officially
discovered and started to be further developed from the late 1950s onwards. Duan et al.
studied the fluid inclusions of the Bailugou deposit briefly without dividing metalloge-
netic stages [35]. Although several studies about regionally developed deposits have been
published [36—41], the genesis of the Bailugou vein-type zinc-lead-silver deposit remains
ambiguous; moreover, the detailed evolutionary mechanism of ore-forming fluid in the
Bailugou deposit still remains unclear and needs to be solved and explored. This study
conducted detailed regional, field geological and petrographic observations, alteration char-
acteristics, and microthermometric data of fluid inclusions of ore minerals and wall rock
from the Bailugou Zn-Pb (—Ag) ore deposit. The present study proposes an investigation
into the origin, evolution, and precipitation mechanism of ore-forming fluids at the Bailu-
gou deposit. The primary objective is to thoroughly comprehend the nature and genesis of
the Bailugou and analogous vein-type deposits in the Luanchuan area. The conclusions of
this examination are anticipated to offer valuable insights for deposit exploration in the
surrounding region.
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Figure 1. Geological map of the East Qinling area (modified from Li et al. [42]). (A) Tectonic map of
China, showing the location of the Qinling Orogen; (B) tectonic subdivision of the Qinling Orogen,
showing the location of the Bailugou Zn-Pb deposit.

2. Geological Setting

The tectonic evolution and regional metamorphism of the studied area shows that
the Luanchuan Group and Guandaokou Group were sedimented under the forearc basin
setting [43]. The primary lithology is mainly siliceous belt-bearing dolomite marble and
medium-thick layered dolomite marble, containing conglomerate lithic sandstone, mud-
stone, sericite phyllite, calcareous phyllite, and metamorphic quartz dolomite, which is
a CSC protolith formation that underwent greenschist facies metamorphism. The north-
west fault structures in the area form the basic tectonic framework, characterized by large
widths, long extensions, and dense distribution, controlling the distribution of strata in
the region. A small number of tensional faults develop in the northeast direction. The
intersections of these faults with the northwest-trending faults are the locations where ore
bodies are hosted.

2.1. Stratigraphy

Strata in the Luanchuan area from base to top are as follows: (1) the Archean basement,
Taihua Group, composed of amphibolite metamorphic complexes; (2) the Mesoproterozoic
strata, the lower Xiong’er Group, consisting of andesitic-dacitic volcanic rocks, the upper
Guandaokou Group, consisting of terrigenous clastic rocks and sedimentary carbonate
formations; and (3) the Neoproterozoic strata of the lower Luanchuan Group, consisting of
terrigenous clastic rocks, carbonate formations, and alkaline lavas, and the upper Taowan
Group, composed of conglomerate and argillaceous carbonate rocks.

The Guandaokou and Luanchuan Groups extensively develop in the Bailugou Zn-Pb
ore field (Figure 2) and are the primary ore-hosting strata of Mo-W-Fe and Zn-Pb-Ag
ore deposits in this region. The Bailugou deposit was hosted in the dolomitic marble
of the Mesoproterozoic Longjiayuan, Xunjiansi, Duguan, and Fengjiawan Formation of
Guandaokou Group and the Neoproterozoic Baizhugou, Sanchuan and Nannihu Formation
of Luanchuan Group (Figure 2).
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The orebodies in the eastern and northern parts of the Bailugou Zn-Pb ore district
are hosted in the Longjiayuan Formation (Figure 2). Meanwhile, the orebodies in the
middle of the ore district are hosted in the Xunjiansi Formation, which conforms with the
Longjiayuan Formation in the north and is fault-contacted with the Fengjiawan or Duguan
Formation [44,45].

Medium to thick layered gray-dark gray mudstone,
carbonaceous mudstone, and coal seams, with
local occurrences of bauxite

S116 S Sl 1km N Luanchuan Group (Pt,L)
. 7 —— Low-grade metamorphic clastic rock—carbonate rock assemblage
N \‘Ptzljzl T Meiyaogou Formation (Pt;m)

Nannihu Formation (Pt;n)
Interbedded layers of purplish-red and brownish-red
mudstone, sandstone, and conglomerate

Sanchuan Formation (Pt;s)
Interbedded layers of purplish-red and brownish-red
sandstone and shale, with coal seams at the top

Baishugou Formation (Pt,b)
Interbedded layers of gray and grayish-white
mudstone, siltstone, and sandstone

\glly=gd

Guandaokou Group (Pt,G)
Shallow marine facies clastic rock and carbonate rock assemblage

Fengjiawan Formation (Pt.f)

Light gray thick-bedded dolomitic marble, gray
thick-bedded siliceous striped dolomitic marble
interbedded with metamorphic quartz dolomite

Duguan Formation (Pt,d)
Variegated thin-layered dolomitic marble, interbedded
with sericite phyllite and calcareous phyllite

Xunjiansi Formation (Pt,xj)

Gray to grayish-white, thickly layered siliceous banded
dolomitic marble

Longjiayuan Formation (Pt,/j', Pt,/f’, Pt,/j")

Siliceous banded dolomitic marble and medium to
thick-bedded dolomitic marble

I:I Taihua Group (ArT)
— T
.| Proterozoic alkali granite

00

= = .
| Neoproterozoic metagabbro

ore belts/orebodies

Figure 2. Geologic scheme of Bailugou Zn-Pb deposit (modified from Yan [45], Zhang [40]).

2.2. Igneous Rocks

There are two major phases of magmatic intrusion in the region. The earliest intrusion
is the metagabbro in the Neoproterozoic Jingningian period, and the latter is the Meso-
proterozoic Longwangzhuang alkaline granite (Figure 2). The Yanshanian intrusion was
poorly outcropping.

The Longwangzhuang intrusion, which is the nearest intrusion to the Bailugou
Zn-Pb ore bodies, lies in the east of the ore district, located in the core of the NWW-
trending quaquaversal Niuxinduo plunging anticline. Hu et al. [43] suggested that the
Longwangzhuang intrusion is A-type granite, the same age as the Luanchuan Group and
formed under an extensional setting by 1235 Ma of Rb—Sr isochron age. However, accord-
ing to a surface age of 1621 & 16 Ma of zircons in Longwangzhuang potassium granite,
Lu et al. [46] regarded it as the alkaline magmatism of the late period of the North China
Craton break in 1800 Ma to 1600 Ma.

2.3. Structures

The ore district is located at the west limb of the Niuxinduo plunging anticline. The
NWW-trending faults are the main ore-bearing structures that are well developed in the
Bailugou Zn-Pb ore district (Figures 2 and 3). These faults mainly consist of SW strikes,
with dips ranging from 35° to 79° and widths of 20-40 m, reaching a maximum of over
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100 m [45]. A series of NE-NNE-trending faults occurred in the ore district, with SE-
strike dips of 48° to 75°. The ore bodies are commonly located at the junctions of the
NWW-trending faults and the NE-NNE-trending faults [44].

Drill
Transverse drift
IZ] Fault

[ ] orebody

E! Marble

| Metagabbro
‘[:_! Dolomite marble

Sericite, biotite marble

|
‘ Sericite, bictite schist

700 m

600 m

Figure 3. Geological sectional drawing of 5150 mineralized zone of Bailugou deposit (modified from
Yan et al. [47]).

3. Ore Geology
3.1. Ore Bodies

The Bailugou Pb-Zn-Ag deposit has a proved reserve of 198.92 x 10* t (Pb + Zn)
and 2553.28 t Ag. The grade of the whole deposit is Pb@10.31%-16.43% with an avg. of
11.29%, Zn@2.33%-9.69% with an avg. of 5.58%, and Ag@80.18 x 10-0-279.18 x 10~° with
an avg. of 183.32 x 107, respectively. The Bailugou ore deposit consists of four major
mineralization zones: S150 in the south, S116 in the north, S171 and S172 in the central
(Figure 2), and other small, low-grade mineralized zones. Strata and NE-trending faults
control the occurrences of mineralized zones.

The S150 mineralized zone is located in the Luyuangou-Gongyingou area south of
the ore district. The mineralized zone occurs in the fracture zone between the Longjiayuan
Formation and Fengjiawan Formation of the Guandaokou Group (Figures 2 and 3). Sili-
cified dolomite marble was developed in the fracture zone. The fracture zone is partially
cataclastic rock and metagabbro veins. The S150 mineralized zone strikes 200°-210°, dips at
50°-70°, is distributed intermittently over 3000 m, spans widths of 2—-6 m, with a maximum
width of 20 m. Two bedded and stratoid ore bodies have been delineated; the ore bodies’
occurrences are consistent with the strata. The ore grade has an increasing tendency from
surface to deep [47].

The S116 mineralized zone is located in the northwest part of the Bailugou ore district,
hosted in the talc-bearing quartz dolomite marble of the middle Longjiayuan Formation,
Guandaokou Group. The 5116 mineralized zone widths of 5-50 m extend over 3000 m,
with an occurrence as a smooth-out wave shape with branches that leap along the strike
(Figures 2 and 4). The fracture zones have dipped to NE with dips of 40°-50°. The 5116
mineralized zone mainly develops cataclastic rock while the compressed schistosity and
mylonitization develop locally, and metagabbro veins fill occasionally. Four paralleled
Zn-Pb-Ag ore bodies along the trending have been delineated. The No.1 main ore body
has an occurrence as beds, stratoids, and veins, and their dips and strikes are consistent
with the strata as synchronous folds. The ore body has a dip orientation of 40° and dip
angles of 35°-40°, while the length and depth are 1524 m and 50-60 m, respectively, and
the thickness is 0.8-10.9 m with an average of 2.5 m.
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Figure 4. Geological sectional drawing of 5116 mineralized zone of Bailugou deposit (modified from
Yan [45]).

The 5171 mineralized zone is geographically located through the Zhuyuangou, Bailu-
gou, and Luyuangou area from west to east. The outcrop of S171 extended intermittently
over 5000 m and a s2-6 m width with a maximum of 30 m. The ore bodies are located
in the top part of the lower Longjiayuan Formation, distributed along NW-SE-trending
as smooth-out waveforms (Figure 2). The S171 mineralized zone generally strikes NW,
dips to SW with dip angles of 45° to 70°, and locally reverse dips along with the strata.
The S171 mineralized zone dominantly developed taupe cataclastic silicified dolomite
marble, ferritization-thematization cataclastic dolomite marble. The secondary was cat-
aclastic with silicification, hematitization, ferritization, and iron-manganese. The wall
rock was talc-bearing siliceous banding dolomite marble. There were 3 Zn-Pb—-Ag ore
bodies delineated at S171. The length of ore bodies was over 800 m, with stratoid and
lens forms occurring—the strike of S171-1 and S171-2 ore bodies conform with the S171
mineralized zone.

The S172 mineralized zone is located on the top of the middle Longjiayuan Formation,
paralleled with S171, dips to SW, with dip angles of 50°-70°. The ore bodies are longer
than 300 m. The width of the ore bodies ranges from 1.0 to 2.5 m at the outcrop and 1.8-6.4
m at depth.

3.2. Mineral Assemblages

The ore minerals of S150 ore bodies include galena, sphalerite, pyrite, and minor
amounts of chalcopyrite and argentite. The gangue minerals include quartz, dolomite,
calcite, barite, sericite, talc, and are locally carbonaceous. The mineral grain size shows an
increase with depth beneath the surface. The ore minerals of 5116 ore bodies are mainly
galena, followed by sphalerite, pyrite, and chalcopyrite. The gangue minerals include
calcite, quartz, dolomite, and kaolinite. The 5171 ore bodies developed pyritization in
the deep, with ore minerals of galena, pyrite, and minor sphalerite. The gangue minerals
include quartz, dolomite, calcite, talc, etc.

The ore structure is present as a disseminated, veinlet-disseminated, banded, massive,
brecciated, veined, stockwork, and crystal cluster structure (Figure 5). The brecciated ores
were striped or mottled early formed ores, cemented by hydrothermal ores and gangue
minerals from later stages.
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Figure 5. Ore structures of Bailugou deposit. (A) Ragged, banded distributes ores of galena (Gn),
sphalerite (Sp) and dolomite (Dol); (B) massive ores of Sp; (C) Dol, quartz (Qtz) and Sp; (D) dissemi-
nated pyrite (Py) and Dol; (E) disseminated Sp, Gn and Dol; (F) banded Gn, Sp and Dol; (G) brecciated
structures; (H) chloritization, chlorite (Chl).

The mineral texture is shown as granular texture, metasomatic dissolution, replace-
ment, metasomatic etching texture, cataclastic structure, bird’s-eye structure, residual skele-
ton texture (pyrite), growth girdle zone texture (sphalerite and dolomite) (Figures 5 and 6).
Chalcopyrite is displayed as a beaded, emulsion droplet-like, or flake texture in the spha-
lerite as a solid solution separation structure only (Figure 6).
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Figure 6. Ore textures of Bailugou deposit. (A) sphalerite (Sp)-chalcopyrite (Ccp) solid separation
texture, chalcopyrite exhibit as bead-strings in sphalerite, under reflected light, (A”) shows under
the transmission light (—); (B) growth girdle zone of altered sphalerite backfilled by late dolomite
(Dol), under transmission light (—), (B") shows fractured sphalerite backfilled by dolomite, under
transmission light (—); (C) xenomorphic sphalerite and galena (Gn) backfilled in prior euhedral
quartz (Qtz) granula, under reflected light, (C’) shows under the transmission light (—); (D) later
galena etching replace sphalerite, contact as wedge-shape, under reflected light; (E) galena etching
replaced sphalerite, contact as wedge-shape, galena stellated in sphalerite, reflect light; (F) pyrite
(Py) and galena with late calcite, under transmission light (+), (F") under reflected light; (G) ductile
deformation of galena, Sericite (Sert) and quartz, shaping as lens, bird-eye, pressure-shadow, under
transmission light (+), (G”) under reflected light.

3.3. Alteration and Mineralized Stages

Hydrothermal alteration in the Bailugou deposit includes silicification, dolomitization,
and carbonation. The dolomitization and silicification are closely related to Pb-Zn miner-
alization, while the carbonation usually develops later than the main mineralization. In
addition, there is a small amount of altered mineral-talc, which only developed in the wall
rocks of the ore body in 5116 and 5171 with high hematite and limonite.

Dolomitization is very common in this area and can be roughly divided into two cate-
gories: one is regional dolomitization, which is distributed in a large range far from the ores
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and usually has no trace of ore mineralization; another is restricted to the mineralization
range and has a close relationship with the ores.

The regional dolomitization developed in the mid-thick layer dolomite, quartz dolomite
marble, or stromatolite-bearing dolomite marble; the dolomitic rocks are mainly formed
in clumped, breccia-like irregular aggregate or along the sides of cracks. Dolomites of
this category are idiomorphic and semi-idiomorphic crystals; the crystals are primarily
arranged in a circular band with a diameter of 0.015 mm—4.45 mm and grayish-white,
which can be clearly distinguished from marble by its coarser grain and lighter color. In
consideration of the distribution of the regional dolomitization being related to the fault
and not uniform, dolomite is developed as uneven clumps in marble, and its occurrence is
inconsistent with the bedding occurrence; dolomitization can be manifested as epigenetic.

The ore-related dolomitization is distributed in a limited way with the polymetallic
mineralization. Dolomites of this category are sparry white, transparent, and usually with
fine irregular-shaped veins.

Based on structures and textures of ores and petrographic study, the mineralization
process can be roughly ascertained from early to late as fine pyrite (Py)—quartz (Q), growth
girdle zoned sphalerite (Sp), polymetallic sulfides (Ms), sphalerite-chalcopyrite solid separa-
tion + quartz + coarse euhedral pyrite + granulose dolomite (Dol)-galena, galena, magnetite
vein, dolomite veinlets, and chlorination-calcite (Cc) (Figures 5 and 6).

Hydrothermal alteration and mineralization can be divided into four stages. Stage 1 is
characterized by the assemblage of fine-grained pyrite + quartz + sphalerite (Q-Py+Sp)
(Figure 7). Pyrites are primarily fragmented and are usually replaced by sphalerite and
galena. Stage 2 is marked by quartz-polymetallic sulfides (Q-Ms) (Figure 7). The metallic
minerals in Stage 2 mainly include sphalerite with chalcopyrite solid solution, pyrite, and
galena. Stage 3 is characterized by the widely distributed dolomite-polymetallic sulfides
(Dol-Ms), dominated by galena, sphalerite, and minor pyrite (Figure 7). Stage 4 is mainly
composed of carbonate with no sulfide (Cc), which crosscut the earlier veins and ores.

Mineral Stage 1 | Stage 2 | Stage 3 | Stage 4

Fine py rite SO 1y ——

Sphalerite

Quartz

Coarse euhedral pyrite

Chalcopyrite

Galena

Dolomite

Calcite

Talcum
C h IO rite BrriRRrRRRRRRYRRRIRRRIRRLLY]

m— \lain

Minor T Loca”y occu rring

Figure 7. Paragenesis diagram of alteration assemblages showing sequence of mineralization at the
Bailugou deposit.

4. Sampling and Analytical Methods for Fluid Inclusions

Samples used in this study were collected from the main orebodies of 5150, 5116, S171,
and S147 in the Bailugou deposit (N 33°47/36"-N 33°48'36", E 111°38'32"-E 111°45'08").
Doubly polished sample thin sections, about 0.3 mm thick, were examined. Fluid inclusions
in sphalerite, dolomite, and quartz were observed, respectively (Figure 8). Fluid inclusion
observations were made using a standard optical petrographic microscope to identify
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their genetic and composition types, vapor-liquid ratios, spatial clustering, and daughter
minerals’ species to document their paragenetic relationship. The volumetric fraction of
phases in fluid inclusions was estimated at room temperature by reference to the volumetric
chart of Roedder [48], using regular-shaped, flat inclusions whenever possible, according
to the suggestion of Diamond [49]. These studies enabled successive assemblages of fluid
inclusions to be defined. Representative samples of such assemblages were selected for
detailed microthermometric and laser Raman spectroscopic studies.

Figure 8. Petrography characteristics of FI samples at the Bailugou deposit. (A,B), quartz in stage 2
(Q-Ms); (C,D), dolomite in stage 3 (Dol-Ms); (E,F), calcite in stage 4 (Cc).

All fluid inclusion microthermometric measurements were performed on a Linkam
THMSG600 heating-freezing stage mounted on a Leica microscope coupled to an image
analysis system at the Fluid Inclusion Laboratory of the Key Laboratory of Mineralogy
and Metallogeny, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
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The temperature range of the Linkam THMSG 600 heating-freezing stage was between
196° and 600 °C. Stage calibration was carried out at —56.6 °C, —10.7 °C, and 0 °C using
synthetic Fls supplied by Fluid Inc. (Denver, CO). The uncertainty of the measurements is
£0.5 °C for temperatures between —120° and —70 °C, 0.2 °C for the interval of —70° to
+100 °C, and £2 °C for temperatures between 100° and 500 °C. All fluid inclusions were
analyzed by freezing to —180 °C and heating up at a rate of 0.2 °C/min to 5 °C/min. The
heating rate was reduced from 0.2 °C/min to 0.5 °C/min near the phase change points.
Melting temperatures of solid CO; (T, co2), the freezing point of NaCl-H,O inclusions
(T'm,ice), final melting temperatures of clathrate (Ty, (j,), homogenization temperatures of
the CO, phase (T}, cop), dissolution temperatures of daughter minerals (T, q) and total
homogenization temperatures of Fls (T},) were measured.

Compositions of individual fluid inclusions that are representative of specific stages,
including vapor, liquid, and daughter mineral phases, were analyzed using RM-2000
Laser Raman spectroscopy at the Fluid Inclusion Laboratory of State Key Laboratory of
Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences.
An argon laser with a wavelength of 514.5 nm was used as the laser source at a power of
1000 mW. Integration time was 10 s to 30 s, with ten accumulations for each spectral line.
The spectral resolution was +2 cm™ with a beam size of 1 um. The instrumental setting
was kept constant during all analyses.

For volatile-rich fluid inclusions, CO, was identified by melting a solid phase in
inclusions below —56.6 °C. Based on Burke [50], the molar fractions of CO,, CHy, and N,
were determined.

Salinities of CO,—H,0O, NaCl-H,O, and halite-bearing FIs (expressed as wt%NaCl
equiv.) were estimated by the clathrate melting temperatures of CO,-clathrate [48,51], last
ice melting temperatures [52-54] and halite dissolution temperatures [53,55], respectively.
The density of CO; in C-type Fls was estimated using the Flincor program [56] and the
Brown and Lamb formula [57] for the H,O-CO,-NaCl system. The bulk density of W-type
and S-type Fls was estimated using the formula of Haas [58] and Bodnar et al. [59], the
bulk density of C-type was estimated using the Flincor program [56], and the formula of
Brown and Lamb [57] for the HyO-CO,-NaCl system.

The trapping pressure of W-type FIs was estimated using the formula of Haas [58]
and the phase diagram of Bischoff [60]; the trapping pressure of C-type Fls was estimated
using the Flincor program [58], and the formula of Bowers and Helgeson [61] for the
H,0-CO,-NaCl system; trapping pressure of S-type FlIs was estimated using the formula
seen in Bischoff [60].

5. Results
5.1. Petrography and Types of Fluid Inclusions

Fluid inclusions (Fls) in sphalerite are tiny and small in quantity, making it challenging
to observe. The overall distribution of Fls in dolomite and quartz was generally scattered
and random, and there were occasional isolated distributions with no obvious directionality.
Secondary Fls are clustered along trails, crosscutting grains, or grain boundaries. Most Fls
were observed in calcite with about 40 um in diameter and minor in quantity distributed
sporadically. Primary FIs observed in this study mainly have negative crystal, elongated,
or irregular shapes, sub-roundness, triangle, strip-type, fusiform, and square shapes. The
diameters of primary inclusions of varying sizes are smaller than 2 pm, more extensive
than 20 pm, and concentrated in a range of 5 pm to 12 pm.

Fluid inclusions were classified into three types based on their appearance at 25 °C and
by their Raman spectra and occur in successive stages of the vein and alteration paragenesis
(Figure 9).
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Figure 9. Microphotographs of fluid inclusions in samples from Bailugou deposit. All the pictures
took under polarized light; (A) W-type and S-type Fls in quartz of sample BLC-30-2 (thin section) of
stage 1 (Q-Py=+Sp); (B) W-type and C-type Fls in quartz of sample BLC-30-12 (thin section) of stage
1; (C) S-type Fls in quartz of sample BGL-5-10 (thin section) of stage 1; (D) W-type FIs in quartz of
sample BLC-33-2 (thin section) of stage 2 (Q-Ms); (E) W-type and C-S-type FIs in dolomite of sample
BJD-2-11 (thin section) of stage 3 (Dol-Ms); (F) PL-type and S-type FI in dolomite of sample BP-8-2
(thin section) of stage 3; (G) W-type FI in calcite of sample B1471-3 (thin section) of stage 4 (Cc).

W-type: namely, NaCIl-H,O type Fls, which are two-phase (Vi20-Lu20) aqueous
inclusions, can be further divided into three subtypes: (1) FIs, which are liquid-rich aqueous
inclusions with 5 vol.% to 30 vol.% of a low-density vapor bubble at room temperature
(Figure 9A-G); (2) Pure liquid (PL-type) Fls, which are gas-rich aqueous inclusions with
gas filling degrees (ratio of V/(V + L)), most of which are smaller than 5%; and (3) Pure
gas (PV-type) Fls, which are liquid-rich aqueous inclusions with gas filling degrees bigger
than 80%.

S-type: namely, daughter minerals bearing FIs. Daughter minerals were detected
mainly as light green cubic or roundness salt (Figure 9B-F), generally smaller than 20 vol.%
S-type Fls were observed in the first three stages.

C-type: CO; bearing FIs, two- or three-phase aqueous-carbonic inclusions with a
carbonic (vapor + CO, liquid) fraction of 20 vol.% to 40 vol.%. These Fls are mainly
developed in the early and middle mineralized stage, about 10 vol.% to 20 vol.% of total
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Fls. C-type Fis are generally of 10 um to 15 pm in diameter and can be subdivided into
two subtypes: (1) CO,-rich three-phase (Vcoa + Lcoz + Lipo) Fls at room temperature,
which has CO; gas of 20 vol.% to 40 vol.% of the whole FI; (2) CO;-bearing two-phase Fls,
which contain a gas phase of CO, and HyO (Vcop+H20) and a liquid phase of HyO (Lyo)
(Figure 9B, E). The gas generally occupies 10 vol.% to 20 vol.% of the whole FI. Most C-type
FIs in samples from the Bailugou deposit belong to this subtype.

5.2. Composition from Laser Raman Spectroscopy Detection

Laser Raman spectroscopy analyses of representative fluid inclusions have revealed
that the main component of the inclusions’ liquid phase is the H,O (Figure 10A,C,D) ion
occasionally. The volatile phase is of the inclusions mainly composed of CO,, H,O, N,
(with Raman peaks of 2327 em ! 02329 em Y, Figure 10A-D), with minor CHy (with Raman
peaks of 2913 cm™! to 2919 cm™!, Figure 10B) by chance. Daughter minerals detected in
some FIs can be identified as thenardite (with Raman peaks of 1159 cm™, Figure 10B-D).
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Figure 10. Representative Raman spectra of FIs from Bailugou deposit. (A) Raman spectrum of FI
in sample BLC-30 of stage 1 (Q-Py+£Sp), the compositions of volatile were mainly CO,, Np, and
H,0; (B) Raman spectrum of the same inclusion as in Figure (A), mainly contain N, and CHy, also
might contain daughter mineral of thenardite (1159 cm~1); (C) Raman spectrum of FI in sample
BLC-33 of stage 2 (Q-MS), the compositions of volatile were mainly CO, and Ny, and possibly with
daughter mineral of thenardite nearby the detected bubble (1159 cm™1); (D) Raman spectrum of the
same inclusion as in Figure (C), which mainly consists of H,O, with minor CO;, and N, and possibly
with daughter mineral of thenardite (1159 cm™).

5.3. Microthermometry

Microthermometric measurements were conducted on Fls in nine representative
samples of different mineralization stages from the Bailugou deposit. Microthermometric
data and relative parameters are summarized in Table 1 and Figure 11.
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Figure 11. Histograms of homogenization temperatures and salinities of fluid inclusions of the

Bailugou deposit.

In Stage 1, observation of Fls in quartz shows that mainly W-type FIs were detected

with a size of 4 um to 38 um and a phase accounting for 5 vol.% to 30 vol.% normally.
The W-type FIs’ ice-melting temperatures are between —13.8 °C and —0.8 °C (Table 1),
yielding salinities as 1.4 wt.% to 17.6 wt.% NaCl equiv. (Table 1, Figure 11), which are
homogenized to liquid with the Thy,t values ranging from 115.6 °C to 396.1 °C, clustered
in the intervals of 250 °C to 350 °C and peaking at 300 °C (Figure 11). Their densities range
from 0.56 g/cm?3 to 0.67 g/cm3. Beyond W-type Fls, there is a small amount of C-type FIs
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and S-type Fls. The clathrate dissociation temperature of C-type Fls is 4.5 °C to 6.7 °C,
with corresponding salinities of 6.2 wt.% to 9.7 wt.% NaCl equiv. (Table 1, Figure 11). The
carbonic phase is partially homogenized to liquid at temperatures between 27.2 °C and
30.6 °C, while homogenized to liquid at temperatures ranging from 251.5 °C to 341.5 °C
with bulk densities ranging from 0.74 g/cm? to 0.93 g/cm?. The melting temperatures of
daughter minerals observed in S-type Fls range from 101.2 °C to 320.8 °C, while the vapor
phases are homogenized to liquid at 117.5 °C to 482.7 °C, corresponding to salinities of
28.0 wt.% to 39.8 wt.% NaCl equiv. (Table 1, Figure 11).

In Stage 2, the observation of Fls in quartz shows that main W-type FIs were detected
with a size of 4 um to 18 pm and phase accounting for 5 vol.% to 30 vol.% normally. The ice-
melting temperatures of W-type FIs are between —15.5 °C and —3.3 °C (Table 1), yielding
salinities of 5.4 wt.% to 19.0 wt.% NaCl equiv. (Table 1, Figure 11), which are homogenized
to liquid with the Thyt values ranging from 145.5 °C to 333.5 °C, visibly clustered in the
intervals of 200 °C to 250 °C and peaking at 250 °C (Figure 11). Their densities range
from 0.83 g/cm?3 to 0.98 g/cm3. Besides W-type FIs, there is a small amount of C-type FIs
and S-type Fls. The clathrate dissociation temperature of C-type Fls is 4.8 °C to 8.0 °C,
with corresponding salinities of 3.9 wt.% to 9.4 wt.% NaCl equiv. (Table 1, Figure 11). The
carbonic phase is partially homogenized to liquid at temperatures between 24.3 °C and
26.2 °C while homogenized to liquid at temperatures ranging from 230.1 °C to 327.0 °C
with a bulk density of 0.93 g/cm? (Table 1, Figure 11). Two S-type Fls in quartz in Stage 2 are
observed. Still, the daughter minerals have higher melting temperatures than 550 °C, which
has not been observed because it exceeded the heating limit of the Linkam THMSG600
heating-freezing units. In contrast, the vapor phase is homogenized to liquid at 180.2 °C
and 239.7 °C (Table 1, Figure 11), close to the Thiot of W-type and C-type. It is indicated
that the trapping fluid is probably either a supersaturated solution, the daughter minerals
were forecrystallized before being captured, or the inclusions were stretched in nature or
during laboratory heating.

In Stage 3, W-type Fls are the main FI types detected with 4 um-51 um and a phase
accounting for 5 vol.% to 30 vol.% normally. The W-type Fls’ ice-melting temperatures
are between —8.0 °C and 0 °C (Table 1), yielding salinities of 0 wt.% to 11.7 wt.% NaCl
equiv. (Table 1, Figure 11), which are homogenized to liquid with Thyy values ranging
from 106.2 °C to 396.1 °C, clustered in the intervals of 200 °C to 300 °C and peaking at 250
°C (Figure 11). Their densities range from 0.77 g/ cm? to 0.97 g/ cmd.

In Stage 4, only a tiny amount of W-type FIs are detected in calcite, which homogenized
to liquid with the Thyo values ranging from 120.8 °C to 194.6 °C (Table 1), clustered mainly
in the intervals of 100 °C to 200 °C (Figure 11). W-type FIs are about 42 pm to 88 um
and phase accounting for 20 vol.% to 30 vol.% typically. The W-type FIs’ ice-melting
temperatures are failed observations because of the crystalline nature of host minerals. Still,
the estimated salinity and density should be lower than Stage 1 to Stage 3, according to the
behavior characteristics of those FIs during microthermometric measurements.

Based on the microthermometric measurements, the temperature range and its peak
value at Stage 1, Stage 2, Stage 3, and Stage 4 of the Bailugou deposit show a decreas-
ing trend from the early to late mineralization stage. The overall mineralization tem-
perature range is about 400 °C to 100 °C (Table 1, Figure 11), belonging to a medium-
temperature deposit.

6. Discussion
6.1. Fluid Salinity, Density, Pressure, and Ore-Forming Depth
6.1.1. Fluid Salinity and Density Estimated by Fls

The salinities of W-type FIs in Stage 1, Stage 2, and Stage 3 of the Bailugou deposit
are estimated based on the microthermometric data, showing as 1.4 wt.% to 17.6 wt.%
NaCl equiv, 5.4 wt.% to 19.0 wt.% NaCl equiv, 0 wt.% to 11.7 wt.% NaCl equiv, respectively
(Table 1, Figure 11), which is relatively low and has an extensive variation range. The
drift of salinity range indicates relatively low to high salinity levels during the initial
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mineralization stage, which remains relatively high in the later stage, indicating the fluids
continued to be concentrated and may have been influenced by hydrothermal processes,
then showed a decline in salinity levels, even with some inclusions showing no salinity at
all, which indicates a transition to lower salinity conditions. The salinities of C-type FIs
in Stage 1 and Stage 2 are estimated as 6.2 wt.% to 9.7 wt.% NaCl equiv and 3.9 wt.% to
9.4 wt.% NaCl equiv, showing that the salinity reduced gradually from the early to late
stages of mineralization. The salinity of S-type Fls in Stage 1 is estimated as 28.0 wt.% to 39.8
wt.% NaCl equiv, showing a character of medium-high salinity of initial ore-forming fluid.

The fluid density in Stage 1 is 0.67 g/cm3 to 0.98 g/cm3 for W-type, 0.74 g/cm? to
0.93 g/cm? for C-type, and 1.07 g/cm? to 1.28 g/cm? for S-type. The fluid density in Stage
25 0.83 g/cm3 to 0.98 g/cm3 for W-type and 0.93 g/cm3 for C-type. The fluid density
in Stage 3 is 0.77 g/cm? to 0.97 g/cm?® for W-type. Overall, the fluid density changes
slightly through each stage. The Bailugou deposit remains a medium-high-density fluid
during mineralization.

In summary, the medium-high density and salinity often suggests that the initial
ore-forming fluid is derived from magmatic or metamorphic sources. Since the lack of
outcroppings of intrusion in this area, the metamorphic source was more accepted. The
coexistence of medium-high density and elevated temperatures meant more minerals could
be dissolved and greater quantities of metals were transported, which are critical for the
formation of economically viable mineral deposits. Furthermore, the density of the fluid
can also provide insights into the pressure conditions during mineralization, and high
density initial fluids in the Bailugou deposit are associated with great depths and pressures,
suggesting that the mineralization occurred in a deep geological setting.

6.1.2. Ore-Forming Pressure and Depth

Trapping pressures and mineralization depths of Stage 1 are estimated according to
Thyot values of W-type Fls, Thcop values, homogenization behaviors, and the proportion
of the CO;, phase in the C-type FIs and the melting temperatures of daughter minerals in
S-type Fls, respectively (Table 1). The minimum trapping pressure for W-type FIs in Stage
1is 0 MPa to 183 MPa, and the corresponding mineralization depths under lithostatic to
supra-lithostatic pressures and hydrostatic pressures are 0 to 0.67 km and 0 to 1.86 km,
respectively (Table 1). The minimum trapping pressures for C-type Fls in Stage 1 is
740 MPa to 1157 MPa, and the corresponding mineralization depths under lithostatic to
supra-lithostatic pressures and hydrostatic pressures are 2.70 km to 4.22 km and 7.55 km
to 11.81 km, respectively (Table 1). The minimum trapping pressures for S-type Fls in
Stage 1 are 1 MPa to 76 MPa, and the corresponding ore-forming depths under lithostatic
to supra lithostatic pressures and hydrostatic pressures are 0 to 0.28 km and 0 to 0.93 km,
respectively (Table 1).

The estimated minimum trapping pressures for W-type FIs in Stage 2 are 4 MPa to
119 MPa, and the corresponding mineralization depths under lithostatic to supra lithostatic
pressures and hydrostatic pressures are 0.01 km to 0.44 km and 0.18 km to 1.22 km, respec-
tively (Table 1). The minimum trapping pressures for C-type Fls in Stage 2 is 744 MPa, and
the corresponding ore-forming depths under lithostatic to supra lithostatic pressures and
hydrostatic pressures are 2.71 km and 7.59 km, respectively (Table 1).

The estimated minimum trapping pressures for W-type FIs in Stage 3 range from
1 MPa to 68 MPa, corresponding to ore-forming depths under lithostatic to supra-lithostatic
pressures. Hydrostatic pressures range from 0.01 km to 0.25 km and 0.01 km to 0.69 km,
respectively (Table 1).

The maximum value of the mineralization pressure revealed by the minimum trapping
pressure of W-type FIs in Stage 1, Stage 2, and Stage 3 of the Bailugou deposit is 183 MPa,
119 MPa, 68 MPa, which remains in decline accordingly from Stage 1 to Stage 2 and Stage
3. The pressures revealed by the C-type Fls in Stages 1 and 2 are 1157 MPa and 744 MPa,
showing that the fluid pressure reduced from Stage 1 to Stage 2. The pressure revealed by
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the S-type Fls in Stage 1 is 76 MPa, showing that the captured pressure is relatively low,
and the S-type FIs formed under the pressure reduction process.

The estimated maximum value of the formation depth of Stage 1, Stage 2, and Stage
3 revealed by the W-type Fls of the Bailugou deposit is 0.67 km, 0.44 km, 0.25 km under
lithostatic pressure and 1.86 km, 1.22 km, 0.69 km under hydrostatic pressure. The depth
revealed by C-type FIs from Stage 1 to Stage 2 is 4.22 km, 2.71 km under lithostatic pressure,
11.81 km, and 7.59 km under hydrostatic pressure, respectively. Summarily, the estimated
formation depth of the Bailugou deposit was characterized as deep with a significant
variation, which is about 2 km to 12 km and is much greater than the metallogenic limit
of the epithermal hydrothermal gold deposit. Meanwhile, the ore formation depth varies
greatly, a typical characteristic of fault-controlled deposits, as fluids can penetrate along
faults at depths of up to 10 to 15 km [62,63]. The ductile-brittle transition appears as a
structural, rheological, and thermal boundary separating an upper crust dominated by
the percolation of meteoric, marine, and basin fluids and a lower crust marked by the
circulation of magmatic and metamorphic fluids [64].

6.2. Temperature of Mineralization
6.2.1. Characteristic Temperature Revealed by Solid Solution Separation Structure

The chalcopyrite developed in sphalerite as a solid solution separation structure, or
known as chalcopyrite disease [65], in the Bailugou deposit (Figure 6), reveals a corre-
sponding formation temperature of 350° to 400 °C [66]. The eutectoid temperature point
of solid solution minerals can be regarded as a geological thermometer; this temperature
can be considered the lowest temperature for the separate mineralizing of sphalerite and
chalcopyrite synchronously. Considering the guest mineral chalcopyrite is generally dis-
played as a beaded or emulsion droplet-like texture in the sphalerite as a solid solution
separation structure while a few displayed as flakiness or leaf-like textures, indicating
that, as the mineralizing of host mineral sphalerite, the temperature slowly decreased
to the eutectoid point, micro-fine guest mineral chalcopyrite began to form in irregular
orientation. After that, the temperature dropped sharply so that granular chalcopyrite
could not gather and remain in the original separated location nearby, forming a random
arrangement of emulsion droplets. With the continuous and slow temperature decline, a
small amount of chalcopyrite gathered as linear, flakiness, and leaf-like droplets in cleav-
age in sphalerite with the directional arrangement. Meanwhile, the lack of board-like,
knot-like, and polysynthetic guest mineral chalcopyrite in the solid solution separation
structure confirms that the formation temperature is not too high. The formation of droplet
structures may be related to the flow characteristics of the mineralizing fluid. The fluid
movement within the ore body may have been relatively intense, causing mineral particles
to precipitate in small, dispersed forms rather than aggregating into larger, flat lamellar or
skeletal forms.

6.2.2. Homogenization Temperature of Fluid Inclusions

The homogenization temperature and peak value of fluid inclusions of Stage 1 to Stage
4 in the Bailugou deposit gradually decreased while the mineralization stages evolved. The
overall mineralization temperature ranges between 400 °C and 100 °C (Table 1, Figure 11).

6.2.3. Equilibrium Temperature from Sulfur Isotope

The equilibrium temperatures calculated according to §4S values [67] by sulfide pairs
such as pyrite-sphalerite, pyrite-galena, and sphalerite-galena of the Bailugou deposit
are mainly clustered in the range of 351 °C to 585 °C, except two lower temperatures, 71
°C and 79 °C (Table 2). The A§**S values of the two fractionations for the equilibrium
temperatures of 71 °C and 79 °C are 3.0%. and 5.9%o, respectively, which are relatively
high. Excluding this temperature range for it may be the result of the destruction of the
original equilibrium. Thereby, the reasonable sulfur isotope equilibrium temperature of
the Bailugou deposit should be 351 °C to 585 °C, with A6**S values of 1.3%o to 1.9%o. This

48



Minerals 2024, 14, 1119

temperature is slightly higher than that of the S150 orebody calculated by Yan [45], which
is 304 °C to 309 °C, and slightly higher than the homogenization temperature of FIs (100
°C to 400 °C). Still, it is consistent with the common understanding that metal minerals’
formation temperature is slightly higher than the homogenization temperature of FIs.

Table 2. Sulfur isotope geothermometer for Bailugou deposit.

Sample no. Sampling Site 5y 53;:];::%0 FTr. A634S/%o Tem};f éature F:;T;:la
BGL-14 5150, Gunligou 44 14 3.0 71 [68]
BGL-6 5150, Gunligou 9.1 7.2 1.9 351
BLY-10 5170, Luyuangou 4.3 2.5 1.8 364 [69]
BLY-19 5170, Luyuangou 3.9 2.5 1.4 585
BP-6 5116, Jiudinggou 3.4 2.1 1.3 476
BQC-30 5170, Quancaigou 7.0 1.1 5.9 79

Based on the above summarizations from the characteristic temperature revealed by
the solid solution separation structure, the homogenization temperature of fluid inclusions,
and the equilibrium temperature from sulfur isotope, this paper suggests that the tempera-
ture of mineral precipitation in the ore-forming fluid of Bailugou deposit is between 400 °C
and 100 °C, dominating concentrations from 400 °C to 350 °C.

6.3. Origin, Evolution, and Precipitation Mechanism of Ore-Forming Fluids

Studies on the evolution of salinities, homogenization temperatures, and hydrogen-
oxygen isotopes of fluid inclusions of different mineralization stages in the Bailugou deposit
show that the initial ore-forming fluid was triggered under intense thermal-tectonic processes,
associated with significant heat flow and tectonic movements, such as subduction, continental
collision, or rifting. These processes dominated during the early and middle stages, which can
lead to the generation of high-temperature fluids and create pathways for fluid migration. As
it trended to the late stage, atmospheric precipitation gradually increased, and the contribution
of surface waters to the mineralizing fluid grows significantly.

6.3.1. Fluid Immiscibility, Mixture, and Boiling

The evolution pattern of homogenization temperatures and salinities of the Bailugou
deposit varies with the mineralization stages.

The fluid salinities in Stage 1 can be divided into two ends (Figure 12A). The lower
salinities were mainly contributed by W-type and C-type Fls, with relatively higher homoge-
nization temperatures (350 °C to 150 °C) in the whole. In comparison, the higher salinities
were primarily contributed by S-type FIs with lower homogenization temperatures (150 °C).
This pattern shows that the W-type, C-type, and S-type Fls in Stage 1 were not formed by
fluid boiling but were more likely by fluid mixture followed by immiscibility. Considering the
difference in homogenization temperatures, the W-type and C-type Fls should be formed from
hydrothermal fluid, and the S-type Fls should be formed from the high-salinity fluid extracted
from wall rocks. Although the Yanshanian (Jurassic—Cretaceous) granites have not been
recognized in the Bailugou deposit, there are many intermediate-acid small intrusive bodies
developed in this area (Figure 1). Bao et al. [70] speculated that there might exist a magma
chamber deep in this area. Meanwhile, it was proved that, with the decrease in pressure
and temperature, de-gassing, boiling, or immiscibility accompanied by the intruding of the
granite can cause CO; release, and consequently, fluid condensation, pH increase, and oxygen
fugacity decrease, followed by the massive precipitation of ore minerals [71-75], which should
be the sufficient causes of the formation of the W-type and C-type Fls in the initial ore-forming
fluid of the Bailugou deposit—the ore-bearing strata, the Longjiayuan, Sanchuan, Nannihu,
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Meiyaogou, Baishugou Fm. of the Luanchuan Group and the Guandaokou Group, regionally
developed dolomite marble could be the potential extracting sources of high salinity fluid.
Meanwhile, the high enrichment of Pb, Zn, Ag, Mo, and W in ore-bearing strata showed
by the geochemical characters [27,76,77] also verifies that the Luanchuan and Guandaokou
Groups should be the favorite source for these metals.
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Figure 12. Homogenization temperatures versus salinities of fluid inclusions in different mineraliza-
tion stages. (A) Stage 1; (B) Stage 2; (C) Stage 3.

The fluid salinities in Stage 2 tend to be more homogeneous, ranging from 5 wt.% to
18 wt.% NaCl equiv, which is comparable to the lower end of Stage 1’s salinity (Figure 12B).
The S-type FI assemblages with Thyot values of daughter minerals over 550 °C observed
in quartz in Stage 2 indicate the intensive fluid mixture of the hydrothermal fluid and the
high-salinity fluid extracted from the ore-bearing strata.

The salinity of the fluid in Stage 3 was further decreased than in Stage 2. The observa-
tion of the C-type FI in Stage 3 indicates the fluid boiling, which was also confirmed by the
observed petrography of FIs assemblages (Figure 9E,F) and the texture characteristics of
ore minerals in this stage (Figure 6G). Still, the C-type FI is rare in number; therefore, no
salinity of this type of FI in Stage 3 has been revealed (Figure 12C). The homogenization
temperatures from Stage 2 to Stage 3 shown consist of non-significant decreases, which
indicates the C-type FIs were released from fluid boiling caused by pressure reduction. The
C-type Fls decrease with the evolution of the mineralization stages, which reveals gradual
decreases in the pressure and shallower depth at the Bailugou deposit.
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6.3.2. Genesis of the Bailugou Vein-Type Zinc-Lead-Silver Deposit

Combined with the geology, parameters from FIs, and the tectonic background of the
study area, this paper first conducted the genetic types of the Bailugou deposit can be clas-
sified as orogenic metamorphic hydrothermal Pb—Zn—-Ag deposit with the mineralization
process as follows:

During Triassic to late Cretaceous, led by the subduction event in eastern China, the
Late Mesozoic tectonic regime in this area was characterized by a transition from com-
pression through transpressive compression (or transition from compression to extension)
to extension, ending with continental collision during the late Cretaceous [15,67,78-80]
(Figure 13A,B), along with intense tectonic-magmatic events [81-87]. The lithosphere in
eastern China experienced a strong thinning process from the Late Jurassic to the Early
Cretaceous [81,87,88], accompanied by these tectonic processed, large-scale granitic mag-
matic activity, such as small porphyry and large batholith, which were both developed in
this intracontinental orogeny, known as the Yanshanian period [89]. The asthenospheric
upwelling and underplating triggered deep penetration of the lower crust and the deeply
sourced CO,-rich ore-forming metamorphic hydrothermal solution was formed by the
liquation process of deep rocks (strata and lower crust) under a high temperature, which is
relatively slightly lower than the formation of magma caused by a gradient increase in tem-
perature and pressure, triggered by the tectonic regime turned from collision to extension.
The metamorphic hydrothermal solution mobilized and extracted ore-forming constituents
from the siliceous banded strata, which were rich in metallogenic elements [27,76,77],
dolomite marble and dolomite marble of the Luanchuan and Guandaokou Groups. Load-
ing with the abundant metallogenic elements, the ore-forming fluid migrated upward along
fault systems. It turned immiscible when it reached the brittle-ductile transition level (BDL,
Figure 13C). This step leads to the ore-forming components rapidly precipitating as rough
and euhedral crystals, due to fracturing and pressure, drops. Meanwhile, it then rises to a
shallow surface, joins with atmospheric precipitation due to the gradually developed open
fracture system, and the low flow meteoric water along with the fractures and participate
mixed with the deeply sourced hydrothermal, where fluid boiling might happen, resulting
in the ore-forming constituents accumulated and deposited along with the fractures and
interlayer detachment zones, formed the Bailugou Pb-Zn-Ag deposit (Figure 13). The
research of H-O-C-5-Pb isotope geochemistry from Yang et al. [67] also support this view.
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Figure 13. Tectonic evolution and genetic model for the Bailugou deposit. (A) Schematic representation
of CMF (collisional orogeny, metallogeny and fluid flow) showing the relationships between ore-hosting

structures, granitoids, porphyries and deposits in Bailugou area. Fluids, released from subducted
slab and sediment or from the hydrated mantle wedge at granulite facies, travel up-dip along the
interface between the slab and the overlying wedge or base of the lithosphere at amphibolite facies.
The over-pressured ore fluids intersect deep crustal faults and then advent upwards to form orogenic
deposits in second-order structures or hydraulically fractured rock bodies at greenschist facies. (B) P-
T—t path for collisional orogeny showing a three-stage geodynamic process and the P-T conditions
for fluid generation, petrogenesis and metallogenesis from Triassic to Cretaceous in Luanchuan
area, East Qinling Orogeny. (C) Cartoons illustrating the formation process of Bailugou ore deposit.
Abbreviations: Py, fluid pressure; Ps, structural overpressure; Py, lithostatic pressure; Py, hydrostatic
pressure; AT, variation in temperature; AP, variation in structural overpressure.

7. Conclusions

(1) The Bailugou lead-zinc-silver deposit is situated within the siliceous banded
dolomite marble and dolomite marble of the Luanchuan and Guandaokou Groups of the
Middle-Late Proterozoic. This deposit is firstly categorized as an orogenic metamorphic
epi-mesothermal deposit, arising from complex, multi-stage hydrothermal processes.

(2) During an intense tectonic-thermal process, the initial ore-forming fluid is trig-
gered. This fluid underwent a transformation from a metamorphic hydrothermal solution
to a meteoric hydrothermal solution as it progresses through the mineralization stages.
Throughout this process, it experiences fluid immiscibility, mixing, and boiling with meta-
morphic water.

(3) The genesis of the ore-forming constituents appears to be multi-sourced, as inferred
from analyses of fluid inclusions. The ore-forming materials of Bailugou deposit derives
mainly from a combination of the ore-bearing strata Meiyaogou Formation and Nannihu
Formation within the Luanchuan and Guandaokou Groups.
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Abstract: The Central Altun orogenic system is a result of the amalgamation of multiple micro-
continental blocks and island arcs. This complex system originated from subduction—accretion—
collision processes in the Proto-Tethys Ocean during the Early Paleozoic. Research has reported the
discovery of several Li-Be granitic pegmatite deposits in the Central Altun Block, including the North
Tugeman granitic pegmatite Li-Be deposit, Tugeman granitic pegmatite Be deposit, Tashisayi granitic
pegmatite Li deposit, South Washixia granitic pegmatite Li deposit, and Tamugie granitic pegmatite
Li deposit. The Tashidaban granitic pegmatite Li deposit has been newly discovered along the
northern margin of the Central Altun Block. Field and geochemical studies of the Tashidaban granitic
pegmatite Li deposit indicate: (1) Spodumene pegmatites and elbaite pegmatites, as Li-bearing
granitic pegmatites that form the Tashidaban granitic pegmatite Li deposit, intrude into the two-mica
schist, and marble of the Muzisayi Formation of the Tashidaban Group. (2) Columbite-tantalite
group minerals and zircon U-Pb dating results indicate that the mineralization age of Tashidaban Li
granitic pegmatites is 450.2 & 2.4 Ma with a superimposed magmatic event at around 418-422 Ma
later. (3) Whole-rock geochemical results indicate that the Kumudaban rock sequence belongs to the
S-type high-K to calc-alkaline granites and the Tashidaban Li granitic pegmatites originated from the
extreme differentiation by fractional crystallization of the Kumdaban granite pluton.

Keywords: Altun Tagh; rare-metal granitic pegmatite; CGMs and zircon U-Pb dating; magma evolution

1. Introduction

Lithium is an essential metal in modern technologies with indispensable applica-
tions [1-3], which is widely used in various industries such as glass ceramics, non-ferrous
metallurgy, high-energy batteries, nuclear fusion (reactors), and aerospace [1,4]. As an
essential source of lithium, petrological studies of the granitic pegmatites is of paramount
importance [5-7].

Several large-scale rare-metal mineralization belts have been discovered in China with
distributions in the West Kunlun-Songpan-Ganzi orogenic belt, Tianshan orogenic belt, Altai
orogenic belt, Qinling-Dabie orogenic belt, Himalaya orogenic belt, Sanjiang orogenic belt,
Wauyi-Yunkai orogenic belt, and Jiangnan orogenic belt in recent years [8,9]. Extensive work
has been carried out by previous researchers on the formation age of pegmatites [10-17], petro-
genesis [18-21], mineralogical characteristics [22-25], magma evolution [26-31], ore-forming

Minerals 2024, 14, 542. https:/ /doi.org/10.3390/min14060542 58 https:/ /www.mdpi.com/journal /minerals



Minerals 2024, 14, 542

fluids [32-34], and genesis mechanisms of granitic pegmatites [35-40], which significantly
enhanced the understanding of rare-metal pegmatites in China.

The Altun Orogenic Belt (AOB) has undergone a complex tectonic evolution from the
Archean to Paleoproterozoic with several stages: the formation of the craton and crystalline
basement, stable continental margin sedimentation (Middle Paleoproterozoic), continental
expansion (Late Neoproterozoic to Early Paleozoic), multiple micro-continents subduction—
collision (Paleozoic), and intra-plate evolution (Late Paleozoic to Mesozoic) [41,42]. Tectonic
collisions and continental accretion have led to a thickening of the crust in the region,
creating conditions that favor the generation of significant magma volumes. Consequently,
this has facilitated the formation of highly differentiated pegmatitic magmas [9,37,43]. In
recent years, multiple survey results pointed out the significant rare-element mineralization
potential in the area. Currently, there are nine rare-metal granitic pegmatite deposits of
medium to large scale that have been discovered in the region with mineralization age in
499-445 Ma. These deposits are categorized from southwest to northeast as the Washixia
district, the Ayake district, the Kumusayi district, and the Tashidaban district [44-49].
The Washixia district and the Tashidaban district have been preliminarily identified as
large to super-large scale. In the northern margin of the AOB, the Tashidaban granitic
pegmatite Li deposit is newly discovered in the Tashidaban district with little relevant
reports available, currently.

In this study, we firstly presented the geological characteristics of the Tashidaban
granitic pegmatite Li deposit and constrained the mineralization age of the Li granitic
pegmatites through columbite group minerals (CGMs) and zircon U-Pb dating. The whole-
rock geochemical elucidates the petrogenesis of the Kumudaban granitoids and the origin
of the Li granitic pegmatites in the Tashidaban granitic pegmatite Li deposit. This study
provides a better understanding of the tectonic evolution of the region and facilitates
exploration campaigns for Li in the study area.

2. Regional Geological Background

The AOB is a complex tectonic belt subjected to extensive magmatic activity and
formed by multiple episodes of subduction—collision in the Early Paleozoic, which tra-
verses the northern margin of the Qinghai-Tibet Plateau in the NE-SW direction. It is
sandwiched between the Tarim Block, the Qaidam Block, and the Qilian-Kunlun Orogenic
Belt. The tectonic units of the Altun are divided into the Dunhuang block, the North Altun
subduction—-accretion complex belt (NASB), the Central Altun Block (CAB), the South Altun
subduction—collision complex belt, and the Apa-mangya Ophiolitic Mélange Belt from
north to south (Figure 1) [50-55].

The Tashidaban granitic pegmatite Li deposit is located on the northern margin of
the CAB. The exposed stratigraphy in this area includes the Mesoproterozoic Changcheng
System Bashikuergan Group (ChB.), Jixian System Taxidaban Group Muzisayi Formation
(Jxm) and Jinyanshan Formation (Jxj), Qingbaikou System Suoerkuli Group (QbS.) and
Quaternary sediments. The Bashikuergan Formation consists of a suite of meta-clastic rocks,
carbonate, and basic volcanic rocks. Whole-rock Sm-Nd isotopic data from plagioclase
amphibolite indicate a Mesoproterozoic age [56]. The Taxidaban Group is a continental
clastic-carbonate formation formed at the edge of the marine basin during the tectonic
stability period after the consolidation of the transitional basement of the Changcheng
System. The U-Pb age of detrital zircons constrains the sedimentary age from the Late
Mesoproterozoic to Early Neoproterozoic [57]. The main lithology of the Muzisayi For-
mation is composed of two-mica schist, quartzite, phyllite, dolomite and garnet-bearing
granulite. The main lithology of the Jinyanshan Formation is composed of dolomite, lime-
stone, and marble. The Suoerkuli Group consists of a suite of littoral-to-shallow clastic
rocks, carbonate, and volcanic sedimentary rocks. The depositional age indicated by the
TIMS U-Pb age of meta-rhyolite (930 Ma) is Neoproterozoic [58].

The regional magmatic activity is characterized by multiple episodes and diverse types
of processes exhibiting a northeast to east-northeast trend. The early Paleozoic magmatic
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rock types are biotite granite and muscovite granite, with the emplacement age between
522 and 432 Ma [42,44,46-48,59-62].
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Figure 1. (a) Schematic map showing the position of the Altun, NW China, and (b) Geological map
of Altun, NW China, after [45]. Igneous crystallization and mineralization ages of granitic pegmatite
deposits are from: 1—[44]; 2—[46]; 3—[63]; 4—[48]; 5—[64]; 6—[65]; 7—this study.

3. Geology of the Tashidaban Granitic Pegmatite Li Deposit

The Tashidaban Li district includes the Tamugqie granitic pegmatite Li deposit, the
North Tashidaban granitic pegmatite Li deposit, and the Tashidaban granitic pegmatite
Li deposit. An inferred resource of over 400,000 tons of Li,O in the district was assessed
by the No. 3 Geological Party, Xinjiang Bureau of Geology and Mineral Exploration
and Development. The exposed strata in the Tashidaban granitic pegmatite Li deposit
include the Bashikuergan Group in the Mesoproterozoic Changcheng System, Jixian Sys-
tem Taxidaban Group in the Muzisayi Formation, and the Jinyanshan Formation. Early
Paleozoic Kumudaban pluton is located in the Northwest of the Tamugie granitic peg-
matite Li deposit and intruded the Changcheng System Bashikuergan Group. The pluton
consists of fine- to medium-grained biotite monzogranite with the crystallization age of
451~445 Ma [59,62]. The Kumudaban granite facies also includes muscovite granite, albite
granite, and tourmaline granite (Figure 2).

The biotite granite (sample 23TD07-5/6) is grey-black and fine- to medium-grained.
Quartz (25-30%), plagioclase (30-35%), K-feldspar (20-25%), and biotite (10%) are the
primary components with accessory zircon and ilmenite. Biotite occurs as flakes between
feldspar and quartz grains and exhibits weak chlorite alteration (Figure 3a). The muscovite
granite (sample 21TD22-4/5) is grey-white and medium-grained. Quartz (20-25%), pla-
gioclase (30-35%), K-feldspar (20-25%), and muscovite (10%) are the primary components
with accessory garnet (3%), biotite (3%), zircon, and ilmenite. The photomicrograph of
Figure 3b depicts muscovite occurring in the form of flakes interspersed between feldspar
and quartz grains, exhibiting weak sericite alteration along its edges. The albite granite
(sample 23TD06-6/7) is grey-white and fine- to medium-grained. Quartz (30-35%), pla-
gioclase (35-40%), K-feldspar (5-10%), and muscovite (15%) are the primary components
with accessory garnet and zircon (Figure 3c). The tourmaline granite (sample 23TD03-
1/2) is grey-white and fine- to medium-grained. Quartz (30-35%), plagioclase (30-35%),
K-feldspar (5-10%), muscovite (15%), and tourmaline (10%) are the primary components
with accessory garnet and zircon. The tourmaline exhibits weak zoning (Figure 3d).
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Figure 2. Geological map of (a) Kumudaban-Tashidaban area and (b) the Tashidaban granitic
pegmatite Li deposit.

Figure 3. Photographs of the Kumudaban granite facies and pegmatites from the Tamugie granitic
pegmatite Li deposit. (a) Photomicrograph of biotite granite from Kumudaban. (b) Photomicrograph
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of muscovite granite from Kumudaban. (c¢) Photomicrograph of albite granite from Kumudaban.
(d) Photomicrograph of tourmaline granite from Kumudaban. (e) Field photograph of the tp13
spodumene pegmatite from the Tamugie granitic pegmatite Li deposit. (f) Photomicrograph of the
tp13 spodumene pegmatite from the aplite zone. Abbreviations: Qz: quartz; Pl: plagioclase; Kfs:
K-feldspar; Ab: albite; Mus: muscovite; Grt: garnet; Tur: tourmaline; Spd: spodumene.

The Early Paleozoic Suwushijie complex pluton is located in the South of the Tashida-
ban granitic pegmatite Li deposit and intruded the Jixian System Jinyanshan Formation.
The Suwushijie pluton is composed of gabbro—diorite—porphyritic granodiorite fine-grained
monzogranite and porphyritic medium-grained monzogranite from early to late [66]. The
zircon U-Pb age of monzogranite is 463.6 & 9.1 Ma and 474.7 & 5.7 Ma [67]. The muscovite
YOAr-¥Ar age is 413.8 4 7.4 Ma [68], which may represent later hydrothermal events.
Several faults cut the metasedimentary rocks in the district with the same direction of the
regional deep faults [69].

There are over 50 pegmatite hosted in the Tamugie granitic pegmatite Li deposit which
are located on the northern edge of the district. Among them, more than 40 dykes have
a Li;O grade that meets the standard for industrial mining. The Li-bearing pegmatites
represented by spodumene pegmatite contrast with most Li-barren tourmaline-bearing
albite pegmatites. The pegmatites concordant with the schist foliation are primarily tabular
or lens-shaped intrusions within two-mica schists of the Bashikuergan Group. The main
ore-bearing pegmatite dyke, tp13 spodumene pegmatite, as a whole is approximately
400 m long and is comprised of ten sub-dykes arranged in a left-stepped fashion. CGMs
U-Pb dating studies indicated that the tp13 spodumene pegmatite formed at 448 Ma [64],
while p8 tourmaline-bearing albite pegmatite formed at 418 Ma [64]. The tp13 dyke can
be classified into the fine-grained albite zone, muscovite-albite-quartz (Mus-Ab-Qz) zone,
muscovite-spodumene-albite-quartz (Mus-Spd-Ab-Qz) zone, and Quartz core from outer
to inner. The fine-grained albite zone mainly includes muscovite (5~10 vol%), quartz
(15~25 vol%), albite (50~60 vol%), and with accessory amounts of apatite, CGMs, and
cassiterite (Figure 3e,f).

There are 42 pegmatite dikes hosted in the Tashidaban granitic pegmatite Li deposit,
eleven of which have a Li;O grade that meets the standard for industrial mining (Figure 2).
Four types of pegmatite were distinguished in the Tashidaban granitic pegmatite Li de-
posit, including tourmaline-bearing albite pegmatite, elbaite pegmatite, and spodumene
pegmatite. These pegmatites with EW or SE trend intruded into the two-mica schist and
marble of the Jixian System Taxidaban Group in the Muzisayi Formation and had a sharp
contact with the host rock. For this study, samples were collected from p26, p36, and p40
pegmatite dykes. The pegmatite (p40) show a simple internal zoning structure; from the
border inward, it can be divided into the elbaite-albite—quartz (Elb-Ab-Qz) zone and aplite
zone (Figure 4b). Unlike other zoned pegmatites, aplite zones are not always found in the
outer zones of pegmatite [70]. Instead, the aplite zones are dispersed inside pegmatitic
dykes, possibly due to multiple episodes of magmatic-hydrothermal developments [71].
The Elb-Ab-Qz zone is characterized by coarse-grained texture (0.3~0.8 cm) and mainly
includes quartz (15~20 vol%), albite (30~35 vol%), K-feldspar (5~10 vol%), muscovite
(5~10 vol%), elbaite (5~10 vol%), and tourmaline (2~5 vol%), with CGMs and cassiterite
as accessory mineral phases (Figures 4e and 5b,c). Coarse-grained quartz with undulose
extinction and moderate subgrain orientation displays variable degrees of recrystallization
(Figure 5b). The coarse-grained elbaite is replaced by a later fine-grained albite granite
(Figure 5c). The aplite zone mainly includes quartz (10~20 vol%), albite (60~70 vol%), ap-
atite (5~10 vol%) and with accessory of CGMs (Figure 5a). The replacement of aplite zone
by late-stage fine-grained albite granite can be observed in Figure 5a, and both the aplite
zone and albite granite have CGMs intergrown with albite and quartz (Figure 5d,e). The
p26 tourmaline-bearing albite pegmatite is exposed as a disc-shaped structure on a steep
slope with extension in the SE and SW directions with multiple branches. The lithology of
the disc-shaped dyke gradually transitions from tourmaline granite to tourmaline-bearing
albite pegmatite, a transition marked by a variation in grain size. The tourmaline gran-
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ite is grey-white and fine- to medium-grained. Quartz (30-35%), plagioclase (30-35%),
K-feldspar (5-10%), muscovite (5%), and tourmaline (10%) are the primary components
with accessory zircon and CGMs (Figures 4f and 5f). The p36 spodumene pegmatite is
5~8 m wide and 70 m long in an intermittent outcrop. Internal zonation of the aplite zone,
muscovite—albite-quartz (Mus-Ab-Qz) zone, spodumene-albite-quartz (Spd-Ab-Qz) zone
from border to core characterizes the outcrop (Figure 4c,d). The aplite zone mainly includes
quartz (25~35 vol%), albite (30~35 vol%), and muscovite (15~25 vol%) with accessory
of CGMs (Figure 5g). The Spd-Ab-Qz zone mainly includes quartz (20~30 vol%), albite
(25~30 vol%), spodumene (15~20 vol%), microcline (5~10 vol%), muscovite (5 vol%), and
apatite (5~10 vol%) with accessory of CGMs (Figure 5g—i). The coarse-grained quartz
intergrown with spodumene has undulose extinction. Recrystallization into granoblastic
quartz is observed at the edges of the coarse-grained crystals (Figure 5h,i). Moreover, the
replacement of the Spd-Ab-Qz zone by late-stage fine-grained muscovite—albite—granite
can be observed (Figure 5i). Distinguished from the aplite zone at the edge of the p36
spodumene pegmatite, the content of muscovite in fine-grained muscovite-albite—granite
is usually less than 10% by volume.

p36 spodumene
pegmatite

Ul nyﬂu
| ) _ '.”“"5""._ ‘ p36 spodumene
p40 elbaite pegmatite  p26 tourmaline granite pegmatite

Figure 4. Field photographs of the Tashidaban granitic pegmatite Li deposit and representing hand
specimens of the studied pegmatites. (a—d) Field photographs of the studied pegmatites. (e-g) Hand
specimens of the p40 elbaite pegmatite, p26 tourmaline granite, and the p36 spodumene pegmatite.
Abbreviations: Qz: quartz; Ab: albite; Spd: spodumene; Tur: tourmaline; Elb: elbaite.
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Spd-Ab-Qz zone

Imm

Figure 5. Photographs of the Tashidaban granitic pegmatite Li deposit representing photomicro-
graphs of the studied pegmatites. (a—e) Photomicrographs of the p40 elbaite pegmatite. (f) Pho-
tomicrograph of the p26 tourmaline granite. (g) Photomicrograph of the p36 spodumene pegmatite
from the aplite zone. (h,i)Photomicrographs of the p36 spodumene pegmatite from the Spd-Ab-Qz
zone. Abbreviations: Qz: quartz; Ab: albite; Mc: microcline; Ms: muscovite; Spd: spodumene; Tur:
tourmaline; Elb: elbaite; CGMs: columbite group minerals; Cst: cassiterite.

4. Sample Selection and Analytical Methods

The samples selection and description are listed in Table 1. The U-Pb dating samples
are from the Tashidaban granitic pegmatite Li deposit (Figure 2). Sample 21TD12-1 was
collected from the p26 tourmaline granite, sample 21TD10-5 was collected from the fine-
grained aplite zone of the p40 elbaite pegmatite, and sample 21TD16-1 was collected from
the fine-grained aplite zone of the p36 spodumene pegmatite. The whole-rock geochemical
samples are from the vicinity area of the Kumdaban pluton, the Tamugie granitic pegmatite
Li deposit, and the Tashidaban granitic pegmatite Li deposit area.
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Table 1. Sample location, rock type, and analytical method for granites and pegmatites.

No Location Sample Rock Major Trace Zircon U-Pb CGM U-Pb
) P Type Elements Dating Dating

1 23TD07-5/6 biotite granite Vv ()

2 K dab 21TD22-4/5 muscovite granite Vv (2)

3 umudaban 23TD06-6/7 albite granite V@

4 23TD03-1/2 tourmaline granite Vv (2)

Tamugie Li granitic .

5 pegmatite deposit 23TD01-6-1/2 spodumene pegmatite V()

6 Tashidaban granitic 21TD10-3/4/5 p40 elbaite pegmatite Vv () Vv

7 comatite Li deposit 21TD16-1/4/5  p36 spodumene pegmatite VvV (2) Vv

g  Pe8 P 21TD12-1/4/5  p26 tourmaline granite NaY) v

The separation of CGMs and zircon was carried out at the Hebei Regional Geological
Survey Institute, China. The samples were crushed to particles with sizes of 40 mesh. Based
on differences in mineral physical and chemical properties, zircon was separated using
gravity separation, while CGMs were separated using magnetic separation. Subsequently,
manual handpicking was performed under a binocular microscope to select appropriate
mineral grains.

Textural and mineralogical investigations were conducted using a TM4000plus scan-
ning electron microscopy system at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS). Back-scattered electron (BSE) images were obtained at an
accelerating voltage of 15 kV to illustrate texture features of CGMs minerals. Cathodolumi-
nenscence (CL) imaging was conducted for zircon grain using a JEOL scanning electron
microscope at the Institute of Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS).

U-Pb dating of columbite was conducted using an ASI RESOlution 5-155 193nm ArF
Excimer laser coupled to a Thermo Scientific iCAP Qc quadrupole ICP-MS at the State Key
Laboratory for Mineral Deposits Research, Nanjing University, China. The diameter of the
laser beam was 43 um, and the laser energy and the repetition rate of laser pulses were set at
~4 mJ/cm? and 4 Hz, respectively. The Coltan 139 standard from Madagascar documented
U-Pb ages of 505.4 £ 1.0 Ma (BGR, Hannover, Germany; ID-TIMS), 506.6 & 2.4 Ma (ID-
TIMS), and 506.2 £ 5.0 Ma (LA-ICP-MS; Goethe University Frankfurt, Germany) [72,73].
The obtained concordant U-Pb ages of Coltan 139 are 505.5 £ 2.1 Ma (1o; MSWD = 0.0078)
and 505.1 & 2.3 Ma (10; MSWD = 0.055) for samples 21TD10-5 and 21TD16-1, respectively.

U-Pb dating and trace element analysis of zircon was simultaneously conducted by
LA-ICP-MS at the Beijing GeoAnalysis CO., LID, Beijing, China. The NWR193UC model
laser ablation system (Elemental Scientific Lasers LLC, Bozeman, MT, USA) was coupled
to an Agilent 7900 ICPMS (Agilent, Santa Clara, CA, USA). Detailed tuning parameters
can be seen in [74]. The spot size and frequency of the laser were 30 um and 6 Hz,
respectively. Zircon 91,500 (TIMS 2%’Pb/2%Pb age = 1065.4 + 0.3 Ma, 1 s, n = 11) was
used as external standards for U-Pb dating and trace element calibration, respectively. An
Excel-based software ICPMSDataCal was used to perform off-line selection and integration
of background and analyzed signals, time-drift correction, and quantitative calibration
for trace element analysis and U-Pb dating. Concordia diagrams and weighted mean
calculations were performed using Isoplot/Ex_ver3 [75].

Whole-rock major and trace elements were determined at ALS Minerals-ALS Chemx,
Guangzhou, China. The rock powder was fused with lithium-lithium metraborate flux
which also includes an oxidizing agent (Lithium Nitrate), and then poured into a platinum
mold. The concentrations of major elements were analyzed by XRF spectrometry. A
prepared sample (0.100 g) was added to lithium metaborate/lithium tetraborate flux
and fused in a furnace at 1025 °C. The resulting melt was then cooled and dissolved in
an acid mixture containing nitric, hydrochloric, and hydrofluoric acids. Trace element
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concentrations were analyzed by inductively coupled plasma—mass spectrometry. For
lithium analysis, a ~0.4 g sample undergoes an initial digestion process using HCIOy,
HEF, and HNOj; until complete dryness is achieved. Following this, the residue is further
processed through a secondary digestion in concentrated HCI, cooled down, and diluted to
the desired volume. Finally, the samples are examined for lithium content using ICPAES
spectroscopy.

5. Results
5.1. CL Features and U-Pb Dating Results

The CGM grains in the Tashidaban granitic pegmatite Li deposit from p40 elbaite
pegmatite are mainly black and subhedral (Figures 5d,e and 6a). Seven analyzed points
(Sample number 21TD10-5) varying from 452 to approximately 448 Ma with a weighted
mean 20°Pb /238U age of 450.2 £ 2.4 Ma (1o; MSWD = 0.37) are shown. Thirteen measured
points have a weighted mean 206pp /238y age of 413.0 & 3.6 Ma (10; MSWD = 0.21), varying
from 417 to 407 Ma (Figure 7a,b; Table 2).
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Figure 6. SEM-back-scattered electron (BSE) and Cathodoluminescence (CL) images of CGMs and
zircons from the Tashidaban granitic pegmatite Li deposit. (a) CGMs from the aplite zone of p40
elbaite pegmatite; (b) CGMs from the aplite zone of p36 spodumene pegmatite; (c) Zircons from p26
tourmaline granite. The orange circles denote the U-Pb dating sites.
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Figure 7. Diagrams of CGMs and zircons from the Tashidaban granitic pegmatite Li deposit.
(a,b) CGMs from the zone of p40 elbaite pegmatite; (c¢) CGMs from the zone of p36 spodumene
pegmatite; (d) Zircons from the zone of p26 tourmaline granite; (e) Chondrite-normalized [76] dis-
crimination plots of (Sm/La)y vs. La; (f) Chondrite-normalized REE concentrations for magmatic
and hydrothermal zircon [77].

The CGM grains from p36 spodumene pegmatite are mainly black and subhedral
(Figures 5g and 6b). Four analyzed points (Sample number 21TD16-1) vary from 458 to
450 Ma, and five analyzed points have a weighted mean 206pp, /238y age of 418.1 £ 6.6 Ma
(1o; MSWD = 0.023), varying from 420 to approximately 416 Ma (Figure 7c; Table 2).

The zircon grains from p26 tourmaline granite are predominantly black and subhedral
to anhedral with a blurred and sponge texture in few inclusions, while the rims have
little oscillatory zoning (Figure 6c). One analyzed point has an older 2%Pb /233U age of
445 Ma, and four points have a weighted mean 2%°Pb /23U age of 411.6 4 9.8 Ma (1o;
MSWD = 1.06), varying from 421 to 402 Ma (Figure 7d; Table 3).
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5.2. Mineral Chemistry of Zircon

The Th/U ratios of both zircons from p26 tourmaline granite are 0.01 (Table 3). In the
chondrite-normalized REE (rare-earth element) diagrams of tourmaline granite, the samples
are distinguished by their enrichment in both LREE (light rare-earth elements) and HREE
(heavy rare-earth elements) (Figure 7f, Table 4). These samples exhibit positive Ce anomalies
and negative Eu anomalies. In the (Sm/La)y vs. La magmatic and hydrothermal zircon
discrimination plot [77], one zircon grain was plotted in the magmatic zircon field, and three
grains were plotted between the magmatic and hydrothermal zircon fields (Figure 7e).

Table 4. Concentrations (ppm) of rare-earth element (REE) in zircons from p26 tourmaline granite in
the Tashidaban granitic pegmatite Li deposit.

No. La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
21TD12-1-1 4357 11675 803  16.75 447 0.08 1150 9.04 13069 3842 17296  51.83 629.11 100.41
21TD12-1-2 731 17089 722 31.89 1818 027 2213 1069 10832 2790  121.76 3529 438.22 74.28
21TD12-1-3 328 3819 293 11.07 852 0.05 2566 2368 28388 8151 34132 97.00 104224  174.87
21TD12-1-4 377 2286 353 1254  6.83 0.09 9.90 5.35 63.71 17.40 76.58 25.02 330.04 55.86
21TD12-1-5 530 11399 450 1812 1349 015 1895 10.68 140.15 4070 17851  52.01 656.11 108.85

5.3. Whole-Rock Geochemical Data

Whole-rock geochemical data are listed in Supplementary Table S1. The granite
rock facies in the Kumudaban area are composed of biotite granite, muscovite granite,
albite granite, and tourmaline granite, with relatively elevated SiO, (69.59-75.03%), Al,O3
(14.80-15.49%), and NayO (3.69-5.75%) contents, and lower TiO, content ranging from
0.01% to 0.39%. The A/CNK values range from 1.11 to 1.40 with differentiation index (DI)
ranging from 81.87 to 93.62 increasing from biotite granite to tourmaline granite. In the
chondrite-normalized diagram (Figure 8a), biotite granite exhibits a rightward-shaped
pattern of light rare-earth element (LREE) enrichment ((La:Yb)n = 46.88 to 50.21), while the
others show relatively flat distribution trends ((La:Yb)xn = 0.20 to 3.76). All samples except
biotite granite exhibit significant negative Eu anomalies (6Eu = 0.07 to 0.40), and the total
rare-earth element (REE) content decreases from biotite granite (average ZREE = 177.88) to
tourmaline granite (average XREE = 10.77). In the spider diagram (Figure 8b), all samples
except biotite granite show depletions in Ba and Ti.

The fine-grained aplite sample of the spodumene pegmatite (448 Ma) in the Tamugjie
granitic pegmatite Li deposit has relatively low SiO; content (average 68.58%), higher
AlyO3 (average 17.89%), and NayO content (average 9.39%), with an average A/CNK value
of 1.12 and average DI value of 95.70. The total REE content is lower than that of the
Kumudaban granite (average REE = 3.02) (Figure 8a).

The tourmaline granite samples compared to the aplite samples of elbaite pegmatite
and spodumene pegmatite in the Tashidaban granitic pegmatite Li deposit have relatively
high SiO, content (average 73.36%) and low Al,O3 content (average 15.34%), with an aver-
age A/CNK value of 1.20. The fine-grained aplite zone of the p36 spodumene pegmatite
exhibits the highest A/CNK values (average 1.57) and the lowest total REE content (average
2REE = 0.54) (Figure 8a). The average DI value of tourmaline granite, elbaite pegmatite,
and spodumene pegmatite ranged from 95.09 to 98.13. Furthermore, in the spider diagram,
the pegmatitic granite samples exhibit similar distribution patterns (Figure 8b).
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Figure 8. (a) Chondrite-normalized REE patterns [78] and (b) primitive mantle-normalized trace
element diagrams [76]. Kumudaban biotite granite are from [65].

6. Discussion
6.1. Formation Times of the Tashitaban Li Granitic Pegmatites

The CGMs found in the granitic pegmatite contain relatively low common Pb contents
and exhibit suitable Th and U contents for U-Pb geochronology [79,80]. Reflected light
and BSE images show that most samples of CGMs are homogeneous. Only a few images
exhibit bright Ta-Mn oscillatory zoning within dark Mn-rich cores, which indicates that
these samples have not undergone hydrothermal metasomatism [81,82]. The ages of CGMs
of p40 elbaite pegmatite are primarily distributed in two intervals with ranges from 452 to
448 Ma and 417 to 407 Ma. Additionally, those of p36 spodumene pegmatite range from
458 to 450 Ma and 420 to 416 Ma. Since the restriction of CGMs stability, the problem of
inheritance from precursor rocks can be ruled out [79]. A similar phenomenon showing in
a single pegmatite was reported by Melcher et al. [83] and Konzett et al. [84], which have
a large age spread of 150-309 Ma in Passeier Valley (Italy) and 70-172 Ma age spread in
Eastern Alpine (Italy). Konzett et al. [84] suggested that the oldest CGMs age represents the
emplacement age and the age spread due to Cretaceous resetting involves multiple tectono-
magmatic events. However, the two distribution interval ages in the single pegmatite of
the Tashidaban granitic pegmatite Li deposit possibly represent two independent tectonic
thermal events. In the Tashisayi granitic pegmatite Li deposit, three-stage age distribution
was found in a composited aplite-pegmatite dike at 472 Ma, 440 Ma, and 416 Ma, with the
oldest age originating from the Lep-Ab-Qz pegmatite and the middle age from the Spd-Ab-
Qz pegmatite [65]. Additionally, Li-Be mineralization events were found to occur during
472—455 Ma in the North Tugeman granitic pegmatite Li-Be deposit and superimposed by
436-435 Ma and 415 Ma fine-grained granite [46].
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In this study, only five age data points are considered reliable, among which the oldest
age is 445 Ma, and the other four ages range between 421 and 402 Ma with weighted
average age of 411.6 = 9.8 Ma (MSWD = 1.06). Cores of zircon grains in the p26 tourma-
line granite are predominantly black and exhibit a blurred and sponge texture with few
inclusions, while the rims have little oscillatory zoning (Figure 6c), which indicates that the
zircon grains originated from magmatic sources but underwent later recrystallization or
metamorphic events [85]. Furthermore, the Th/U ratios of four zircons are 0.1, which are
lower than typical magmatic zircons [86]. In the chondrite-normalized REE diagrams, the
samples exhibit a similar pattern to hydrothermal zircons (Figure 7f). In the (Sm/La)y vs.
La magmatic and hydrothermal zircon discrimination plot [77], three grains were plotted
between the magmatic and hydrothermal zircon fields (Figure 7e). Combined with the
CL features, these geochemical characteristics suggest that the zircons have undergone
late-stage metamorphic alteration.

The alteration phenomena observed in this study indicate that the pegmatites in the
Tashidaban granitic pegmatite Li deposit have undergone a later magmatic-hydrothermal
event. The undulose extinction coarse-grained quartz intergrown with spodumene and
albite undergoes recrystallization at the edges into granoblastic quartz, which is commonly
observed in p40 elbaite pegmatite and p36 spodumene pegmatite (Figure 5b,h,i). These char-
acteristics represent the synkinematic emplacement of the pegmatites, which are restricted
to the shear zones [87]. The Altun region was undergoing simultaneous compression and
amalgamation of three micro-continental blocks, resulting in intense compression and the
formation of shear zones from the north and south at ~450 Ma (see Section 6.3). Moreover,
elbaite was observed being replaced by a later fine-grained albite granite (Figure 5c). The
replacement of aplite zone by late-stage fine-grained albite granite can be observed in
Figure 5a, and both the aplite zone and albite granite have CGMs intergrown with albite
and quartz, while the Spd-Ab-Qz zone is replaced by late-stage fine-grained muscovite
albite granite in the p36 spodumene pegmatite (Figure 5i). All indicate that the pegmatites
in the Tashidaban granitic pegmatite Li deposit have undergone the superimposition of a
later magmatic-hydrothermal event. Therefore, the Li-mineralization age of the Tashid-
aban granitic pegmatite Li deposit is 450.2 £ 2.4 Ma, with superimposing of a late-stage
magmatic-hydrothermal event during 418-412 Ma.

Multiple episodes of subduction—collision events occurred on both the northern and
southern sides of the CAB due to a complex tectonic evolution in the Early Paleozoic.
Statistical results indicate that Early Paleozoic magmatic granitoids in the North Altun
Block (NAB) were formed between 514 and 411 Ma, while granitoids in the CAB are
concentrated between 522 and 432 Ma. Furthermore, Wang et al. [88] obtained an age of
417 Ma from leucosome in garnet-bearing biotite gneiss of the Altun Group. An age of
413.8 £ 7.4 Ma from muscovite Ar-Ar dating of the Suwushijie monzogranite [68] as well as
ages of 406405 Ma from diorite and granite dykes in the Tashsayi area [89] were obtained.
It indicates that contemporaneous magmatic activities exist in the Central Altun during
417-405 Ma. The ages of rare-metal pegmatite in CAB are shown in Figure 9. Ages obtained
from the Tashidaban Li granitic pegmatites range in two intervals: 450.2 4= 2.4 Ma and
418-412 Ma, which are consistent with the regional magmatic and mineralization events.
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Figure 9. Formation times of granites and granitic pegmatite Li-Be deposits in the CAB. The granite
ages of the NAB are from [90-101]; the granite ages of the CAB are from [46-48,60,62,88-90,102-105].
Igneous crystallization and mineralization ages of Li-Be deposits are consistent with the literature in
Figure 1.

6.2. Petrogenesis of the Kumudaban Granitoids and Origin of Tashitaban Granitic Pegmatites
6.2.1. Petrogenesis of the Kumudaban Granitoids

An S-type granitoid is generally considered as a peraluminous granitoid, which is
mainly formed by the partial melting of crustal materials [106,107]. The Kumudaban
granitoid samples, with Alumina saturation index (ASI) values exceeding 1.1, are classified
as peraluminous granite (Figure 10a). The content of corundum in granitoid samples
in Cross, Iddings, Pirrson, and Washington (CIPW) norm calculation are more than 1%.
Muscovite and garnet are identified under the microscope observation (Figure 3b—d). In
addition, apatite commonly crystallizes early in I- and A-type granitic magma, resulting
in a decrease in the P,Os5 content of the residual magma. This decrease establishes a
strong negative correlation with the SiO, content, while, P,Os in S-type granite increases
or basically remains unchanged with the increase in SiO; [108-110]. P,Os values in these
samples are basically unchanged with increased SiO; (except for tourmaline granite, with
P,0s in the range 0.07~0.09). The Kumudaban granitoids were characterized as S-type high-
K to calc-alkaline granite plotting in the area of the high-K to calc-alkaline series (biotite
granites to muscovite granites to albite granites, tourmaline granites) (Figure 10b) [111,112].
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Figure 10. (a) ASI shown by A/NK vs. A/CNK diagram [113]; (b) the K,O vs. SiO;, diagram with
dividing curves from [114].

6.2.2. Origin of the Tashidaban Li Granitic Pegmatites

Two petrogenetic processes were proposed to explain the formation of rare-element
pegmatites: (1) extensive fractionation of fertile parental granitic magma [115-118], and
(2) partial melting of rare-element-rich source rocks [119-121]. The large granite plutons
near the Tashidaban granitic pegmatite Li deposit are the Kumudaban granite pluton (with
zircon U-Pb ages 445-451 Ma) and the Suwushijie intermediate-acidic pluton (with zircon
U-Pb ages 464-475 Ma). In this study, the Li-mineralizition age in the Tashidaban granitic
pegmatite Li deposit is 450.2 £ 2.4 Ma. The Tashidaban Li granitic pegmatites should
originate from the highly crystallized differentiation of the Kumudaban biotite granite
pluton (Suwushijie intermediate-acidic pluton is excluded due to the presence of a >6 Ma
age gap). The Tamugie granitic pegmatite Li deposit is located north of the Tashidaban
granitic pegmatite Li deposit and has a Li-mineralization age of 448 Ma with occurrence
of a 418 Ma tourmaline-bearing albite pegmatite. Since pegmatites accentuate the trace
element signatures of their granitic sources [24,25], the chemical evolution of Tashidaban
Li granitic pegmatites should be similar to the Tamugie spodumene pegmatite.

Zr/Hf ratio is a useful index of the extent of fractional crystallization of a felsic
melt [122,123]. The element pairs K/Rb, K/Cs, and Nb/Ta typically exhibit synergistic
behavior, and their variation mechanisms are similar [124]. This also suggests that these
ratios could be indicators of the degree of differentiation of felsic melts [27,125]. The pairs
mentioned above were plotted against Zr/Hf, which shows a well-defined evolutionary
trend in the Kumudaban granite rock facies (Figure 11). The biotite granite exhibits
the highest K/Rb, K/Cs, and Nb/Ta ratios. The gradual decrease in these ratios from
muscovite granite to albite granite and tourmaline granite shows a clear trend in magmatic
evolution. With ongoing of magmatic evolution, the ratios of these incompatible and
compatible elements pair decrease successively from tourmaline granite to elbaite pegmatite
to spodumene pegmatite in the Tashidaban granitic pegmatite Li deposit (Figure 11).
Samples from the aplite zone in spodumene pegmatite (448 Ma) in the Tamugie granitic
pegmatite Li deposit and the aplite zone in p36 spodumene pegmatite in the Tashidaban
granitic pegmatite Li deposit almost overlap (Figure 11). The similar distributions of trace
elements (Figure 8) indicate a comparable chemical evolution of the granitic magma. The
trace element distribution in the normalized chondrite and primitive mantle-normalized
diagram have similar patterns, and total REE content shows a continuous decrease trend
(Figure 8). All mentioned above indicate that the Tashidaban Li granitic pegmatites have a
close petrogenetic relationship with Kumudaban granite pluton. Another interpretation
suggests that the petrogenetic processes of the Li granitic pegmatites originate from the
low-degree partial melting of metamorphic rocks. This mode of origin was confirmed
to explain some rare-metal granitic pegmatite deposits worldwide [84,126]. However,
no evidence of migmatization was found within the Tashidaban granitic pegmatite Li
deposit [102], and no metamorphic minerals such as kyanite and chlorite were discovered
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in the pegmatite [127,128]. Thus, the evidence above suggests that the Tashidaban Li
granitic pegmatites originated from extensive fractionation of the Kumudaban granite
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Figure 11. Selected variation diagrams of granites and pegmatites from the Kumudaban area,
Tamugie granitic pegmatite Li deposit, and Tashidaban granitic pegmatite Li deposit.

6.3. Geodynamic Setting of the Tashitaban Li Granitic Pegmatite Deposit

The Central Altun orogenic system is a product of the amalgamation of multiple micro-
continental blocks and island arcs [129]. This complex system originated from subduction—
accretion—collision processes in the Proto-Tethys Ocean during the Early Paleozoic [130,131].

The existence of supra-subduction zone (SSZ) ophiolite and plagiogranite are evident
of the North Altun ocean subducted from north to south under the CAB with the indication
of the initial subduction before ~521-512 Ma [56,132,133]. A series of high-temperature-low-
pressure (HP-LT) metamorphic rocks (blueschists, eclogites: ages in 491-520 Ma) [134,135]
and related magmatism events (arc volcanic rocks and I- and S-type granites) were formed
with ongoing subduction [92-94,136-142]. Zircon age reveals these volcanic rocks and
granites were formed between 517 and 459 Ma, which is coeval with the age spectra of
detrital zircons in the Early Paleozoic sedimentary rocks from the North Altun [143]. A
series of syn-collisional granite formed in the thickened lower crust at 458—431 Ma indicated
a collisional regime [92-94,96,97,99]. The transition of the tectonic regime has changed to
extension at ~425 Ma with the characterizations of low Sr, Sr/Y and (La/Yb)y granitoids
(425-410 Ma) [94,96,99].

The high-pressure (HP)—ultrahigh-pressure (UHP) belt is located south of the Central
Altun block, specifically in the Jianggalesayi, Danshuiquan, and Yinggelisayi areas. This
belt comprises various rock types, including UHP eclogite, garnet (Grt) pelitic gneisses, Grt
clinopyroxenite, Grt granite gneisses, and Grt peridotite. [144-147]. Systematic study of
the P-T-t evolution and zircon age in HP-UHP metamorphic rocks inferred three phases
of metamorphism corresponding to the continental deep subduction (~509-490 Ma) and
rollback of the subducting slab (~490-440 Ma) [148,149]. Extensive magmatism was trig-
gered by this, and consequently granitoids were formed between 522 and 432 Ma, with to
the I- and S-type affinities [46-48,59-62,88,89,102-105]. The tectonic regime has changed
to extension in South of the Central Altun block after 432 Ma, which is characterized
by intraplate granites (432-418 Ma) [66,150], bimodal volcanic rocks (406 Ma) [151], and
A-type granites (432-385 Ma) [152-154].

The Li-mineralization age of the Tashidaban granitic pegmatite Li deposit is 450.2 4= 2.4 Ma
with superimposition of the late-stage magmatic-hydrothermal event that occurred at 418 to
412 Ma. The Central Altun block experienced intense continental collision between 450 and 445
Ma due to the substantial crustal thickening and regional Barrovian metamorphism [155]. This
led to extensive dehydration melting of biotite under granulite facies and generating voluminous
granitic magmas, which subsequently crystallized and differentiated to form the Kumudaban to
Tatebulake large syn-kinematic biotite granite plutons [60,62,102]. The Tamugie and Tashidaban Li
granitic pegmatites were formed during this period through extreme differentiation by fractional
crystallization of granitic magma. The collision ceased on both the northern and southern sides
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after 432 Ma, and extensional tectonic settings led to lithospheric delamination leading to the lower
crust triggered mantle-derived magmatism, resulting in the emplacement of granitic magmas,
superimposing the Tashidaban granitic pegmatite Li deposit at 418-412 Ma.

7. Conclusions

Multiple episodes of rare-metal Li-Be mineralization events occurred in the Central
Altun during the Early Paleozoic. A newly discovered Tashidaban granitic pegmatite
Li deposit, at the northern margin of the Central Altun Block, hosts three distinct types
of granitic pegmatities: tourmaline-bearing albite pegmatite, elbaite pegmatite, and spo-
dumene pegmatite. These uniformed pegmatites intruded into the two-mica schist and
marble of the Muzisayi Formation of the Tashidaban Group. CGMs and zircon U-Pb dating
results reveal the Li-mineralization age of the Tashidaban granitic pegmatite Li deposit is
450.2 £ 2.4 Ma, with a superimposed late-stage magmatic-hydrothermal event occurring
at 418 to 412 Ma. The whole-rock geochemical results indicate that the Kumudaban grani-
toids belongs to the S-type high-K to calc-alkaline granite, and the Tashidaban Li granitic
pegmatites have originated from the extreme differentiation by fractional crystallization of
the Kumudaban granite pluton.
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granitic pegmatite Li deposit and Tashidaban granitic pegmatite Li deposit.
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Abstract: Fe-Mn carbonate is the dominant mineral in the Erdaokan Ag deposit, which represents the
first large independent silver deposit during the Late Triassic Period in the Duobaoshan Cu-Mo-Au
mineralization concentrated area of Heilongjiang Province, NE China. The Fe-Mn carbonates in
the deposit frequently co-exist with Ag minerals. Thus, the presence of Fe-Mn carbonates plays
a crucial role in the ore-formation process, making their analysis essential for obtaining valuable
metallogenic information about the Erdaokan deposit. Through microexamination, SEM and EDS
analysis, a clear relationship between Fe-Mn carbonate minerals and Ag minerals was established.
Furthermore, electron probe microanalysis, LA-ICP-MS, and Sr-Nd isotope tests were conducted
to analyze Fe-Mn carbonates for significant metallogenic insights. The distribution pattern of trace
elements and rare-earth elements in Fe-Mn carbonates is similar, characterized by Zr depletion (below
0.131 ppm), enrichment of light rare-earth elements, a noticeable deficit of Eu (¢Eu = 0.06-0.63), and
an average Y/Ho value of 34.29, indicating the involvement of upper mantle-derived deep magma in
the formation of ore-forming materials. The samples had a Sm-Nd isochron age of 233.7 & 1.2 Ma,
suggesting that the Erdaokan Ag deposit was formed during the Late Triassic Period. This study
highlights the significance of Fe-Mn carbonate as a valuable mineral indicator for regional silver
prospecting purposes, and confirms the Late Triassic Period as another important metallogenic stage
in the Duobaoshan Cu-Mo-Au mineralization concentrated area.

Keywords: Fe-Mn carbonate minerals; Erdaokan Ag deposit; Sm-Nd isotopes; Duobaoshan Cu-Mo-Au

mineralization concentrated area; ore-forming fluid evolution

1. Introduction

The Duobaoshan Cu-Mo-Au mineralization concentrated area, situated in the east-
ern part of the Xing’an-Mongolia orogenic belt, represents a region that has undergone
superimposed transformations associated with the Paleo-Asian Ocean, Mongol-Okhotsk
Ocean, and Pacific Ocean tectonic domains. This area is characterized by numerous ore
deposits exhibiting rich mineral species and complex types, making it a focal point for
research on ore prospecting and metallogenic theory in Northeast China. During the
Caledonian period, the region was influenced by the subduction of the ancient Asian
Ocean (480—470 Ma), resulting in the formation of porphyry-type deposits such as the
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Duobaoshan copper deposit [1-3] and the Tongshan copper deposit [4]. During the In-
donesian and early Yanshanian periods, the region was influenced by the subduction of
the Mongolian Okhotsk Ocean, resulting in the formation of a skarn-type Xiaodubaoshan
copper deposit [5] and a hydrothermal Erdaokan silver deposit [6,7], both of which were
formed between 240 and 230 Ma, and the skarn-type Sankuanggou iron deposit [8], which
was formed between 180 and 170 Ma. Since the middle-late Yanshan period, the region
has been mainly affected by the subduction of the Pacific Plate. Epithermal-type deposits
such as Zhengguang gold deposits [9], Yongxin gold deposits [10], Sandaowanzi gold
deposits [11], and Shangmachang gold deposits [12] were generated between 150 and
100 Ma. Among these deposits, the Erdaokan Ag deposit stands out as a recently discov-
ered large-scale independent silver deposit from the Late Triassic Period [6,7]. Its unique
formation age renders it an important research site for understanding the metallogenic
mechanisms within both the Duobaoshan Cu-Mo-Au mineralization concentrated area and
the CAOB (Central Asian Orogenic Belt). Although some mineralogical studies have been
conducted on this deposit, there remains uncertainty regarding its precise origin and the
formation processes of the ore-forming fluid [13-15].

Fe-Mn carbonates, commonly encountered in deposits, serve as indicators for the
nature, environment, and evolution of ore-forming fluids [16-25]. In our study, Fe-Mn
carbonate is a pervasive mineral within the Erdaokan deposit and occurs abundantly
in the ore. Microscopically, there is a conspicuous symbiotic relationship between Ag
and Fe-Mn carbonate. Therefore, it is imperative to conduct a comprehensive analysis of
the mineral composition and elemental distribution characteristics of Fe-Mn carbonates
to gain profound insights into the specific ore-forming processes associated with the
Erdaokan deposit.

Based on a comprehensive geological investigation of the Erdaokan deposit, this
study employed various analytical techniques, including electron probe microanalysis
(EPMA), scanning electron microscopy (SEM), energy-dispersive spectrometry (EDS), and
laser ablation-inductively coupled plasma—mass spectrometry (LA-ICP-MS), to trace the
origin of ore-forming fluids. Additionally, Sm-Nd isotope testing was utilized to obtain
the metallogenic age of the Erdaokan deposit. Building upon these experimental findings,
we have refined the metallogenic model for the Erdaokan silver deposit to better reflect its
actual formation process. The findings confirm that the Late Triassic Period was a significant
period for ore-formation in the Duobaoshan Cu-Mo-Au mineralized area, and highlight
Fe-Mn carbonate as a promising exploration indicator in this region. Fe-Mn carbonate and
Ag minerals such as pyrargyrite and argentite, have an intimate symbiotic relationship,
and these findings provide valuable insights into ore-forming element migration, and offer
new guidance for prospecting strategies in the Duobaoshan Cu-Mo-Au mineralization
concentrated area.

2. Geological Setting
2.1. Regional Geology

The Erdaokan silver deposit belongs to the Duobaoshan Cu-Mo-Au mineralization
concentrated area, which is one of the most significant metallogenic regions in Northeast
China. It is situated in the eastern part of the Central Asian orogenic belt, and is north-
east of the Greater Khingan mountains (Figure 1a). The Greater Khingan mountains, an
extensive accretionary orogenic belt connecting Siberia and North China Craton [26,27],
are linked to the Pacific Plate in the east and the Mongol-Okhotsk plate in the west. From
northwest to southeast, there are four blocks: the Erguna block, the Xing’an block, the
Songnen-Zhangguangcailing block, and the Jiamusi block (Figure 1b). This region exhibits
a Paleozoic (Ordovician—Silurian, Carboniferous, Permian) arc basin system, along with
magmatic arcs and Mesozoic volcano-sedimentary superposition basins. The geological
evolution of this area can be divided into two stages: during the Paleozoic period, it was
influenced by the Paleo-Asian Marine tectonic system; from the late Paleozoic to the early
Mesozoic period, it experienced microcontinent amalgamation, leading to the final closure
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of the Paleo—Asian Ocean [28]. In addition to these influences, during the Mesozoic, NE-SW
trending fault systems formed due to the Circum—Pacific tectonic system, and the Okhotsk
tectonic system in Mongolia resulted in the formation of various epithermal and porphyry
deposits, such as the Duobaoshan Cu deposit [1-3], Tongshan Cu deposit [4], Sankuanggou
Fe deposit [8], Zhengguang Au deposit [9], Yongxin Au deposit [10], Sandaowanzi Au
deposit [11], Shangmachang Au deposit [12], and Erdaokan Ag deposit [6,7].
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Figure 1. Geological map of Duobaoshan Cu-Mo-Au mineralization concentrated area: (a) schematic
map of the Central Asian orogenic belt; (b) the tectonic map of Northeast China; (c) geology and min-
eral map of Duobaoshan Cu-Mo-Au mineralization concentrated area (modified after reference [29]).

2.2. Deposit Geology

The Erdaokan deposit represents a recent discovery of a large-scale silver (Ag) deposit.
The geological units in the area predominantly comprise the Lower Devonian Nigiuhe For-
mation, which is characterized by the deposition of clastic sedimentary rocks ranging from
fine to coarse in shallow marine sedimentary facies during the transgression period. These
formations exhibit distinct sericitization and chloritization, highlighting their significance
as host rocks for the Ag deposit. Moreover, the mining area encompasses several volcanic
formations, including rhyolite and andesite from the Upper Triassic Qingshuihe Formation.
Intrusive rocks, such as Middle to Upper Triassic of porphyritic diabase, diorite, and dacite
occur as veins, closely associated with the mineralization process.

In the mining area, two Ag ore bodies (Figure 2a) were discovered, exhibiting a steep
occurrence of ore (Figure 2b). The first ore body, named I AgB, has a controlling length of
556.27 m and a maximum dip controlling depth of 273.35 m. It possesses a maximum true
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thickness of 26.75 m, an average true thickness of 6.23 m. The second ore body, referred to
as I AgB, spans across a controlling length of 689.39 m with a maximum dip controlling
depth of up to 231.64 m. It has a maximum thickness of 40.29 m and an average thickness
of approximately 10.20 m. Furthermore, its inferred economic resource quantity of the
deposit is estimated to be 1777 t of silver metal content. The highest recorded grade for
silver was found to be 25,516.00 g/t, with an average grade of 431.10 g/t. Additionally, the
associated Mn ore reserve in Erdaokan deposit amounts to 90.0 x 10* t with an average
grade of 11.75%, while the associated Pb metal quantity in Erdaokan deposit is 1.68 x 10* t
with an average grade of 0.75%. Moreover, the associated Zn metal quantity in Erdaokan
deposit is 0.16 x 10* t with an average grade of 1.15%.
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Figure 2. Geological map and prospecting line profile map of the Erdaokan deposit: (a) geological
map depicting the Erdaokan deposit; (b) prospecting line profile map illustrating line 284 (The section
in Figure 2b corresponds to the A-B section in Figure 2a).

The Erdaokan Ag deposit predominantly contains pyrargyrite, stephanite, and ar-
gentite as its primary silver minerals. Additional silver-bearing minerals include galenite,
pyrite, sphalerite, and a small amount of tetrahedrite [13-15]. The total content of silver
minerals accounts for 0.074%. Carbonate minerals within the deposit mainly consist of Mn
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siderite, Fe thodochrosite, and ankerite. The Fe-Mn carbonates make up 59.06% of the total
carbonate present in the deposit. They are distributed in a banded manner (Figure 3a) or
nodular manner in the ore (Figure 3b,c), often intersected by quartz veins (Figure 3d) and
replaced by siliceous material (Figure 3b—d). Under microscopic examination, rhombic twin
structures can be observed (Figure 3e), along with oscillatory zoning patterns (Figure 3e-h),
semi-automorphic rhombic aggregates (Figure 3f,g), and residual structures (Figure 3h); Ag
and Fe-Mn carbonate minerals have a close symbiotic relationship (Figure 3i). The deposit
also contains trace amounts of arsenopyrite and covellite. Additionally, magnetic oxides,
including magnetite and hematite (Figure 3a), along with minor quantities of pyrolusite and
ferromanganese, can be found. Quartz is the main gangue mineral, followed by feldspar
and minor amounts of pyroxene, calcite, muscovite, and hematite.

f\iap datliz795

MAG: 90% HV: 25.1KV_WD: 11.8mg

Figure 3. Ore and microscopic images: (a) Fe-Mn carbonate minerals (fcm) are observed to be
distributed in a banded manner within the ore, which is subsequently replaced by magnetite (mag);
(b,c) nodular distribution of Fe-Mn carbonate minerals can be observed in the ore; (d) Quartz (qtz)
veins intersect with Fe-Mn carbonate minerals; (e) rhombohedral lattice structure of Fe-Mn carbonate
minerals is evident; (f,g) hemidiomorphic rhomboid assembly can be observed; (h) residual texture of
Fe-Mn carbonate minerals is present; (i) the presence of Ag is closely associated with the occurrence
of Fe-Mn carbonate minerals. (The red circles indicate the location of in-situ laser testing points,
(e—h) are under crossed polars images).

The alteration in the Erdaokan deposit exhibits distinct spatial zoning, which can be
divided into three stages (Figure 4): the sheet-like precipitation of quartz-sulfide minerals,
the formation of galenite—sphalerite-Fe-Mn carbonate assemblages, and the occurrence of
pyrite-arsenopyrite—carbonate aggregates. In the first stage, well-formed quartz, pyrite,
and a small amount of arsenopyrite precipitated with some quartz-filled voids within
the pyrite and arsenopyrite. The second stage represents the primary mineralization
period characterized by the development of galenite, sphalerite, and copper sulfides. Silver
acanthite and pyrargyrite were also observed within the lattice structure of the galenite,
sphalerite, and pyrite. Additionally, Fe-Mn carbonates, along with magnetite asphalt
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calcite hematite, appeared later in this stage. In the third stage, disseminated or vein-like
aggregates consisting predominantly of pyrite and arsenopyrite were observed along with
abundant calcite precipitation.

Mineralization Galenite-sphalerite- Pyrite-arsenopyrite

aragenesis| Sheet-like quartz- Fe-Mn carbonate stage(1I) carbonate stage
Minerals sulfide mineral stage

name () (') (II2) Quy)

Quartz

Pyrite

Arsenopyrite

Copper pyrites

Sphalerite

Gelenite

Fe-Mn carbonate

Argentite

Pyrargyrite

Bitumen

Calcite

Magnetite

Hematite —_—

Figure 4. The sequence diagram depicting the hydrothermal mineralization period of the Erdaokan
Ag deposit.

3. Materials and Methods

Based on the observation and analysis of rock specimens and microscope samples in
this area, this study employed electron probe microanalysis (EPMA), scanning electron
microscopy (SEM), and LA-ICP-MS testing to investigate the morphology, distribution
patterns, coexistence relationships, elemental distribution, and elemental composition
characteristics of minerals at a micro scale. Subsequently, the origin of Fe-Mn carbonate
minerals was inferred. Additionally, Sm-Nd isotope analysis was conducted to determine
the formation time of Fe-Mn carbonates and to compare it with the deposit’s age. These
findings will contribute to establishing the ore-forming process of the Erdaokan Ag deposit.
Detailed sampling and experimental information are provided below.

The A-B exploration line controls the main ore body, and the drill holes were sequen-
tially numbered as 1, 2, 3, 4, 5, and 6, as shown in Figure 2a. The test samples for EPMA
and LA-ICP-MS analysis were collected from four specific drill holes (ZK284-1, ZK284-2,
7k284-4, ZK284-5), with their sampling locations indicated by yellow stars in Figure 2b.
A total of thirty testing points were examined using EPMA, while nineteen testing points
were analyzed using LA-ICP-MS. Additionally, Sm-Nd isotope samples were obtained
from six distinct drill holes (ZK266-2, ZK268-3, ZK274-6, ZK276-2, ZK278-6, and ZK328-9),
corresponding to numbers 7, 8, 9, 10, 11, and 12 in Figure 2a.

The EPMA and LA-ICP-MS were conducted at Wuhan Spectrum Analysis Technology
Co., Ltd. The EPMA was performed using a JXA-8230 instrument (JEOL Ltd., Tokyo, Japan)
with an acceleration voltage of 15 kV, current of 20 nA, and a beam spot diameter of 5 um.
Prior to the experiment, the sample underwent carbon film coating. A total of 30 Fe-Mn
carbonate samples were measured using EPMA (Figure 5a). The LA-ICP-MS analyses
were carried out using GeoLas HD and Agilent 7900 instruments. The laser energy used
was 80 mJ, with a frequency of 5 Hz and a laser beam diameter of 44 pm. For specific
analysis conditions and procedures, please refer to the literature [30]. NIST610, BHVO-
2G, BIR-1G, and BCR-2G international standard substances were used as trace element
calibration standards for this study. ICP MS DATACAL 10.8 software was employed for
data processing. A total of 19 measurement points were utilized, and the test minerals and
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their corresponding locations can be observed in Figures 3f,g and 5a,b. For microscopic
morphology observation and elemental composition analysis of minerals, we used an
FEI Quanta650 scanning electron microscope (SEM) operating at an acceleration voltage
range between 200 and 300 Kv, with magnification of up to 6 x 10° in combination with a
Bruker QUANTAX EDS X-ray diffractometer. Sm-Nd isotope analysis was conducted at
Nantai Geological Testing and Research Institute in Nanjing using an ISOPROBE-T thermal
ionization mass spectrometer for Sm-Nd isochron age measurement. The Nd standard
sample (M*3Nd/*Nd = 0.511860 + 0.000008, 20, n = 8) complied with the US La Jolla
Nd isotope standard. A correction factor based on 46Nd/*4Nd = 0.7219 was applied to
account for mass fractionation. Details regarding the procedure and methodology can be
found in references [31,32].

Figure 5. Microscopic image of Fe-Mn carbonate minerals: (a) hemidiomorphic ring band structure;

(b) pyrargyrite (pyr) coexisting with Fe-Mn carbonate minerals. (The yellow circle indicates a portion
of the location for in-situ electron probe testing, while the red circle represents the location of in-situ
laser testing; Figure 5a,b are under crossed polars images).

4. Results
4.1. Microscopic Analysis of Fe-Mn Carbonate Minerals

The Fe-Mn carbonates constitute 59.06% of the total carbonate content in the deposit,
which is consistent with EPMA results indicating that Fe and Mn are the primary compo-
nents of the carbonate minerals (Figure 6a—d). Atomic absorption spectroscopy analysis
of 774 whole rock samples from the Erdaokan Ag deposit revealed a positive correlation
between Ag and Mn concentrations (Figure 7). Microscopic observations demonstrated that
pyrargyrite was distributed within the Fe-Mn carbonate minerals (Figures 5b and 8a,b),
while SEM analysis identified argentite as crystals < 20 um distribution within these miner-
als (Figure 8c). Furthermore, EDS mapping confirmed widespread distribution of Ag in
areas where Fe and Mn were present, highlighting a close relationship between Ag and
Fe-Mn carbonate minerals (Figure 8d).

The EDS image analysis reveals the presence of zoning structures in the Fe-Mn carbon-
ate (Figure 9a), characterized by a gradual transition in the concentrations of Fe and Mn
(Figure 9b,c). In the Fe-Mn carbonates, Ca content surpasses that of Mg (Figure 9d,e), while
Si is predominantly absent (Figure 9f). Notably, there is a decrease in Mn content from
core to rim, accompanied by an increase in both Fe and Mg content. Furthermore, higher
concentrations of Ca are observed at the core compared to its outer regions, exhibiting a
rhythmic pattern.
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Figure 6. X-ray spectrum of Fe-Mn carbonate: (a,b) samples from ZK284-1; (c) samples from ZK284-4;
(d) samples from ZK284-5.
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Figure 8. Microscopic images depicting Fe-Mn carbonate minerals: (a,b) Images illustrating the pres-
ence of pyrargyrite (pyr) within Fe-Mn carbonate minerals; (c) Image demonstrating the distribution
of argentite (arg) in Fe-Mn carbonate; (d) Elemental mapping showcasing the distribution of Fe, Mn,
Ag, Si, and Zn ((a,b) are under crossed polars images).
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Figure 9. Characterization of Fe-Mn carbonate: (a) high-angle annular dark-field (HAADF) image of
Fe-Mn carbonate mineral; (b—f) elemental mapping depicting the spatial distribution of Mn, Fe, Mg,
Ca, and Si within this particular sample of Fe-Mn carbonate mineral.

4.2. Analysis of Major and Trace Elements

The major element data obtained by EPMA are presented in Table 1. The composition
of Fe-Mn carbonates primarily consists of Fe, Mn, and O, with minor amounts of Ca and
Mg, as well as trace amounts of Si (Figure 6a—d, Figure 10a), furthermore, the FeO and
MnO content in Fe-Mn carbonate shows continuous transitional changes (Figure 10b).
The content of FeO + MnO exhibits a negative correlation with CaO (Figure 11a), while
no relationship is observed between CaO and SrO (Figure 11b). The carbonate equiva-
lents for these elements are as follows: MnCOj3 = 2.88%-97.53%, FeCO3 = 1.34%-92.39%,
CaCO3 = 0.30%-11.26%, MgCO3 = 0.02%—-8.03%. Notably, there is a negative correlation
between MnO and FeO (Figure 11c), suggesting the possibility of isomorphic replacement
between Mn and Fe.
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Table 1. Key constituents of Fe-Mn carbonate minerals with a weight percentage of 102

MnO  FeO MgO  CaO BaO SrO Si0, ALO; ZnO  Total MnCO; FeCO; MgCO; CaCO;
Spotl  ZK284-1 2570 2843 1.11 2.88 0.05 0.14 143 0.11 0.07 59.91 4290 4745 1.85 481
Spot2  ZK284-1 2725  27.90 0.40 427 0.04 0.05 0.00 0.01 0.07 5998 4542 4651 0.67 7.12
Spot3  ZK284-1 3705  19.30 0.55 2.01 - 0.10 0.05 0.04 0.01 59.11 62.69 32.66 0.93 3.40
Spotd  ZK284-1 3453 2150 0.50 2.14 0.01 0.11 0.00 - - 5879 5872 36.57 0.85 3.64
Spot5  ZK284-1 2357 3210 0.57 2,52 - - 0.02 - - 5877  40.10 54.61 0.98 428
Spot6  ZK284-1 2141  36.88 0.57 1.10 0.03 0.02 - - - 60.02 3568 61.45 0.95 1.84
Spot7  ZK284-1 1114 4039 4.73 2.65 - - - - 0.04 58.95 18.90 68.52 8.03 449
Spot8  ZK284-1  9.09 40.73 3.06 5.36 - - - 0.06 - 58.30 15.59 69.86 5.25 9.20
Spot9  ZK284-2 5836 0.80 0.04 0.52 - 0.01 - - 0.11 59.84 97.53 1.34 0.06 0.87
Spotl0  ZK284-2 5525 3.25 0.01 0.18 0.05 - - - 0.03 5876  94.02 5.52 0.02 0.30
Spotll ~ ZK284-2 5142 4.99 0.28 242 - 0.10 - 0.02 - 59.24 86.81 8.43 0.47 4.08
Spotl2  ZK284-2  50.08 5.98 0.18 345 - 0.05 - 0.01 - 59.75 83.81 10.01 0.30 5.78
Spotl3  ZK284-2  48.44 5.88 0.13 5.37 0.02 0.04 0.05 - 0.08 60.00 80.74 9.80 0.22 8.94
Spotld  ZK284-2 4743 9.54 0.17 343 0.04 0.01 0.00 - 0.12 60.74 78.09 15.70 0.28 5.64
Spotl5  ZK284-4  46.72 9.75 0.08 3.48 - - - - 0.15 60.18 77.64 16.20 0.13 5.79
Spotle  ZK284-4 4446 751 0.25 6.65 - - 0.09 - 0.04 58.99 75.37 12.74 0.42 11.26
Spotl7  ZK284-4 4321 1155 0.32 3.59 0.04 - 0.05 0.05 - 58.79 73.49 19.64 0.55 6.10
Spotl8  ZK284-4  37.81  20.26 0.44 1.69 - - 0.03 - 0.07 60.29 62.71 33.60 0.73 2.80
Spotl9  ZK284-4 3214  24.64 0.24 143 0.10 0.03 0.06 - - 58.65 5480  42.02 0.42 2.44
Spot20  ZK284-4 3036  22.62 3.01 295 - 0.07 0.06 0.04 - 59.10 5137 3827 5.09 4.99
Spot2l  ZK284-4 2148  34.09 1.71 2.10 - 0.04 - 0.00 0.18 59.60 36.03 57.20 2.88 352
Spot22  ZK284-4 1616 3892 1.04 2.86 0.02 - 0.80 0.08 0.20 60.06 2690 64.80 1.72 476
Spot23  ZK284-4 1591  40.28 142 2.10 0.02 0.03 0.54 0.06 - 60.36 26.36 66.74 2.35 3.49
Spot24  ZK284-4 1210 4580 0.91 131 0.09 - 0.34 0.09 - 60.63 19.96 75.54 1.50 2.15
Spot25  ZK284-5 530 48.60 1.52 418 - - - 0.02 0.13 59.74 8.87 81.35 2.54 7.00
Spot26  ZK284-5 439 49.64 2.04 2.90 0.23 - 0.46 0.06 - 59.71 7.35 83.13 341 485
Spot27  ZK284-5 346 53.85 1.79 0.49 0.05 - - - 0.13 59.77 5.79 90.10 2.99 0.83
Spot28  ZK284-5  3.06 56.28 0.35 0.85 0.20 - 0.06 0.09 0.03 60.91 5.02 92.39 0.57 1.40
Spot29  ZK284-5 173 53.47 0.71 1.69 - - 0.06 0.04 0.49 58.19 2.97 91.90 1.22 2.90
Spot30  ZK284-5 170 51.40 0.16 5.64 0.07 - 0.02 0.10 0.04 59.12 2.88 86.93 0.27 9.54

The contents of MnCOj3, FeCO3, MgCOj3, and CaCO3 were determined by extrapolating from the measured
contents of MnO, FeO, MgO, and CaO. “-” denotes values below the detection limit of the instrument.
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Figure 10. The correlation between the concentrations of MnO, FeO, MgO, and CaO in Fe-Mn
carbonate: (a) The correlation between the concentration of (FeO + MnO) — CaO — MgO; (b) The
correlation between the concentrations of MgO — MnO — FeO.
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Figure 11. The content correlation of MnO, FeO, CaO, and SrO in Fe-Mn carbonate: (a) FeO + MnO

vs. CaO; (b) SrO vs. CaO; (c) FeO vs. MnO.

The trace elements data obtained by LA-ICP-MS are presented in Table 2. Phosphorus
ranges from 15.22 to 46.14 ppm, while K ranges from 0.75 to 14.56 ppm, indicating an
overall deficit in these elements. Sr content varies from 0.02 to 12.20 ppm, whereas Ti
content ranges from 0.03 to 8.95 ppm. It should be noted that the values for Zr and Nb fall
below the detection limit of the instrument used in this study. The similar radii of Mn?*,
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Fe?*, and Mg?* (0.083 nm, 0.083 nm, and 0.072 nm, respectively) facilitate replacement
reactions among them, contributing to their comparable distribution patterns observed
in siderite, Mn siderite, Fe rhodochrosite, and rhodochrosite samples as shown by the
spidergram of trace elements normalized to the primitive mantle (Figure 12a—c). These
Fe-Mn carbonate samples exhibit deficits in large ion lithophile elements, such as K and Sr,
as well as high field strength elements including Zr, Ti, and Nb.
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citation [33]).
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Fe-Mn carbonate minerals exhibit a } \REE ranging from 0.88 to 67.06 ppm, with LREE
content ranging from 0.75 to 66.55 ppm and HREE content ranging from 0.12 to 6.24 ppm for
rare-earth elements (REE). The LREE/HREE ratio ranges from 1.72 to 194.47, the (La:Yb)N
ranges from 1.24 to 1112.90, the (Sm:Nd)y is mostly <1 and ranges from 0.21 to 1.59, the
(La:Sm)y ranges from 0.86 to 41.68, and them(Gd:Yb)y ranges from 0.31 to 9.10. When
standardized using chondritic values, rhodochrosite exhibits significantly higher XREE
than siderite (Figure 12d—f), while siderite, Mn siderite, and Fe rhodochrosite show similar
distribution patterns. Fe-Mn carbonates display a right-skewed curve for REE enrichment,
indicating preferential enrichment of LREE over HREE. The 6Eu values range between 0.06
and 0.63, suggesting the presence of a notable negative Eu anomaly. The substitution of
Eu?* for Ca?* is impeded by the lower mass concentration of Ca2* in the Fe-Mn carbonates
of the Erdaokan Ag deposit, thereby resulting in the observed negative Eu anomaly.

4.3. Dating Analysis of Fe-Mn Carbonate Minerals

The Sm and Nd contents, as well as the isotopic compositions in the Fe-Mn carbonate
mineral from the Erdaokan Ag deposit, are presented in Table 3. The results indicate that
the Sm and Nd contents meet the requirements for isotope dating. Specifically, the Sm
content ranges from 0.2115 to 0.9604 ppm, while the Nd content ranges from 0.7859 to
0.9827 ppm. Moreover, the values of 1¥7Sm /#4Nd vary between 0.0815 and 0.7169, with
corresponding values of *3Nd/!#*Nd ranging from 0.512374 to 0.513346 being observed as
well (Table 3). Importantly, a reliable Sm-Nd isochron age of approximately 233.7 £ 1.2 Ma
has been determined for these samples (Figure 13a), which is further supported by a small
weighted mean square deviation (MSWD = 1.5).

Table 3. Isotopic analysis of Sm-Nd in Fe-Mn carbonate minerals.

Sm (ppm) Nd (ppm) Testing Error 1478 m/1*Nd M3Nd/4Nd
Samplel ZK266-2 0.7815 0.9827 0.000009 0.4802 0.512988
Sample2 ZK268-3 0.9604 0.8103 0.000008 0.7169 0.513346
Sample3 ZK274-6 0.4683 0.7859 0.000007 0.3647 0.512805
Sample4 ZK276-2 0.1327 0.9716 0.000009 0.0815 0.512374
Sample5 ZK278-6 0.3624 0.8512 0.000006 0.2562 0.512641
Sample6 ZK328-9 0.2115 0.9761 0.000007 0.1308 0.512452
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Figure 13. Sm-Nd isochron diagrams for the Erdaokan deposit: (a) Sm-Nd isotopic diagram of
Fe-Mn carbonate minerals (The numbers in Figure 13 are consistent with the samples in Table 3);

(b) 1/Nd-*3Nd/**Nd diagram of Fe-Mn carbonate.
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The high concentrations of Sm and Nd in Fe-Mn carbonates ensure precise and reliable
determination of Sm-Nd isochron ages. Figure 13b demonstrates no correlation between
1/Nd and *3Nd /**Nd in Fe-Mn carbonate samples, excluding the possibility of an isotope
mixing line [34]. This Sm-Nd isochron age of the Fe-Mn carbonate mineral confirms that
the main period of Erdaokan Ag deposit mineralization occurred during the Late Triassic
Period (233.7 + 1.2 Ma).

5. Discussion
5.1. Analysis of Fluid Source in Erdaokan Deposit

The main carbonates in the Erdaokan deposit are Fe-Mn carbonates (Figure 10a). Fe-
Mn carbonate commonly occurs in the later stage of carbonate magma evolution, being
closely associated with low-temperature hydrothermal deposits. Fe-Mn carbonate can be
classified into two forms of isomorphism: Fe siderite and Mn rhodochrosite. The Fe and Mn
content in the Fe-Mn carbonate of the Erdaokan deposit exhibits continuous transitional
changes (Figure 10b), indicating that the formation of Fe-Mn carbonates in this deposit is a
continuous process. Therefore, it can be inferred that these Fe-Mn carbonates originate from
the same fluid source. A negative correlation between CaO and (FeO + MnO) is observed
(Figure 11a), suggesting that Ca may replace Fe and Mn within the lattice structure of the Fe-
Mn carbonate due to water-rock reactions involving Ca during deep-seated hydrothermal
activity interacting with limestone from the Nigiuhe Formation [35]. The distribution
of trace elements in Fe-Mn carbonate is comparable to that of limestone in the Nigiuhe
formation. Both exhibit a shortage of Zr, Nb, and Ti, indicating that some of the limestone
from the Niqgiuhe formation contributed to the creation of Fe-Mn carbonates [33].

The distribution of trace elements in Fe-Mn carbonates exhibits a strong correlation
with the main mineralization sulfides, such as pyrite, chalcopyrite, sphalerite, and bitumen
in the mining area (Figure 12a—c). The §%4S values of galena range from —0.97 %o to +3.8%o,
indicating the presence of deep magmas in the ore-forming fluid [13]. Furthermore, the
LREE/HREE ratio is between 1.72 and 194.47, while (La:Yb)N is between 1.24 and 1112.90,
indicating that LREE has a higher fractionation degree than HREE. Note that the material
source has the primary characteristics of a deep source [33]. The patterns of trace elements
(Figure 12a,c) and rare-earth elements (Figure 12d,f) suggest a close relationship between
Fe-Mn carbonate and deep magmatic-hydrothermal processes [14]. Furthermore, the
depletion of Zr in Fe-Mn carbonates suggests the involvement of upper-mantle material in
the hydrothermal system. Therefore, it can be inferred that the ore-forming fluid consists
primarily of deep-source magma with a minor contribution from upper-mantle materials.
The absence of barite in the Erdaokan Ag ore indicates that sulfur content is not significantly
high within the ore-forming system, and that redox conditions do not play a key controlling
role in ore-formation [36].

The formation of magnetite is observed as a result of late thermal action on Fe-Mn
carbonate minerals [37]. The correlation between CaO and SrO in Fe-Mn carbonates was
found to be insignificant (Figure 11b), indicating that the displacement of Ca by Sr mainly
occurs during the high-temperature stage of magma crystallization [38]. This suggests that
there is no apparent substitution between these two elements, and mineralization took
place during the medium- to low-temperature stage. The negative Eu anomaly (0.06-0.63)
is indicative of carbonate crystallization from a low-temperature fluid (<200 °C) [39].
Fluid inclusions within quartz veins indicate an average deposit formation temperature of
152.1 °C [13], implying characteristics of low-temperature mineralization. Overall, it can be
stated that the Erdaokan Ag deposit exhibits medium- to low-temperature mineralization.

The distribution pattern of rare-earth elements (REE) in Fe-Mn carbonates reflects their
formation by the same fluid, indicating a close relationship between Fe-Mn carbonate and
deep magmatic-hydrothermal processes [13,15]. This is consistent with the distribution
patterns observed in metal sulfides and bitumen (Figure 12d,f). Additionally, it should be
noted that rhodochrosite exhibits higher REE content than siderite (Figure 12d,e).
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Postma (1981) [40] demonstrated that Mn has a higher affinity for carbonate, lead-
ing to the formation of carbonate rocks and the enrichment of REE. Consequently, it is
hypothesized that the sequential occurrence of fluid phases involves the initial formation
of Mn siderite followed by Fe rhodochrosite. In EPMA’s EDS mapping (Figure 9b,c), Mn
is observed in the core region of Fe-Mn carbonate, while Fe predominantly resides in
its rim. This observation further supports the notion that Mn siderite forms prior to Fe
rhodochrosite. Previous investigations have indicated that modern seawater exhibits a
Y/Ho ratio greater than 44, whereas hydrothermal seabed and chondrite samples typically
fall within the range of 24-34 [16,20,41]. The average Y/Ho ratio in Fe-Mn carbonates
from the Erdaokan deposit mining area was determined as 34.29, which aligns with values
observed in hydrothermal vents and chondritic meteorites. These findings suggest a deep
magmatic-hydrothermal origin for these Fe-Mn carbonates.

5.2. Sm-Nd Isotopes and Metallogenic Age Indication

The Sm-Nd isotopic system has been widely employed to determine the metallogenic
geological age of hydrothermal deposits. Commonly used minerals for Sm-Nd isotope
dating include fluorite, calcite, tourmaline, scheelite, and sulfide metal minerals [42-48].
However, the Sm-Nd systematics of Fe-Mn carbonate minerals formed through hydrother-
mal processes have received less attention [49]. In the Erdaokan Ag deposit, Fe-Mn
carbonate is abundant throughout the entire mineralization stage and occurs mainly in
the galena—sphalerite-Fe-Mn carbonate stage, which represents the primary silver met-
allogenic phase. Therefore, determining its formation age is crucial for constraining the
overall mineralization age. Due to their high Sm/Nd ratios, Fe-Mn carbonate minerals in
the Erdaokan deposit are suitable for Sm-Nd isotope dating. The obtained results indicate a
mineralization age of 233.7 & 1.2 Ma for Fe-Mn carbonate minerals, which aligns well with
both bitumen (234.6 + 1.2 Ma) [14] and sulfide Rb-Sr (232.9 + 2.3 Ma) [15] data from the
same deposit area. These findings further confirm that the ore-forming event at Erdaokan
occurred during the Late Triassic Period.

A significant number of Cu-Au deposits have been discovered in the Duobaoshan
Cu-Mo-Au mineralization concentrated area, where the Erdaokan silver deposit is located.
Unlike the Triassic formations of Duobaoshan and Tongshan deposits, which primarily
formed during the Ordovician [4,8,50,51], the Sankuanggou Fe deposit mainly originated
in the Jurassic Period [8,52,53]. Similarly, the Sandaowanzi gold deposit and Yongxin gold
deposit were predominantly formed during the Cretaceous Period [10,12,54-56]. Recent
studies have revealed some Triassic diagenetic events in the Duobaoshan Cu-Mo-Au miner-
alization concentrated area [2,5,57], reporting that magmatic rocks with ages ranging from
244 + 2 Ma to 214 & 3 Ma are present in this region. These rock types include tonalite and
granodiorite, as well as porphyritic-like granodiorite. This evidence suggests that Triassic
magmatic activity within this concentration area aligns closely with the metallogenic age
of Erdaokan deposit. The Mengdehe gold deposit situated south of this region was formed
during the Late Triassic Period (209.6 & 3.1 Ma) [58], coinciding with metallogenesis within
the Erdaokan silver deposit’s time frame. Collectively, these findings establish a newly
recognized metallogenic age for the Duobaoshan Cu-Mo-Au mineralization concentrated
area involving Triassic diagenetic and metallogenic events. It should be noted that there
is a distinct difference between Erdaokan’s metallogenic age and that of large Ag-Pb-Zn
deposits such as Shuangjianzishan (135.0 & 0.6 Ma) [59], Erentaolegai (139 £ 2.3 Ma) [60],
Jiawula (133 £ 0.66 Ma) [61], and Chagan Buragen (138 = 1 Ma) [62] found southwest of
the Greater Khingan metallogenic belt, thus emphasizing Erdaokan’s crucial indicative
significance within the Duobaoshan Cu-Mo-Au mineralization concentrated area.

5.3. Metallogenic Model of Erdaokan Silver Deposit and Favorable Conditions for Ag Enrichment

In summary, the Duobaoshan Cu-Mo-Au mineralization concentrated area experi-
enced significant magmatic activity during the Middle to Late Triassic Period due to the
superposition of the Okhotsk Ocean tectonic domain [5,63-66]. The upward migration of
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deep-seated magma carrying Ag and other ore-forming materials in the Erdaokan area re-
sulted in the formation of a medium- to low-temperature magmatic hydrothermal deposits
with weak structures (Figure 14). Moreover, interaction between the ascending fluid and
surrounding rocks was observed. Late-stage magmatic hydrothermal activity caused the
heating of limestone from the Niqiuhe Formation, which was exposed in the Erdaokan
mining area, and this led to its transformation into structures with high specific surface
area [67,68]. This transformation facilitated adsorption and enrichment of Ag, Mn, and
other ore minerals within the hydrothermal system. Additionally, magnetite and hematite
were commonly found in peripheral areas of Fe-Mn carbonate minerals in this mining
region, indicating significant thermal alteration subsequent to mineralization. Such thermal
alteration likely contributed to further enhancement of Ag deposition. These findings pro-
vide an explanation for the supernormal enrichment of Ag (highest grade: 25,516.00 g/t) at
the Erdaokan deposit, while offering new insights into prospecting strategies within this
ore cluster area.

Triassic period
—» NS

Figure b

a

Mongol-Okhotsk Ocean

asthenosphere

Erdaokan
Ag deposit

upper mantle

Figure 14. Geotectonic location and model illustration of the Erdaokan deposit: (a) schematic diagram
depicting the geotectonic location of the Duobaoshan Cu-Mo-Au mineralization concentrated area;
(b) schematic model illustrating the metallogenic process of the Erdaokan deposit.
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6. Conclusions

e  Fe-Mn carbonate is a pervasive mineral in the Erdaokan Ag deposit, primarily formed
during the galenite—sphalerite—Fe—Mn carbonate stage. Through microscopic analysis
and EPMA, pyrargyrite was found to coexist with Fe-Mn carbonate, while argentite is
finely disseminated within Fe-Mn carbonates. Consequently, the presence of Fe-Mn
carbonation has great potential as an indicator for prospecting regional Ag deposits,
and provides a novel avenue for comprehending mineral deposit information.

e  The Fe-Mn carbonates can be classified into manganese siderite and iron rhodochrosite,
representing the two extremes of isomorphism. These Fe-Mn carbonates are primarily
distributed in banded or nodular forms within the ore, often intersected by quartz
veins. Microscopically, the Fe-Mn carbonates exhibit semi-idiomorphic rhomboid
morphology, semi-idiomorphic rhomboid assemblage, rhomboid twinning, and resid-
ual structures resulting from quartz metasomatism. The concentrations of Fe and
Mn show continuous variations, and display a similar distribution pattern to that of
rare-earth trace elements.

e  The Fe-Mn carbonates in the Erdaokan Ag deposit exhibit a similar distribution pattern
of trace elements and REE, indicating a pronounced resemblance to the pyrite pattern
observed in the deposit. Furthermore, these carbonates display a depletion of Zr, an
enrichment of light rare-earth elements, a noticeable deficit of Eu, and an average
Y/Ho value of 34.29. These findings suggest that the ore-forming materials originated
from deep magma sources with involvement from upper-mantle materials.

e  The Sm-Nd isotopic isochron age of the Fe-Mn carbonate monomineral has been
determined to be 233.7 + 1.2 Ma (MSWD = 1.5), indicating that the formation of
the Erdaokan Ag deposit occurred during the Late Triassic Period in a magmatic
hydrothermal environment characterized by moderate to low temperatures. This
study further reinforces the significance of the Late Triassic Period as an additional
metallogenic stage in the Duobaoshan Cu-Mo-Au mineralization concentrated area.
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Abstract: The Barroso-Alvao region is an excellent setting for studying Li mineralization associ-
ated with granitic pegmatites and developing Li exploration techniques. Among the distinguished
pegmatite types in this pegmatite field, the spodumene-bearing dyke from Alij6 is a representative
example of an Iberian Li-Cs-Ta (LCT) pegmatite currently under exploitation. In this work, we
examine the internal evolution of the Alij6 dyke and its external metasomatic effect on the surround-
ing metasediments, contributing to lithium exploration techniques. Electron microprobe analyses
provided clues about the crystallization conditions and the degree of differentiation of the pegmatitic
melt, whereas the external metasomatism induced by the spodumene-bearing pegmatite was studied
through whole-rock geochemistry. The obtained results indicate that the primary crystallization of
the studied dyke likely occurred at temperatures between 450-500 °C, with emplacement at shallow
crustal levels of about 2-3 kbar. The high concentrations of trace elements such as Li, Cs, Rb, Be, Sn,
Nb, Ta, Ge, U, and Tl in the pegmatitic melt suggests high availability of these elements, allowing
their partitioning into an early exsolved fluid phase. The exsolution of this fluid phase, subtracting
components such as F and B, from the pegmatitic melt would cause a significant undercooling of the
melt. Moreover, the interaction of this expelled fluid with the country rock generated a metasomatic
overprint in the surrounding metasedimentary host rocks. The metasomatic effect in Alijo is strongly
influenced by the nature of the host metasediments, with a significantly higher grade of metasoma-
tism observed in pelitic (mica-rich) samples compared to psammitic (mica-poor) samples collected
at same distances from the dyke. The greisen developed close to the pegmatite contact reflects this
metasomatic signature, characterized by the mobilization of at least B, F, Li, Rb, Cs, Sn, Be, Nb, Ta,
and T1. We cautiously suggest that whole rock Li concentrations greater than 300 ppm, combined
with a minimum value of 1000 ppm for the sum of B, F, Li, Rb, Cs, and Sn in pelitic metasediments of
Barroso—Alvao, may be indicative of a mineralized pegmatite in this region.

Keywords: spodumene; pegmatite; lithium exploration; metasomatism; Barroso-Alvao; Iberian Massif

1. Introduction

Lithium demand as a high-technology metal has increased considerably in the last
decades [1-3]. The use of this element in rechargeable batteries, high-capacity energy
storage, and capacitors for wireless technology has made it a strategic metal for the current
society [4-6]. As alogical consequence, scientific knowledge about the location of Li-bearing
mineralization has become a priority for the European Union [7,8].
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Among the different types of existing lithium mineralization, pegmatites are con-
sidered a feasible source of many critical raw materials [5,9]. Rare element pegmatites,
especially those included in the Li-Cs-Ta (LCT) family, show marked enrichment in a
variety of chemical elements such as Li, Rb, Cs, Be, Sn, Ta, P, B, and F [10,11]. The chemical
behavior of these incompatible elements in granite-pegmatite systems is of increasing
interest among the scientific community. The distribution of incompatible elements in
pegmatite-forming minerals during pegmatite crystallization has been proven to be an
excellent tool for estimating the fractionation degree of a pegmatite body (e.g., [11,12]). As
a result, the chemical variation in micas, quartz, and feldspars, among others, has become
a principal objective in the exploration of pegmatite-related critical raw materials [8,13,14].
However, the magmatic-hydrothermal transition in pegmatitic systems is still a matter
of debate, and the behavior of the aforementioned elements in the presence of coexisting
fluids is not fully understood [15-18].

In this work, we present a mineralogical and whole-rock geochemical characterization
of a spodumene-bearing pegmatite and its metasedimentary host rocks. This contribution
provides new insights not only into the internal magmatic-hydrothermal evolution of this
Li-bearing pegmatite but also into the metasomatic processes developed in the adjacent host
rocks. The studied pegmatite, located in northern Portugal, is currently under exploitation
and represents a good example of the late-Variscan LCT pegmatites that occur in NW Iberia,
so its study would contribute to the understanding of the formation history of pegmatitic
rocks. Moreover, the inferences about the geochemical halos generated around the studied
pegmatite could be extended to other mineralized LCT pegmatites in the European Variscan
Belt, providing new data to consider in less-invasive mineral exploration techniques.

2. Geological Setting

The Barroso—-Alvao (BA) region is known for its vast Li mineralization associated with
pegmatites (e.g., [19-21]). This proliferous pegmatite field is located in northern Portugal,
in the most westerly portion of the European Variscan Belt, the Iberian Massif (Figure 1).
Of the several geotectonic zones that compose the Iberian Massif, the study area belongs to
the Galicia-Tras-os-Montes Zone (GTMZ) as defined by [22], specifically to the Schistose
Domain or Parautochthon, and is close to the basal thrust that represents the southern
boundary with the Central Iberian Zone (CIZ) [22-24].

The Schistose Domain or Parautochthon comprises preorogenic Cambro-Silurian
sedimentary successions and Devono-Carboniferous synorogenic sequences, with minor
Ordovician felsic volcanics [24,25]. This sedimentary record has been interpreted as distal
deposits of the Gondwanan continental margin, showing affinities with the autochthonous
CIZ (e.g., [24,26]). The main hosts for the pegmatites of the BA Pegmatite Field include mica
schists, quartz-feldspathic schists, phyllites, quartz phyllites, quartzites, metagreywackes,
cherts, and minor calcsilicate rocks [27].

The BA region was affected by three deformation phases of the Variscan Orogeny (D1
to D3) recognized by S1-S3 foliations, resulting in an imbricated internal structure [28-30].
Intermediate-pressure Barrovian metamorphism reached up to medium-grade conditions
in the internal areas of the GTMZ [26], with pressure-temperature peak estimations for the
BA region established at T = 500-550 °C and P = ~3 kbar, within the amphibolite facies [30].
The studied areas belong to the biotite and andalusite zones, displaying isogrades with a
general WNW-ESE direction, roughly parallel to the nearby Variscan granitoids located to
the south of the pegmatite field [28,30] (Figure 1). Another remarkable structural feature of
the area is its proximity to the Regua-Verin fault, one of the major sets of NNE-SSW faults
in the region.
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ALIJO #

Figure 1. (a) Geological map of the Iberian Massif (IM; excluding the Ossa-Morena and South
Portuguese zones), highlighting the Variscan Igneous Rocks (VIR). (b) Regional geological map
of the Barroso-Alvao region: I: post-D3 biotite granites; II: syn-D3 biotite granites; III: syn-D3
biotite > muscovite granites; IV: syn-D3 two-mica granites; V: mica-schist and metagreywackes
(lower parautochthon); VI: mica-schist/phyllites and quartzites (upper parautochthon); VII: dark
schist and quartzites (upper parautochthon): Star: location of studied dyke. Based on [27,31-33].

Different types of late Variscan granitoids surround the BA Pegmatite Field, ranging
from syn-D3 two mica granites to late/post-D3 biotite granites [34-38]. The syn-D3 plutons
are represented in the area by the Barroso and Vila da Ponte granites, the Cabeceiras de
Basto Pluton, and the Boticas/Leiranco granite, whereas late- to post-D3 massifs correspond
to the Vila Pouca de Aguiar and Peneda-Gerés plutons [27,35,38—40]. The syn-D3 two-
mica granites are peraluminous, and their origin has been proposed to be mainly from a
crustal derivation, involving the melting of distinct metasedimentary and/or metaigneous
sources [35,41]. By contrast, the genesis of the biotite dominant late- to post-D3 granitoids
has been attributed to mantle-derived magmas in diverse ways, from hybridization of
mantle-derived juvenile magmas with crustal melts/rocks to the melting of metabasic
lower crustal protoliths [35,42,43] (Figure 1).

Pegmatites from Barroso—Alvio

The pegmatites from the BA Pegmatite Field are unevenly distributed in the region.
They form local swarms of various sizes, up to 300 m in outcrop length. Their width
is variable, from less than a few meters to up to 30 m across. These pegmatites display
varied structures in terms of emplacement, some are flat-lying, whereas others occur gently
or steeply dipping. Typically, these pegmatites cut discordantly through the host rock,
showing sharp contacts. According to [44,45], five different groups of granitic pegmatites
are identified in BA:

(1) Intragranitic pegmatites with quartz, feldspar, muscovite, biotite, minor tourmaline,
beryl, garnet, fluorapatite, chlorite, and zircon.
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(2) Barren pegmatites with quartz, feldspar, muscovite, minor biotite, fluorapatite, beryl,
tourmaline, chlorite, zircon, pyrite, and monazite-(Ce).

(3) Spodumene pegmatites with quartz, feldspar, spodumene, muscovite, minor columbite
group minerals (CGM), fluorapatite, montebrasite, triphylite, phosphoferrite, dufrénite,
fairfieldite, chlorite, tourmaline, zircon, uraninite and sphalerite. The selected aplite-
pegmatite body from Alijé belongs to this third group.

(4) Petalite pegmatites with quartz, feldspar, petalite, muscovite, minor cassiterite, CGM,
fluorapatite, montebrasite, ferrisicklerite, eosphorite, pyrite, sphalerite, uraninite,
monazite-(Ce), autunite and xenotime.

(5) Lepidolite pegmatites with albite, lepidolite, and muscovite, minor cassiterite, CGM,
fluorapatite, zircon, and goyazite.

3. Materials and Methods

Representative samples from 8 different parts of the selected dyke were collected for
the present study in a 32 m-thick section perpendicular to the strike of the dyke. A total of
23 host rock samples were collected following the procedures of the H2020 GREENPEG
project, taking samples systematically in a section perpendicular to the strike of the dykes,
up to 35 m far from the dyke (location in Supplementary Materials; more details for the
sampling procedure are provided in [18]). Among those host rock samples, four were
collected several hundred meters away from the pegmatite as ‘control-samples’, in order to
represent non-metasomatized compositions for the metasedimentary rocks.

Thirty-five polished sections were made from representative samples of the mineral-
ized pegmatite and its host rocks for petrographic study, which was carried out using a
Leica DM LP model polarizing microscope, Leica Microsystems Pty Ltd, Lane Cove West,
Australia fitted with a CCD camera at the Geology Department of the University of the
Basque Country UPV/EHU.

3.1. Electron Microprobe (EMP) Analysis

Over 300 EMP analyses were obtained from polished thin sections using a Camebax
SX-100 EMP at the Raimond Castaing Centre of the University of Paul Sabatier (Toulouse,
France). The operating conditions were a voltage of 15 kV and a beam current of 10 nA
(20 nA for phosphate minerals). The calibration standards used were synthetic SiO, (Si),
synthetic MnTiOj3 (Ti, Mn) wollastonite (Ca) corundum (Al), hematite (Fe), albite (Na),
orthoclase (K), fluorite (F), graftonite (P), periclase (Mg), synthetic chromite (Cr), synthetic
glass of Rb,O (Rb) and Cs,O (Cs), synthetic BaTiO3 (Ba), sphalerite (Zn), and tugtupite (Cl).
Data were reduced using the procedure outlined in [46], and analytical errors estimated at
+1%-2% for major elements and 4-10% for minor elements. Complete results can be found
in the Supplementary Materials (SM).

3.2. Whole-Rock Geochemical Analysis

A total of 24 samples were sent to Activation Laboratories Ltd. (Ancaster, ON, Canada)
for whole-rock major and trace element analyses. For the pegmatite, a representative sample
was obtained by crushing 15 kg of different proportional parts of the pegmatite to a nominal
grain size of 1 cm at the Geology Department of the UPV/EHU. In the case of the 23 host
rock samples, they were cut to obtain representative sub-samples of 300 g. Each sample was
then crushed up to 80% (passing 2 mm), split using a riffle splitter (250 g), and pulverized
up to 95% (passing 105 um) using a mild steel pulverizer.

Major and trace element concentrations were obtained via different analytical tech-
niques. To obtain major element concentrations, as well as Zr, Sc, Hf, and Lu concen-
trations, a lithium metaborate/tetraborate fusion was performed to dissolve the entire
sample. Major elements were measured using X-ray fluorescence (Actlabs, Ancaster, ON,
Canada), whereas Sc and Zr were analyzed by inductively coupled plasma—optical emis-
sion spectrometry (ICP-OES, Actlabs, Ancaster, ON, Canada), and Hf and Lu by ICP—mass
spectrometry (MS, Actlabs, Ancaster, ON, Canada). Concentrations of the remaining trace
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elements were also measured by ICP-MS, but with a previous sodium peroxide fusion. Flu-
orine concentrations were analyzed using an ion-selective electrode (ISE, Actlabs, Ancaster,
ON, Canada) following a lithium borate fusion and dissolution in dilute nitric acid.

4. Results
4.1. Field Characterization of the Spodumene-Bearing Dyke from Alijo

The studied aplite-pegmatite body from Alijo is a subvertical discordant body with
an approximate strike of N155° E and variable thickness (5 to 30 m). This heterogeneous
dyke is composed mainly of quartz, plagioclase, K-feldspar, spodumene, and white mica,
with accessory tourmaline, phosphate minerals, eucryptite, beryl, cookeite, and CGM.
According to [47], this dyke may be classified as an LCT pegmatite of the complex type
and the spodumene subtype. Aplitic and pegmatitic facies are distributed heterogeneously
inside the dyke, typically with an abrupt transition between them. Quartz and plagioclase
compose mainly the aplitic units, whereas K-feldspar occurs randomly distributed. On the
contrary, plagioclase and K-feldspar (quartz) are the main rock-forming minerals in the
pegmatitic units. Locally, spodumene becomes the main mineral phase.

One of the most remarkable petrographic features of this dyke is the abundance of
unidirectional solidification textures (UST). In the aplitic units, a subvertical layering is
commonly observed parallel to the contact with the host rocks, with alternating (~1 cm
thick) quartz + plagioclase-rich and plagioclase-rich layers (crystal sizes in the range of
1-3 mm) (Figure 2a). In the pegmatitic facies, plagioclase crystals often exhibit a combed
texture, with the axis of the crystals growing perpendicularly to the contact with the host
rocks (Figure 2b). Less frequently, spodumene crystals also appear as combed crystals.

Figure 2. (a) Layered structure in an aplitic sample alternating quartz + plagioclase and plagioclase-
rich layers. (b) Hand sample with a pegmatitic texture, exhibiting combed feldspars marked with
dashed lines. (c) Representative outcrop of the pelitic host metasediments. (d) Field photograph of
an outcrop showing psammitic layers in a mainly pelitic lithology.

The Alij6 spodumene-bearing aplite-pegmatite body intrudes discordantly into a
metasedimentary sequence that includes phyllites and mica-schists interlayered with
black schists, lydites, and some quartz-phyllites and calc-silicate rocks of upper Ordovi-
cian to lower Devonian age [30] (Figure 2¢,d). Broadly, these metasediments can be
classified as pelitic (mica-rich and quartz/feldspar-poor) and psammitic (mica-poor).
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These metasediments were later affected by the Variscan Orogeny, with the respective
metamorphic overprint.

4.2. Petrography and Mineral Chemistry of the Spodumene Pegmatite

The mineralogy of the studied pegmatitic body predominantly consists of quartz,
plagioclase, K-feldspar, spodumene, and muscovite. Additionally, it contains accessory
minerals such as tourmaline, phosphate minerals, eucryptite, beryl, cookeite, and members
of the columbite group (Figure 3).

Figure 3. (a) Microphotograph of combed micas growing from the contact with the host rock marked
by dashed line. (b) Euhedral spodumene crystals of up to 8 mm. (c) Eucryptite (Ecp) (yellowish) and
cookeite (Ckt) (uncolored) replacing spodumene (Spd) crystals, with some relicts of Spd. (d) Anhedral
crystal of montebrasite (Msb) with a slight twinning.

Feldspars constitute a volumetrically important part of the studied dyke, with albite
(Abgg—Abgg g) being the most common term (Supplementary Materials). Albite occurs as
fine to coarse subhedral crystals, with the biggest ones often growing perpendicularly to
the dyke contacts. The chessboard texture or myrmekite intergrowths have been described.
Potassium feldspar (Org,—Orgg) occurs as subhedral to anhedral crystals, varying in size
from very fine to coarse (<5 cm). Some crystals display inclusions of quartz and/or micas,
whereas others display Carlsbad or cross-hatched tartan pattern twinning. Phosphorous
contents reach up to 0.43 wt.% and 0.36 wt.% (P,Os) in K-feldspar and plagioclase, re-
spectively. A negative correlation between Si and P + Al suggests the influence of the
berlinite substitution type for the incorporation of P in the structure of these alkali feldspars
(Figure 4a). Rubidium concentrations reach up to 2469 ppm in K-feldspar and below the
detection limit in plagioclase.
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Figure 4. (a) Binary Si vs. P + Al diagram of K-feldspar and plagioclase from the Alijé peg-
matite. (b) Binary Mg — Li vs. Fe + Mn + Ti + AlV! diagram of analyzed micas (based on [48]).
(c) Ternary Na + K vs. Ca vs. vacancy (X site) classification diagram of analyzed tourmaline crystals.
(d) Quadrilateral Mn/(Mn + Fe) vs. Ta/(Ta + Nb) plot of analyzed CGM from the Alij6 pegmatite.
Analyses of CGM from other localities from BA are also shown in green for comparison (data
from [44]).

White mica crystals are fine-grained (<1 ¢m), subhedral, and usually tabular (less
frequently radial). Close to the contacts with the host rocks, micas with combed textures
grow perpendicularly to them (Figure 3a). Occasionally, primary crystals show “patchy
zoning”. Analyzed micas fall in the muscovite field sensu stricto of the [48] classification
diagram (Figure 4b; Supplementary Materials). Overall, Rb and Cs contents in micas
reach up to 8961 ppm and 1792 ppm, respectively, whereas the Li content does not exceed
1000 ppm (Supplementary Materials).

Spodumene is the main Li-bearing rock-forming mineral phase in Alijo. The primary
spodumene crystals are euhedral to subhedral with a medium to coarse grain size (<3 cm)
(Figure 3b). As with other main mineral phases, these prismatic crystals may also grow
perpendicularly to the contact with the host rock, showing a combed texture. Anhedral fine-
grained secondary spodumene crystals are also common, containing small sub-rounded
quartz crystals as a result of petalite replacement. Aggregates of spodumene crystals
with an acicular habit, showing vermicular textures oriented around coarser crystals,
have also been found. Eucryptite, as a low-PT Li-aluminosilicate, occurs as an accessory
phase, as very fine-grained aggregates of anhedral crystals, together with albite and/or
K-feldspar. These very fine-grained aggregates commonly replace pseudomorphically
previous spodumene crystals, with small relicts of spodumene in the interior (Figure 3c).
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Sometimes, eucryptite also occurs together with phyllosilicates such as cookeite, a frequent
product of spodumene alteration (Figure 3c).

Tourmaline occurs as an accessory phase, mainly in the aplitic units of the dyke. It
shows a fine to medium crystal size and appears as euhedral to subhedral crystals with
a prismatic or acicular habit, apparently with no preferred orientation. According to the
X-position occupancy [49,50], analyzed tourmalines are alkaline (Figure 4c). Chemical data
showed 9.97-12.84 wt.% and <0.09 wt.% of FeO and MgO, respectively, allowing them to
be classified as Fe-rich term schorl (Supplementary Materials). Instead of Mg, Li is present
in tourmaline from the dyke (Li;O 0.28-0.8 wt.%), belonging to the schorl-elbaite series
and evolving via the LiAl(Fe)_, exchange vector.

Phosphate minerals appeared scattered, predominantly in the aplitic unit. In general,
these accessory phases appear as subhedral to anhedral fine crystals and display brownish
to yellowish color tones. Apatite is the most common phosphate, comprising chlorapatite
(1.48-3.71 wt.% of Cl) with dark brown shades and a prismatic habit, and light brown to
beige fluorapatite (2.3-3.46 wt.% of F) (Supplementary Materials). In general, MnO and
FeO contents are high (1.41-6.75 wt.% and 1.25-4.44 wt.% respectively), with chlorapatites
richer in Mn (~5 wt.%) and fluorapatites in Al (1.19-5.32 wt.%). Apatite crystals with
low F and Cl could be classified as hydroxyapatites. Measured concentrations of Sr reach
up to 1.12 wt.% (SrO). Regarding the amblygonite group minerals, they show a marked
twinning (Figure 3d). Taking into account the low values of F (<1.4 wt%), these accessories
correspond to almost pure montebrasite-term (Supplementary Materials).

Columbite group minerals from the studied dyke occur as an accessory phase. These
fine-grained tabular crystals show homogeneous Mn/(Mn + Fe) and Ta/(Ta + Nb) ratios
close to 0.5 (Supplementary Materials). Based on their composition, most of the analyzed
crystals may be classified as columbite-(Fe) (Figure 4d).

4.3. Petrography and Mineral Chemistry of the Host Rock

The studied host rock samples were composed of mica-schists, metagreywackes,
quartzites, and phyllites that form a metamorphosed psammopelitic sequence (Figure 2¢,d).
In the pelitic samples, a well-developed slaty cleavage was observed (Figure 5a). In
these samples, muscovite, biotite, and quartz were the main mineral phases whereas
oxides, apatite, and garnet corresponded to the most common accessory phases (Figure 5a).
Contrarily, the psammitic samples were mainly composed of quartz, with significantly
smaller amounts of muscovite and biotite, with oxides as accessory minerals that appeared
essentially in the pelitic layers (Figure 5b). Some samples corresponded to intermediate
terms, with nearly equal proportions of micas and quartz (Figure 5c). Scattered biotite and
garnet porphyroblasts were common in many samples, with relatively greater crystal sizes
(Bt up to 2 mm, Grt up to 1.5 mm) (Figure 5d).

Close to the contact with the pegmatite, well-developed tourmalinization was ob-
served in the pelitic samples and/or layers, with up to 1.5 cm long euhedral /subhedral
tourmaline crystals that become gradually smaller in the samples collected further from the
contact (Figure 5e). There were notable compositional differences between the tourmaline
from the dyke and that found in its host rocks. Analyzed tourmaline crystals from the
host rocks showed relatively lower FeO (8.94-10.97 wt.%) and higher MgO (2.75-3.9 wt.%)
contents, belonging to the schorl-dravite series (Supplementary Materials).

Also close to the pegmatite contact, irregular masses of greisen formed mainly by
quartz and muscovite were locally observed. The crystal size in these bodies (up to 3 mm)
was greater than that of the metasedimentary host rocks (Figure 5f).

4.4. Whole Rock Geochemistry

The studied aplite-pegmatite body showed relatively high SiO, (75.62 wt.%), Al,O3
(16.05 wt.%), NayO (3.18 wt.%), and P,Os (0.23 wt.%) contents, resulting in a strongly pera-
luminous and perphosphorous nature (A/CNK = 2.1; normative apatite = 0.18; Table 1). As
expected, MgO (0.03 wt.%), Fe,O5t (0.34 wt.%), TiO; (0.01 wt.%), and CaO (0.1 wt.%) con-
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centrations are low, leading to a low maficity (B) parameter in the B-A diagram (Figure 6a).
Moderate concentrations of K,O (2.05 wt.%) lead to a K,O/Na,O ratio lower than unity
(0.67). Regarding trace element composition, the studied dyke showed relatively low
contents of F (100 ppm), but significantly high contents of Li (8480 ppm) (Figure 6b). The
ratios K/Rb (27) and Nb/Ta (1.6) were in the range of Iberian-enriched aplite-pegmatite
bodies (Figure 6¢). In addition to Li, Nb, and Ta, concentrations of other trace elements such
as Rb, Cs, Be, 5n, Ge, U, and Tl were significantly high as well, contrasting with commonly
low contents of Ba, Sr, Zr, Y, Th, and REE (Figure 6e; Table 1).

Figure 5. (a) Microphotograph of a pelitic (mica-rich) host rock sample, with a marked original slaty
cleavage and a well-developed crenulation cleavage. (b) Alternating psammitic (quartz-rich) and
pelitic layers in a psammitic host rock. (¢) Microphotograph of an intermediate sample, with a greater
mica proportion compared with the psammitic samples. (d) Porphyroblast of biotite (Bt) from the
host rock. (e) Small tourmaline (Tur) crystals formed in the pelitic layers of the host rocks relatively
close to the pegmatite. (f) Representative microphotograph of a greisen sample.
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Table 1. Major- (wt.%) and trace-element (ppm) whole rock geochemical analyses of studied rocks

from Alij6.
(a)
Type met met. met met met met met met. met. met. met. met.
Class. lith. wacke 1511:1}:' shale lith. lith. lith. shale shale shale greisen Shale
Sample B-09 B-10 B-11 B-12 B-13 B-14 B-15 B-16 B-17 B-18 B-19 B-20
l(jri?)t oW 05W 1w 2W 3W 6W 12W 20 W 35 W 50 W 0E 05E
SiO, 78.36 75.49 90.49 61.3 84.53 82.18 81.62 64.49 65.6 67.91 70.1 56.41
TiO, 0.54 0.56 0.19 0.9 0.45 047 0.46 1.18 0.82 0.56 0.13 0.96
AlL,O3 12.37 13.99 4.61 20.1 9.43 11.21 9.89 23.05 18.51 16.21 18.01 24.83
Fe, O3t 3.08 2.95 2.69 8.02 1.56 1.71 3.31 3.65 5.92 7.57 2.06 6.54
MnO 0.024 0.026 0.026 0.085 0.026 0.015 0.037 0.055 0.044 0.052 0.04 0.026
MgO 0.62 0.54 0.26 1.69 0.18 0.18 0.42 0.37 0.77 0.49 0.2 0.58
CaO <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.79 <0.01
Na,O 0.22 0.2 0.06 0.23 0.14 0.16 0.17 0.28 0.28 0.23 0.37 0.28
K,O 29 3.68 1.01 447 2.49 2.85 2.71 4.42 445 3.7 4.62 6.22
P,0s5 0.04 0.04 0.02 0.04 0.04 0.03 0.05 0.09 0.1 0.1 0.93 0.11
LOI 1.82 2.26 0.71 3.79 1.49 1.79 1.69 2.69 4.09 3.65 2.73 47
Total 99.97 99.74 100.09 100.63 100.34 100.6 100.36 100.28 100.58 100.47 99.98 100.66
F 600 500 <100 200 <100 <100 <100 <100 <100 <100 600 300
As 22 66 12 30 15 12 8 104 46 19 14 32
B 1430 430 60 80 90 90 90 180 150 90 350 240
Ba 481 642 179 823 477 532 539 814 940 689 170 1170
Be 11 <3 <3 <3 <3 <3 <3 <3 <3 <3 147 6
Cr 90 110 110 150 80 100 90 130 130 120 70 150
Cs 26.8 22.8 4.3 16.8 8.8 8.2 11 9.1 17.1 7.9 66.5 30.2
Ga 15.9 19.8 6 31.4 159 13.3 15.9 29.9 25.4 24.5 30.3 32.6
Ge 2.8 3.1 1.3 3.7 2.3 2.1 2.7 29 2.7 2.6 6.4 3.3
Li 288 294 104 400 99 105 123 105 190 113 264 472
Mo 5 6 9 3 3 6 3 1 <1 3 2 2
Nb 12.5 11.8 5 24.6 10.8 9.8 10 20.5 17.7 13.7 58.3 19.3
Ni 40 40 40 50 20 30 20 30 50 40 140 20
Pb 27.9 19.6 17.2 25.2 18.3 214 19.9 322 26.5 26 19.4 34.8
Rb 215 216 52.1 229 104 104 102 147 178 146 834 334
Sn 38 22.8 3.5 7.6 3.7 2.7 3 8.3 5 43 185 24.4
Sr 58 53 23 69 52 54 56 82 62 60 197 85
Ta 1.3 0.9 0.3 1.8 0.8 1.1 0.9 2.1 1.5 1.2 51.4 1.8
Th 17.5 144 5.5 20.4 18.3 14.9 16.2 30.9 19.5 14.7 3.3 22
Tl 1.5 1.6 0.3 1.5 0.5 0.6 0.5 0.6 0.8 0.5 44 1.7
U 4 3.6 1.3 35 2.6 25 3.3 6.6 45 4.1 7.6 4.2
\Y 52 63 17 128 32 35 38 71 78 71 16 121
W 5.9 5.8 1.9 6.9 3.6 5.1 43 5.7 7.6 54 54 16.9
Y 32 24.7 9.3 35 29.4 24 28.9 41.5 30.4 25.7 6.3 38.2
Zn 60 30 30 80 <30 30 30 40 40 60 60 100
La 41.8 40.3 13.2 59.3 36.5 34.6 43.3 55.5 45 38.1 8 59.2
Ce 90.6 80.8 27.3 116 77.7 70.2 91 119 89.3 79.2 16.7 112
Pr 11.1 10.1 3.3 14.8 9.8 8.5 10.5 13.8 11.1 10.2 1.9 13.9
Nd 37 329 12.2 48.1 32.1 32 35.9 52.9 40.5 32.6 7.6 50.5
Sm 8.3 8 2.3 9.1 6 5.2 7 9.1 7.1 8.2 1.6 10
Eu 1.6 1.6 0.4 1.6 1.3 1.5 1.6 1.7 1.3 1.3 0.7 1.5
Gd 6.3 54 2.3 79 54 4.8 6 7.7 6 55 1.2 7.2
Tb 0.9 0.8 0.2 0.9 0.9 0.7 0.7 1.2 1 0.9 0.2 1.1
Dy 5.1 4.8 1.8 5.9 4.8 4.2 49 6.9 5.5 43 1 6.3
Ho 1 1.1 0.3 1.3 1.1 0.8 1.1 1.4 1.1 0.8 <0.2 1.4
Er 3.2 2 1.1 29 2.6 2.3 3.2 3.3 3.3 2.6 0.5 3.8
Tm 0.5 04 0.1 0.5 0.5 0.4 0.5 0.6 0.5 0.4 <0.1 0.5
Yb 4 3.6 14 42 3.8 2.7 43 5 4.3 29 1.1 3.9
(b)

Type met. met. met. met. met. met. met Ctrl. Ctrl. Ctrl. Ctrl. Peg.
Class. wacke shale lith. lith wacke shale shale lith. shale lith. shale Isjlejg
Sample B-21 B-22 B-23 B-24 B-25 B-26 B-27 ALI-01 ALI-03 ALI-04 ALI-05 ALI-02
](Dl;s)t 1E 2E 3E 6 E 12E 20E 35E > 200 > 200 > 100 > 100 > 100
SiO; 71.31 54.76 78.18 81.2 73.52 63.31 63.12 77.92 60.16 81.57 59.14 75.62
TiO, 0.76 1.34 0.43 0.45 0.69 0.87 0.84 0.6 0.86 0.52 0.88 0.01
Al O3 16.96 26.2 12.89 11.47 17.02 22.32 19.57 12.73 21.1 10.53 22.19 16.05
Fe, 05t 35 6.67 2.19 1.63 3.14 5.89 7.41 2.9 6.82 2.36 6.74 0.34
MnO 0.024 0.056 0.016 0.015 0.026 0.051 0.048 0.054 0.065 0.039 0.074 0.029
MgO 0.3 0.85 0.36 0.24 0.44 0.87 0.62 0.44 0.91 0.41 1.48 0.03
CaO <0.01 <0.01 <0.01 <0.01 0.01 0.02 <0.01 <0.01 0.13 0.11 0.06 0.1
Na,O 0.21 0.24 0.16 0.15 0.18 0.24 0.38 0.14 0.26 0.15 0.28 3.18
K,O 4.34 5.28 3.33 3.11 3.1 3.96 4.93 3.73 6.13 3.03 6.69 2.05
P,0s 0.09 0.15 0.04 0.02 0.04 0.1 0.1 0.04 0.27 0.12 0.1 0.23
LOI 2.93 4.32 2.12 1.8 2.24 2.93 3.69 1.83 3.36 1.52 3.07 0.84
Total 100.42 99.87 99.72 100.09 100.41 100.56 100.71 100.38 100.07 100.36 100.7 98.48
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Table 1. Cont.

<100 <100 <100 <100 <100 <100 200 <100 300 <100 200
102 15 19 22 78 17 18 175 24 40
170 180 90 80 150 170 280 40 80 170 170
788 1020 614 560 568 755 1090 647 900 422 968
3 <3 <3 4 4 <3 <3 4 <3 5
150 160 80 90 100 160 130 80 160 100 140
17.1 17 8.8 5.8 13.5 32.6 19.6 7.8 25.2 7.2 22.5
22.7 33.4 16.6 17.5 21.7 28.8 27.9 154 34.9 15 30.8
3.8 24 2.3 3 3.3 2.7 1.6 3.2 2.1 2.5
355 676 167 129 298 497 231 44 108 50 130
<1 1 2 <1 3 <1 <1 <1 2 2
16.5 249 10.8 114 124 18.6 18.6 12.5 20.2 13.1 19.6
30 20 20 40 70 30 20 30 30 40
26.8 43.7 23.5 22 22.1 28.2 33 17.2 31.1 18.8 28.5
200 232 132 101 127 190 214 138 289 121 287
11.1 7 3.5 34 42 15.1 13.3 3.1 4.8 29 5
89 69 57 66 99 91 49 76 48 68
1.7 2.2 0.7 0.8 14 1.7 14 1.2 1.7 0.9 1.7
20.5 27.7 94 129 22.5 19.8 21 24 22.5 21.3 19.7
1.2 1.1 0.7 0.4 0.8 1.1 1.1 0.9 1.3 0.6 1.6
6.3 2.3 2.6 4.2 44 4.6 5.1 49 45 4.1
113 38 35 46 82 94 37 104 36 101
10.9 11 7 5.8 44 8.7 7.2 44 7.6 3 8.9
30.8 427 26.2 22.7 26 39.2 33 19.7 52.1 30.8 30
90 30 <30 60 80 110 <30 70 40 60
48.6 78.2 28.7 31.1 39.1 52.1 52.6 30.7 93.5 21.5 31
95.5 154 63 69.2 83 110 111 61.6 193 489 61.6
12.1 18.9 7.2 8.2 10.6 14.2 13.7 8.8 24.8 6.1 7.9
37.2 66 28.3 28.2 329 50.8 42 28.6 83.4 21.5 26.6
7.6 13.3 41 5.7 6.5 9.2 6.7 4.8 15.9 5.1 5.8
1.8 2.7 1.2 1.1 1.5 2 1.6 1 3.3 0.9 1.1
6.2 10.6 4.7 5.2 5.5 7.5 7.6 3 15.2 5.6 4.5
1.1 1.5 0.7 0.7 0.8 1.2 1 0.6 2.2 0.9 0.8
49 7.6 3.8 41 4.5 6.6 6.3 3.3 9.5 5.7 4.7
1.2 1.5 0.9 0.9 1 1.2 1.3 0.8 1.9 1.3 0.9
3.7 4.6 2.8 2.6 3.2 35 3 2.3 5.6 35 3
0.5 0.8 0.3 0.4 04 0.5 0.6 0.5 0.7 0.7 0.5
5 2.6 2.8 3.8 4.1 3.8 3. 5.2 41 3.3

met. = metasomatized host metasedimentary rock; Ctrl. = control sample (non-metasomatized composition);
Peg. = pegmatite; lith. = litharenite; Spd. Peg. = spodumene-bearing pegmatite.

The studied set of metasedimentary samples could be classified geochemically as
shales (eight pelitic samples), litharenites-arkoses (eight psammite samples), and two
intermediate wackes (Figure 6e). The SiO, contents were lower in the pelitic samples
(55-68 wt.%) compared with the psammitic samples (76-91 wt.%), which were inversely
correlated with the Al,O3 contents (1626 wt.% and 5-14 wt.%, respectively) (Table 1).
The pelitic samples had the highest FeO' (3.6-8.0 wt.%) and KO (3.7-6.2) concentrations
(1.6-3.3 wt.% and 1.0-3.9 wt.% in psammitic samples). The contents of TiO,, MgO, Na,O,
and P,Os5 were also higher in the metapelites as expected, and all of them were extremely
poor in CaO (most of them presented values below the detection limit). Trace element
composition also differed depending on their pelitic or psammitic nature, with overall
higher concentrations of Ba, Sr, Y, Th, and REE in the pelitic samples (Figure 6d,f).

In the case of other trace elements, significant variations were observed when metaso-
matized and non-metasomatized samples were compared. These differences were greater
in the case of pelitic samples, as they held higher absolute concentrations compared with
psammitic samples. Despite the similar low F contents of <600 ppm for the complete set
of samples (<100 ppm for most of them), some tourmalinized samples displayed high B
contents of 500-1430 ppm, and many of the metasomatized pelitic samples displayed Li
concentrations greater than 300 ppm (up to 676 ppm) (Figure 7a). These Li concentrations
decreased with the distance from the pegmatite contact, up to values that resembled those
of the non-metasomatized samples (about 50 ppm in psammites and around 100-130 ppm
in pelites). Maximum concentrations of other trace elements such as Rb (<350 ppm), Cs
(<35 ppm), and Sn (<40 ppm) were also measured in host metasediments close to the
pegmatite contact (Figure 7b—d).
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Figure 6. (a) Multicationic [B] vs. [A] diagram from [51] modified by [52], showing compositions of
the selected aplite-pegmatite, greisen, and host rocks from Alij6. (b) Bivariate plot displaying F vs.
Li (logarithmic) of the same set of samples (Iberian aplite-pegmatites, S1 granites, and S2 granites
also shown for comparison; data taken from [13]. (c¢) Nb/Ta vs. K/Rb diagram (logarithmic) of
the same three types of studied rocks. (d) Spider plots of the studied spodumene-pegmatite, host
metasediments, and greisen normalized to the upper continental crust (UCC; [53]). (e) Classification
diagram of siliciclastic sediments [54], showing compositions of the studied metasedimentary host
rocks. Compositions of the Neoproterozoic Iberian Average Shale (NIBAS; [55]), average of North-
Central Iberian Zone (N-CIZ) slates [56], and Post Archean Australian Shale (PAAS; [57]) are also
displayed for comparison. (f) Chondrite-normalized [58] REE diagrams of the host metasediments.
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Figure 7. Binary diagrams showing (a) lithium, (b) rubidium, (c) cesium, and (d) tin concentrations in
the studied host metasediments displayed relative to the distance from the dyke (*), i.e., the distance
from the dyke divided by the thickness of the dyke (range of non-metasomatized control samples
also displayed in grey for comparison).

Regarding the greisen sample collected immediately after contact with the pegmatite,
it showed remarkably high concentrations of P,Os5 (0.93 wt.%), F (600 ppm), B (350 ppm),
Li (264 ppm), Be (147 ppm), Rb (834 ppm), Cs (66.5 ppm), Nb (58.3 ppm), Ta (51.4 ppm), Sn
(185 ppm), and T1 (4.4 ppm) (Figure 7; Table 1).

5. Discussion
5.1. Internal Evolution of the Alijé Pegmatite

Several studies support that the structural state and texture of feldspars, as well as their
chemical composition, may help to clarify the crystallization conditions of pegmatites [59-62].
The coexistence of albite and K-feldspar as individual phases suggests the subsolvus character
of the studied body [63,64], as observed in the aplite-pegmatite body in Alijo. The crystallization
of the two feldspars may be due to the increase in temperature of the solvus, associated with
abundant Ca [65], or to the relatively high H,O activity in the system, which would decrease the
temperature of the solidus [63,66]. Considering the low Ca contents observed in the different
mineral phases of the studied pegmatite, which are consistent with the extremely low Ca
concentrations in the whole rock (CaO = 0.1 wt.%), the second option seems to be the most
plausible. The formation of greisen bodies and the tourmalinization observed close to the
contact also attest to the relatively high HyO contents in the pegmatitic system. On the other
hand, the presence of cross-hatched twinning in microcline, as a result of the monoclinic-triclinic
phase transition, indicates that the crystallization temperature of the dyke might have been
above 450-500 °C [67,68].
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Moreover, Li-aluminosilicates may help in interpreting the crystallization condi-
tions [20,69]. The presence of both primary and secondary spodumene indicates that,
in addition to crystallizing directly from the pegmatitic melt, some of the spodumene
crystals in the dyke have been formed during subsolidus processes. These secondary
crystals were most likely formed as the result of the replacement of primary petalite by a
spodumene + quartz intergrowth [SQI texture] [70-73]. As shown by the P-T phase dia-
gram for Li-aluminosilicates (Figure 8), the textural and paragenetic relationships suggest
arapid T decrease to allow the coexistence of primary and secondary spodumene with late
eucryptite. Considering that the maximum conditions of regional metamorphism for the
host rocks are ~3 kbar [30] and that the minimum crystallization temperature for K-feldspar
to show lattice twins is 450-500 °C, the primary crystallization of the Alijé pegmatite is
proposed to have occurred within the range of 450-500 °C and 2-3 kbar (blue rectangle
with dashed-line in Figure 8). This is consistent with the simultaneous crystallization
of spodumene and ‘non-preserved’ petalite. The secondary mineral paragenesis of the
studied dyke also indicates that the magmatic-hydrothermal transition in the evolution
of the studied spodumene-bearing pegmatite continued up to eucryptite stability condi-
tions (Figure 8). The replacement of spodumene crystals by eucryptite and cookeite is
evidence of low-temperature metasomatism in a subsolidus stage. However, recent studies
show that the stability of Li-aluminosilicates is more complex than previously thought,
suggesting that P and T may not be the only factors controlling the crystallization of these
minerals [72,73].

Spodumene
+qtz

e
@©
Q \
x
=
o

1~ Eucryptite Petalite

1 \ I [ 1 I
100 200 300 400 500 600

T (°C)
Figure 8. Temperature vs. pressure phase diagram for Li-aluminosilicates (modified from [69]).

Apart from textures, mineral chemistry provides valuable insights into the crystalliza-
tion processes that occurred within the Alij6 dyke. The ratio K/Rb is considered a good
indicator of the degree of fractionation in granitic-pegmatitic magmas, decreasing as the
fractionation proceeds [74-76]. The K/Rb ratio in micas of spodumene pegmatites from BA
is about 29 [45]. This value is relatively low, but it cannot be considered as extremely low
as seen in highly fractionated pegmatites (K/Rb = 9 for lepidolite-bearing pegmatites, [45]).
In other pegmatitic fields from the CIZ, the observed values are consistent. In Tres Arroyos,
micas from the lepidolite-bearing pegmatites show K/Rb ratios of 20-4 [60]. Micas of the
Li-mica-rich pegmatites from Fregeneda—Almendra show ratios of about 8-12, whereas
spodumene pegmatites are in the range of 33-39 [77]. Considering these values, the ratio
of 29 for micas from BA suggests a higher degree of fractionation compared with other
spodumene-bearing pegmatites from the CIZ, but lower when compared with Li-mica
and/or lepidolite-rich pegmatites from the same area. Whole-rock geochemistry is in line
with this, with a K/Rb ratio of 27 calculated for the studied dyke, which is relatively lower
than that obtained by [19] and that of spodumene-bearing pegmatites from Fregeneda—
Almendra [K/Rb = 39—46], and higher than those of the Li-mica-rich pegmatites from
Fregeneda—-Almendra (K/Rb = 16-17) [78] and lepidolite-bearing dykes from Tres Arroyos
(K/Rb =7) [79].
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Phosphate minerals also play a significant role as petrogenetic indicators in these
granitic-pegmatitic environments [80-83]. Considering that Cl is a highly volatile element,
and so, would easily separate from the melt once the system was opened [84], the crystal-
lization of chlorapatite must have occurred before the opening of the system. The analyzed
CGM crystals show slightly higher Ta/[Ta + Nb] and Mn/[Mn + Fe] ratios than the ones
proposed for the spodumene subtype pegmatites from the Barroso-Alvao region [44]. How-
ever, all of them are in agreement with other CGM from spodumene-bearing pegmatites
from the CIZ, such as the Fregeneda—Almendra pegmatite Field [77]. The small variation
in the fractionation of Nb-Ta could be attributed to the presence of other Fe competitors
such as schorl [85].

According to experimental data based on the correlation CgMontebrasite — 3 g5Cmelt 4 o g7
obtained by [86], the F concentration in the melt during crystallization would be below 0.27%.
Such a low F contents in the melt, also evidenced by the absence of topaz and the presence
only of montebrasite, would determine the principal Li-bearing minerals, crystallizing Li-
aluminosilicate instead of lepidolite in the Alijo dyke.

5.2. External Metasomatism Caused by the Alijo Pegmatite

The magmatic-hydrothermal transition in pegmatite evolution is a complex, multi-
stage process where silicate melt-hydrosaline melt-aqueous fluid immiscibility may occur
as the pegmatitic melt cools (e.g., [87-90]). This transition in magmatic systems of granitic
composition usually occurs when crystallization is already in an advanced stage, but in
the case of volatile-rich shallow magmatic systems, early exsolution of fluid phases is also
likely [91]. The nature of the exsolved fluid strongly depends on the nature of the peg-
matitic melt, conditioning the availability of the elements that can partition into the fluid
phase [92,93]. In the case of evolved terms of LCT pegmatites, the studied cases have shown
that the pegmatite-derived metasomatizing fluids may cause enrichment in elements such
as Li, Rb, Cs, F, B, Sn, Be, Tl, and W in the host rocks [15,17,18,94,95]. Despite varying in
abundance compared to host rocks of other types of LCT-type enriched pegmatites, the
host rocks that accommodate similar spodumene-rich pegmatites in this case study show
enrichment in these same elements, especially in B, F, Li, Rb, Cs, and Sn (e.g., [17,18]).

The scarce presence of tourmaline within the studied spodumene-bearing dyke, to-
gether with the tourmalinization developed in the host metasedimentary rocks, particularly
in close proximity to the pegmatite, suggest a relatively early opening of the system. This
tourmalinization indicates B metasomatism in the host metasedimentary rocks, which
caused the enrichment of up to 1430 ppm in the whole rock. Fluorine contents are also
markedly higher in the host rocks close to the pegmatite contact (up to 600 ppm) and the
greisen (up to 600 ppm) when compared with that in the spodumene-bearing pegmatite
(<100 ppm) (Table 1). Although concentrations are not strictly correlated, Li enrichment
seems to have occurred together with that of B and F. Lithium enrichment decreases grad-
ually as the distance from the pegmatite increases, resembling a geochemical halo that
differs significantly between pelitic (mica-rich) and psammitic (mica-poor) metasomatized
samples (Figures 7a and 9a). Tin concentration is also remarkable outside the dyke, with a
maximum value of 185 ppm observed in the greisen sample. Similarly to Li, Sn contents
decrease with the distance in the metasomatized host metasediments, from a maximum
value of 38 ppm in samples collected close to the dyke (Figure 7d). Rubidium and Cs
enrichment in the metasedimentary host rocks is surprisingly minimal and is only recog-
nizable in some of the pelitic samples. On the contrary, in the greisen sample, Rb and Cs
concentrations reach high values of 834 and 66 ppm, respectively (Table 1). Despite the
relatively low Li contents in the greisen (264 ppm) compared with metasomatized pelitic
samples (400-700 ppm), the whole-rock geochemistry of the greisen properly reflects the
overall enrichment prompted by the pegmatite-derived metasomatizing fluids. The studied
greisen sample shows notably high contents of B, F, Li, Rb, Cs, Sn, Be, Nb, Ta, and T1, with
a total sum of B, F, Li, Rb, Cs, Sn of up to 2300 ppm (Figure 9b). The sum of these key trace
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elements shows differences between mica-rich and mica-poor samples as well, with greater
values in mica-rich samples (Figure 9b).
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Figure 9. Binary SiO,/Al,O3 vs. Li (a) and SiO,/Al,O3 vs. B + F + Li + Cs + Rb + Sn (b) dia-
grams that show geochemical differences between mica-rich (pelitic) and mica-poor (psammitic)
metasedimentary host rocks.

Despite the absence of clear concentration decreasing trends that may define geochem-
ical halos around the studied spodumene-bearing pegmatite (the only exception could be
Li), the metasomatic signature related to the pegmatite in the metasedimentary host rocks
is consistent with other studied cases in central Iberia (e.g., [18]). The geochemistry of the
pelitic samples collected close to the studied pegmatite, together with the geochemical
composition of the greisen, indicate that at least B, F, Li, Rb, Cs, Sn, Be, Nb, Ta, and Tl
were mobilized from the pegmatitic melt to the host rocks by the exsolved fluids. The early
exsolution of a fluid phase from the pegmatitic melt and its subsequent escape into the
nearby host rocks were probably facilitated by shallow emplacement conditions. The loss
of flux elements such as HyO, Li, F, and B may have induced a strong undercooling of
the system, resulting in the formation of the UST observed in the Alij6 pegmatite. This
lowering of the solidus, together with a sudden decrease in pressure and temperature due
to the shallow emplacement of the pegmatitic melt into open fractures, may have led to the
formation of such textures, as suggested in experimental works [96-99]. In addition, the
high concentrations of B and F in the exsolved fluids probably favored the formation of
metal-ligand complexes, facilitating their transport from the pegmatite to the surrounding
host rocks during fluid exsolution [100-103].

Based on the obtained geochemical data, certain inferences can be made regarding
lithium exploration for the BA region. Considering the significant differences observed be-
tween pelitic and psammitic host metasedimentary rocks in terms of elemental enrichment,
only the pelitic samples should be considered for lithogeochemical exploration studies.
Apart from the visible tourmalinization in the field, which may only indicate close proxim-
ity to a dyke, the whole rock geochemical gains in pelitic host rocks may trace mineralized
pegmatites at greater distances. Lithium contents greater than 300 ppm in this type of
sample may indicate the presence of a Li-rich pegmatite but should be used in combination
with other elements due to the lack of clear geochemical halos. We suggest the sum of B,
F, Li, Rb, Cs, and Sn as a possible parameter to consider for Li exploration in BA, with
an approximate minimum value of 1000 ppm (with all due caution) that may relate to a
mineralized pegmatite in this region.
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6. Conclusions

The spodumene-bearing pegmatite dyke from Alijé, located in the Portuguese Barroso—-Alvao
region, is an unzoned pegmatite enriched in elements such as Li, Cs, Rb, Be, Sn, Nb, Ta, Ge, U,
and T1, among others. Mineralogical data suggest a moderate to high degree of differentiation of
the pegmatitic melt, which was emplaced under pressure conditions of approximately 2-3 kbar.
Primary crystallization likely occurred at temperatures between 450-500 °C, with significant
undercooling caused by (1) a sudden decrease in P-T conditions due to the shallow emplacement
of the pegmatitic melt into open fractures, (2) the early exsolution of a fluid phase carrying flux
elements such as F, B, and Li, or (3) the combination of both of them.

The escape of the exsolved fluid phase generated greisen bodies and induced external
metasomatism in the surrounding metasedimentary host rocks. This study shows that the
degree of metasomatism varies not only with the composition of the intruded pegmatite, as
observed in other pegmatitic fields from CIZ [18], but also with the nature of the host rocks,
which are generally classified as either pelitic (mica-rich) or psammitic (mica-poor). Whole-
rock geochemistry reveals that pelitic samples exhibit a significantly higher enrichment of
fluid-mobilized elements (B, F, Li, Sn, Be, =Rb, and +Cs) compared to psammitic elements
collected at the same distances from the dyke. This suggests that, for lithogeochemical
studies aimed at Li exploration, pelitic samples should be prioritized over psammitic ones.
With all caution, we propose that whole rock Li concentrations greater than 300 ppm,
together with a minimum value of 1000 ppm for the sum of B, F, Li, Rb, Cs, and Sn in pelitic
metasediments from Barroso—Alvao, may indicate the presence of a mineralized pegmatite
dyke in the area.
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Abstract: A significant amount of pegmatite has been discovered on the northwest margin of the
Qaidam basin. Among this, the Jiaolesayi pegmatite, located in the northwestern margin of the Quanji
Massif (Oulongbuluke micro-continent), shows rare element mineralization potential. Detailed field
investigations, along with mineralogical, geochemical, and zircon U-Pb geochronological studies,
were carried out on the pegmatite. The results show that the Jiaolesayi pegmatite is syenite, without
obvious compositional zoning in the outcrop. It exhibits a peraluminous, high-K calc-alkaline nature
with strong depletions in Eu, Sr, Ba, Ti, and P, and high contents of Nb, Ta, Y, Ti, U, Th, and heavy rare
earth elements (HREEs), which are primarily concentrated in allanite-(Ce), euxenite-(Y), limonite,
thorite, and zircon. The geochemical and mineralogical features of the syenite pegmatite indicate it
belongs to the euxenite-type in the rare element class (REE) of the NYF family, with the characteristic
accessory mineral being euxenite-(Y). Its 10,000 Ga/ Al ratios (2.46 to 2.96), Zr + Nb + Ce + Y contents
(998 to 6202 ppm), Y/Nb ratios (0.62 to 0.75), and Yb/Ta ratios (0.80 to 1.49) show an affinity
with Aj-type granite. Zircons from the syenite sample yielded a weighted mean 2°°Pb /238U age
of 413.6 + 1.4 Ma, while the elevated U and Th concentrations in the zircons and Th/U ratios
(0.04 to 0.16) suggest the possible influence of hydrothermal processes in the late-stage fractional
crystallization. In the context of the regional tectonic evolution, the syenite pegmatite may have
formed from a basic alkaline magma derived from an OIB-like melt with minor crustal contamination,
under the post-collisional extension setting.

Keywords: NYF pegmatite; rare element; euxenite-(Y); northern Qaidam basin

1. Introduction

Competition among countries for strategic resources such as lithium (Li), niobium
(Nb), tantalum (Ta), and rare earth elements (REEs) is intensifying due to their critical
role in emerging technologies and industries [1]. About 1%-2% of all pegmatites contain
these rare elements, making these pegmatite deposits have significant economic value [2].
Pegmatites are primarily classified into two chemical families based on their distinctive rare
element enrichment: the LCT (Lithium-Cesium-Tantalum) family and the NYF (Niobium-—
Yttrium—Fluorine) family [3,4]. Recent studies [5-7] have also proposed a mixed family
(LCT + NYF) for pegmatites exhibiting characteristics of both.

Despite advancements in classification, LCT pegmatites dominate in both quantity
and subtype diversity among rare element pegmatites. They also represent the most sig-
nificant type of rare earth deposits and have become a primary focus of research [8]. LCT
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pegmatites are enriched in Li, Cs, and Ta, exhibit peraluminous features, and show com-
positional affinity with S-type granites [9]. They are believed to form during the late-stage
crystallization differentiation of granitic melts, primarily in late orogenic and post-orogenic
settings [4]. Globally renowned deposits such as Bikita [10] in Zimbabwe; Tanco [11] in
Canada; Greenbushes [12] in Australia; and Dahongliutan [13] in China all belong to the
LCT family. In contrast, NYF pegmatite signatures are relatively obscure. Pegmatites that fit
this type enrich Nb, Ta, Y, Zr, U, Th, HREEs, and E. They often contain exotic minerals such
as gadolinite, euxenite-(Y), polycrase-(Y), aeschynite-(Y), samarskite, thorite, allanite-(Ce),
or fergusonite [14-18], and rarely exhibit regional zoning patterns [8,19,20]. NYF pegmatites
typically show subaluminous or peraluminous characteristics, are closely associated with
A-type granites, and form under non-orogenic settings [4]. NYF pegmatites also hold sig-
nificant value for rare element resources, for instance, the Strange Lake deposit in Canada
hosts over one million tons of high-grade REEs, ZrO,, Nb,Os, and BeO [21].

Since 2020, researchers have discovered over two hundred pegmatites with rare element
mineralization potential in the western Quanji Massif, the northwest margin of the Qaidam
basin (Figure 1C-E). These pegmatites were identified in the Niubiziliang, Dachaigou, and
Jiaolesayi areas using remote sensing interpretation and identification technology [13,22].
Many pegmatites exhibit Nb, Ta, Rb, and HREE mineralization. The largest continuous
vein verified in the field extends approximately 7 km. Previous researchers [23] reported
a small Nb-Ta deposit in the Jiaolesayi area, but detailed studies were not conducted.
Recently, the authors found several rare element-bearing pegmatites while examining the
Nb-Ta deposit. Besides known Nb-Ta enrichment, the newly discovered pegmatites also
significantly enrich Zr, Y, U, Th, and HREEs, showing the characteristics of NYF pegmatite.
Therefore, through petrological, mineralogical, and geochemical analyses, combined with
electron probe microanalysis (EPMA) and zircon U-Pb dating, this study aims to determine
the geological features, mineral assemblages, possible petrogenesis, and geochronology of
newly discovered rare element-bearing pegmatites in Jiaolesayi.

l:l Precambrian basement - Early Paleozoic Gabbro

D Paleoproterozoic Dakendaban Group Phanerozoic intrusion

\: Early Paleozoic Lapeiquan Group - Mafic-ultramafic intrusion

8% { El Devonian Maoniugou Formation E Major faults N
l:l Carboniferous Yingebulake Formation Sampling location

l:] Quaternary sediments Pegmatite Belt 1L

- Precambrian meta-plutonic rocks

Figure 1. (A) Location of the study area (based on Google Earth image). (B) Geological map of the
northwest margin of Quanji Massif. Figure 2 is shown as red rectangle. (C-E) Remote sensing images
of pegmatites in Niubiziliang, Dachaigou, and Jiaolesayi (unpublished images from Xi’an Center of
China Geological Survey, 2020).
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Figure 2. Simplified geological map of Jiaolesayi.

2. Geological Background
2.1. Regional Geology

The Jiaolesayi area is on the north margin of the Quanji Massif (Figure 1B), close to the
Altun Tagh Fault which marks the northern margin of the Qinghai-Tibet Plateau [24]. The
Quanji Massif, also known as the Oulongbuluke micro-continent, is one of several micro-
massifs situated between the North China Craton (NCC) and Tarim Craton (TC) [25-27].
It extends WNW-ESE for nearly 500 km and measures about 50-100 km wide. Bounded
by the Qilian orogenic belt to the northeast and the early Paleozoic north Qaidam high- to
ultrahigh-pressure (HP-UHP) belt to the southwest [28,29] (Figure 1A), the Quanji Massif
features a Paleoproterozoic medium to high-grade metamorphosed crystalline basement
overlain by unmetamorphosed Neoproterozoic to Mesozoic strata [25,28,30-32]. This
typical cratonic double-layered structure along with similarities to the Tarim Craton in
terms of stratigraphic sequences, magmatic evolution, and metamorphic histories [33],
suggests that this narrow ancient cratonic fragment was once part of the TC [26,34].

The metamorphic basement of the Quanji Massif is mainly composed of the Delingha
complex and the Dakendaban Group paragneisses. The Delingha complex is primarily a
suite of metamorphosed granitoids with ca. 2.41 Ga [35] amphibolite enclaves, grouped
into Quanjishan, Delingha, Mohe, and Hudesheng granitoid plutons [36,37]. The Dak-
endaban Group comprises amphibolite-facies volcano-sedimentary rocks for its lower
subgroup and metasedimentary rocks for its upper subgroup. The primary rock types
include graphite-marble, sillimanite-garnet-biotite-quartz schist, graphite-biotite-quartz
schist, amphibolite-plagioclase schist, garnet-biotite-plagioclase gneiss, and some garnet—
amphibole pyroxene granulite lenses [38]. These aluminum-rich metamorphic rocks are
identified as khondalite-series and have suffered multiple regional and dynamic metamor-
phic events [39,40]. The unconformably overlaying sedimentary cover, the Quanji Group,
mainly consists of quartz sandstone with minor tuff beds [29]. Its maximum deposition
age is determined at ca.1.73 Ga [41]. The long-term left-lateral strike-slip activity [42] of the
Altun Tagh Fault has induced significant structural deformations in the adjacent Quanji
Massif, resulting in intense deformation of the rocks. Combined with multiple metamor-
phic events, the original geological features within the rocks have been completely altered.
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The orientation of structural fabric within the Dakendaban Group is notably shifted from
predominantly N-S to NEE-SWW as it approaches the Altun Tagh Fault.

The Silurian diorite is the only known massive intrusion in Jiaolesayi, as Mesozoic—
Cenozoic sediments covered almost half of the area (Figure 2). Additionally, there are
several small granites, granodiorite, alkali feldspar granite, granitic pegmatites, and quartz
veins, including the previously reported Nb-Ta-bearing pegmatite, intruded in the Dakend-
aban Group and the Silurian diorite. Most of their ages remain uncertain due to the limited
investigation, while the early studies suggested these veins formed during the Yanshanian
Movement [23], without detailed geochronology data. However, this hypothesis has yet to
be verified.

2.2. Geological Characteristics of [iaolesayi Pegmatite and Sample Description

Jiaolesayi pegmatites are generally exposed as lenses intruded into the garnet-biotite—
plagioclase gneiss and marble of the Dakendaban Group, with clear boundaries and no
signs of migmatization or anatexis. Four primary outcrops are located within a 2 km range
from west to east, with widths ranging from 10 to 80 m (Figure 2). The previously reported
Nb-Ta deposit is at the western end (Figure 3A,B), while the newly found pegmatite is at the
eastern end. Pervasive joints and brittle fractures are well-developed in the pegmatite due
to the activities of the Altun Tagh Fault (Figure 3C). Since the newly discovered pegmatite
is close to the regional NEE-NSS trending faults, its northern margin exhibits brecciation
and has developed some quartz veins that indicate hydrothermal activities caused by later
tectonic activities (Figure 3E). Magnetites are widespread in the pegmatite, with a maximum
grain size exceeding 3 cm (Figure 3D), and exhibit strong magnetic properties. No obvious
mineral zoning features were observed in the pegmatite outcrops, distinguishing them from
the significant zoning patterns of LCT-type pegmatite.

Dakendaban Group

Figure 3. Photographs and photomicrographs of pegmatite outcrops and rock samples from Jiaolesayi.
(A) Previous reported Nb-Ta deposit, represented by the blue star in Figure 2. (B) Newly discov-
ered pegmatite, represented by the green star in Figure 2, a person in the yellow circle as a scale.
(C) Conjugated joints and brittle fractures developed in the flesh-red pegmatite. (D) Graphic structure
and magnetite aggregates in the pegmatite. (E) Quartz veins intruded into the brecciated pegmatite.
(F) Perthitic texture of perthite under a polarizing microscope. (G,H) Photomicrographs of graphic
structure under a polarizing microscope. (I) Pegmatite with sericitization under a polarizing micro-
scope. Abbreviations: Afs—alkali feldspar; Mc—mica; Or—orthoclase; Pl—plagioclase; Pth—perthite;
Qz—quartz; Ser—sericite.
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To investigate the rare element mineralization of the pegmatite, eight fresh pegmatite
samples (D3301-1 to D3301-8) were collected from the newly discovered outcrop (Figure 2).
All samples underwent bulk rock major and trace element analyses. D3301-1 was selected
for zircon U-Pb dating. D3301-1 and D3301-4 were chosen for petrographic observation
and EPMA analyses. These samples are generally flesh-red or brick-red in color, displaying
a massive structure (Figure 3C) and typical graphic texture (Figure 3D). They mainly
consist of fine- to coarse-grained, subhedral-to-euhedral alkali feldspar, orthoclase, quartz,
mica, biotite, and plagioclase. The maximum grain size of orthoclase is about 8.3 cm, and
quartz exceeds 10 cm. In the photomicrographs, quartz, alkali feldspar, and orthoclase
exhibit typical graphic structures (Figure 3G,H), and sericite indicates the sericitization of
plagioclase (Figure 3I). Accessory minerals including magnetite, allanite, zircon, limonite,
pyrite, and thorite are observed under a reflecting microscope.

3. Analytical Methods
3.1. Major and Trace Element Analyses

Major element compositions were determined using a Zetium X-ray fluorescence
spectrometer (XRF) manufactured by Malvern Panalytical Ltd., Almelo, The Netherlands,
at the Yanduzhongshi Geological Analysis Laboratories Ltd., Beijing, China. The analytical
errors for major elements were better than 1%. Trace elements of these samples were
analyzed using an Aurora M90 inductively coupled mass spectrometer (ICP-MS) manu-
factured by Analytik Jena Ltd., Jena, Germany, with an analytical uncertainty better than
5%. The obtained trace element values in the GSR-2 standard are all consistent with their
recommended values.

3.2. LA-ICP-MS Zircon U-Pb Dating

Zircon U-Pb dating and element analysis were conducted using a Coherent GeoLasPro
193 nm laser ablation system, Saxonburg, PA, USA, coupled to an Agilent 7700x ICP-
MS at the Key Laboratory for the Study of Focused Magmatism and Giant Ore Deposits,
Xi’an Center of Geological Survey (CGS), China. Helium was the carrier gas, and argon
was used as the make-up gas to adjust sensitivity. The laser beam is focused at 36 um.
Each analysis included a background acquisition of approximately 10 s (gas blank), 40 s
of sample signal acquisition, and 10 s for rinsing. U-Pb dating employed 91,500 and GJ-
1 zircon standards, with common lead correction based on measured 2%4Pb [43]. Trace
element compositions of zircons were calibrated using artificial synthetic silicate glass
NIST610 of the American National Standard Substance Bureau as an external standard,
with Si as the internal standard. Data analysis and element concentration calculations
were performed using Glitter (ver. 4.4) [44]. The recommended element content values for
NIST glass are sourced from the GeoReM database (http://georem.mpch-mainz.gwdg.de
accessed on 28 March 2022). Detailed analytical procedures were described by Li [45].

3.3. EPMA Analysis

Mineral compositions were determined using a JEOL JXA-8230 Electron Probe Micro
Analyzer (EPMA), Tokyo, Japan, equipped with four wavelength-dispersive spectrometers
at the Yanduzhongshi Geological Analysis Laboratories Ltd., Beijing, China. Before the
analyses, the samples were coated with a ca. 20 nm thin conductive carbon film. The
analyses include an accelerating voltage of 15 kV, a beam current of 20 nA, and a 5 pm
spot size. Natural minerals and synthetic oxides were used as standards. Data were
corrected online using a modified ZAF (atomic number, absorption, fluorescence) correction
procedure. Detailed EPMA methods are based on Yang [46].

4. Results
4.1. Major and Trace Elements

Whole-rock major and trace element compositions of the Jiaolesayi pegmatite samples
are listed in Supplementary Table S1.

129



Minerals 2024, 14, 805

The Jiaolesayi pegmatite samples (D3301-1 to D3301-8) have medium SiO; (60.61~63.02
wt.%) and Al,O3 (20.53~21.14 wt.%) contents, both in a narrow range, and high total alkali
abundances (Na;O + K;O = 9.82~11.26 wt.%), with low MgO (0.07~0.18 wt.%), FeOT
(1.04~2.68 wt.%), MnO (0.04~0.05 wt.%), TiO, (0.09~0.35 wt.%), and P»Os (<0.01~0.10 wt.%)
contents. All samples plot in the syenite field of the TAS diagram (Figure 4A) and show
weakly peraluminous characteristics in the A/NK vs. A/CNK diagram (A/CNK values of
1.00~1.05) (Figure 4B). They are located in the high-K calc-alkaline field in the K;O vs. SiO,

diagram (Figure 4C).
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Figure 4. Classification diagrams for the Jiaolesayi pegmatite. (A) Total alkalis (NayO + K;O) vs. SiO,
(TAS) diagram after Middlemost [47]; (B) (A/NK) vs. (A/CNK) diagram, solid lines are after
Peccerillo [48]; (C) K,O vs. SiO, diagram after Rickwood [49], and (D) Chondrite-normalized REE
patterns. (E) Primitive mantle-normalized trace element spider diagrams for the Jiaolesayi pegmatite
samples. Normalizing data for the chondrite and primitive mantle are from Sun and McDonough [50].

Symbols: green diamond—syenite pegmatite samples.

The chondrite-normalized rare earth element (REE) patterns (Figure 4D) of the syen-
ite pegmatite samples exhibit a medium left-sloping REE distribution, showing strong
enrichment of HREEs, with (La/Yb)y ratios ranging from 0.14 to 0.37, and pronounced
negative Eu anomalies (Eu/Eu* = 0.09-0.15). The ~REE (total REE concentrations) of all
samples range from 162 to 1286 ppm. On the primitive mantle-normalized trace element
spider diagrams (Figure 4E), all samples exhibit similar wave-like patterns, characterized
by pronounced negative anomalies of Ba, Sr, P, and Ti, and strong enrichment in large ion
lithophile elements (LILEs, e.g., Cs and Rb) and high field strength elements (HFSEs, e.g.,
Nb, Ta, Zr, Hf, U, and Th).

4.2. Zircon U-Pb Geochronology

Zircons from the syenite pegmatite sample D3301-1 are subhedral to euhedral, trans-
parent, and dark brown (Figure 5A). Most of them are incomplete crystal fragments. The
complete ones have lengths ranging from 100 to 300 pm and widths from 50 to 150 um, with
a length/width ratio between 3:1 and 1.5:1. Core mantling structures and weak oscillatory
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zoning in the rims are visible. Their cathodoluminescence (CL) images are opaque and
spongy (Figure 5A), which is common when zircons contain elevated rare elements [51].
The uranium (U) concentrations of the zircons range from 5795 to 12,393 ppm, thorium
(Th) contents vary from 268 to 1169 ppm, and the Th/U ratios range from 0.04 to 0.16,
indicating the possible influence of metamorphism or hydrothermal processes [52]. There-
fore, the obtained data have been carefully checked, and 24 out of 30 concordant data
points were chosen, resulting in a weighted mean 2°°Pb /23U age of 413.6 + 1.4 Ma with
a mean square weighted deviation (MSWD) of 1.2 (Figure 5B). Zircon data are listed in
Supplementary Table S2.
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Figure 5. (A) Photomicrographs (cross-polarized light) and cathodoluminescence images of all tested
zircons from Jiaolesayi pegmatite. (B) U-Pb Concordia diagram of sample D3301-1.

4.3. EPMA Analysis

Under reflected light microscopy, some anhedral to euhedral, transparent dark brown,
columnar, or needle-like minerals were observed in samples D3301-1 and D3301-4. They
are embedded in the blocky K-feldspar and quartz with a grain size of 100 to 500 pm
(Figure 6A-C,G). EPMA later identified these minerals as euxenite-(Y). Their chemical
compositions mainly consist of NbyOs (28.88 to 32.64 wt.%), TiO; (21.97 to 24.11 wt.%),
Y03 (15.65 to 21.20 wt.%), UO; (5.52 to 11.88 wt.%), ZREE (7.16 to 8.70 wt.%), ThO, (3.06
to 4.22 wt.%), and TapOs (1.05 to 2.57 wt.%). Other typical minerals in NYF pegmatites,
including zircon, thorite, limonite, and allanite-(Ce), were also observed and identified
(Figure 6C-G). The thorite is translucent yellow-brown, subhedral, with a grain size over
200 pm and ThO, content up to 71.96 wt.%. The allanite-(Ce) is significantly enriched in
REE (XREE content 20.54 to 24.95 wt.%) with Ce;O3 up to 12.00 wt.%. The limonite may be
the oxidized product of pyrite from the late mineralization period. These HREE-bearing
minerals could explain the significant enrichment of HREE in the chondrite-normalized
REE patterns.

In the BSE images (Figure 6K,L), euhedral euxenite-(Y) grains appear almost ho-
mogenous without any obvious zoning. Some cracks and fractures are well-developed,
extending into the host minerals (Figure 6H,I). High concentrations of UO; and ThO, in
the euxenite-(Y) could produce radiogenic helium, which may form nano-bubbles within
the crystal. These bubbles can contain pressures up to 500 MPa, causing fractures in
the euxenite-(Y) and the surrounding minerals [53]. Detailed EPMA data are listed in
Supplementary Table S3.

131

0.56



Minerals 2024, 14, 805

Figure 6. Photomicrographs under a reflecting microscope. (A) Typical subhedral euxenite-(Y)

grain. (B) Short columnar euxenite-(Y) aggregates. (C) Thorite and anhedral euxenite-(Y). (D)
Zircon, euxenite-(Y), and later-formed limonite in between. (E) A partial enlargement of Figure (D).
(F) Image (E) in plane-polarized light. (G) An allanite-(Ce) grain. (H,I) Euhedral euxenite-(Y) grains
and the EPMA test locations. (J) Limonite pseudomorph with residual pyrite in the core. (K,L) BSE
images of euhedral euxenite-(Y) grains. Abbreviations: Aln-(Ce)—allanite-(Ce); Eux—euxenite-(Y);
Lm—Ilimonite; Py—pyrite; Thr—thorite; Zr—zircon.

5. Discussion
5.1. Pegmatite Classification and Petrogenetic Type

Pegmatites are categorized based on their distinctive characteristics, such as the
host rock’s metamorphic environment, mineralogy, element composition, and internal
structure [14]. Since the subdivision of pegmatite classes was first proposed in 1979 [54],
the classification of granitic pegmatites has become increasingly complex and detailed. The
acknowledged LCT and NYF families have now been extended into the class—subclass-
type—subtype hierarchy to describe their specific features and diversities [14].

In the rare element class of the NYF family, euxenite-type pegmatites typically contain
aeschynite-group minerals (AGMSs) and euxenite-group minerals (EGMs). These Y, REE,
Nb, Ta, and Ti-bearing minerals share a common formula of AB,O4 and exhibit similar
mineralogical characteristics, making them indistinguishable in hand specimens or under
the microscope. Therefore, canonical discrimination analysis is used to distinguish between
the AGMs and EGMs [55,56].

In the syenite pegmatite samples, those columnar, or needle-like minerals, with chemi-
cal compositions acquired by the EPMA (N = 9), were plotted in the EGM field (Figure 7A)
and identified as euxenite-(Y) in the triangular discriminant graph (Figure 7B). According
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to the classification of Cerny and Ercit [4], the geochemical and mineralogical features of
syenite pegmatite indicate its affinity to the euxenite-type in the rare element class (REE) of
the NYF family, with the characteristic accessory mineral being euxenite-(Y).
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Figure 7. (A) Canonical discrimination analysis of AGM and EGM and (B) triangular discriminant
graph after Skoda [55]; (C) FeO*/MgO vs. Zr + Nb + Ce + Y; (D) ternary plot of Nb-Y-Ce after
Eby [57] and (E) Zr vs. 10,000 Ga/Al, A-type granite discrimination diagrams after Whalen [58].
Symbols: pink squares—AGM, grey squares—EGM from Skoda [55], orange crosses—EPMA data in
this study (Supplementary Table S3).

Most NYF pegmatites are associated with A-type granite, sharing similar features with
their granite origin. While the definition and petrogenesis of A-type granite, first proposed
in 1979 [59], remain debated [60], there is consensus on certain characteristics based on
previous studies. These characteristics include high Fe*, K,O, Ga/Al ratios, enrichment in
fluorine, high field strength elements (HFSEs), REEs, and low concentrations of Al,O3, Sr,
Ba, Ti, P, with pronounced negative Eu anomalies [61-64].

However, whether syenite belongs to the A-type granite remains controversial due
to its relatively low SO, content. The Jiaolesayi syenite pegmatite’s SO, content ranges
from 60.61 to 63.2 wt.%, within the SO, content range (60.4 to 79.8%) of the initial definition
of the A-type granite [57]. Moreover, the syenite pegmatites are significantly enriched in
HSFEs and REEs, exhibiting low tetrad effect in REE patterns (Figure 4D), and displaying
some non-CHARAC (CHArge- and RAdius-Controlled) trace element ratios such as Zr/Hf
(11.83 to 14.60), Nb/Ta (11.24 to 19.17), K/Rb (42.51 to 57.50), and La/Nb (0.01 to 0.04) [65].
Their 10000 Ga/ Al ratios range from 2.46 to 2.96, and Zr + Nb + Ce + Y contents range
from 998 to 6202 ppm, typical of A-type granite [57,62,64,66] (Figure 7C,E). Combined with
their peraluminous, high-K calc-alkaline nature (Figure 4C), and the high content of Nb-Ta,
low Y/Nb (0.62 to 0.75) and Yb/Ta (0.80 to 1.49) ratios, the Jiaolesayi pegmatites can be
classified as Aj-type granite in the ternary plot of Nb-Y-Ce after Eby [56] (Figure 7D). In
some instances, Ga enrichments could be observed in the highly fractionated S- and I-type
granites [67]. However, the Jiaolesayi syenite pegmatites have a shallow content of P,Os
(0.01~0.10 wt.%), which is significantly different from the fractionated S-type granite [68,69].
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Their enrichment of HFSEs distinguishes them from the HFSE-depleted I-type granite [57].
Therefore, we consider the Jiaolesayi syenite pegmatites indicative of Aj-type affinity [60].

5.2. Petrogenesis and Tectonic Setting

Granitic pegmatites are primarily formed by fractional crystallization of granitic
magmas or by anatexis during high-grade metamorphism [70]. Although the Jiaolesayi
pegmatites occur within the amphibolite- to granulite-facies metamorphosed Dakendaban
Group, no migmatization or anatexis veins are observed along the contact boundaries,
distinguishing them from pegmatites of anatexis origin [71]. Additionally, the syenite
pegmatites have very low MgO (<0.18%) and P05 (<0.10%) contents, along with strong
negative anomalies in Eu, Sr, P, and Ti, indicating intensive crystal fractionation [66,72].
Therefore, the Jiaolesayi syenite pegmatites are likely formed by fractional crystallization
of their parental magma.

Generally, syenite/trachytic rocks are considered to form through three possible
processes: fractional crystallization of the mantle-derived magma [73,74], anatexis of the
thickened lower crust [75], and mixing of mafic and felsic magmas [76]. To reveal the
geochemical signatures of the parental magma, incompatible element ratios such as Nb/Yb,
Th/Yb, Y/Nb, and Yb/Ta are used as geochemical indicators due to their resistance to
fractionation during partial melting and fractional crystallization [77].

As shown in Figure 8, the syenite pegmatite samples fall into the MORB-OIB array in
the Nb/Yb vs. Th/YDb plot and the OIB-A;-type granite field, exhibiting OIB-like geochem-
ical properties. This suggests a possible mantle-derived parental magma. The enrichment
of incompatible elements (e.g., Nb, Ta) in the syenite pegmatite, with high Nb/La ratios (27
to 67), also supports a mantle-deep source [72,78]. Furthermore, melts derived from lower
crust typically have high Sr/Y ratios (>40) [79], while the Jiaolesayi syenite pegmatites
show low Sr/Y ratios (0.07 to 0.65), suggesting insignificant crustal material involvement.
The elevated Nb and Ta contents also indicate minor crustal contamination, as Nb and Ta
would significantly decrease during the crustal contamination process [80].

10

1
Y/Nb

10
Nb/Yb

Figure 8. (A) Plots of Nb/Yb vs. Th/Yb, after Wang [78], and (B) plots of Y/Nb vs. Yb/Ta, after
Eby [56]. Black squares represent the three end-members in the MORB-OIB array. Abbreviations: OIB,
oceanic island basalt; IAB, island arc basalt; N-MORB, normal middle oceanic ridge basalt; E-MORB,
enriched middle oceanic ridge basalt; A1, A; type granite; A2, A, type granite.

Combined with the restricted SiO, content, high alkali, and weakly peraluminous
nature, the syenite pegmatite is likely formed from a basic alkaline magma derived from
OIB-like melt, with minor crustal contamination. However, constraints on the magma
source provided by incompatible elements are limited. It is necessary to combine these
with isotopic characteristics of elements such as Pb, Nd, and Hf to more accurately reveal
the magma source and the processes of magma evolution.
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Previous studies suggest that the North Qaidam UHP continental subduction belt
formed at ca. 440 to 420 Ma, during the transition from subduction to continental collision
between the Qaidam and Central Qilian Block [81,82]. The Quanji Massif, located on the
northern margin of the Qaidam Block, experienced post-collisional extension at ca. 415 Ma.
This is indicated by the formation of the Subei pluton, which formed through low-pressure
processes accompanied by a significant influx of mantle-derived OIB-like magma during
the crustal thinning [83]. Therefore, under the same tectonic regime, the parental magma of
the Jiaolesayi syenite pegmatite could have been derived from the same source, explaining
the OIB-like geochemical signature in the syenite pegmatite, and experienced the protracted
fractional crystallization with minor crustal contamination.

5.3. Implications for REE Mineralization in the Northwest Margin of the Qaidam Basin

NYF-type pegmatites have significant metallogenic potential to form rare earth/rare
element deposits. The Jiaolesayi syenite pegmatite is the first reported NYF-type pegmatite
in the western Quanji Massif in the northern margin of the Qaidam basin. The characteristic
accessory minerals in the pegmatite, such as euxenite-(Y) and thorite, can be used to
extract Nb, Ta, U, and other rare earth elements, providing great economic value. During
410420 Ma, the Quanji Massif was under an extensional tectonic setting, providing a
favorable geological environment for the formation of NYF-type pegmatites. The discovery
of the Jiaolesayi syenite pegmatite has indicative significance for the exploration of rare
earth/rare element mineralization in the northern margin of the Qaidam basin.

6. Conclusions

The Jiaolesayi syenite pegmatite contains high contents of Nb, Ta, Y, Ti, U, Th, and
HREE, forming typical rare element-bearing minerals such as allanite-(Ce), euxenite-(Y),
limonite, thorite, and zircon. The geochemical and mineralogical features of the syenite
indicate it belongs to the euxenite-type in the rare element class (REE) of the NYF family,
with the characteristic accessory mineral being euxenite-(Y) and showing an affinity with
Aj-type granite. The syenite pegmatite may have formed from a basic alkaline magma
derived from an OIB-like melt, with minor crustal contamination, under the post-collisional
extension setting at ca. 413.6 + 1.4 Ma.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min14080805/s1, Table S1: Bulk rock major and trace element
geochemical data for Jiaolesayi pegmatite; Table S2: The LA-ICP-MS analytical results of U-Pb
isotopes for zircons of Jiaolesayi pegmatite; Table S3: EPMA compositions of minerals from the
pegmatite samples in Jiaolesayi.
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Abstract: The Mengshan granitoid complex is located in the central part of Jiangnan Orogen and
belongs to the western part of Jiangxi Province, where several phases of granitic magmatism record
the crustal evolution of the late-Indosinian. However, its petrogenesis remains uncertain, largely due
to controversies over its origin, evolutionary process and tectonic setting during intrusion. In this
study, the lithological features and contact relationships observed in the systematic field geological
investigations indicate that the late magmatic phases of the Mengshan granitoid complex are mainly
composed of medium—fine-grained biotite monzogranite and fine-grained monzogranite, both of
which developed primary fine-grained muscovite. Petrological, petrographic, geochemical and zircon
U-Pb-Hf isotopic studies were further carried out on these rocks. Zircon U-Pb isotopic analyses
suggest that the medium—fine-grained biotite monzogranite mainly formed at 220.7 & 1.0 Ma to
218.0 £ 0.8 Ma, and that the fine-grained monzogranite formed at 211.5 £ 2.9 Ma to 212.9 £ 1.0 Ma.
Whole-rock geochemical analysis results suggest that these rocks are rich in Cs, Rb, and U, and
deficient in Ba, Sr, and Ti, and that they have properties characteristic of rocks with high silica, low
P content and high K calc-alkali. Mineralogical and geochemical analysis results suggest that they
are S-type granites. The epy¢(f) values of the early-stage medium—fine-grained biotite monzogranite
and late-stage fine-grained monzogranite range from —4.7 to 0.3 and from -3.2 to 0.7, respectively.
Geochemical and isotopic data suggest that these granitoids were derived from the partial melting of
Proterozoic continent basement rocks, and that minor mantle materials were involved during their
generation. The presence of the early Mesozoic Mengshan granitoid complex reflects a reduplicated
far-field converge effect of the collision of the North China and South China blocks and the subduction
of the Palaeo-Pacific plate into the South China block. The thickening of the Earth’s crust facilitated
crustal delamination, underplating of mantle-derived magma, and crustal heating, triggering intense
partial melting of the lithosphere and magma enrichment.

Keywords: S-type granite; zircon U-Pb-Hf isotopes; intracontinental subduction; Mengshan granitoid
complex; South China
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1. Introduction

Granite is widely distributed in continental areas and is mainly produced via the
partial melting of the earth’s crust [1-4]. This process can be induced via the anatec-
tic melting of crustal protolith, heat from the convective asthenospheric mantle, thick-
ened crust delamination, and resultant lithospheric mantle upwelling [5-8]. Investigating
the details of the petrogenesis of granites is of great significance to understanding the
crustal evolution process and its connection with the related contemporaneous polymetal-
lic mineralization [9-15]. The various geochemical signatures reflect the derivation of
granite from different sources and differing degrees of melting and differentiation, and
have shaped the evolution of orogeny [16-19]. According to the current plate tectonic
paradigm, orogenesis occurs either during accretion at a subducting continental margin or
due to continent—continent collision [20-23]. However, the process of collision orogenesis
includes several unresolved questions, such as the duration, magmatism architecture, and
relationship with non-metal and polymetallic mineralization.

The Mengshan granitoid complex is located in the western part of Jiangxi Province.
This area is situated near the intersection of the Yangtze and Cathaysia blocks in the
interior of the South China Plate and has undergone complex tectonic evolution since
the Neoproterozoic [24,25]. This area is also the middle section of the Jiangnan Orogenic
Belt and the Pingxiang-Leping Depression Belt, adjacent to the Jiuling Thrust Fault Belt
in the north and the Wugongshan Granite Dome in the south [26-29]. It is a large-scale
thrust structure that was developed on the Yangtze Block’s edge in the Late Paleozoic’s
Middle Triassic (Figure 1). The recently discovered Shizhushan wollastonite deposit in the
Mengshan district contains about 54 Mt, making it the world’s largest [30]. Several W-Au-
Ag-Pb deposits are also located around the Mengshan granitoid complex. The results of
many previous isotopic dating studies indicate that the Mengshan granitoid complex was
formed mainly at ca. 230-220 Ma [28,31,32]. Some researchers further propose that some
of the surrounding mineralization has also resulted from a combination of magmatism
over a long period and multiple phases of evolution [26]. However, the petrogenesis of
the Mengshan granitoid complex remains unclear, with much of the debate centered on
the time of its formation, the period of magmatic intrusion, and whether it is an S-type or
I-type granite [28,31,32]. In addition, field investigations have shown that some granites
have intruded into the aforementioned granitoids formed at ca. 230-220 Ma. However,
relevant geochronological and geochemical work has not yet been carried out on them,
limiting the petrogenesis studies of the Mengshan granitoid complex. Their petrogenesis
and relationship with mineralization also remain uncertain, largely due to controversy over
their origin, evolutionary process and tectonic setting during intrusion.

In this study, we aim to investigate the mechanisms controlling the formation of
the Mengshan granitoid complex through a careful study of the mineralogy, whole-rock
geochemistry, zircon U-Pb geochronology, and zircon Lu-Hf isotopes of the late magmatic
phases of the Mengshan granitoid complex. Our results and previous data provide essential
insights into South China’s petrogenesis and tectonic setting during the early Mesozoic
that may aid in developing conceptual models and exploration strategies.
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Figure 1. (a) Simplified tectonic map of China showing major terranes

rocks (modified from [14,33]).

2. Geological Setting

around the South China
Block; (b) simplified geological map showing the distribution of Mesozoic granites and volcanic

The Mengshan granitoid complex is in the western part of Jiangxi Province. Regarding
geotectonic position, the Mengshan granitoid complex is located in the interior of the South

China Plate, at the junction of the Cathaysia Block and the Yang

tze Block. This area is

also the middle section of the Jiangnan Orogenic Belt and the Pingle Depression, adjacent
to the Jiuling Thrust Fault Belt in the north and the Wugongshan Granite Dome in the

south [26-29]. The Pingle Depression is bounded by the Pingxiang-Guangfeng-Yifeng—

Jingdezhen Fault. It is a large-scale thrust structure that was dev

eloped on the Yangtze

Block’s edge in the Late Paleozoic’s Middle Triassic [30]. In general, the distribution of the
Mengshan granitoid complex and related rare metal deposits in the Pingle Depression is

controlled by the northeast-trending structure.
The mineralization conditions in the Mengshan area are favora
tion potential is considerable. The abundance values of mineraliz

ble, and the mineraliza-
ation elements such as

tungsten, copper, lead, zinc, and molybdenum in the strata are higher than those in the crust
of eastern China [31,34,35]. The area where the Mengshan granitoid complex is located

exposes strata from the late Paleozoic to the Cenozoic, mainly including Carboniferous,
he Carboniferous strata
Permian strata include
carbonate rocks such as limestone and dolomite, and siliceous rock. The Triassic strata
are mainly sedimentary rocks such as conglomerate, sandstone, mudstone, and siltstone.

Permian, Triassic, Jurassic, Cretaceous, and Quaternary (Figure 2). T
are mainly siltstone, silty mudstone, dolomite, and limestone. The

The Cretaceous strata include mudstone, gravel-bearing siltstone, and conglomerate. The
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Quaternary strata are distributed in modern river depressions and comprise sand, gravel,

and sub-clay layers.
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Figure 2. Simplified regional geological map showing the sampling locations in this study and
the relative position of the three stages of granitic magmatism of the Mengshan granitoid complex
(modified from [27,35]).

The Mengshan granitoid complex is elliptical and has an exposed area of 39 square
kilometers. Surrounding the complex is a metamorphic halo formed via obvious hy-
drothermal replacement and thermal metamorphism, in which skarn-type deposits are
distributed [26,31,36]. Previous studies have postulated that two phases of magmatic intru-
sion formed it, the first phase being Triassic granite (~217 to ~236 Ma) and the second phase
being Jurassic-Cretaceous dykes (~135 Ma to ~142 Ma) [27]. The first phase of magmatic
intrusion can be divided into three stages. The first stage is white medium-coarse-grained
porphyritic biotite granite, with an age of 236223 Ma [27,32]; the second stage is flesh-red
biotite granite, with an age of 222220 Ma [31,32,37]; the third stage is gray-white fine-
grained granite, with an age of 218-217 Ma [31,32]. In the present study, systematic field
geological investigations and the observed cross-cutting relationships have shown that
the first phase of magmatism of the Mengshan granitoid complex can be divided into
three stages, the first stage being medium-—coarse-grained biotite granite, the second stage
being medium-fine-grained biotite monzogranite, and the third stage being fine-grained
monzogranite (Figure 3). Medium-—coarse-grained biotite granite was observed to have
been introduced via an intrusion of the second and third stages of granitoids (Figure 2), for
example, by medium—fine-grained biotite monzogranite (Figure 3a). In addition, the con-
tact zone between the Mengshan granitoid complex and the Permian carbonate sequences
is generally strongly transformed into skarn, and is where the largest wollastonite deposit
(Shizhushan deposit) in Asia has been discovered [30].
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Figure 3. Graph and micrograph of the Mengshan granitoid complex. (a) Grayish medium—coarse-
grained biotite granite in stage I introduced via an intrusion by the grayish-white medium-fine-
grained biotite monzogranite in stage II; (b) photograph of medium-coarse-grained biotite gran-
ite (stage I); (c—g) photographs and micrographs of the medium—fine-grained biotite monzogran-
ite in stage II (sampling number 23MS-AFT-03); (h-1) photographs and micrographs of the fine-
grained monzogranite in stage III (23MS-AFT-05). Bt—biotite; Kfs—K-feldspar; Ms—muscovite;
Pl—plagioclase; Qz—quartz.

Affected by the thrust-nappe structure of the South China Orogenic Belt in the Early
Paleozoic and the thrust-slip structure since the Indosinian period, the structural defor-
mation in the area mainly includes NE-trending, near-EW-trending, NE-NEE-trending,
NNE-trending, and thrust-nappe (-slip) structures [38-43]. The NE-trending structure
mainly manifests as a series of tight linear folds and derived faults. The near-EW structure
is manifested as strong folds and normal faults in the south and strong folds and thrust
faults in the north. The thrust-nappe structure is an external system overthrown on the
local strata to form the klippe structure. Folds dominate the NE-NEE-trending structure.
The north-northeast-trending structure is dominated by faults, mainly distributed in the
western and central parts of the area.

3. Sample Collection and Analytical Methods
3.1. Sample Characteristics

The first stage of the medium—coarse-grained biotite granite is grayish in color, with a
granite texture and massive structure (Figure 3a,b). It has the widest distribution in the
district, and is generally observed to have been introduced via an intrusion of the later two
stages of granitoids (Figure 3a). It is also the most studied granitoid in the region [30-32], so
this phase was not investigated in this study. Representative samples of the medium—fine-
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grained biotite monzogranite and fine-grained monzogranite were selected for analysis.
The sampling locations are shown in Figure 2.

Medium-fine-grained biotite monzogranite is grayish white, with a granite texture
and massive structure (Figure 3a,c). The rock comprises plagioclase, potassium feldspar,
quartz, biotite, and muscovite, with a 7-10 mm mineral size (Figure 3d—g). The plagio-
clase is hypidiomorphic and plate-shaped, undergoing sericitization, carbonation, and
chloritization, makes up about 30% of the rock (Figure 3d). The potassium feldspar is
hypidiomorphic and plate-shaped, with sericitization and carbonation, and makes up
about 30% of the rock (Figure 3d—g). The quartz is xenomorphic granular, making up about
20% of the rock (Figure 3d—g). The biotite is flaky and has mostly transformed into chlorite
(Figure 3e,g), making up 10%—-15% of the rock. The muscovite is poikilitic in the feldspar,
with obvious pleochroism, and makes up <5% of the rock (Figure 3e—g).

The fine-grained monzogranite has a light grayish-white granite texture and massive
structure (Figure 3h). The rock comprises plagioclase, potassium feldspar, quartz, and
muscovite, with a 3-5 mm mineral size (Figure 3i-1). The plagioclase is hypidiomorphic
and plate-shaped, with sericitization and carbonate, and makes up 30-35% of the rock
(Figure 3i-1). The potassium feldspar is also hypidiomorphic and plate-shaped, with serici-
tization; it makes up about 30%-35% of the rock (Figure 3i-1). The quartz is xenomorphic
and granular, making up 25%-30% of the rock (Figure 3i-1). The muscovite is poikilitic in
the feldspar, has obvious pleochroism, and makes up 1%-3% of the rock (Figure 3i-k).

3.2. Analytical Methods

The laboratory of Hebei Provincial Regional Survey Institute was used to conduct
the geochemical analysis. The rocks were crushed into centimeter-sized blocks, and fresh
samples without alterations or interspersed veins were selected, rinsed with purified
water, dried, and crushed into a 200 mesh for testing. For the significant element test, the
powder sample was weighed and mixed with Li;B,O7 (1:8) flux and heated to 1150 °C
using a melting machine to melt it into a uniform glass sheet in a gold—platinum crucible.
Then, it was tested using an Axios ™®* X-ray fluorescence spectrometer. The 200-mesh
powder sample was weighed and placed in a polytetrafluoroethylene dissolving tank for
the trace element test, and HF+HNO3; was added. The high-pressure digestion tank was
kept at 190 °C in a drying oven for 72 h, and then taken out; acid was driven out, and
the solution was fixed to a dilute solution for testing. The test was completed using an
ICAPQ inductively coupled plasma mass spectrometer. The measured data showed an
error of less than 5% according to the monitoring standard GSR-2, and the analysis error of
some volatile and extremely-low-content elements was less than 10%. The experimental
temperature was 20 °C-25 °C, and the relative humidity was 10%-30%.

Zircon target preparation and cathodoluminescence (CL) were completed in the Hebei
Provincial Institute of Regional Survey laboratory, and Beijing Zhongke Mining Research
Testing Technology Co., Ltd. (Beijing, China) completed age testing. The age test analysis
instruments used were the laser ablation multi-receiver inductively coupled plasma mass
spectrometer (LA-ICP-MS; Agilent 7500, Agilent, Tokyo, Japan). The zircon dating method
used was LA-ICP-MS, with a beam spot diameter of 30 pm, a laser energy density of
13-14J-cm~2, and a frequency of 8-10 Hz. Pledovice (age of 337 4 0.37 Ma) was used as
an external standard for matrix correction, and the common lead correction method was
performed using the ComPbCorr#3.17 correction program. The data were processed using
the ICP-Ms DataCal 10.2 software, and the concordance diagram and other figures were
drawn with a confidence level of 95%. Detailed instrument operating conditions and data
processing methods are shown in [44,45].

The zircon Hf isotope test was conducted at Beijing Zhongke Mining Research Testing
Technology Co., Ltd. The analytical instrument was a New Wave-213 nm ArF-excimer
laser-ablation system linked to a Neptune multiple- collector inductively coupled plasma
mass spectrometer (NEPTUNE plus, Thermo Fisher Scientific, Waltham, MA, USA). The
ablation protocol employed a spot diameter of 55 pm at a 10 Hz repetition rate and a
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fluence of 7-8 J/cm? for zircon, and He was used as the carrier gas for the ablation material.
Zircon standard 91,500 (76Hf /177Hf = 0.282308 + 12 (20)) was used as an external standard
for matrix correction [45]. In calculating the mantle model age of Hf, the present value of
176Hf /177Hf of the depleted mantle was 0.28325, and that of 76Lu/177Hf was 0.0384 [46].
When calculating the crustal model age, the average crustal value of 7°Lu/!7”Hf = 0.015
was used [47].

4. Results
4.1. Geochemistry

The make-up of SiO; in the medium—fine-grained biotite monzogranite amounts
to 72.51%-75.68%, suggesting it is an acidic rock. The make-up of Al,Ozamounts to
14.37%-15.50%, that of K,O amounts to 4.45%-5.19%, that of Na,O amounts to 0.91%-2.96%,
and the total alkali contents (KoO+Na,O) make up 5.36%—-8.15% of the monzogranite. The
amount of TiO, is 0.16%—0.39%, that of TFe, O3 is 0.91%-1.82%, that of MnO is 0.01%-0.05%,
that of CaO is 0.19%-0.32%, that of MgO content is 0.49%—-0.87%, and that of P,Os is
0.04-0.07% (Table S1). After deducting the volatile matter and the loss on ignition, the
samples were recalculated to 100%. The TAS diagram (Figure 4a) plots the samples in the
granite range with sub-alkaline characteristics. The samples are plotted in the monzogran-
ite area in the QAP diagram (Figure 4b). In the K,O-5iO; diagram (Figure 4c), the samples
are mainly plotted in the high-potassium calc-alkaline area, and some are plotted near
the high-potassium calc-alkaline area and the boundary of potassium shoshonite, with
characteristics of high potassium content. The rock differentiation index (DI) values are
87.07-89.77, indicating a high degree of differentiation. The aluminum saturation index
A/CNK ratios are 1.38-2.19, indicating it belongs to the category of peraluminous rock
(Figure 4d).

The amounts of SiO; in fine-grained monzogranite are 74.96%-83.73%, suggesting it
is an acidic rock. The Al,O3 amounts have a variation range of 9.52%-13.25%. The K,O
amounts are 3.00%-5.13%, and the Na,O amounts are 0.32%-2.82%, with an extensive
variation range. The total alkali content (K;O+NayO) amounts to 3.32%-7.98%, the TiO,
content amounts to 0.10%-0.20%, the TFe,O3 content amounts to 1.17%—-1.49%, the MnO
content amounts to 0.01%-0.03%, the CaO content amounts to 0.19%-0.78%, the MgO
content amounts to 0.43%-0.47%, and the P,O5 content amounts to 0.05-0.07% (Table S1).
After deducting volatiles and loss on ignition, the samples were plotted and recalculated to
100%. The TAS diagram (Figure 4a) plots the samples in the granite range. Some points near
the boundary between granite and quartzite show sub-alkaline characteristics. The samples
are plotted in the monzogranite area in the QAP diagram (Figure 4b). The K,O-SiO,
diagram (Figure 4c) shows that the samples are plotted in the high-potassium calc-alkaline
area and near the boundary of potassium shosphorite, showing characteristics of high
potassium content. The differentiation index (DI) values are 90.14-90.91, indicating a high
degree of differentiation. The aluminum saturation index A /CNK ratios are 1.15-2.38, also
indicating that it belongs to the category of peraluminous rock (Figure 4d).

The rare earth content of the medium—fine-grained biotite monzogranite samples is
low, with XREE ranging from 97.72 x 107° t0 290.89 x 1079, the light rare earth LREE
content ranges from 84.86 x 107° to 271.98 x 107, and the heavy rare earth HREE content
ranges from 12.86 x 107° to 25.02 x 10~° (Table S1). The light/heavy rare earth ratio is
3.19-14.38, (La/Yb)y is 2.15-19.69, and the degree of differentiation between light and
heavy rare earth is low; the value of 6Eu is 0.17-0.36, with a strong negative anomaly,
and that of 5Ce is 0.74-3.36, with a weak anomaly. The rare earth distribution curve is
seagull-shaped, with a relative abundance of light rare earths and relative scarcity of heavy
rare earths (Figure 5a). The rare earth content in fine-grained monzogranite samples is
low, with REE ranging from 24.04 x 107° to 309.70 x 107°, the light rare earth LREE
content ranges from 10.03 x 107° to 264.61 x 107, and the heavy rare earth HREE content
ranges from 14.01 x 107° to 45.09 x 10~° (Table S1). The light/heavy rare earth ratio is
0.72-5.87, that of (La/Yb)y is 0.37-6.96, and the degree of differentiation between light and

146



Minerals 2024, 14, 854

heavy rare earth is low; the value of Eu is 0.13-0.22, with a strong negative anomaly, and
the value of 6Ce is 0.67-0.91, with a negative anomaly. The rare earth distribution curve
is seagull-shaped, with a relative abundance of light rare earths and a relative scarcity of
heavy rare earths (Figure 5a). In the N-MORB-normalized spider diagram (Figure 5b), the
Mengshan granites exhibit positive Rb, K, Th, and U anomalies and negative Ba, Sr, P, and
Ti anomalies.
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Figure 5. (a) Chondrite-normalized REE and (b) N-MORB-normalized spider patterns of the Rizhao
granites (normalizing factors are from [49]; N-MORB compositions are from [49]).

4.2. Geochronology

The zircons used in this age test had good idiomorphism, mainly existing a long
columnar shape, and were relatively complete overall. Age tests were conducted at zircon
locations where cracks and inclusions were not developed. The locations tested were
mostly in magmatic zircons with developed oscillation rings [50-52] (Figure 6). The ages
measured according to the zircons are all less than 1.0 Ga, as suggested by the zircon
206pp, /238y age [53], and the test method is ICP-MS. Zircon test data are shown in Table S2.
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Figure 6. Cathodoluminescence (CL) images of zircons for the Mengshan granitoid complex.
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The zircon Pb content in the medium—fine-grained biotite monzogranite (23MS-AFT-
03) is 50.30 x 1070-366.17 x 107°, the Th content is 653.87 x 107°-3004.36 x 107°, the
U content is 975.78 x 107°-8013.64 x 10~°, and the Th/U ratio is 0.37-0.76. The zir-
con age of the sample is from 214.69 & 1.95 Ma to 225.68 + 3.20 Ma, with a weighted
average age of 220.7 = 1.0 Ma and a MSWD value of 0.83 (Figure 7a). The zircon
Pb content of sample 23MS-AFT-09 is 49.42 x 107°-429.63 x 107, the Th content is
721.51 x 1076-3100.52 x 107, the U content is 914.49 x 107°-9460.35 x 107°, and the
Th/U ratio is 0.33-0.81. The zircon age of the sample is from 215.21 4 2.09 Ma to 220.89
=+ 2.13 Ma, with a weighted average age of 217.98 &+ 0.76 Ma and a MSWD value of 0.76
(Figure 7b).
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Figure 7. U-Pb concordia diagram for the Mengshan granitoid complex: (a) 23MS-AFT-03, (b) 23MS-
AFT-09, (c) 23MS-AFT-05, and (d) 23MS-AFT-08.

The zircon Pb content of fine-grained monzogranite (23MS-AFI-05) is 30.92 x 1076-
150.48 x 1075, the Th content is 379.99 x 1076-1220.79 x 107, the U content is 429.48 x 106
3063.13 x 107%, and the Th/U ratio is 0.25-0.91. The zircon age of the sample is from
20540 & 3.13 Ma to 218.41 4 2.44 Ma, with a weighted average age of 211.5 £2.9 Ma
(MSWD = 4.3, Figure 7c). The zircon Pb content of sample 23MS-AFT-08 is 52.06 x 10~6-
222.29 x 107, the Th content is 785.98 x 10~6-5085.20 x 10~°, the U content is 1114.67 x 10~°-
5293.28 x 107, and the Th/U ratio is 0.40-1.70. The zircon age of the sample is from
209.27 £ 3.10 Ma to 218.86 £ 1.98 Ma, with a weighted average age of 212.9 + 1.0 Ma and
a MSWD value 1.6 (Figure 7d). All the granites tested were formed in the Triassic.

4.3. Hf Isotopic Compositions

The 76Lu/'7Hf ratios of the medium—fine-grained biotite monzogranite (23MS-AFT-
03) are 0.000819-0.001644, and the 17°Lu/Y7Hf ratio is less than 0.002, indicating that
the zircon only had a tiny amount of radiogenic Hf accumulation after its formation.
Therefore, the initial 7°Hf/”7Hf ratio can represent the Hf isotope composition at the
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time of formation [54]. The zircon Hf isotope ratios of 176Yp /177Hf are 0.022454-0.044441,
the 176Hf/77Hf ratios are 0.282524-0.282640, the f1 /1 values are from —0.95 to —0.98, the
zircon epy¢(t) values are from —4.1 to 0, the zircon Hf single-stage model ages (Tpy) are from
866 Ma to 1049 Ma, and the two-stage model ages (Tpy©) are from 1682 Ma to 2058 Ma

(Table S3; Figure 8).
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Figure 8. ey¢(t) versus age diagram (a,b) (base image based on [54]).

The 76Lu/7Hf ratios of medium-fine-grained biotite monzogranite (23MS-AFT-09)
are 0.000785-0.003383. Except for a few points, the 7°Lu/!7Hf ratios are less than 0.002,
indicating that the zircons only had a small amount of radiogenic Hf accumulation after
formation. Therefore, the initial 17°Hf/!77Hf ratio can represent the Hf isotope composition
at the time of formation [54]. The zircon Hf isotope ratios of 176Yp /177Hf are 0.021857—
0.095409, the 176Hf /177 Hf ratios are 0.282518-0.282649, the f1,, /1t values are from —0.90 to
-0.98, the zircon ey(t) values are from —4.7 to 0.3, the zircon Hf single-stage model ages
(Tpm) are 850-1110 Ma, and the two-stage model ages (Tpm©) are 1653-2103 Ma (Table S3;
Figure 8).

The 7Lu/!77Hf ratios of the fine-grained monzogranite (23MS-AFT-08) are between
0.000704 and 0.002538. Except for a few points, the 1761 u/Y77Hf ratios are less than 0.002,
indicating that zircons only had a tiny amount of radiogenic Hf accumulation after forma-
tion. Therefore, the initial 17°Hf/17”Hf ratio can represent the Hf isotope composition at the
time of formation [54]. The zircon Hf isotope ratios of 176Yp /177Hf are 0.019312-0.069183,
the 170Hf/77Hf ratios are 0.282559-0.282662, the f1 ,, /i values are from —0.92 to —0.98, the
zircon ep¢(t) values are from —3.2 to 0.7, the zircon Hf single-stage model ages (Tpy) are
835-1023 Ma, and the two-stage model ages (TpmC) are 1619-1970 Ma (Table S3; Figure 8).

5. Discussion
5.1. Chronological Significance

The Mengshan granitoid complex is a multi-stage composite rock mass, and the
age of the rock mass was tested to varying degrees. The isotopic age determined using
the biotite K-Ar method is 174 Ma, and it is believed that the rock mass was formed
in the Jurassic [55]. Since the Mengshan granitoid complex was formed via multiple
magmatic intrusions and the biotite K-Ar system has a low closure temperature, it is
easily affected by later thermal events, resulting in a K-Ar age younger than the actual
formation age of the rock mass. The zircon U-Pb system has the characteristics of a high
closure temperature and strong anti-interference ability. The zircon U-Pb age measured
using the in situ technology can accurately reflect the formation time of the rock mass.
In recent years, a large number of new zircon SHRIMP and LA-ICP-MS U-Pb age data
have shown that the formation time of the Indosinian granite in South China is mainly
210-240 Ma [26,27,31,32,56,57]. It can be seen that the time during which Mengshan granite
magma activity occurred is consistent with the intrusion time of other Indosinian granites
in South China. The Indosinian peraluminous granites mainly include garnet-bearing
granites, cordierite-bearing granites, biotite/two-mica granites, and muscovite-granites,
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which are closely related to mineralization, such as that of tungsten, tin, niobium, and
tantalum [58-61].

According to previous research results, the first phase of the Mengshan granitoid
complex is currently divided into three stages, namely 236-223 Ma (white medium-—coarse-
grained porphyritic biotite granite in the first stage), 222-220 Ma (flesh-red biotite granite
in the second stage), and 218-217 Ma (gray-white fine-grained granite in the third stage).
Because of the complexity of the magmatic activity of the Mengshan granitoid complex, this
work selected representative samples for zircon LA-ICP-MS age testing and obtained four
isotopic ages, which are 220.7 4+ 1.0 Ma, 217 = 0.76 Ma, 212.9 &£ 1.76 Ma, and 211.5 £ 2.9 Ma
(Figure 7). This work also obtained granite from three stages. Based on a combination of
the field geological characteristics and the latest age data, the first phase of magmatism
in the Mengshan granitoid complex is suggested to be divided into three stages. The
first stage is the medium—coarse-grained porphyritic biotite granite with an age of ca.
236223 Ma; the second stage is the medium-fine-grained biotite monzogranite, with an
age of ca. 222-217 Ma; and the third stage is the fine-grained monzogranite, with an age of
ca. 212-211 Ma.

5.2. Petrogenesis and Magmatic Source

Granite can be divided into the I type, S type, M type, and A type, according to the
differences in source area and tectonic environment. S-type granite is produced via the
partial melting and crystallization of crustal sediments [1,62,63]. Mineralogical signs are
reliable signs for distinguishing between granite types. For example, magmatic muscovite,
cordierite, garnet, corundum, and tourmaline are essential signs of S-type granite [62,64—
66]. In the medium—fine-grained biotite monzogranite, panidiomorphic lamellar muscovite
in sizes of 200-500 um is generally present in the form of poikilitic with quartz, plagioclase,
and potassium feldspar (Figure 3e—g). In the fine-grained monzogranite, there is hypid-
iomorphic lamellar muscovite (Figure 3i k) in the form of poikilitic with quartz, plagioclase,
and potassium feldspar, or panidiomorphic lamellar muscovite wrapped in plagioclase
(Figure 31), indicating that there is a large amount of primary muscovite of magmatic origin
in these acidic rocks in the Mengshan area. In addition, previous researchers have also
proposed that the color of primary biotite of magmatic origin is also related to the origin
of granite. Biotite in S-type granite is usually rich in Fe>* and presents a reddish-brown
color, while biotite in I-type granite is richer in Fe’>* and Mg and presents a brownish-green
color [2,62,63]. The primary biotite in the medium-fine-grained biotite monzogranite and
the fine-grained monzogranite is of a significant reddish-brown color (Figure 3c,h). The
above mineralogical evidence shows that the granites of the Mengshan granitoid complex
have the typical characteristics of S-type granite. The 10,000 Ga/ Al ratio of the granite is
less than the lower limit of 2.6 for A-type granite [1,67], indicating that it does not have
the characteristics of A-type granite. In the K;O+Nay;O and w(FeO*)/w(MgO) versus
10,000 Ga/Al diagrams, almost all of the sample spots fall into the I- or S-type granite
range (Figure 9a,b). However, the P,Os5 content of the rock mass is 0.04%—-0.07% (Table S1),
which is different from the typical content in I-type granite. The standard mineral calcula-
tion (CIPW) of the rock mass contains a large number of standard corundum molecules
(1.76-8.37), and the A/CNK is 1.15-2.38, showing its strong peraluminous characteristics,
similar to those of S-type granite (Figure 4d). The samples in the ACF diagram (Figure 9c)
are projected to the side of S-type granite. Therefore, the geochemical analysis of the granite
in this study also shows that the granites of the Mengshan granitoid complex belong to
S-type granite.

S-type granite is a type of granite that is produced via the partial melting and crystal-
lization of crustal sediments. S-type granite is closely associated with W, Sn, and light rare
earth element (LREE) deposits regarding genesis. W-rich granite’s ideal magma source area
is usually rich in significant ion lithophile and ore-forming elements [68-71]. Biotite and
muscovite in crustal rocks are the main minerals that host highly incompatible significant
ion lithophile elements such as W, Cs, and U. Partial melting of metamorphic sedimentary
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rocks will form melts with high U content and low Th/U ratios [5,72]. Therefore, the
We-rich initial magma produced via the partial melting of enriched crustal materials will
also be rich in U and Cs and show characteristics of high U and a low Th/U ratio. The
granites of the Mengshan granitoid complex are rich in Cs, Rb, U, Sn, and Li to varying
degrees, and the Th/U ratio is low (Table 52; Figure 5b), indicating that the magma of
the Mengshan granitoid complex comes from the partial melting of enriched crustal ma-
terials. “Nb/Ta = 5" is considered to be the geochemical distinguishing mark for normal
crystallization differentiation and magma-hydrothermal interaction, and “Zr/Hf = 26" is
considered to be the geochemical boundary-distinguishing mark for highly differentiated
and ultra-differentiated granites [3]. In the diagram of Nb/Ta vs. Zr/Hf that characterizes
the origin of granite (Figure 9d), both types of granitoid complexes show a high degree
of differentiation and strong melt—fluid interaction close to granite areas associated with
mineralization, such as that in W-Sn rare metals, suggesting that the Mengshan granitoid
complex has the potential for W-Sn rare metal mineralization; for example, it may be related
to W mineralization (Taizibi W deposit; Figure 2) around the granitoid complex.
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Figure 9. (a) K,O+NayO vs. 10,000 Ga/Al diagram; (b) w(FeO*)/w(MgO) vs. 10,000 Ga/Al diagram;
(c) ACF diagram [73]; (d) Nb/Ta vs. Zr/Hf diagram [1,2].

In this study, zircon Hf isotope tests were conducted on representative samples, and
the f1,/uf values of the samples were all less than —0.90. The zircon ey(t) values of the
medium-fine-grained biotite monzogranite samples 23MS-AFT-03 and 23MS-AFT-09 were
from —4.1 to 0 and —4.7 to 0.3, and the zircon epy¢(t) values of fine-grained monzogranite
sample 23MS-AFT-08 were from 3.2 to 0.7 (Figure 8). The zircon ey¢(t) values of the
magmatic rocks of these two periods were mainly negative, and there was also a small
number of positive points, indicating that the source of these magmas is mainly ancient
crustal materials and that a small amount of mantle materials are mixed in. The two-stage
model ages (TpmC) of the zircons from the biotite monzogranite samples 23MS-AFT-03
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and 23MS-AFT-09 were 1682-2058 Ma and 1653-2103 Ma, and the two-stage model ages
(Tpm©) of the zircons from monzogranite sample 23MS-AFT-08 were 1619-1970 Ma. The
results show that ancient crustal material in the magma source area was formed in the early
Mesoproterozoic period. Combined with the previous research results, it is believed that
the Mengshan granite is an S-type granite, and the magma source area is mainly composed
of Early Mesoproterozoic crustal materials [27,31,32].

5.3. Tectonic Setting

High-field-strength elements (HFSE), such as Nb, Ta, Th, Zr, Hf, HREE, etc., can
effectively indicate the tectonic environment of rocks [74]. In the Rb—Y+Nb diagram of
granite (Figure 10a), the samples are plotted in the syn-collision area, close to the boundary
with the plate. In the Rb—Yb+Ta diagram (Figure 10b), all the samples are plotted in the
syn-collision area. The above structural discrimination diagrams show that the samples are
projected in the intra-plate tectonic and syn-collision tectonic environments, indicating that
the granite has the geochemical characteristics of intracontinental and syn-collision granite.
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Figure 10. Tectonic discrimination diagrams for magmatic rocks (base image according t [75]). (a) Rb
vs. (Y+Nb) diagram; (b) Rb vs. (Yb+Ta) diagram. Syn-COLG, syn-collision granite; VAG, volcanic arc
granite; WPG, within plate granite; ORG, ocean ridge granite; post-COLG, post-collision granite.

The South China Plate is located at the intersection of multiple tectonic domains of the
North China Plate, the Indosinian Plate, and the Paleo-Pacific Plate in the Triassic. Tectonic
deformation events and magmatic activities are widely distributed in the South China
Plate. The collision and convergence of the north and south margins of the South China
Plate led to the thickening of the crust in South China, forming a large-scale Early Mesozoic
fold-nappe system, a large ductile shear zone, and a series of S-type granites [76,77]. Studies
have shown that the initial collision between the South China Plate and the North China
Plate occurred in the Early Triassic [78]. The subduction—-accretion and collision orogeny of
the North China Plate and the South China Plate along the Mianlue suture in the Middle
Triassic led to the development of the NW/NWW-trending fold-thrust tectonic belt in the
Qinling-Dabie orogenic belt and its foreland [77,79,80]. The related deformation is not
limited to the Qinling—Dabie orogenic belt and its foreland but affects the Jiangnan orogenic
belt and the interior of the Cathaysia block [81-83], resulting in strong intracontinental
compression deformation in Jiangxi, and the development of NE-trending fold-nappe
structures in the strata before the Early Triassic period. Ref. [84] pointed out through
the study of A-type granites in South China that the South China plate completed its
final collision and amalgamation with the Indian and North China plates around 230 Ma.
Some scholars also believe that 240-220 Ma was the main collision period between the
Yangtze block and the North China plate [85,86]. Ref. [56] proposed that the formation
time of the Indosinian granite in South China has excellent temporal coupling with the
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Indosinian movement the Dabie orogenic belt in the north, indicating that the formation of
the Indosinian granite in South China is related to the strong subduction/collision orogeny
around the South China plate. Ref. [6] proposed the flat-slab subduction model of the
Pacific plate to explain the tectonic evolution of South China since the early Mesozoic. From
the early Mesozoic period (about 265 Ma), the ancient Pacific plate began to subduct gently
under the Eurasian continent along the NW direction, resulting in large-scale magmatic
activity in South China. Refs. [87,88] suggested that there is a lack of conclusive evidence
of collision between the South China plate and the Indosinian plate in the Triassic period
and that the tectonic-magmatic thermal event in South China during the Indosinian period
was related to the NW subduction of the ancient Pacific Plate.

In summary, the driving force of the Indosinian tectonic-magmatic thermal event
in South China should have come from the reduplicated remote effects of the collision
between the North China Plate and the South China Plate in the north and of the sub-
duction of the Paleo-Pacific Plate to the South China Plate (Figure 11). The collision of
the North China Plate with the South China Plate and the subduction of the Pacific Plate
caused the compression of the South China Plate, forming a series of NE-trending thrust
structures. The thickening of the Earth’s crust facilitated crustal delamination, underplating
of mantle-derived magma, and crustal heating, triggering intense partial melting of the
lithosphere and magma enrichment. As a result, peraluminous S-type granite was formed
in the Mengshan area, and its formation environment was an intracontinental subduction
environment under the convergent tectonic system.

Middle—Late Triassic

North China Block South China Plate Pacific Plate
Intracontinental SE
Dabie orogenic belt subduction zone 7
Yangtze Block Cathaysia Block

Mengshan S-type granites

Far-field converge Far-field converge

WP Continental crust \

Heating
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Figure 11. A dynamic model of the Mesozoic intracontinental subduction of the South China Plate
(non-scaled for crust and lithosphere).

6. Conclusions

(1) The medium-fine-grained biotite monzogranite and the fine-grained monzogranite in
the Mengshan granitoid complex mainly formed at 220.7 & 1.0 Ma to 218.0 & 0.8 Ma
and 211.5 £ 2.9 Ma to 212.9 £ 1.0 Ma, respectively. They are the products of the
magmatic evolution of the Mengshan complex up to a late stage. They belong to the
category of S-type granites and are characterized by strongly peraluminous, high
K calc-alkaline content, high silica content, high Cs and U concentrations, and low
Th/U ratios. They were derived from the partial melting of Proterozoic continent
basement rocks, and minor mantle materials were involved during their generation.

(2) Combined with the systematic field investigation in this study and previous data,
three stages of magmatism are proposed for the formation of the Mengshan granitoid
complex, comprising medium—coarse-grained porphyritic biotite granite formed at ca.
236-223 Ma, medium—fine-grained biotite monzogranite formed at ca. 222-217 Ma,
and fine-grained monzogranite formed at ca. 212-211 Ma.

(3) The presence of the Early Mesozoic Mengshan granitoid complex reflects a redupli-
cated far-field converge effect of the collision of the North China and South China
blocks and the subduction of the Palaeo-Pacific plate into the South China block. The
thickening of the Earth’s crust facilitated crustal delamination, the underplating of
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mantle-derived magma, and crustal heating, triggering the intense partial melting of
the lithosphere and magma enrichment.

Supplementary Materials: The following supporting information can be downloaded at https:
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results of the Mengshan granitoid complex zircons [89-91].
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Abstract: Complex Neoproterozoic tectonic processes greatly affected the West Congo Basin, resulting
in a series of dispersed copper deposits in the Niari Sub-basin, Republic of the Congo. Structural
observation and analysis can help in understanding both the transportation pathways for copper
accumulation and the detailed tectonic evolution processes. This study examines cases from four
copper mine sites in the Luangu region of the Niari Basin, using a set of codes that consider the
three regional tectonic regimes (extension, extrusion, and contraction) and three deformation criteria
(maximum effective moment criterion, tensile fracture criterion, and the Coulomb criterion). By
combining these two aspects, nine new codes are introduced: the extension maximum effective
moment criterion (EM), extension tensile fracture criterion (ET), extension Coulomb criterion (EC),
strike-slip maximum effective moment criterion (SM), strike-slip tensile fracture criterion (ST), strike-
slip Coulomb criterion (SC), compression maximum effective moment criterion (CM), compression
tensile fracture criterion (CT), and compression Coulomb criterion (CC). By analyzing and applying
these codes to the selected sites, we show that the new codes can present a geometric coordination
catering to an exhumation-related inversion process from extension, strike-slipping, to contraction.
The existence of SM- and CM-related structures that occurred during regional extrusional and
contractional events may indicate a deeper level of exhumation for layers related to copper deposits
in the field sites. A new tectonic evolution model is presented, considering the hypothesis of vertical
principal stress changes while the two horizontal principal stresses remain relatively constant during
copper mineralization affected by the Western Congo Orogen. The application of the nine codes
facilitates the determination of interrelations between different tectonic regimes.

Keywords: new structural codes; Luangu copper deposits; basin inversion model; West Congo Basin

1. Introduction

Previous studies have revealed sediment-hosted stratiform copper deposits (SSC),
supergene-enriched copper deposits, and vein-type copper deposits within the Central
African Copper Belt [1,2], with total estimated resources of more than 150 million tons of
copper and 8 million tons of cobalt [3]. The formation mechanisms of sediment-hosted
deposits are still debated; however, it is likely that structural factors play a significant role.

Deformation is localized within sediment-hosted deposits in the Central African
Copper Belt [2], but the main phase of stratiform mineralization occurred during burial
after the Lufilian Orogeny [1], following the diagenetic phase and the formation of siderite.
This may be related to Pan-African orogenic superimposition. In tradition, researchers
believed that sediment-hosted deposits did not exhibit early structural movements, but are
controlled by extensional tectonic systems [3]. Recent studies reveal the mineralization of
the sediment-hosted copper deposits may also be related to tensile fractures which act as
pathways for fluid flow and metal transport in orogenic-related fold-thrust tectonics [4-6].
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2a~=0"

Tensile fractures are governed by the tensile criterion and have no direct relationship
with the tectonic regime, as they can occur in multiple settings. Extension refers to a
tectonic regime defined by extensional structures, especially normal faults. However, tensile
fractures with vertical occurrences can locally belong to extensional structures. Sometimes,
vertical tensile fractures appear as a set of en echelon fractures, indicating a general strike-
slip movement. Horizontal tensile fractures result from contraction. Therefore, mapping
outcrop structures is a key to determining copper mineralization mechanisms when gravity
and aeromagnetic surveys do not support the presence of such deep-seated bodies.

Fractures in sedimentary rocks include tension fractures (brittle), shear fractures
(brittle), and ductile (local plasticity) shear zones, which are respectively controlled by the
tensile criterion (T, the tensile strength of the rock, e.g., [7,8]), the Coulomb criterion (C,
e.g., [7,8]), and the maximum effective moment criterion (M, e.g., [9]). Different criteria
can be combined in Mohr space as shown in Figure 1. The conjugate angle 2« of these
three can be used to differentiate the conditions easily in outcrops, being approximately 0°
(T), 60° (C), and 110° (M), respectively [8]. Similarly, there are three regional stress regime
types—extension, strike-slip, and contraction [10]—coexisting within the same ore deposit
fields (Table 1). Each stress regime exhibits typical structures that can be mapped using the
three different faulting criteria mentioned above.

A 2a=60"
1

Figure 1. Three different fracture criteria combined in Mohr space (after [7-9]). Three styles of
fracturing are depicted as tensile fractures (T), Coulomb criterion-related shear fractures (C), and max-
imum effective moment criterion-related ductile shear bands (M). The transition criteria among these
three types are not displayed. The point (o4) refers to the lithostatic stress with zero differential stress.
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Table 1. Lithostratigraphic units in the Luangu area and its surrounding region corresponding to
Figure 2. The green dashed line in the table represents the studied copper unit.

Rock Assemblage (and

Cmonfedwe oMt Thickness) fme TectonicSetting - References
Alternating
Mpioka Subgroup sandstone-clayey ~540 Ma, ~1000 m Late orogenic related [11]
sediments
. . . Related
Schisto-Calcaire I-V carbonate-dominated ~630-580 Ma, ~1100 m to the rifting of the [11]
Subgroup subgroups basi
asin.
e Upper diamictite Diamictite ~640-635 Ma; ~150 m
formation
III clast-supported
. conglomerates and
Haut Shiloango breccias ~678-640 Ma; ~1050 m
Subgroup
Il nodular wackestone
I alterngti?g litmestones Related
and claystones To the Macaubas Rift [12-14]
iamicti iamicti i II: C i
Lower dlamlchte Diamictite with basalt ~694-678 Ma; ~400 m ryogeonian
formation sheets

Continental rift basin fill Earlier than 694 Ma

Sansikwa Subgroup intruded with dolerite sills ~1650 m

e~ NREOMRINIY.

Lufu granite 917 £ 14 Ma
Gangila Meta basalt 920 + 8 Ma Related 3]
Basement (Before B To the Macaubas Rift
Early Neoproterozic) Inga metarhyolite 924 + 25 Ma I: Tonian
Yelala metaconglomerate ~930 Ma
Kimezian Basement ~2.1Ga [15,16]

This paper presents a case study on tectonic regime changes in the Luangu area
of the Niari Sub-basin in the Neoproterozoic West Congo Basin, Republic of the Congo
(Figure 2). Regionally, copper deposits are distributed along sinistral strike-slip shear
zones that terminate at the thrust front of the fold-and-thrust belt of the West Congo
Orogen (Figure 2C; [17]). However, they are also sediment-hosted and relevant to regional
extension processes (Table 2; e.g., [12,13]), which presents a challenge in clarifying the
various ore-controlling models affected by different regimes. By selecting a north-south
rectangular area across the Luangu region, we provide observational results from the field to
regional scales by combining deformation criteria theory with structural analysis. Structural
features in different stress fields at the outcrop scale delineate ore-controlling systems for
mineralization. A copper formation model controlled by tectonic regimes is discussed.
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Table 2. Copper mine locations and deformation features.

Mines

GPS

Ductile Shearing

Extensile Fractures

Shear Fractures

L1, Northwest Luangu
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Silication alteration in
wall rocks, iron stained

L2, Central West omml e A AOAIA = Layer-parallel sliding; ~ Fissures with malachite  Silication alteration in
Luangu +13°55°507-04°20°15 folding veins wall rocks, iron stained
13, Southwest Luangu  +13°56/00"—04°21/157  -ayer-parallel sliding; Disseminated Silication alteration in
folding wall rocks
LE, Northeast Luangu  +13°59/00"-04°19/25"  -ayer-parallel sliding; Stockworks Fault zone with
! folding silication alteration
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Figure 2. (A,B) Tectonic locations of the Congo Craton and the West Congo Basin (after [11]).
(C) Tectonic framework in the area southeast of the West Congo Basin after [18-21]. Orange color
dashed lines with arrows in the I-I" profile show some possible movement directions of copper (Cu).
The orange region in the profile indicates the current study layer which had been deformed by

extensional, strike-slipping, and thrusting and folding structures.
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2. Geological Setting

The study area is located in the Niari sub-basin, a southeast part of the West Congo Basin
rifted upon the southwest boundary of the Proterozoic Congo Craton (Figure 2A,B; [11,22-25]).
The Paleoproterozoic basement is distributed in the west of the study area and is locally
intruded by younger granites dated at 1.0 Ga (Figure 2; [26]). This basement is capped by
5-6 km of thick basalts and rhyolites, dated between 912 + 7 Ma and 920 + 8 Ma (U-Pb
zircon dates; [18]). The Neoproterozoic cover rocks are carbonate platforms and foreland
metasediments of the West Congolian Group [27,28]. With a nonconformable relationship
to the basement, the West Congolian Group includes, upwards, a continental rift basin fill
(Sansikwa Subgroup) intruded with dolerite sills, as well as marine carbonate successions
with interbeds of glacial deposits and basalt sheets (Table 1; [11-14]).

The Luangu deposit is hosted by the West Congo Group within a cyclical transgressive—
regressive zone, situated between the underlying basement complex rocks and the overly-
ing terrigenous red and tan siltstones and mudstones (Table 1). The timing of mineralization
is not well constrained. Mineralization either occurred between 1000 and 700 Ma during
the diagenetic period of the covering sedimentary system [29,30], or coincided with the
Pan-African orogeny in the Neoproterozoic Ediacaran period or slightly later (635-541 Ma
for the Schisto-Calcaire/Lukala Group [11]; Mpioka Group, about 540 Ma [11]; see Table 1).
Regionally, there is an approximately east-west-trending copper mineralization zone in
the Luangu region (see Figure 3). Various cupriferous deposit locations within the Luangu
region have been verified to be situated in the upper section of the West Congolian Group,
between the carbonate Schisto-Calcaire Subgroup and the terrigenous Mpioka Subgroup
(as indicated by the green dashed line in Table 1). The cupriferous units have also been
significantly deformed by layer-parallel detachments, strike-slip faults, and reverse faults
(see Figure 3). A series of north-south-trending fold-and-thrust structures, along with some
northeast-southwest- and northwest-southeast-trending conjugate strike-slip structures,
can also be mapped to superpose upon the mineralization zone into north-south-trending
stripes (see Figure 3). In general, three stages of evolution after the formation of the
basement can be identified:

Rift Basin Period (about 0.93 Ga to about 0.54 Ga [11,12,31,32]): Characterized by
extensional detachment, new crustal growth, and the formation of the Luangu copper
mineralization zone.

Pan-African Orogeny (Neoproterozoic to Early Paleozoic): This was a notable period
of tectonic, magmatic, and metamorphic activity that contributed to the formation of
Gondwanaland [32-35]. Regional strike-slip faults and related reverse faulting and folding
structures serve as the main ore-controlling structures of the region and may overlie some
mineral bodies.

Gondwana Continental Rifting Period (Mesozoic): This period was marked by rift-
ing related to the formation of the Atlantic Ocean [36-39].

New structural features from outcrops of some copper mines—L1, L2, L3, and LE—
are summarized and listed in Table 2. Due to alteration, there is significant variation
in the lithology of sedimentary wall rocks, necessitating the use of original sedimentary
structures for identification. Further studies on ore-controlling structures in oxide ores
could be beneficial for better understanding the mineralization process.
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Figure 3. Structural map of the Luangu Area.

3. New Structural Codes Based on Both Structural Regimes and Faulting Criteria

Nine new structural codes are defined to help perform structural analysis in the
Luangu region in this paper. In this section, the codes are explained, including how the
nine codes are formulated and defined.

There are three types of regional deformation regimes including extension, strike-
slipping, and contraction [10]. Here, we will provide a new but more general interpretation
of geometric relationships during the superposition of different tectonic regimes in an
inversion process. When observing stress field patterns, if the directions of the maximum
and minimum horizontal compressions (cH, ch) across the aforementioned regimes are
constant, and only the magnitude of the vertical principal stress changes with time or space,
this suggests the presence of an ore-forming system (see Figure 4). It is important to study
vertical or regional variations in the stress field based on signature structures characteristic
of the tectonic stress field. The inversion system logically encompasses tectonic processes
from early to later stages, such as rifting, strike-slip faulting, reverse faulting, and folding
(e.g., [7,40,41]), similar to the evolution of the West Congo Basin.

Figure 4 illustrates the paleostress field sequence during basin inversion processes,
highlighting strain relationships. From the deformation perspective, an ore-forming sys-
tem that combines the extension regime and the strike-slip regime should align with the
maximum principal strain axis; the strike-slip regime and the contraction regime (includ-
ing fold-thrust and reverse faults) should align with the minimum principal strain axis.
Additionally, the medium principal strain axis (y) in the contraction regime should be
parallel to the maximum principal strain axis (x) in the extension regime. Extensional
structures focus primarily on investigating interlayer sliding, combinations of high and low
angles, and attitude relationships, among others. Extrusion structures including X-shaped
shear fracture combinations are typically observed on the original bedding plane (S0).
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Contraction structures including reverse faults and related folds are caused by the stress
field when both the axes of the minimum principal stress and the maximum principal stress
are horizontal. It is crucial to analyze the relationships between structures formed during

the three different regimes above.

Oh=0:

Fold and thrust structures

Z
\ o
: se
\ ol sen
\ LS ren | =
\\a‘ - same ‘ =
TR 12
18
OH=01 IS
12
fy ! =
QIS/.O/; | §
f’}@\ 89178 | =<
076\_ e\‘ >3
S 47,?)0\ = & ts \ S,
O s
n ) AN \’75,10,7
— —
—
—~ -
X

Oh=03

Extensional structures:
detachment and normal faults

Figure 4. This diagram shows the superposition of three types of structures caused by a decrease
in stress solely in the vertical direction over time; or the superposition of three types of structures
caused by a decrease in stress solely in the vertical direction from bottom to top in space. Note: EM
refers the extension maximum effective moment criterion; ET refers the extension tensile fracture
criterion; EC refers the extension Coulomb criterion; SM refers the strike-slip maximum effective
moment criterion; ST refers the strike-slip tensile fracture criterion; SC refers the strike-slip Coulomb
criterion; CM refers the compression maximum effective moment criterion; CT refers the compression
tensile fracture criterion; CC refers the compression Coulomb criterion. X refers to the maximum
principal strain axis; Y refers to the medium principal strain axis; Z refers to the minimum principal
strain axis. Extrusion sense here refers to the extruded out direction, parallel to the X axis; extension
sense is the extended direction, parallel to the X axis. In contraction, the vertical axis is the X axis; the
Y axis is the medium undeformed axis, and is parallel to the X axis in the extension regime in the

whole inversion system.

There are also three types of structural criteria available for mapping in outcrops:
the tensile fracture criterion, the Coulomb criterion, and the maximum effective moment
criterion [9]. These three criteria can form a unified deformation criterion to explain natural
shear planes and cracks (Figure 1; [8]).

If we consider three stress regimes, which are extension, strike-slipping, and com-
pression, and the three deformation criteria, there will be nine types, including extension
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maximum effective moment criterion (EM); extension tensile fracture criterion (ET); ex-
tension Coulomb criterion (EC); strike-slip maximum effective moment criterion (SSM);
strike-slip tensile fracture criterion (SST); strike-slip Coulomb criterion (SSC); compres-
sion maximum effective moment criterion (CM); compression fracture criterion (CT); and
compression Coulomb criterion (CC) (Table 3). Therefore, considering both the tectonic
regime and geometric factors, nine common classifications have been identified from
outcrop studies.

Table 3. Classification of nine codes for different stress regime structures in copper deposits.

Stress Regime Related Structures in Outcrops Codes and 2« Related
Reports
EC <90°
Extensional Detthment or layer-parallel §11d1ng plane; normal faults, ET ~0° [42,43]
extensional veins/fractures, vein structures/tensile fractures
EM ~110°
SC <90°
Strike-Slip or Strike-slip faults, releasing/restraining bends, dilational jogs,
) . ) ST ~0° [44]
Extrusion vein structures/tensile fractures
SM ~110°
Thrust or reverse faults, folds, duplexes, imbricate thrust cC <90°
Compressional systems; sulfide-filled foliation boudinage structures, vein CT ~0° [5,6]

truct tensile fract
structures/tensile fractures M ~110°

Note: Codes definition and explanation are the same as in Figure 4. 2« is the conjugate angle between shear
planes containing o7.

4. Results
4.1. Primary and Weathering Structures in the Cupriferous Units

Field surveys, drill core analyses, and geophysical techniques on copper mineraliza-
tion have been conducted, revealing a new cupriferous microbial dolomite unit in the
western Luangu region (see Figures 5 and 6). Thick dolomite with stromatolites occurred in
a warm, shallow water environment within a Neoproterozoic rifting basin [11]. On the way
from L2 to L3, particularly near the outcrop close to L3, one can observe an exposed outcrop
of inclined bedding surfaces running north—south (see Figures 5 and 6). From a distance, it
exhibits directional distribution characteristics. The diameter of the layered stones is gener-
ally 10-30 cm. The curved layers display alternating bright and dark patterns (see Figure 6).
The ore rock types here have been mostly proven to be weathering-related (Figure 7). For
example, chessboard-like structures are commonly observed where only silicified veins
remain, while other parts of the primary sandstone rocks have weathered away. Larger
ore bodies are usually confined to fault planes. In oxide ore zones, weathered ores are
not conducive to diagenetic analysis; however, in many cases, the siliceous framework
remains intact, with neogenic veinlets, malachite, azurite, etc., attached to the framework
(see Figure 3; Table 2).
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Figure 6. Outcrop of stromatolite at L3: (A) dip surface; (B) XZ plane; (C) XY plane; (D) YZ plane. X
refers to the maximum principal strain axis; Y refers to the medium principal strain axis; Z refers to

the minimum principal strain axis.

4.2. Results and Analyses on Ore-Controlling Structures

Outcrop structures from four mine sites in the Luangu copper deposits are carefully
studied and depicted in this section. Table 4 contains the results of observations of the new
codes and the relations between the different tectonic regimes experienced.

Table 4. Coded results and geometric relationships between different regimes.

Contraction and

Extension and Extrusion

Is Y Axis in Contraction

Mine Site Coded Results Extrus1(?n Share the Z Share the X Axis or Not? Parallel the X Axis in
Axis or Not? Extension?
L1, Northwest Luangu EM; SC; CT, CC Deduced YES Deduced YES YES by C.C and EM
from Figure 8F
L2, Central West Luangu EM, ET, EC; SM; CM YES from Figure 9E Deduced YES Deduced YES
L3, Southwest Luangu EM; ST, SC; CM YES from Figure 10C,E YES from Figure 10B,C YES from Figure 10B,E
LE, Northeast Luangu EM; SM, SC; CM, CT, CC Deduced YES Deduced YES YES from Figure 11A,B
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Figure 7. Weathering ore bodies: (A,B) are from L1; (C) is from L2; (D,E) are from L3. (A) Chessboard-
like veins that are all silicified (a piece of float in situ). (B) Quartz vein (a piece of float in situ). (C) The
weathering copper ore body is the area marked with blue lines, which is controlled by an upright
strike-slip fault. (D) The brown hematite-rich sandstone layers have been faulted. (E) The silicified
margin (chessboard pattern) is higher than the sandstone due to differential weathering. The yellow
box shows the outcrop location of (E). In photos (A,B,E), ‘Mal’ refers to malachite.

421.11

L1 is currently a mining pit but does not have a well-exposed outcrop profile
(Figures 3 and 5; Table 2; Figure 8A). Apart from the oxidized copper ore, primary ore
minerals without oxidation cannot be found here (Figure 6A,B).
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The euhedral quartz veins can grow in extensile cracks near the Earth’s surface en-
vironment (possibly coded as CT in contraction), along with oxidized copper minerals
attached to their tips (Figure 8B-D). The attitude can be measured in an excavation outcrop
(Figure 8E). Layer-parallel extension caused stretching lineations with a mean orientation
of 10°-178° (Lys in Figure 8F). Ly is from the low-angle detachment coded as EM. Bedding
layers might have also experienced conjugate strike-slip (SC in Figure 8F) and folding
processes (CC in Figure 8F). According to Figure 4, the set of structures in L1 is suitable for
the extension inversion process caused by a decrease in stress solely in the vertical direction
over time. The earlier deformation is characterized by layer-parallel extension controlled
by the maximum effective moment criterion. The later, but shallower, deformation involves
strike-slip and contraction, both controlled by the Coulomb criterion.

EM [y=10-178

Figure 8. Field outcrop and vein-type ore from L1: (A) Field quarry. (B) Ore, approximately
20 x 30 x 50 cm in size, featuring developed jointing with quartz crystal clusters forming on the
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joint surfaces. (C,D) depict the tips of the quartz crystal clusters turning dark in color, potentially
indicating copper mineralization. (E) is the outcrop used for orientation measurement. (F) shows
an equal-area stereographic projection plotted on the lower hemisphere to display layer surfaces
and stretch lineations. The plotted blue dashed circles represent bedding layers that have been
transformed by layer-parallel sliding, with stretch lineations on their surfaces.

422.12

The copper ore body in the site L2 is NW-SE-trending, controlled by regional strike-slip
structures (Figure 5; Table 4; Figures 6C and 9A). In the field, it appears as steep-standing
blocks, specifically lenses of ore bodies within the strike-slip fault systems (Figure 9B).

The cupriferous shear zone, controlled by EM, ET, and EC, is marked in Figure 9C,D,
indicating that it may have formed on extensional detachment fault surfaces on top of the
SC-III unit (Figures 3 and 5).

ore body 270

Reverse
faulting
system

Figure 9. Deformation structures from L2. (A) The NW-SE-trending and vertical ore body, approxi-
mately 5 m wide in the field. (B) Strike-slip-related slickenside lineations coded SM. (C) The cupriferous
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shear zone is parallel to the bedding layers marked EM, with high-angle shear fractures marked
EC. (D) In addition to the EM-EC structures, extensional cracks filled with cupriferous veins are
observed and marked as ET. (E) An excellent complex folding and reverse faulting outcrop, outlined
and compared as different regimes with defined codes EM, EC, SM, and CM. (F) A stereographic
projection plotted on the lower hemisphere with data measured on the bedding layer at the top of
the (D) profile.

The latest contraction structures can also be observed in well-exposed outcrops in
the field from mine L2 (Figure 9D,E). The fold-thrust structures align with the projection
results. Statistical analysis of 25 bedding planes results in a beta axis of or y-axis orientation
of 2-323, representing the medium strain orientation during the final contraction process.

Analysis indicates that extensional structures have been modified by both strike-slip
and thrust regimes. From early to late, there is layer-parallel shearing (EM) with high-angle
normal faulting (EC), strike-slip faulting (SM), and high-angle reverse faulting (CM).

423. L3

The site L3 is located in the southwestern part of the Luangu study area, some several
meters under the top surface of the Schisto-Calcaire carbonate rock unit and the below
surface of the Mpioka red sandstone unit, where malachite mineralization is observed near
the surface but inside the Schisto-Calcaire unit (Figure 10A). In the field, strain ellipsoid
markers and iron mineralization are visible.

The large extensional lineations in the outcrop also indicate that the maximum strain
axis is 165° (see Figure 10B). A closer observation also shows small strike-slip structures.
The en echelon cracks on the surface containing large lineations can be coded as ST
(Figure 10C). The ST cracks opened at the larger shear plane are marked as SC. Sinis-
tral and dextral kinematic senses can be determined by a set of SC-ST geometric systems
(Figure 10C). An arcuate anticline with sub-kink folds (CM) and sub-reverse blind faults
(CM) has been identified, with a 3 range of 12°~162° (see Figure 10D-F). It is inferred that
this fold has a medium strain axis orientation of about 162°. Therefore, the medium strain
axis in the contraction system is parallel to the earlier extensional maximum strain axis,
which can be explained by the method shown in Figure 4.

424. LE

The cupriferous shearing zone between the thick dolomite (Schisto-Calcaire III) and
the red sandstone layers (Mpioka Subgroup) at two pits from the northeastern Luangu
(LE) mine site was observed and measured (Figure 3; Figure 11). The natural erosion in the
north pit is much deeper than that of the south mining pit and has caused the cupriferous
shearing zone to be lost.

The cupriferous shearing zone with malachite and limonite can be observed in the
south pit of the EL site. The extensional detachment surface is nearly horizontal with
smooth undulations (Figure 11A). There are some smaller sheath folds that can be found
in the shallower dip planes. The kinematic sense of the detachment zone (EM) is roughly
with the top plate moving to the south, which is consistent with that in other sites of
Luangu. Extrusion-related shear planes (SC) can also be found, cutting through the
detachment surfaces.

The overall dip of the strata is gentle, but becomes steeper as it nears the faulting
locations. Extrusion-related strike-slip faulting (SM) with cataclastics occurred in the north
pit of the EL site, as well as contraction-related kink folding (CM), layer-parallel cracks and
veins (CT), and reverse faulting (CC) (Figure 11B).
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Figure 10. Field outcrop structures and elemental studies at L3. (A) Boundary between the Mpioka
Subgroup and Schisto-Calcaire-III, showing red sandstone layers above the unconformity. (B) Depicts
the fold hinge area and the initial stretching lineation bands (coded EM) when facing north. (C) Shows
extensile cracks (ST), sinistral and dextral strike-slip shear fracture sets (SC). (D,E) Illustrates thrust-
and-fold structures when facing south (CM). The dotted lines in (D) illustrate two reverse kink zones,
and the dotted lines in (E) outline curved bedding surfaces. (F) Displays equal-area stereographic
projections of plane elements with a beta axis of 12-162°.
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(A) The south pit of the EL mine site
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Figure 11. Presents the outcrop observation results in the eastern part of Luangu (EL): (A) Illustrates
a copper ore body within layer-parallel sliding structures (EM), situated below a detachment surface
(the green solid/dotted line) in the south pit of the EL mine site. The cupriferous unit, indicated
by malachite, is located between the red sandstones (Mpioke Subgroup) and the dolomite bedding
(Schisto-Calcaire III). (B) Shows evidence of significant erosion following strike-slip sliding (SM),
a kink zone (CM), layer-parallel extensional fractures with veins (CT), and reverse faulting (CC).

Stereographic projections are plotted on the lower hemisphere with codes corresponding to those
found in the outcrop figures.
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According to the geometric relations revealed by the stereographic projection in
Figure 11, the maximum extensional principal strain axis is nearly parallel to the fold axis
and the strike of the reverse faults, which reflects an inversion process.

5. Discussion

In the previous section of this paper, we analyzed complex outcrop structures from four
mine sites using our new codes (Table 4; Figures 8-11). These observations are dynamically
related to both the tectonic regimes and possible deformation criteria. However, the results
remain too isolated to provide a comprehensive understanding of the tectonic evolution
processes. Our results and analysis from four mine sites in Luangu clearly indicate that
three different regimes were experienced. Here, we present a further discussion on regional
evolution by comparing various sites of the Luangu copper deposits.

5.1. The Significance of the New Codes Series Used for Structural Analysis

Previous structural analysis only differentiated three regimes qualitatively according to
reverse, strike-slip, and normal faults, and could only roughly determine a major tectonic
regime on site. However, through our nine new codes, it is possible to uncover more
details about the transitions between different tectonic regimes. Moreover, a quantitative
determination of the coordination relations can be made and deduced from these codes
recorded at outcrops, allowing us to establish a regime change order.

It is easy to understand that a location point should be controlled by a single tectonic
regime at any given time. However, extension at one point could change to strike-slip at
another time and eventually to contraction. The final stage should depend on regional
tectonic conditions. In other words, when the basin rift is relatively localized, if the regional
tectonic condition is strike-slip, then the final stage will be strike-slip; if the regional tectonic
condition is contraction, then the final stage will be contraction. Some previous studies
believe that regional copper deposits are more obviously controlled by a set of ENE-WSW
strike-slip faults (Figure 2C; [11,17]) in a regional extrusion regime. However, structures
associated with contraction are also shown to be prevalent in our study. From all pits,
upright veins and horizontal veins can be observed to form due to fracturing that occurred
under tensile criteria during different regimes (see the lower right picture in Figure 11B).

By classifying structures related to different regimes and levels at the field scale, a
changing process for different erosion levels of each tectonic regime can be easily deduced
(Table 5). The tendency of these changes can be more easily understood in Figure 12, which
compares different evolutionary routes in physical style. EM is likely the most prominent
during a deep ductile extension stage, which is clearly related to the formation of the
Luangu copper deposit (Figure 13). In L2 and LE, the copper grade reaches up to 3%—4%
within the dolomite layer detachment zone (Figures 9 and 11). However, other types of
structures may hinder preservation conditions due to higher erosion levels. For the L1 site,
this may indicate good preservation of the copper deposit, as no SM and CM structures
have been observed there. For the L2, L3, and LE sites, this suggests limited preservation
conditions for the copper deposit, as CM structures have been observed there (Table 5).

5.2. Models for Regional Distribution and Evolution of the Luangu Deposits

From the geological background in the Section 2, three stages of tectonic development
can be concluded: basement rift and West Congo Basin formation, Pan-African orogeny,
and the assembly and rifting of Gondwanaland. Large sediment-hosted copper deposits
often experienced superimposed tectonic systems [1,3]. Since the four study sites are
primarily located at the same tectonic level within a relatively small region, it is plausible
to determine the superposition order in time, beginning with extension, followed by strike-
slip, and finally contraction. The regime changes correspond to an inversion process during
exhumation. This study further demonstrates the geometric, kinematic, and dynamic
relationships resulting from tectonic inversion.
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Table 5. Deformation history of each site using the new codes.

Extension Strike-Slip Contraction
Mine Site Results Ductile Brittle Ductile Brittle Ductile Brittle Preservation
Assessment
EM ET/EC SM ST/SC (@Y1 CT/CC
L1, Northwest . ; ) }
Luangu EM; SC; CT, CC Vv Vv Vv Good
L2, Central West EM, ET, EC; SM; ) ) ..
Luangu M v/ Vv Vv vV Limited
L3, Southwest . ) ) ) ) ..
Luangu EM; ST, SC; CM v/ vV v Limited
LE, Northeast EM; SM, SC; CM, ..
Luangu CT, CC v v v v v Limited
Ore preservation assessment Best Best Good Better Bad Good -
Note: The tick mark “/” indicates that structures related to different regimes and levels at the field scale have
been found at the corresponding mine site.
Oh=0:

Q=01

Oh=0:=

Stress {8 I.2 L3 EL
field

Figure 12. Evolution routes in physical style based on our structural observations for different sites.
Single geometric styles are mostly after [7,45].

Stage A: Rift valley basin period

This time period is a transition from N-S contraction to N-S extension; that is, from the
Lufilian orogeny to the rift valley, resulting in the sedimentation of the West Congo Group
(Figure 14A). Previous studies have suggested the presence of a regional Neoproterozoic
coastal environment during the extensional regime [11,46]. Our research has also revealed
the presence of abundant stromatolitic structures between L1, L2, and L3, indicating a
lacustrine depositional setting. Within these formations, sedimentary copper deposits are
found, as illustrated in field photographs (Figures 8-11).
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Figure 13. A mineralization model related to extension and strike-slip.

Stage B: Pan-African orogenic period

This is a period characterized by E-W contraction but occasionally by extension due to
deep tectonic heat upwelling, resulting in the formation of copper deposits in the study area
via hydrothermal processes along fracture zones (Figure 14B). The major superimposed
tectonic systems transformed the boundary between the red bed sediments of the Mpioka
unit and the underlying Schisto-Calcaire unit, resulting in isolated copper-bearing units in
the study area, although they remain within a defined zone on the regional map (Figure 2C).

Systems of extensional, extrusive, and thrust structures coexist in field observations,
indicating an evolving inversion process at each site. Field studies indicate that the
extensional-related EM, ET, and EC systems are major mineralization factors. However, the
strike-slip-related SM, ST, and SC systems, as well as the contraction-related CM, CT, and
CC systems, may also have ore control significance.
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Figure 14. Copper-polymetallic mineralization in the basin inversion system showing the main
copper bodies formed during E-W compression at the end of the Pan-African Orogen. (A) illustrates
the marine sedimentary cover above the basement; (B,C) shows the deformation of cover layers with
extension-related structures and contraction-related thrust and fold structures, respectively. Inversion
occurs from (B) to (C), as indicated by the normal fault plane represented by black dashed lines in (B)
and the reverse fault plane represented by red dashed lines in (C).

Stage C: Assembly and rifting of Gondwanaland

This is a period characterized by E-W extension and contraction processes, resulting in
the exhumation of copper deposits in the study area (Figure 14B). The extension is related to
Gondwana continental rifting and the formation of the Atlantic. The current predominant
stress system is east-west contraction [47]. Although the copper mineralization is more
intense near the oceanic spreading center [48], it is difficult to determine whether this
significantly affects the formation of ore deposits within the continent.

6. Conclusions

(1) This study introduced and defined nine codes (EM, ET, EC, SM, ST, SC, CM, CT,
CC) considering both tectonic regimes and deformation criteria for structural analysis. The
significance of the new code series used for structural analysis makes the deformation
history easier to understand for each mine site.

(2) Taking the Luangu deposits as an example, analysis results from four mine sites are
provided using the new codes and discussed through comparisons with related physical
diagrams. The key geometric relationships between different regimes, as observed and
measured directly, prove that contraction and extrusion share the Z axis at L2 and L3,
extension and extrusion share the X axis at L3, and the Y axis in contraction is parallel to
the X axis in extension at L1, L3, and LE.

(3) A further basin inversion model for regional copper deposits in the West Congo
Basin is established based on the previous tectonic settings. The E-W compression at the
end of the Pan-African Orogen may represent the primary stress field for the formation of
significant copper bodies.
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Abstract: The Jiaodong Peninsula is renowned for its significant gold reserves, which
exceed 4500 tons. In this study, we conducted zircon SHRIMP U-Pb dating, “°Ar/% Ar
geochronology, electron probe microanalysis (EPMA) analysis, and He-Ar isotope analysis
on samples from the Shuigou gold deposit located in the Qixia-Penglai-Fushan metallogenic
area of central Jiaodong. This quartz vein-type gold deposit is characterized by three
mineralization stages: (I) the quartz-pyrite stage, (II) the quartz-polymetallic sulfide stage,
and (III) the calcite stage. In stages I and II, gold primarily exists as native gold or electrum.
Preliminary analysis suggests that the deposit contains rare critical metals, including
bismuth (Bi), tellurium (Te), and antimony (Sb). The Sb is found as pyrargyrite in stage
III, while the other critical elements occur as isomorphisms or nanoparticles within host
minerals such as pyrite, native gold, and electrum. Geochronology data indicate that
the pre-mineralization Guojialing monzogranite formed around 126 £ 1.6 Ma, the syn-
mineralization muscovite formed at approximately 125 Ma, and the post-mineralization
diorite porphyrite formed at 120.4 4- 1.8 Ma. The *He/“He ratios of fluid inclusions in the
main-stage pyrite range from 0.26 to 1.26 Ra, and the “°Ar /3¢ Ar ratios vary from 383 to
426.6. These findings suggest that the Shuigou gold deposit formed during the destruction
of the North China Craton (NCC), similar to other super-large gold deposits in the Jiaodong
Mesozoic gold metallogenic province. Gold mineralization has been influenced by mantle,
crustal, and meteoric fluids.

Keywords: Shuigou Au deposit; ore genesis; geochronology; He-Ar isotope; rare critical
metals; Jiaodong

1. Introduction

The Jiaodong Peninsula, located in the eastern part of the North China Craton (NCC)
(Figure 1a), is the most important gold metallogenetic province in China. Preliminary
estimates suggest that proven gold reserves totaling 4500 tons, of which 2700 tons come
from deep deposits at depths between 600 and 2000 m [1,2]. Jiaodong is also recognized as

Minerals 2025, 15, 14 https://doi.org/10.3390/min15010014
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the only region in the world where significant gold accumulation occurred billions of years
after the host rocks were formed [3]. The gold deposits in this area are primarily found in
the Northwest Jiaodong, Qixia-Penglai-Fushan, and Mouping-Rushan Metallogenic Areas
(Figure 1b). These deposits exhibit typical characteristics controlled by faults (Figure 1b),
mainly influenced by NNE-NE trending faults or interlayer detachment structures, and are
classified as “gold-only” type deposits [4]. Recent comprehensive research has confirmed
that the critical metals such as Cr, Co, Cd, Rb, Nb, Ta, Hf, W, Sn, REEs, Sb, Bi, and As in
the gold deposits exhibit varying degrees of enrichment compared to the average crustal
abundances in NCC, with Te, Co, and Cd that can be directly recycled in the Xiadian and
Dayingezhuang deposits [5,6].
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Figure 1. (a) Tectonic location of the Jiaodong Peninsula; (b) Simplified geological map of the Jiaodong
Peninsula, showing the distribution of major tectonic units, Mesozoic igneous rocks, faults, and Au
deposits (modified from [7]). The division of the Northwest Jiaodong, Qixia-Penglai-Fushan, and
Mouping-Rushan Metallogenic Areas is based on [2].

Precise mica *°Ar/% Ar isotopic dating results indicate that the Jiaodong gold deposits
were primarily formed during the Early Cretaceous period. The earliest age recorded in
the Dayingezhuang deposit suggests that Mesozoic gold mineralization may have begun
around 130 £ 4 Ma [8]. Gold mineralization peaked between 126 and 120 Ma, marked
by the formation of gold deposits, including Cangshang (121.3 £ 0.2 Ma) [9], Jiaojia,
Xincheng, and Wangershan (121.0 £ 0.4 Ma~119.2 £ 0.2 Ma) [10], as well as Pengjiakuang
(120.9 4 0.4~119.1 £ 0.2 Ma) [11]. The youngest ages of 109.3 = 0.3 Ma~107.7 £ 0.5 Ma from
the Rushan gold deposit indicate that gold mineralization continued until 120~110 Ma [8]. Sta-
ble isotope and fluid inclusion studies showed that the low salinity (6~13 wt% NaCl.eqv) and
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CO,-rich mineralizing fluids are consistent across different regions and depths with &'8Ogpiow
values of 0.08-8.85%0 and dDgpow values ranging from —106.48%o to —48%o0 [12,13]. The
He-Ar isotope compositions are distributed in the zone between mantle and crust [1]. Various
scholars have proposed multiple genetic models to explain the formation of the Jiaodong
gold deposits. Fan et al. suggest that the mineralizing fluids originated from magma and
are related to the melting of mafic intrusions formed in the Mesozoic-enriched lithospheric
mantle [14]. Li et al. propose that the mineralizing fluids were primarily composed of
magmatic-hydrothermal fluids from felsic magma mixed with meteoric water, along with
mantle-derived fluids [15]. Some scholars have suggested that the Jiaodong gold deposits
represent a new type known as “Jiaodong-type” gold deposits [16]. Goldfarb and Santosh
argue that the fluids and mineralizing materials of the Jiaodong gold deposits originate
from below the crust, possibly from the lithospheric mantle and subducted oceanic crust
sediments [3]. This led to the establishment of an oceanic crust subduction model to explain
the formation mechanism of the Jiaodong gold deposits. Deng et al. propose a new model for
the remobilization of the metasomatized mantle lithosphere in the Jiaodong gold province,
suggesting that the upwelling of the asthenosphere triggered the release of gold and sulfur
from an enriched and fertilized mantle lithosphere [17]. This process contributed to the
formation of auriferous fluids, leading to widespread gold mineralization in the Jiaodong
region. Qiu et al. utilized lithium isotopes to demonstrate a strong genetic connection between
carbonate metasomatism in the mantle and gold mineralization in the overlying crust in
the Jiaodong. While the pre-enrichment of Au in the mantle is essential for the formation
of large gold provinces, the oxidation of the lithospheric mantle plays a crucial role in the
mobilization of Au [18]. However, most of genetic models are based on data from Northwest
Jiaodong, and Mouping-Rushan Metallogenic Areas, with Qixia-Penglai-Fushan Area less
considered. More studies of gold deposits in Qixia-Penglai-Fushan Area are needed for the
better understanding of gold mineralization in Jiaodong Peninsula, especially when there are
other Mesozoic polymetallic mineralization such as tungsten, molybdenum and antimony in
the area [19,20].

The Shuigou gold deposit is a quartz vein-type (Linglong-type) gold deposit located
in the Daliuhang area of Penglai, within the Qixia-Penglai-Fushan Metallogenic area of
central Jiaodong (Figure 1b). This study described the geology and occurrence of gold
and critical elements such as Bi, Te, and Sb in the Shuigou gold deposit. Systematic
geochronological and geochemical data have been conducted to provide new insights into
regional gold mineralization.

2. Regional Geology

The Jiaodong Peninsula is located at the southeastern edge of the NCC. It is bordered
to the west by the trans-lithospheric Tan-Lu (Tancheng-Lujiang) Fault and to the south
by the Yangtze Craton (Figure 1a). It primarily consists of Precambrian metamorphic
basement rocks and Mesozoic igneous rocks (Figure 1b), with a minor presence of Mesozoic
sedimentary-volcanic deposits [21,22].

The Precambrian metamorphic basement rocks are primarily composed of Archean
supracrustal rocks, tonalite-trondhjemite—granodiorite (TTG) gneisses, Paleoproterozoic
granitoid intrusions, high-grade metamorphic Fenzishan and Jingshan Groups, low-grade
metamorphic Zhifu Group, Neoproterozoic low-grade metamorphic Penglai Group, and
various lenses or sheets of metamorphic mafic-ultramafic rocks. The Archean supracrustal
rocks mainly consist of biotite-plagioclase gneiss, biotite leptite, leucoleptite, amphibolite,
and banded iron formation. TTG gneisses are found from northern Qixia to southern
Laixi-Laiyang. These gneisses have protolith ages of approximately 2.9 Ga, 2.7 Ga, and
2.5 Ga, undergoing amphibolite to granulite facies metamorphism around 2.5 Ga and
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1.86 Ga [23,24]. The Jingshan Group is made up of Al-rich gneisses and marbles, while the
Fenzishan Group primarily includes pelitic schists, fine-grained paragneisses, marbles, and
minor amphibolites. The Zhifu Group consists of quartzite and quartz schists containing
muscovite and tourmaline. The Penglai Group includes quartzite, slate, and limestone [25].
Paleoproterozoic granitoids are characterized by both deformed and undeformed varieties,
including alkali feldspar granite, albite granite, gneisses, syenogranite, and pegmatitic
granite. These granitoids can be categorized into two groups: those formed around 2.2 to
2.1 Ga, which are pre-tectonic, and those from ca. 1.8 Ga, which are post-tectonic [26].

Mesozoic sedimentary-volcanic rocks are found in the Jiaolai basin (Figure 1b), which
consists of three main groups, listed from bottom to top: the Laiyang Group, the Qingshan
Group, and the Wangshi Group. The Laiyang Group consists of a sequence of sandstone,
siltstone, shale, and conglomerate, with some rare interlayers of volcanoclastic rocks. The
Qingshan Group is characterized by eruptive cycles that include both volcanic and clastic
rocks. Lastly, the Wangshi Group is made up of red beds, along with mafic and ultramafic
lavas, sandstones, and conglomerates [27].

Mesozoic magmatism in the Jiaodong region is primarily characterized by the presence
of granitoids and dykes. The Mesozoic granitoids developed during three episodes: (1) the
Linglong-Kunyushan-Wendeng suite, with zircon U-Pb ages ranging from 160 to 150 Ma;
(2) the Guojialing suite, which has zircon U-Pb ages between 130 to 126 Ma; (3) the
Weideshan suite, with zircon U-Pb ages from 120 to110 Ma [19,28,29]. The dykes include
lamprophyre, diorite, diorite porphyry, dolerite, granodiorite/granite, and gabbro, with
ages ranging from 127 to 114 Ma [30].

3. Ore Deposit Geology

The Shuigou gold deposit is a quartz vein-type gold deposit with a reserve ex-
ceeding 5 tons of gold. It is situated in Daliuhang, to the northeast of Penglai City
(Figures 1b and 2a). The gold deposit district is characterized by well-developed fault
structures that trend NNE-NE, including the Shuigou fault, F; fault, and F; fault. The
primary igneous rocks in the area are the Linglong monzogranite and the Guojialing mon-
zogranite (Figure 2a), which are found on both sides of the Shuigou fault. Additionally,
late Yanshanian diorite porphyrite and porphyry, which intersect the gold-bearing quartz
veins, are also present.

The ore bodies are primarily located within alteration zones characterized by pyrite-
sericite-silicified breccia and quartz veins, which are controlled by NNE-NE trending faults
(Figure 2). A total of eleven alteration zones have been identified, with the No. 1 and No. 2
zones being the largest (Figure 2b). The No. 1 alteration zone is controlled by the F; fault.
It has a surface outcrop length of 250 m and a current measured length of 650 m in the adit.
The zone ranges from 0.5 m to 2.0 m in width, strikes between 10° to 20°, and dips to the
southeast at 58° to 84°. This alteration zone is composed of pyrite-sericite-silicified breccia,
which locally contains pyrite-quartz veins. Both the hanging wall and footwall of this zone
are made up of Guojialing monzogranite. Gold mineralization varies inconsistently but is
more prominent in areas abundant with pyrite-quartz veins, where local gold grades can
exceed 20 g/t. The No. 2 alteration zone is controlled by the F, fault, which has a surface
outcrop length of 650 m and a width ranging from 0.5 m to 2.0 m. This zone strikes at an
angle of 5° to 15° and dips southeast at 65° to 78°. It consists of pyrite-sericite-silicified
breccia and locally contains quartz veins. Both the hanging wall and footwall are composed
of Guojialing monzogranite. The gold grades in this zone range from 0.05 g/t to 5.59 g/t.
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Figure 2. (a) Geological sketch map of the Shuigou gold deposit; (b) cross-section of Exploration Line
No. 0 in the Shuigou gold deposit.

The primary ore minerals found in the Shuigou gold deposit are native gold, elec-
trum, and pyrite, along with minor amounts of pyrrhotite, sphalerite, galena, and
chalcopyrite. The gangue minerals primarily consist of quartz, feldspar, sericite,
chlorite, and calcite. The main ore textures observed include crushed, euhedral,
subhedral-anhedral, replacement-dissolution, inclusion, filling, and colloform tex-
tures. Mineralization occurs in three distinct stages: the quartz-pyrite stage (I), the
quartz-polymetallic sulfide stage (II), and the calcite stage (III). Gold is mainly precipi-
tated in stages I and II (Figures 3 and 4).
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Figure 3. Mine shaft outcrop, hand specimen and microscopic photographs showing the ore texture

and structure of the Shuigou Au deposit. (a) Gold-bearing quartz vein cutting the beresite and
Guojialing monzogranite. (b) Hand specimens of Guojialing monzogranite. (¢) Hand specimens of
beresite. (d,e) Hand specimens of stages I and II. (f~h) Photomicrograph of a polished thin section
of stage I. (i,j) Photomicrograph of a polished thin section of stage II. (k) Photomicrograph of a
polished thin section of stage III. (1) Photomicrograph of a polished thin section of stage I epigenetic
oxidized ore. Abbreviations: Arn—argentite, Au—native gold or electrum, Ccp—chalcopyrite,
Cv—covellite, Gn—galena, Py—pyrite, Po—pyrrhotite, Pyr—pyrargyrite, Q—quartz, Ser—sericite,
and Sp—sphalerite. The diameter of the coin is 19 mm.
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Figure 4. Mineralization stages and paragenetic sequence of the Shuigou gold deposit.

4. Samples and Analytical Methods

All samples in this study were collected from the underground mine of the Shuigou
gold deposit. Thin sections of the host rocks and ores were prepared for petrographic and
EPMA analyses. Zircons from the Guojialing monzonite granite and post-mineralization
diorite porphyrite were separated and prepared for SHRIMP U-Pb dating. Additionally,
muscovite and pyrite were separated from samples representing the main mineralization
stage for ©°Ar/% Ar geochronology and He-Ar isotope analysis, respectively.

4.1. EPMA Analysis

Spot analyses and element mapping of samples were performed using a JEOL JXA-
8230 electron probe microanalyzer manufactured by Japan at the Key Laboratory of Metal-
logeny and Mineral Assessment, Chinese Academy of Geological Sciences, Beijing, China.
The operating conditions for chosen mineral samples were 15 kV accelerating voltage and
a beam current of 50 nA, with variable counting times between 10 and 100 s and between
5 and 50 s in the peak and background, respectively. The beam diameter ranged from
1 to 5 um. Elements Se, As, Cr, S, Pb, Bi, Sb, Cu, Fe, Zn, Te, Mo, Ag, Au, Co, and Ni were
analyzed. The operating conditions for element mapping were 15 kV accelerating voltage
with 100 nA beam current, 0.5 um step size, and 50 ms dwell time for qualitative element
maps; Ag, As, Au, Bi, Cu, Fe, S, and Te distribution data were collected.

4.2. SHRIMP Zircon U-Pb Dating

Zircon U-Pb dating was carried out using SHRIMP II manufactured by Australia at
the Beijing SHRIMP Center, Chinese Academy of Geological Sciences, Beijing, China. A
primary 20-30 um O?~ ion beam of 3-6 nA was used to bombard the surfaces of the zircons.
Five scans were made for each analysis after a raster time of 120-200 s. Standard zircons
for elemental abundance calibration included 91,500 (U = 91 ppm), SL13 (U = 238 ppm),
and M257 (U = 840 ppm) [31,32]. TEMORA with a 2%°Pb /238U age of 417 Ma was used
for calibration [33] and was analyzed after every three sample analyses. Common Pb
corrections were based on the measured 2%‘Pb contents. Uncertainties for individual
analyses are quoted at 1o, whereas errors for weighted mean ages are quoted at the 95%
confidence level.
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4.3. 0 Ar/* Ar Dating

The mineral separate and reference sample ZBH-25 with an age of 132.9 4 1.3 Ma [34]
were irradiated in the high-flux engineering test reactor (HFETR) facility at the Nuclear
Power Institute of China. After a cooling period of three months, the “*Ar/3% Ar analyses
were performed at the Beijing Research Institute of Uranium Geology. The decay constant
used for calculation is 5.543 x 10710 a~1.

4.4. He-Ar Isotopes

He and Ar isotopes were analyzed at the Stable Isotope Laboratory, Institute of Mineral
Resources, Chinese Academy of Geological Sciences, Beijing, China. The ratios were measured
by Helix SFT. The *He signal was received by a Faraday cup. The *He signal was received
by ion multiplier under the condition of 4.5 kv source voltage, 1218 pA current, 15.56 v trap
voltage, and 450 pA trap current. The 4’ Ar and 3°Ar were received with a Faraday cup. The
38 Ar was received with a multiplier. The ion source voltage and current were 4.5 kv and
454 pA. The trap voltage and trap current are 15.02 v and 200 pA. The standard air 3He/*He,
40Ar/36Ar, and 30 Ar/38 Ar ratios are 1.4 x 1079, 295.5, and 5.35, respectively.

5. Analytical Results
5.1. Composition of the Major Ore Minerals

The EPMA analysis data are detailed in Supplementary Table S1, as well as Figures 5 and 6.
Major ore minerals measured include pyrite, pyrrhotite, sphalerite, native gold, and electrum.

The stage I pyrite (Pyl) and pyrrhotite (Pyrl) samples were analyzed. The Pyl
samples (1 = 13) contain the following compositions: 45.76-46.69 wt% Fe, 53.07-53.65 wt%
S, 0-0.42 wt% As, and negligible amounts of Se, Bi, Te, Co, and Ni. The Pyrl samples
(n = 5) are composed of 59.15-61.11 wt% Fe and 37.99-37.58 wt% S. Additionally, the gold
mineral present in stage I is primarily native gold, which consists of 80.49-89.71 wt% Au
and 7.54-17.27 wt% Ag.

In stage II, the sphalerite (Sp2) samples (n = 4) contain 59.21-64.29 wt% Zn,
33.22-34.01 wt% S and 2.10-7.12 wt% Fe. The gold mineral in stage II is primarily electrum,
comprising 58.26-75.15 wt% Au and 23.00-36.73 wt% Ag.

5.2. Zircon SHRIMP U-Pb Geochronology

Zircon U-Pb results are presented in Table 1 and Figure 7.

The zircon grains from sample DLH2 of the Guojialing monzonite granite are sub-
hedral to euhedral. They can be either stubby or elongated, measuring between 250 and
350 pm in length. In cathodoluminescence (CL) images, these grains display magmatic
oscillatory zoning patterns (Figure 7a). A total of 16 analyses were conducted on 16 grains.
Thirteen analyses on syn-magmatic domains indicate uranium (U) contents ranging from
202 to 381 ppm, with Th/U ratios between 0.31 and 0.77. These analyses yield a weighted
mean 2°Pb /238U age of 126 4+ 1.6 Ma (MSWD = 1.18) (Figure 7b). Additionally, three
inherited domains exhibit ages of 134.4 Ma, 150 Ma, and 163.3 Ma (Figure 7a).

Zircon grains from sample DLH5 of diorite porphyrite are subhedral to euhedral in
shape, appearing as either stubby or elongated prisms with lengths ranging from 150 to
400 um. In CL images, these grains display magmatic oscillatory zoning (Figure 7c). A
total of 12 analyses were conducted on the syn-magmatic domain across 12 different grains.
The results indicate U contents between 193 and 2552 ppm, with Th/U ratios ranging
from 0.77 to 2.44. Additionally, the analyses yield a weighted mean 2°°Pb /238U age of
120.4 &+ 1.8 Ma (MSWD = 0.77) (Figure 7d).
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Figure 5. EPMA maps of ore minerals from mineralization stage I. The mapped area is pyrite with

gold minerals and chalcopyrite.
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Fe

100 um Te 100 um Au 100 um

Figure 6. EPMA maps of ore minerals from mineralization stage II. The main mineral is sphalerite
with chalcopyrite blebs and pyrite. Gold minerals are isolated or in sphalerite.
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Figure 7. Representative CL images (a,c)and concordia diagrams (b,d) of zircon grains from the

Shuigou gold deposit. The dashed-line ellipses labeled 12, 13, and 16 are inherited zircons.

Table 1. SHRIMP U-Pb data for zircons from the Shuigou gold deposit.

S U Th 2Pb * 2075 4 206py, + o 207 p, #/235] * o 206 pl, */238] * o, 206pt,/238
pot ( ) ( ) Th/U ( ) Pb */*°°Pb +% Pb */*>°U +% Pb */~°°U +% Pb/~°U Age
ppm ppm ppm

DLH2
DLH2-1 264 114 0.45 4.57 0.0500 20.0 0.1380 21.0 0.0199 24 126.8 £3.0
DLH2-2 381 254 0.69 6.49 0.0300 37.0 0.0780 37.0 0.0190 2.3 1214 +28
DLH2-3 231 173 0.77 4.09 0.0480 34.0 0.1340 34.0 0.0201 29 128.2 £3.6
DLH2-4 252 103 0.42 4.28 0.0540 30.0 0.1450 30.0 0.0194 29 1241 +35
DLH2-5 292 130 0.46 528 0.0430 27.0 0.1210 27.0 0.0204 2.3 130.4 +3.0
DLH2-6 202 61 0.31 3.43 0.0528 18.0 0.1420 18.0 0.0195 24 1245 £29
DLH2-7 379 156 0.42 6.40 0.0538 8.1 0.1440 8.3 0.0194 1.9 1241 +24
DLH2-8 262 112 0.44 4.66 0.0490 21.0 0.1370 21.0 0.0201 25 1283 £3.2
DLH2-10 291 117 0.42 5.12 0.0330 37.0 0.0900 37.0 0.0198 2.7 1264 +34
DLH2-11 294 110 0.39 5.02 0.0408 20.0 0.1090 20.0 0.0193 22 1233 +2.7
DLH2-14 334 111 0.34 5.40 0.0653 7.6 0.1710 7.8 0.0190 2.0 1212+ 24
DLH2-17 245 87 0.37 435 0.0450 24.0 0.1240 25.0 0.0202 2.3 128.7 £ 3.0
DLH2-18 263 113 0.44 4.70 0.0446 21.0 0.1250 21.0 0.0203 2.3 129.6 £2.9
DLH2-12 16,612 1136 0.07 343.00 0.0516 2.5 0.1677 3.1 0.0236 1.7 150 £ 2.6
DLH2-13 152 64 0.44 3.44 0.0620 23.0 0.2190 23.0 0.0257 29 163.3 £ 4.6
DLH2-16 269 127 0.49 492 0.0484 9.1 0.1410 9.4 0.0211 2.0 1344 +27
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Table 1. Cont.

U Th 206Pb * 207 206 o 207 235 o 206 238 o, 206 238
Spot Th/U Pb*/Pb* +£% Pb */*°U* +% Pb*/#°U* +% Pb/~°U Age
(ppm)  (ppm) (ppm)
DLH5
DLH5-1 2552 3262 1.32 39.80 0.0467 1.8 0.1167 3.1 0.0181 2.5 1157 £29
DLH5-2 375 345 0.95 6.01 0.0462 10.0 0.1180 10.0 0.0186 2.7 1185 £3.1
DLH5-3 193 382 2.04 3.24 0.0477 4.8 0.1284 5.5 0.0195 2.7 124.6 £3.3
DLH5-5 1257 1202 0.99 20.10 0.0476 3.5 0.1224 43 0.0186 2.6 119.1 £ 3.0
DLH5-7 302 328 1.12 5.23 0.0476 20.0 0.1250 20.0 0.0191 29 1219 £35
DLH5-8 419 390 0.96 6.97 0.0480 3.9 0.1272 4.7 0.0192 2.6 122.8 £3.2
DLH5-3 404 623 1.59 6.58 0.0470 4.6 0.1220 53 0.0188 2.6 1202 £3.1
DLH5-10 394 470 1.23 6.66 0.0489 3.3 0.1328 42 0.0197 2.6 125.7 £3.2
DLH5-12 279 262 0.97 5.12 0.0960 52.0 0.2500 52.0 0.0192 3.2 122.3 £39
DLH5-13 357 268 0.77 5.77 0.0498 52 0.1292 5.8 0.0188 2.6 120.1 £3.2
DLH5-14 332 448 1.39 5.30 0.0523 4.0 0.1339 49 0.0186 2.8 118.5+3.3
DLH5-15 519 428 0.85 8.40 0.0473 34 0.1225 43 0.0188 2.6 1199 £3.1
Note: (1) common lead corrected using 204pp; (2) 206Ph * is radiogenic lead; (4) age in Ma.
5.3. “0 Ar/% Ar Geochronology
The two muscovite samples yield well-defined “°Ar/3’Ar plateau ages. Sample
13DLH15 has a plateau age of 125.76 + 0.52 Ma, based on 83.6% of the released SAr,
while sample 14DLH20 yields a plateau age of 126.8 &= 0.59 Ma based on 84.7% of the
released ¥ Ar. Additionally, the isochron ages for the two samples are 125.55 + 0.55 Ma
and 125.90 & 0.69 Ma, respectively. These isochron ages are consistent with the plateau
ages within the margin of error (Figure 8 and Table 2).
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Figure 8. ) Ar/% Ar plateau and isochron ages for muscovite from the Shuigou gold deposit.
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Table 2. 40Ar-% Ar step-heating geochronology data for muscovite from the Shuigou gold deposit.

i 39 39
HSen®  TCO  (MArPAN, CATPADn (ArPADn  CAX%)  FEACPAD (0BT ooy S
Sample: 14DLH20, weight = 20.4 mg, ] = 0.004130
1 700 22.0330 0.0271 1.1197 64.08 14.1322 0.49 1.07 1033 +1.3
2 800 22.1964 0.0201 0.2500 73.38 16.2913 3.85 8.48 118.6 £1.0
3 850 18.2024 0.0040 0.2996 93.59 17.0391 5.03 11.09 123.8 + 0.63
4 900 17.6757 0.0018 0.3056 97.12 17.1704 7.07 15.59 124.7 £ 0.61
5 950 17.5876 0.0012 0.2303 98.01 17.2404 9.09 20.05 1252 £ 0.61
6 1000 17.6495 0.0011 0.2812 98.20 17.3357 8.96 19.77 1259 £ 0.62
7 1050 17.5198 0.0012 0.2513 98.01 17.1753 6.89 15.20 124.8 £ 0.61
8 1100 19.2077 0.0028 0.1427 95.68 18.3804 1.37 3.02 133.2 + 0.66
9 1200 20.9490 0.0044 0.3891 93.96 19.6893 2.60 5.73 142.4 £0.72
Sample: 13DLH15, weight = 20.3 mg, ] = 0.004198
1 700 14.1979 0.0056 2.7976 90.05 12.8152 1.38 2.48 95.4 £+ 0.59
2 800 18.7968 0.0093 0.6864 85.64 16.1077 7.14 12.87 119.1 £0.71
3 850 17.0325 0.0001 0.0202 99.90 17.0161 7.27 13.11 125.6 £ 0.61
4 900 16.9952 0.0001 0.0311 99.87 16.9739 13.24 23.86 125.3 £ 0.61
5 950 16.9868 0.0001 0.0215 99.86 16.9626 9.08 16.37 125.3 £ 0.61
6 1000 17.0321 0.0001 0.0481 99.91 17.0179 2.83 5.10 125.6 £ 0.61
7 1100 17.1857 0.0006 0.0702 98.94 17.0046 11.16 20.13 125.6 £ 0.61
8 1150 17.5068 0.0010 0.1426 98.42 17.2325 2.78 5.02 127.2 £ 0.62
9 1200 19.1514 0.0033 2.3805 95.94 18.4114 0.59 1.06 135.6 £ 0.77
5.4. He-Ar Isotope Compositions
The He-Ar analysis results indicated that the fluid inclusions in pyrite contain He
levels ranging from 15.02 to 228.31 x 1078 cm3 g~ ! at standard temperature and pressure
(STP). The ratios of *He/*He range from 0.26 to 1.26 Ra. Additionally, the contents of 40AY
varies from 14.69 to 31.62 x 1078 cm?® STP g~ !, with “*Ar/30Ar ratios between 383 and
426.6. All samples demonstrate high F *He values, ranging from 1459 to 3789 (Table 3) [35].
Table 3. The He-Ar compositions of pyrites from the Shuigou gold deposit.
“He SHe/*He 0Ar 40 A /36 W0Ar* ey 4
Sample (10-8 cm? STP/g) (Ra) (10-8 cm® STP/g) ArfPAr(q0-8 cm®sTPI)  Ar*/He  F7He
DLH11 28.31 0.26 16.57 383.0 3.79 0.13 3789
DLH13 15.02 0.97 14.69 408.7 4.07 0.27 2420
DLH18 18.67 1.26 31.62 426.6 9.72 0.52 1459

Note: (1) 1 Ra = 1.4 x 107°. (2) “°Ar * is radiogenic “’Ar given all of the Ar come from the fluid inclusions;
0Ar*=40Ar—2955 x 3Ar. (3) F *He = (*He /3 Ar sample/(4He/36Ar) air, (*He /%0 Ar),;, = 0.1727.

6. Discussions
6.1. The Timing of Gold Mineralization at the Shuigou Deposit

The formation of gold deposits in the Jiaodong region primarily took place during
the Mesozoic period, as mentioned in the introduction. In the Qixia-Penglai-Fushan
metallogenic area, most gold deposits are concentrated in the northern Daliuhang ore field
and the southern Qixia ore field (Figure 1b). Besides the Shuigou gold deposit analyzed
in this paper, over 30 gold deposits have been identified in the Daliuhang area, including
Heilangou, Menlou, Ankou, Qijiagou, and Qiangjiagou. Among these, the Heilangou
gold deposit is large-scale, while the others are medium to small in scale. The deposits

are predominantly of the quartz vein type, with a few classified as alteration rock types.

Although the deposits are not large, they feature high ore grades and often contain visible
gold [36]. Rb-Sr isotope dating of pyrites from the Penglai gold field indicates an isochron
age of 122.3 + 3.1 Ma for the Hexi deposit and 117.8 &+ 6.5 Ma for the Heilangou and
Daliuhang deposits [37]. In the southern region, the Qixia gold field generally contains
small-scale ore deposits, but recent discoveries include the Hushan large-scale alteration
rock-type gold deposit. Monazite U-Pb dating shows that mineralization in this deposit
began around 120 Ma [38].

In this study, the “*Ar/3° Ar dating of hydrothermal sericite indicates that the Shuigou
gold deposit formed around 125 Ma. The mineralization age can be further refined by
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the chronology of the pre-mineralization Guojialing monzogranite, which is dated at
126 4+ 1.6 Ma, and the post-mineralization diorite porphyrite, dated at 120.4 + 1.8 Ma.
When compared to the ages of other large and super-large gold deposits in the Jiaodong
region, it can be concluded that the Shuigou gold deposit formed during the regional peak
of gold mineralization.

Additionally, based on the crosscutting relationships and ages of ore veins and dykes,
a mineralization age between 129.7 Ma and 129.3 Ma has been established for the adjacent
Shijia gold deposit, which predates the mineralization observed in this study [39]. We
propose that these ages suggest a relatively extended period of mineralization in the
Penglai area, which began at ca. 130 Ma, which is similar to the earliest gold event in
the Dayingezhuang deposit and continued until the peak mineralization period of the
Jiaodong Peninsula.

6.2. Occurrence of Gold and Trace Elements

Previous studies have confirmed that most of the gold in the Jiaodong Peninsula is
present as discrete native gold and electrum grains, which are largely sited in fractures
at all scales in ore or gangue minerals such as pyrite, galena and quartz [40,41]. The
microscopic photographs in this study show that the native gold and electrum grains of the
Shuigou deposit mainly occur as (1) fissure gold in the fractures of minerals such as pyrite,
quartz, and sphalerite (Figure 3f,g); (2) intergranular gold between minerals such as pyrite,
sphalerite, and quartz (Figure 3i); and (3) inclusion gold in pyrite, quartz, sericite, and
galena (Figure 3h). Further EPMA results show that the major ore minerals such as pyrite,
chalcopyrite, galena, pyrrhotite, and sphalerite barely have any gold, which indicates that
little gold is lattice bounded (Supplementary Table S1 and Figures 5 and 6). Combined
with the microscopic observation and EPMA analysis, it can be concluded that the gold in
the Shuigou deposit shares similar occurrence characteristics to other gold deposits in the
Jiaodong Peninsula.

As, Bi, and Te minerals like arsenopyrite, calaverite, hessite, joseite, altaite, and aikinite
have been documented in other Jiaodong gold deposits in Northwest Jiaodong and the
Mouping-Rushan Metallogenic Areas [42-45], but none were identified in this study:.

In contrast, EPMA spot analyses indicate that Pyl and Py2 (n = 14) contain arsenic levels
ranging from 0 to 0.417 wt%, Pyrl (n = 5) shows values between 0.011 and 0.070 wt% As Sp2
(n = 5) demonstrates arsenic content from 0 to 0.034 wt% As (see Supplementary Table S1).
These findings suggest that arsenic primarily occurs in pyrite as an isomorphic substitution.
Moreover, EPMA mapping of pyrite indicates that As is unevenly distributed within the
mineral (Figure 5.). The distribution of Bi and Te aligns closely with that of gold. EPMA
mapping reveals that the Bi and Te content increase in areas where native gold and electrum
are present (see Figures 5 and 6). The composition of Bi and Te in the gold minerals ranges
from 0.249 to 0.628 wt% Bi and from 0 to 0.115 wt% for Te. EPMA analyses indicate that
the pyrite, pyrrhotite, and sphalerite from different stages of mineralization contain minimal
amounts of Bi and Te (refer to Supplementary Table S1). These findings suggest that Bi and Te
may exist as nanoparticles either on the surface or within the fissure of the gold minerals [46].

Au-Sb deposits are typically found in regions where orogenic gold deposits have
formed [47]. However, no Sb mineralization has been reported in Northwest Jiaodong
and Mouping-Rushan Metallogenic Areas, except for the Chakuang Au-Sb deposit in Yantai.
The fault-controlled ore bodies and mineralization age of the Chakuang deposit are consistent
with those of other Jiaodong gold deposits, with antimony primarily occurring as stibnite [20].
It is worth noting that the antimony mineral was first confirmed in a gold deposit in the
Penglai area. In this study, we confirm the presence of pyrargyrite, which developed in the
stage III calcite veins of the Shuigou gold deposit. The observed presence of antimony in both
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the Chakuang and Shuigou deposits suggests a potential for antimony metallogenesis within
the Qixia-Penglai-Fushan area of the central Jiaodong Metallogenic Province.

6.3. Source of Ore-Forming Fluids

Fluid inclusions trapped in pyrite can preserve their noble gas compositions, such as
helium (He) and argon (Ar), for up to a hundred million years. This makes them increasingly
valuable for tracing ore-forming fluids [48-50]. There are three major reservoirs of helium on
Earth: (1) the mantle, which has a He/*He ratio of 6-9 Ra; (2) the continental crust, with a
3He/*He ratio of 0.01-0.05 Ra; and (3) the atmosphere, where the 3He/*He ratio is 1 Ra.

Due to the continuous escape of atmospheric helium into space, its abundance in the
atmosphere is significantly lower than that in the mantle and crust. As a result, the influence
of meteoric water on mantle and crust-derived fluids is usually negligible. Notably, the
3He/*He ratios of mantle-derived fluids can be nearly three orders of magnitude higher
than those of fluids originating from the crust, making the helium composition a sensitive
isotopic indicator of mantle contributions [35].

The high values of F* helium ranging from 1459 to 3789 observed in this study indicate
that the concentrations of “He in the ore-forming fluids are three orders of magnitude
greater than those found in meteoric water. Assuming that the detected 3 Ar originates
entirely from meteoric water, there would be only approximately 0.02 x 10~8 cm3 STP g~!
of “He from meteoric water. This suggests that the influence of meteoric water on the ratios
of *He/*He is negligible. The *He/*He ratios from the Shuigou gold deposit range from
3.64 x 1077 to 1.76 x 107° (0.26-1.26 Ra). These ratios fall within the range between the
mantle helium and crustal helium lines when plotted on the *He vs. *He and *He/*He vs.
40 Ar /3 Ar diagrams (Figure 9a).

The “9Ar /3¢ Ar ratios range from 383.0 to 426.6, which are similar to the meteoric
water ratios of 295.5. This suggests the involvement of meteoric water (see Figure 9b). By
analyzing the He-Ar isotope compositions of the Shuigou gold deposit, we can conclude
that the mineralization event was influenced by contributions from mantle, crustal, and
meteoric fluids.
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Figure 9. (a) Diagrams of 3He vs. *He and (b) 3He/*He vs. % Ar /3 Ar for fluid inclusions in the
main-stage pyrites from the Shuigou gold deposit.

Published isotopic data for He-Ar suggest that most of the gold deposits in the
Jiaodong area exhibit 3He/4He ratios typical of mantle-crust mixing, along with 4 Ar /3¢ Ar
ratios that are equal to or higher than those found in meteoric water [1,51]. Our findings
indicate that the He-Ar isotopic compositions are consistent with those of other gold
deposits in the Jiaodong Peninsula.
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6.4. Ore Genesis

Based on the geological, geochronological, and isotopic data from this study; it is sug-
gested that the Shuigou gold deposit, along with other gold deposits in the Jiaodong Peninsula,
formed in a similar tectonic environment marked by significant crust-mantle interaction [1].
It is generally accepted that the NCC underwent craton destruction during the Mesozoic
era [21]. This process resulted in the removal or replacement of over 100 km of lithosphere
mantle, leading to intensive magmatism and ductile deformation within the crust [52,53].

The subduction of the Paleo-Pacific (Izanagi) Plate is considered the main tectonic
driver behind the Mesozoic geodynamics of the eastern NCC [54]. The onset of this sub-
duction likely began in the Early to Middle Jurassic period, resulting in the metasomatism
of the upper NCC subcontinental lithospheric mantle (SCLM) [55]. The rollback of the
Paleo-Pacific (Izanagi) Plate is believed to have triggered craton destruction around 140 Ma.
An upwelling of the asthenospheric mantle initially caused the thinning of the lithosphere,
which was subsequently heated, generating mafic and felsic magmatism [56].

The craton destruction in the Jiaodong Peninsula reached its peak between 130 and
120 Ma, characterized by intense arc-like dykes, volcanic rocks, and the mixing of mafic
and felsic granodiorite [19,57,58]. This period was also marked by the replacement of the
metasomatized NCC SCLM with the juvenile lithospheric mantle. The ore fluids from
this enriched lithospheric mantle ascended along favorable NE- to NNE-trending faults,
leading to the formation of the Shuigou gold deposit [59].

7. Conclusions

(1) The Shuigou gold deposit was formed at ca. 125 Ma, aligning with the peak period of
gold mineralization in the Jiaodong region.

(2) The He-Ar analysis of fluid inclusions in the main-stage pyrite indicates that the fluids
involved in the gold mineralization event originated from the mantle, the crust, and
meteoric sources.

(3) The formation of the Shuigou gold deposit occurred in the context of the destruction
of the North China Craton (NCC).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min15010014/s1, Table S1: EMPA results of significant ore minerals
from the Shuigou gold deposit.
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