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Abstract

Recent exploration has demonstrated significant prospecting potential at the Huayagou Au
deposit in Longnan mineral Field, Gansu Province, West Qinling Orogen, Central China.
However, the nature and evolution of the auriferous fluids responsible for gold enrich-
ment remain poorly constrained, hindering effective exploration targeting of high-grade
ores. In this study, apatite and tourmaline closely associated with gold mineralization are
investigated as mineralogical recorders of fluid composition and evolution. Integrated
petrographic observations, TIMA phase mapping, cathodoluminescence imaging, electron
probe microanalysis, and in situ trace element analyses were used to distinguish magmatic,
metamorphic, and syn-ore hydrothermal generations of apatite and tourmaline, together
with in situ Nd isotopic analyses of apatite and B isotopic analyses of tourmaline. Syn-ore
hydrothermal apatite is characterized by homogeneous blue cathodoluminescence, fluorap-
atite compositions, strong LREE depletion, and ¢Nd(t) values overlapping those of Triassic
magmatic apatite, whereas Early-Devonian magmatic and metamorphic apatites display
more distinct signatures. Tourmaline records a systematic evolution from early dravite
to late schorl, accompanied by trace element enrichment and a shift toward heavier §''B
values. These mineralogical and isotopic features, together with published sulfur isotope
constraints, indicate that gold mineralization at Huayagou was dominantly controlled by
structurally focused metamorphic fluids, with localized Triassic magmatic-hydrothermal
overprinting enhancing gold enrichment in high-grade ores. The Huayagou Au deposit
is, therefore, best interpreted as an atypical orogenic gold system, highlighting enhanced
exploration potential in structurally favorable zones at depth, particularly in the western
part of the district where Triassic magmatism is inferred.

Keywords: orogenic Au deposits; magmatic overprint; West Qinling Orogen (WQO);
Longnan mineral field (LMF); the Huayagou Au deposit; Apatite in situ Nd isotopic
analysis; Tourmaline in situ B isotopic analysis

1. Introduction

The West Qinling Orogen (WQO) in central China has been recognized lately as the
second-largest gold province in the country, as documented by numerous studies [1-6].
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The majority of gold deposits within this orogenic belt are classified as either orogenic gold
deposits [7,8] or Carlin-type gold deposits [9]. The Longnan mineral field (LMF) is one of the
most significant gold-producing regions in the WQO, exhibiting considerable exploration
potential [10,11]. Recent exploration initiatives have led to significant breakthroughs [12],
particularly in the Huayagou district, where preliminary exploration has estimated over
20 t of gold, highlighting its economic significance.

However, despite the progress, the origin and evolution of the ore-forming fluids
in the Huayagou district and the broader Longnan mineral field remain controversial.
Geological, geophysical, and geochemical evidence suggests that both orogenic processes
and magmatic activity may have contributed to gold mineralization in this region [9,13-15].
Huayagou is located adjacent to the coeval Taibai pluton [16] and is characterized by a
pronounced negative magnetic anomaly in its western part (Supplementary Figure S2;
Project Nos. DD20242984 and DD20240019), together with a circular gravity anomaly
documented by regional geophysical surveys, both of which are commonly interpreted
as indicators of magmatic overprinting. Although it has been proposed that high-grade
ores resulted from superimposed magmatic-derived fluids [15], the uniformly heavy sulfur
isotopic compositions (12.15%0 to 15.28%. for various types) challenge this interpreta-
tion [13,17,18]. Determining whether the mineralizing fluids were of metamorphic or
magmatic-hydrothermal origin is crucial for deposit classification, understanding the
key controls on mineralization, and guiding further exploration efforts. Therefore, it is
important to employ advanced analytical methods to resolve this controversy.

Determining the nature of ore-forming fluids in gold deposits worldwide is challeng-
ing because of complex fluid evolution and the inherent limitations of traditional isotopic
methods, particularly H-O isotope and fluid inclusion studies based on single quartz
grains, which may record only late-stage or mixed fluid signatures [19-22]. In recent years,
in situ mineral geochemistry has emerged as a powerful alternative for tracing fluid sources
and evolution. Minerals such as apatite and tourmaline can directly incorporate key ele-
mental and isotopic signatures from ore-forming fluids and preserve these records even in
systems affected by multistage overprinting. In particular, in situ Sr-Nd isotopic analyses
of apatite and boron isotopic analyses of tourmaline have proven effective in distinguishing
magmatic versus metamorphic fluid contributions and in addressing long-standing debates
on the genesis of major gold deposits [23-26]. At Huayagou, apatite and tourmaline are
closely associated with Au-related arsenopyrite under microscopic examination (discussed
later), making them valuable proxies for constraining the nature of ore-forming fluids.

In this study, samples of relatively rich ores, barren slate, and diorite dikes were
systematically collected and analyzed using a combination of electron probe microanalysis
(EPMA) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to
characterize their major and trace element geochemistry. Various apatites and tourmalines
were classified into distinct compositional types based on chemical characteristics and
cathodoluminescence (CL) features. In addition, in situ Nd isotopic analyses of apatite and
boron isotopic analyses of tourmaline were conducted to further constrain fluid sources.
By integrating these mineralogical and isotopic data with previously published pyrite
geochemical results as well as geological observations and regional geophysical constraints,
this study aims to evaluate the relative contributions of metamorphic and magmatic pro-
cesses to gold mineralization at Huayagou and provide new insights into the mechanisms
of gold enrichment in the Longnan mineral field.
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2. Geological Background

The Qinling Orogen is situated between the North China and South China blocks at the
core of the Central China Orogenic Belt. It links westward with the Kunlun and Qilian oro-
gens and eastward with the Dabie-Sulu orogen (Figure 1a). The Orogen can be structurally
subdivided into northern and southern domains, separated by the Shangdan Suture Zone
(Figure 1b), which represents a major tectonic boundary within the orogen [27,28]. Geo-
graphically (rather than tectonically), the Qinling Orogen is commonly divided into the East
Qinling Orogen (WQO) and West Qinling Orogen (WQO), with the Baoji-Chengdu Railway
(not a formally standardized boundary) used as the conventional boundary (Figure 1c).
At the scale of the Qinling Orogenic Belt, two principal suture zones are recognized: the
Shangdan Suture and the Mianlue Suture [29]. The Shangdan Suture marks the former
oceanic boundary between the North China Block (NCB) and the South Qinling Belt (SQOB)
and records closure of the Shangdan Ocean during the Early Silurian (ca. 444-427 Ma).
This suture is generally interpreted as the product of an Early Silurian collisional event
between these two tectonic units [30,31]. In contrast, the Mianlue Suture documents Late
Triassic convergence associated with the collision between the North China and Yangtze
blocks, which occurred at approximately 242-219 Ma [32].

The northern sector of the WQO is dominated by extensive Devonian flysch sequences
that experienced regional metamorphism under greenschist-facies conditions [27,32]. This
area also includes a prominent eastward-verging belt of Triassic turbiditic strata that are
weakly metamorphosed or unmetamorphosed and preserve primary sedimentary features,
such as Bouma sequences, indicative of deep marine depositional environments [33]. In
contrast, the southern domain of the WQO is bounded to the southwest by the Triassic
Songpan-Ganzi Block and is internally dissected by the Zhouqu-Chengxian-Huixian fault
zone (Figure 1c). Structurally, this domain is characterized by a set of E-W-trending fold
systems, including the prominent Bailongjiang Anticline, which affects stratigraphic units
from the Cambrian to the Middle Triassic [34]. Subsequent intracontinental deformation
following orogeny resulted in the formation of widespread southward-verging, arcuate,
thin-skinned thrust nappes across the region [35].

Magmatic activity during the Mesozoic represents a key component of the WQO evo-
lution and is characterized by widespread emplacement of granitic plutons, together with
subordinate intrusions of dolerite, gabbro, diorite, and mafic microgranular enclaves [36].
Zircon U-Pb geochronology indicates that magmatism in the Eastern WQO occurred mainly
between 220 and 200 Ma, whereas intrusive activity in the western segment is slightly older,
with crystallization ages clustering around 250240 Ma [37,38]. This spatial variation in
magmatic ages has been attributed to diachronous, westward propagation of the Mianlue
Ocean closure in a scissor-like manner, ultimately leading to continental collision [39].

The magmatic evolution of the WQO reflects a multistage tectonic evolution, beginning
with northward underthrusting of the Paleo-Tethys oceanic lithosphere at approximately
250-237 Ma, followed by syn-collisional magmatism between about 238 and 208 Ma, and
transitioning into post-collisional magmatic activity from roughly 210 to 185 Ma [38,40,41].
Together, these successive magmatic episodes record the progressive tectono-magmatic
processes that played a fundamental role in shaping the geological architecture of the
West Qinling Orogen (maps and reports from the project of Dynamic Evaluation of Gold
Resource Potential in China (No. DD20230059)) (Supplementary Figure S3).
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Figure 1. Tectonic framework and location of major gold deposits within the West Qinling Orogen
(revised from [8,35,40]): (a) Geographic location of the West Qinling in central China, (b) Tectonic
framework of the Qinling Orogen, (c) Distribution of major Au deposits within the Qinling orogen.

3. Deposit Geology

The Huayagou gold deposit (Figure 1c) lies in the Taiyangsi-Liziyuan district of
Liangdang County, Longnan City, Gansu Province, in proximity to the Pangjiahe Au
deposit of Fengxian County. From a tectonic perspective, the deposit is situated in the
northern segment of the South Qinling Orogen and occurs immediately south of the
Shangdan Suture zone (Figure 1b).

Exposed strata in the Huayagou area are assigned to the Devonian Shujia’ba Group
(Figure 2), which is a suite of slightly metamorphosed clastic sedimentary rocks including
deep to semi-deep marine turbidite-facies. It trends NNW and primarily consists of gray
sandy slate, gray to off-white medium- to thick-bedded fine-grained meta-sandstone,
siltstone, and gray medium- to thick-bedded sandy limestone. Based on lithological
characteristics, it is subdivided to two major lithological units: a slate member interlayered
with sandstone and an overlying limestone member. Rocks within the shear zones have
experienced strong deformation, locally appearing highly deformed.
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Figure 2. Simplified geological map (1:10,000) of the Huayagou Au deposit.

The regional structural architecture is dominated by large-scale anticlines and syn-
clines, overprinted by pervasive interlayer folding generated during multiple deformation
episodes. Superposition of these folding events has produced complex fold geometries at
various structural levels, which acted as effective fluid pathways and traps for ore-bearing
fluids and, thus, exerting a primary control on gold mineralization (Figure 2). This is
supported by our previous work on Jinchanggou, where super-rich orebodies (locally
250 g/t) are preferentially localized in gently dipping segments (unusual in the region) of
anticline-related structures. The dominant structural features of the Huayagou area are
interlayer shear zones (with an average trend of ~290°) formed by ductile deformation
under approximately N-S compression, which extends regionally beyond the mining area.
The shear zones are typically 200-300 m wide and constitute the principal ore-hosting
structures, striking 190-210° and dipping 66-72°. Fault systems exert a primary control on
the distribution and geometry of orebodies (Figure 3). Orebody morphology is strongly
influenced by deformation and associated fracturing within these zones, where minor
structures have strikes of 150-180° and dips of 60-80°. Shear-zone breccias consist of
intensely fragmented slates (Figure 4) supported by siliceous, calcareous, argillaceous, and
iron-rich cement and form gently undulating, wave-shaped bodies along the dip direction.
Besides the interlayer shear zones, a major NW-trending thrust fault that dips steeply to
the south is extensively altered and brecciated and represents another important control
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on mineralization. This fault zone, with a width of approximately 50-200 m, intersects a
S-trending fault, and their intersection forms structurally favorable sites for Au enrichment.
These intersections are marked by intense fracturing and alteration, providing efficient
pathways for ore-forming fluids and sites for localized Au deposition.

P_rofile of exploration line 8 in the Huayagou gold deposit Profile of exploration line 0 in the Huayagou gold deposit
& MR Where DZ32 (sample used for tourmaline
geochemistry)was collected
\ ca.208Ma (internal unpublished data)
1300
ZKBO3
o Zgg_m 1200
1400 ;
’f - 1100
L1300
! L100p
1200 /!
_ i 0 100m o]
L1100 Legend
l:l Quaternary colluvium Diorite dikes l:l Gold orebody
Gray medium-thick Hydrothermal
bedded limestone ZFBUHS D alteration zone
1000 [] siate [“{inferred faults Sample position
- (a) Profile of exploration line 8 profile;
gq0g 2 ]? (b) Profile of exploration line 0 profile.

Figure 3. Exploration line profiles across the Huayagou Au deposit (modified from project (No.
DD20242984) progress report, Xi’an Mineral Resources Survey, China Geological Survey).

Structurally controlled igneous activity is also prominent in the Huayagou area. Late-
magmatic diorite dikes with variable petrographic characteristics are widely developed and
typically range from 0.5 to 2 m in width (Figure 5a,b). The dikes are mainly emplaced within
the alteration zones and display a discontinuous NW-trending or locally NE-trending
distribution. Intense alteration occurs along both margins of the dikes, with elevated gold
grades. Field observations reveal a close spatial association between diorite dikes and Au
mineralization, particularly at the 1270 horizontal tunnel (Figures 3 and 5a). Geological
observations combined with internal unpublished geochronological data (ca. 440-420 Ma)
suggest that other dikes exposed within the district predate the diorite intrusions and are
not genetically related to gold mineralization.

A large, mineralized alteration zone has recently been delineated, controlled by two
E-W-trending faults (Figure 2). The zone extends for approximately 15-20 km along
strike and is 50-200 m wide, defining the Huayagou gold deposit as a medium-sized gold
system (standard seen in Supplementary Figure S3). Four mineralized segments have been
identified within this zone; the segments typically range from 5 to 30 m in width and can
be traced discontinuously for several hundred meters to several kilometers along strike,
with average grades ranging from 1.13 to 3.40 g/t Au.

The ore is characterized by disseminated and vein-hosted pyrite and arsenopyrite
within a gangue assemblage dominated by ankerite, albite, and quartz. Pyrite occurs
as both euhedral crystals, interpreted as early generations, and subhedral-to-anhedral
grains formed during later hydrothermal stages. Arsenopyrite commonly coexists with
hydrothermal pyrite and locally infills fractures within earlier-stage coarse pyrite grains.
Our previous mineralogical examinations suggest that gold is frequently observed as
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inclusions in arsenopyrite or within fractured early-stage pyrite. In high-grade ores, native

Au also locally occurs within ankerite veins of orebodies.

Depth ZK001 ZK003 Depth
I x 0-15.2m
0-19.9m
Slate
15.2-55.7m
19.9-83.7m
Ore sample collected 55.7-73.3m
83.7-132.5m ZK001
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Figure 4. Stratigraphic column of the diamond drillhole core from exploration line 0.
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Sulfide-bearing Ankerite veinlet, with
several native Augrains

Figure 5. Field photos and hand specimen of ore samples from Huayagou: (a) the occurrence of
mineralized alteration zone (MAZ) from the horizontal tunnel of 1270 section; (b,c) the relationship
between the diorite dyke and MAZ, where sample DZ32 with tourmaline was collected; (d) diamond
drillhole core showing the spatial relationship between the diorite dyke and ores; (e) altered wall-
rock type ore; (f,g) strongly silicified, rich ore samples, with sulfide-bearing ankerite micro-veins;
(h) barren slate sample; (i) rich ore samples from diamond-drillholediamond drillhole core ZK01
(owned by private company). Abbreviation: Apy: arsenopyrite.

4. Sampling and Analytical Method
4.1. Sampling, Scanning Electron Microscopy, TIMA Examination and CL Imaging

In this study, seven samples were systematically collected for comparative analysis,
representing rich ores (generally 2—4 g/t, with native Au grains readily visible under
microscopic examination), medium-grade ores, barren rocks, and diorite dikes. Detail
characterization of samples can be seen in Supplementary Table S7. Sample classification
is primarily based on field relationships and petrographic observations and is further
supported by chronological and geochemical constraints. Accordingly, apatite was divided
into four genetic groups. Samples DZ44 and H115, collected from Triassic and Early-
Devonian diorite dykes, respectively, represent magmatic apatite. Syn-ore hydrothermal
apatite from samples DZ41, DZ22, and DZ36 has been characterized and validated in our
earlier studies and is supplemented here by new EPMA and in situ Nd isotopic analyses of
apatite. Sample H248, collected from barren slate, represents metamorphic apatite formed
during regional metamorphism and provides a reference for non-mineralized conditions.
Tourmaline samples are from rich ore DZ32 (Figures 3, 5b and 6g-i).
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_Tuurma\lne .

Figure 6. BSE photos from ore samples in Huayagou: (a—f) syn-ore stage apatite (Ap), evidenced by
the co-existing relationship with arsenopyrite (Apy); (g) transition of tourmaline (Tur) from dravite
to schorl, with core-rim texture; and (h,i) co-existing relationship of tourmaline and arsenopyrite.

A total of forty-four polished thin sections were prepared from the collected samples
and examined using transmitted and reflected light microscopy as well as scanning electron
microscopy with backscattered electron imaging (SEM-BSE; JSM-6510A, JEOL Ltd., Japan).
Based on these observations, fourteen polished thin sections were selected for further
detailed analyses.

The TIMA3 X GHM system (TESCAN, the Czech Republic), at the Xi’an Kuangpu
Geological Exploration Technology Co., Ltd., was used for polished thin section analyses.
The attached scanning electron microscopy was performed using a system equipped with
nine detectors, including four high-flux energy-dispersive X-ray spectrometers (EDAX
Element 30) positioned at 90°intervals around the chamber. Analyses were conducted in
dot-mapping mode, with an X-ray acquisition resolution of 1200 pixels, a BSE pixel size of
3 um, and an EDS dot spacing of 9 um. Measurements were carried out under high-vacuum
conditions at an accelerating voltage of 25 KV, a beam current of 9 nA, and a working
distance of 15 mm. Beam current and BSE signals were calibrated using a platinum Faraday
cup, whereas EDS calibration was performed using a Mn standard. The TIMA system
automatically matches the measured BSE and EDS signals of individual phases against an
internal mineral database to identify mineral species and calculate their modal abundances.
All the minerals were identified first by TIMA and selected for in situ geochemical analysis.
In sample DZ32, where tourmaline is particularly well-developed, TIMA analysis was
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conducted to characterize tourmaline mineralogy, identifying both dravite and schorl; these
classifications were further confirmed by EPMA analyses. Both dravite and schorl were
subsequently analyzed by LA-ICP-MS for trace elements and by in situ methods for B
isotopic composition. Samples DZ44, H115, DZ41, DZ22, DZ36, and H248, in which apatite
was first identified by TIMA, were analyzed by EPMA, in situ trace element analysis, and
in situ B-isotope determination.

Cathodoluminescence (CL) imaging of apatite was conducted at the Key Laboratory
for the Study of Focused Magmatism and Giant Ore Deposits, Xi’an Center of Geological
Survey (Northwest China Center of Geoscience Innovation), China Geological Survey. The
analysis was performed using a Chromal CL 2 cathodoluminescence probe mounted on a
JSM-6510A (JEOL Ltd., Japan) scanning electron microscope under the following conditions:
accelerating voltage of 10 kV, beam current SS65, and working distance of 14 mm.

4.2. Major Element Analyses of Apatite and Tourmaline

The major element compositions of apatite and tourmaline were determined using
a JEOL JXA-8230 (Japan) electron probe microanalyzer housed at the Key Laboratory
for Focused Magmatism and Giant Ore Deposits, Xi’an Center of the China Geological
Survey (Northwest China Center of Geoscience Innovation). Analyses were conducted at
an accelerating voltage of 15 kV for phosphate and silicate phases, using a beam current
of 10 nA and a focused beam diameter of 1-5 um. Instrument calibration was carried out
using Chinese GSB (Reference Material PR. China) and American SPI reference materials
(USA), including diopside for Si, jadeite for Al and Na, rutile for Ti, periclase for Mg,
apatite for F, Ca, and P, hematite for Fe, rthodonite for Mn, KTiOPOy for K, tugtuoite for
Cl, LaP5014 for La, CeP5014 for Ce, NdP5014 for Nd, pyrite for Fe and S, metallic Bi for Bi,
and Au-Ag alloy for Ag. Data reduction and corrections were performed using the ZAF
(Atomic number(Z)-Absorption(A)-Fluorescence(F)) correction method.

4.3. Trace Element Analysis of Apatite and Tourmaline

In situ trace element determinations of apatite and tourmaline were carried out at Xi’an
Zhaonian Mineral Testing Technology Co., Ltd., using a ThermoFisher iCAP RQ inductively
coupled plasma mass spectrometer coupled to a New Wave NWR 213 laser ablation system
(USA). Ablation was performed with a 40 um spot size, a repetition frequency of 10 Hz,
and a fluence of approximately 6 J/cm? using high-purity He as the carrier gas. Prior
to analysis, the instrument was tuned with the NIST SRM 610 glass to achieve optimal
sensitivity and stability.

Analyses were conducted in single-spot mode following a three-step acquisition
protocol consisting of 20 s of background collection with the laser off, 45 s of continuous
ablation, and 20 s of washout, resulting in a total integration time of 85 s for each spot.
External calibration and quality control were ensured by analyzing NIST 610, NIST 612,
BCR-2G, and BIR-1G reference materials after every ten unknowns. Raw signals were
processed offline using the ICPMSDataCal software (developed by Ji Mao, University
of China University of Geosciences (Wuhan)), including background subtraction, drift
correction, and calculation of elemental concentrations. More details regarding the internal
standards, statistical parameters, element detection limits, and so on can be viewed in
Supplementary File S1.

4.4. In Situ Analysis of Nd Isotopes of Apatite and B Isotopes of Tourmaline

Nd isotope ratios of the minerals were measured by a Neptune Plus MC-ICP-MS
(ThermoFisher Scientific, Germany) in combination with a Geolas Pro excimer ArFlaser
ablation system (Coherent, Germany) at the Isotropic lab in the Key Laboratory for the
Study of Focused Magmatism and Giant Ore Deposits, Xi’an Center of Geological Sur-
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vey (Northwest China Center of Geoscience Innovation), China Geological Survey. The
Faraday collector configuration of the mass system was composed of an array from L3
to H3 to monitor 142Nd, *3Nd, 144Sm, 14Nd, 145Nd, 1#6Nd, 147Sm, and *°Sm. Helium
(400 mL/min) was used as the carrier gas of sample aerosol. For a single laser spot ablation,
the spot diameter was 60 um, the pulse frequency was 8 Hz, and the laser fluence was
~10J/cm?. Each analysis for each spot contains 200 circles. A signal smoothing device was
used downstream from the sample cell to eliminate the short-term variation in the signal.
A bit of N (4 mL/min) was inlet into the sample gas line via a T connector to enhance the
signal sensitivity. To obtain accurate 14”Sm/1#Nd and *3Nd/!#4Nd isotopic ratios using
LA-MC-ICP-MS, the contribution of the isobaric interference of 1%4Sm on the *4Nd signal
must be carefully corrected [42-44]. The measured '*Sm/14Sm was used to calculate a
Sm fractionation factor using the exponential law. The measured 4’Sm intensity was used
to estimate the interference on mass **Sm by employing the natural 4’Sm /44Sm ratio
of 4.866559 [45]. Then, the interference-corrected 1#0Nd/#*Nd ratio was used to calculate
the Nd fractionation factor. Finally, the *3Nd/!*4Nd and #5Nd/'#4Nd ratios were nor-
malized using the exponential law. The accurate ¥/Sm /#4Nd ratio can also be calculated
using the exponential law after correcting for the isobaric interference of 144Sm on *4Nd.
The Sm and Nd isotopic abundances of 1479m /1499 m = 1.08680, 144Sm /149Sm = 0.22332,
and “®Nd/"Nd = 0.7219 [45-47] were adopted in this study. Data reduction for the
LA-MC-ICP-MS analyses was performed using an in-house software package (Nada 1.0,
patent number ZL 2021 1 1453175.4). One natural monazite reference material Diamantina
(0.511427+/—0.000003, LA-MC-ICP-MS) [48], two natural titanite reference materials T3
and T4 (0.512611+/—0.000012, 0.511846+/ —0.000008, ID-MC-ICP-MS) [49], and three natu-
ral apatite reference materials Durango (0.70634+/—0.00014, LA-MC-ICP-MS), Otter Lake
(0.70421+/—-0.00012, LA-MC-ICP-MS), and Mud Tank (0.70302+/—0.00008, LA-MC-ICP-
MS) [50] were used as the unknown samples to monitor the analysis procedure and to
verify the accuracy of the calibration method for in situ Nd isotope analysis, following
the method from a previous study [51]. The determined mean 143N d /144Nd ratios of the
standard sample (Dur and Mud) were 0.51249 + 0.00002 (n = 3, 2SD) and 0.51236 + 0.00004
(n = 3, 25D) respectively, which is in agreement within errors with reference values.

The in situ boron isotope analysis of tourmaline was conducted at the Kehui Testing
Technology Co., Ltd. (Tianjin). The instruments used for analysis were the Neptune Plus
Multi-Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS) (Thermo
Fisher Scientific, USA) and the RESOlution SE 193 nm solid-state laser (Australia). Ablation
was performed using a spot ablation technique to obtain stable signals, with an ablation
diameter of 38 um, a frequency of 8 Hz, and a laser energy density of 5]/cm?. Both 1°B and
1B were simultaneously collected using Faraday cups (L3 and H3) in static mode, with
an integration time of 0.131 s, collecting 200 data points, resulting in a total acquisition
time of approximately 27s. Helium (approximately 420 mL/min) was used as the carrier
gas to transport the aerosol generated by the ablation, which was then mixed with argon
and introduced into the MC-ICP-MS for mass spectrometry analysis. Prior to testing,
the instrument was calibrated using a tourmaline boron isotope standard. The analysis
was carried out using the IAEA B4 standard, with two standard points tested before and
after the sample point. The standard-sample-standard (SSS) method was employed to
correct for mass discrimination and isotope fractionation. The tourmaline standard IMR
RB1 was used as a monitoring standard, and the §!'B value obtained for IMR RB1 in this
experiment was (—13.17 & 0.14) %o (20), which is consistent within error with the value
(—12.96%0 £ 0.97%0) (20) reported by a previous study [52].
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5. Results
5.1. TIMA Examination, BSE and CL Imaging

TIMA phase mapping of representative thin sections provides mineral assemblages,
textural relationships, and modal information that guide subsequent in situ analyses. High-
resolution BSE images show that syn-ore apatite (Figure 6a—f) and tourmaline (Figure 6g—i)
are closely associated with Au-related arsenopyrite, commonly occurring as fine-grained
aggregates intergrown with arsenopyrite or distributed along grain boundaries and mi-
crofractures. Cathodoluminescence imaging reveals distinct textural and compositional
features among different apatite generations (Figure 7): syn-ore hydrothermal apatite
displays a uniform blue CL response (Figure 7e,g,i), metamorphic apatite exhibits hetero-
geneous luminescence with transitional yellow—blue zoning (Figure 7a), and magmatic
apatite is characterized by complex oscillatory zoning (Figure 7c). These combined TIMA,
BSE, and CL observations document clear contrasts among apatite generations and their

close spatial relationship with Au-bearing arsenopyrite.

Figure 7. CL images (a,c,e,g,i) and the corresponding SE images (b,d,f,h) of apatite: (a,b) typical
metamorphic apatite; (¢,d) typical magmatic apatite, with oscillatory zoning; (e-h) typical syn-ore
stage hydrothermal apatite; (i) syn-ore hydrothermal apatite with laser spot.
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5.2. Major Element Composition of Apatite and Tourmaline

Apatite EPMA analyses reveal compositions dominated by CaO (54-56 wt%) and
P,05 (3941 wt%), consistent with stoichiometric apatite. The apatite exhibit elevated F
contents (2.5-4.2 wt%) and very low Cl concentrations (<0.23 wt%), indicating a strong
F-rich composition. Rare earth elements (LayO3;, Ce;O3, NdyO3) are uniformly low
(<0.1 wt% for most cases), and other minor components such as FeO, MgO, SiO,, and
Al,O3 occur in trace amounts. The EPMA data and classification diagram are shown in
Supplementary Table S1 and Figure 8a, respectively. The corresponding calculation and
plotting followed the methods described by previous studies [53,54], including total correc-
tions for F, Cl, and estimated OH, with apatite formulae calculated on the basis of 25 anions.
Most analyses plot within the expected compositional fields, supporting the validity of the
classification and the robustness of the dataset.

Electron microprobe analyses of tourmaline show relatively high Al,O3; contents,
ranging from 26.7 to 34.2 wt% (mean ~ 31.2 wt%). Variation in MgO of 0.81-9.01 wt%
(mean ~ 6.30 wt%) and FeO of 4.47-13.17 wt% (mean ~ 7.68 wt%) among different grains
can be observed. SiO, contents are comparatively uniform, between 34.2 and 36.3 wt%
(mean ~ 35.6 wt%). NayO varies from 1.23 to 2.88 wt% (mean = 2.08 wt%), whereas
TiO, ranges from 0.16 to 2.46 wt% (mean ~ 0.78 wt%). CaO is between 0.3 and 2.73 wt%
for most grains and MnO, P;0Os, and K,O are negligible. After correction for B,O3, all
analytical totals are higher than 83 wt% (analytical threshold), indicating reliability of the
measurement. EPMA data are presented in Supplementary Table 52 and the corresponding
tourmaline classification diagrams are shown in Figure 8b—d, following the established
methods [55,56]. In these calculations, analytical totals are corrected for fluorine, and
structural formulae are calculated on the basis of 15 cations, excluding B, Na, Ca, and
K. These EPMA-based plots were used to verify the tourmaline species identified by
TIMA phase mapping. Most analyses display consistent classifications across the different
diagrams, confirming the TIMA-derived distinction between dravite and schorl. Only a
single dravite analysis plots slightly above the dravite-uvite boundary, reflecting minor Ca
enrichment; this isolated outlier does not affect the overall mineralogical interpretation.

5.3. Trace Element Composition of Apatite and Tourmaline

In situ LA-ICP-MS analyses indicate that apatites from different genetic groups exhibit
distinct REE characteristics (Figure 9). Metamorphic apatite is characterized by low total
REE abundances and pronounced LREE depletion with consistently low Eu concentrations.
Syn-ore hydrothermal apatite displays smooth and coherent REE patterns with moderate
LREE depletion relative to magmatic apatite but higher REE contents than metamorphic
apatite; Eu anomalies are generally weak and near-neutral. By contrast, Triassic magmatic
apatite shows the highest overall REE abundances and more pronounced LREE enrichment,
together with variable Eu anomalies ranging from weakly positive to negative. Early-
Devonian magmatic apatite exhibits similar pattern shapes but lower total REE contents
and less variable Eu anomalies. Overall, systematic differences in REE abundance, pattern
smoothness, and Eu behavior among metamorphic, syn-ore hydrothermal, and two types
of magmatic apatites provide a robust basis for genetic classification. The detailed data of
various apatites can be seen in Supplementary Table S3.
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Figure 8. Classification diagram for: (a) apatite (calculation and plotting from [53,54]) and
(b—d) tourmaline (calculation and plotting from [55,56]).

In situ LA-ICP-MS analyses indicate that tourmaline from rich ore samples contains
appreciable Li and Be, with Li concentrations ranging from ~5 to 118 ppm and Be con-
centrations ranging from ~0.86 to 7.16 ppm. Boron contents are extremely high, varying
from ~1.49 x 10* to 1.97 x 10* ppm, consistent with tourmaline acting as the principal
boron-hosting phase. Fe contents are even higher, varying from ~31,433 to 78,314 ppm
and showing moderate inter-grain variability, whereas magnesium occurs at elevated lev-
els, ranging from ~5360 to 39,543 ppm. Mn concentrations range from 23 to 1302 ppm,
and Ca varies between 1804 and 10,573 ppm. Titanium ranges from ~1732 to 6520 ppm.
Sodium contents span from ~13,036 to 20,256 ppm, while K concentrations range from
162 to 1503 ppm. When plotted on established trace element discrimination diagrams
(Figure 10), these compositions define coherent distributions that fall within overlapping
fields of orogenic and intrusion-related gold systems, providing a geochemical framework
for evaluating the nature of mineralizing fluids. All analyses fall within the expected
classification boundaries and re-confirmed the compositional variation. The detailed data
are listed in Supplementary Table S4.
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mal apatite data from [58]).

5.4. In Situ Nd Isotopic Analysis of Apatite and B Isotopic Analysis of Tourmaline Results

In situ Nd isotope analyses of apatite yield (1*Nd/!#4Nd) ratios between 0.510867
and 0.512631 (2SE = 0.000028-0.009222, n = 36). The data were age-corrected to sev-
eral different reference ages, including 205 Ma for syn-ore hydrothermal apatite [53],
211 Ma for Triassic Period diorite dike [54], 415 Ma for Early-Devonian era diorite dike
(apatite and zircon dating result from internal unpublished data), 432 Ma for regional
metamorphism [55], and 812 Ma for Neoproterozoic basement (apatite and zircon dat-
ing result from internal unpublished data). For apatite corrected to 205 Ma (n = 13),
(143Nd/144Nd) ratios range from 0.511878 to 0.512242, with corresponding eNd(t) values of
—12.82 to —5.56. At 211 Ma (n = 8), (143Nd/#*Nd) varies from 0.511800 to 0.512145, and
eNd(t) spans —14.27 to —7.51. For analyses corrected to 415 Ma (n = 8), (43Nd/*Nd)
values range from 0.512036 to 0.512582, with eNd(t) between —7.60 and +3.00. At 432 Ma
(n =5), (*3Nd/™*Nd) ratios lie between 0.512252 and 0.512631, and ¢Nd(t) values range
from —3.21 to +5.13. The oldest age group, corrected to 812 Ma (n = 2), shows (143Nd/!#*Nd)
ratios of 0.510867-0.510922 and eNd(t) values of —26.46 to —24.95. Across all age groups,
the data display consistent analytical behavior with no anomalous or irregular measure-
ments. The data is listed in Supplementary Table S5.
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Figure 10. Classification diagrams from tourmaline trace element (a) after [56]; (b) after [59];
(c) after [60].

In situ B-isotope analyses of tourmaline show that dravite has §!'B values ranging
from —19.44% to —10.93%. (NIST 951, n = 6), whereas schorl displays higher §!1B values
between —9.98%0 and —4.88%. (NIST 951, n = 4). Together, these data define two partially
overlapping but distinguishable §''B ranges for dravite and schorl within the studied
samples, and no anomalous measurements are observed in either group. The data is listed
in Supplementary Table S6.
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6. Discussions
6.1. Classification of the Samples and Origin of the Apatite and Tourmaline

Variations in major and trace element compositions, together with isotopic characteris-
tics of apatite and tourmaline, provide effective constraints on the origin of these minerals
and the nature of associated fluids [61-63]. Apatite and tourmaline geochemistry has been
widely applied in assessing metallogenic processes and exploration potential in various
deposits [59,64—69].

In the Huayagou Au deposit, a close spatial and temporal relationship between
orebodies and diorite dikes has been well documented in our previous studies. Zircon
U-Pb ages from Triassic diorite dikes and the U-Pb ages of syn-ore apatite occurring in
close association with arsenopyrite indicate that dike emplacement and gold mineralization
broadly overlap at ca. 210 Ma, consistent with the regional Triassic metallogenic event in
the West Qinling Orogen [3,58,70-72]. Field observations from the 1270 m horizontal tunnel
(Figure 5a), trench BT10 (Figure 5b,c), and drill cores (Figure 5d) show that the highest-grade
ores are preferentially developed adjacent to the Triassic diorite dykes (Figures 3 and 5a—d).
All ore samples investigated in this study were collected within this well-defined geological
context. Mineralogical observations further demonstrate that apatite and tourmaline
are closely associated with arsenopyrite (Figure 6), a key indicator of gold mineralization
throughout the West Qinling Orogen. This spatial and mineralogical relationship provides a
robust basis for constraining the nature of the ore-forming fluids using apatite (Figure 6a—f)
and tourmaline (Figure 6g—i) geochemistry, as has been widely applied in a wide range of
hydrothermal gold systems [73].

On the basis of host lithologies, CL imaging, textural relationships, and geochemical
characteristics, apatite can be divided into four genetic groups, namely Triassic magmatic,
Early-Devonian magmatic, syn-ore hydrothermal, and metamorphic, as summarized in
the Methods section and Supplementary Table S7. Magmatic apatite occurs within diorite
dykes and preserves primary magmatic textures and compositions, whereas syn-ore hy-
drothermal apatite is closely associated with arsenopyrite in ore samples. Metamorphic
apatite, developed in barren slate, represents a background component formed during
regional metamorphism and provides an important reference for non-mineralized condi-
tions. Together, the in situ geochemistry of these apatite populations capture compositional
contrasts between magmatic, metamorphic, and mineralizing fluid. In contrast to apatite,
tourmaline is not subdivided into discrete genetic groups but, instead, displays continuous
compositional variability. Phase mapping and compositional data indicate the presence
of both dravite and schorl, reflecting variations in fluid chemistry during mineralization.
These tourmaline types occur within mineralized domains and display systematic chemical
differences that are consistent with evolving fluid conditions. Their trace element and
B-isotopic compositions, therefore, provide complementary constraints to apatite on fluid
source and evolution.

Taken together, the geological context, mineral associations, and classification of
apatite and tourmaline demonstrate that these samples provide an appropriate framework
for constraining the characteristics of auriferous fluids.

6.2. Nature of the Auriferous Fluid Constrained by Mineral Geochemistry

Systematic variations among different types of apatites are evident from CL imag-
ing, EPMA, and REE patterns (Figures 7, 8a and 9), which, together, provide meaningful
constraints on their genetic origins. Syn-ore hydrothermal apatite typically displays homo-
geneous, patchy blue luminescence with relatively simple internal textures (Figure 7e,g i),
consistent with formation during a single, internally coherent hydrothermal stage as-
sociated with Au mineralization. In contrast, metamorphic apatite shows mixed blue—
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yellow luminescence (Figure 7a), variability during metamorphism, whereas magmatic
apatite is distinguished by oscillatory zoning (Figure 7c), indicative of primary magmatic
growth. These textural differences are mirrored by systematic geochemical contrasts.
Magmatic apatite plots within both the hydroxyapatite and fluorapatite fields, whereas
syn-ore hydrothermal and metamorphic apatite consistently fall within the fluorapatite
field (Figure 8a). These textural differences are accompanied by systematic variations in
rare earth element (REE) patterns (Figure 9). Magmatic apatite does not show pronounced
LREE depletion and exhibits both positive and negative Eu anomalies, with variations
between Triassic and Early-Devonian grains. By comparison, both hydrothermal and
metamorphic apatite display strong LREE depletion, which is more pronounced in the
latter, and are generally associated with weakly negative Eu anomalies. These differences
provide additional basis for distinguishing apatite formed in magmatic, metamorphic, and
syn-ore hydrothermal environments.

Representative apatite grains from each genetic group were selected for in situ Nd
isotopic analysis (Figure 11a—e,i). To ensure accuracy, Nd isotopic data were age-corrected
using reference ages of 205 Ma for syn-ore hydrothermal apatite [58], 211 Ma [70] and
415 Ma (internal unpublished data) for Triassic and Early-Devonian magmatic apatite,
respectively, and 432 Ma for regional metamorphic apatite [71]. To reflect inheritance from
a regionally developed Neoproterozoic basement component (c.a.812Ma), two analyses
obtained from apatite grains with core-rim textures are, therefore, excluded from further
comparison. Variations in trace element concentrations exert only a minor influence on the
calculated eNd(t) values, and average trace element compositions were, therefore, used
for isotopic calculations. After exclusion of the two inherited data points, the remaining
analyses were plotted for comparison (Figure 12). The syn-ore hydrothermal apatite and
Triassic magmatic apatite show overlapping and relatively enriched eNd(t) values com-
pared with Early-Devonian magmatic and metamorphic apatite. Although most apatite
grains are extremely fine-grained (<60 um), which limits the acquisition of trace element,
geochronological, and isotopic data from the same grain, the observed comparative isotopic
relationships are considered robust within the geological and analytical framework of
this study. Further improvements in analytical precision could be achieved through the
application of higher-resolution techniques such as SHRIMP or NanoSIMS. In addition, de-
tailed fluid inclusion studies of apatite are required to better constrain the physicochemical
characteristics of ore-forming fluids, which should be the aim of future studies.

Additional constraints are provided by tourmaline geochemistry (Figures 8b—d, 10 and 13).
Tourmaline from ore samples collected from the same drill core samples but with pro-
gressively increasing Au grades (from ~0.8 g/t to 2 g/t and 4 g/t) shows a compositional
transition from early-phase dravite to late-phase schorl, as revealed by TIMA mineral
content analysis and supported by core-rim textures observed in BSE images (Figure 6g).
The tourmaline classification inferred from TIMA phase mapping is further supported by
EPMA major element classification diagrams (Figure 8b—d), which show overall consistent
discrimination between dravite and schorl. A single dravite analysis plots marginally
above the dravite field toward the Ca-rich boundary, reflecting localized Ca enrichment
rather than true uvite. Such minor deviations are plausibly related to fluid—rock inter-
action with carbonate-bearing wall rocks and do not affect the overall classification or
interpretation of tourmaline compositions. Owing to the very fine grain size of most
tourmaline crystals (generally <40 um), only a limited number of grains were suitable for
LA-ICP-MS trace element analysis. These data are plotted with ID labels in classification
diagrams to ensure consistency (Figure 10a) and are further used to evaluate deposit-
type affinity (Figure 10b,c). The results show considerable overlap between dravite and
schorl compositions and field characteristics of orogenic Au, intrusion-related, and granitic—
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pegmatitic systems, suggesting mixed or evolving fluid signatures rather than a single
end-member source. This conclusion is consistent with the geological observation that
the ore sample DZ32 was collected from the structurally controlled alteration zone and
adjacent the ca.210Ma diorite dikes, assuming contributions from both the orogenic process
and magmatic-hydrothermal overprinting, although more systematic analysis is needed to
further support this hypothesis.
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Figure 11. TIMA phase photo and microscopic photos showing the spotting positions of Nd isotopes
and B isotopes (circles not to the scale): (a,b) syn-ore stage apatite, with co-existing relationship of
arsenopyrite; (c—e) metamorphic apatite from slate samples; (f) TIMA phase photo of samples for in
situ B isotopes of tourmaline; (g,h) photographs illustrating in situ B isotope analysis spot positions;
and (i) magmatic apatite samples from diorite dykes, with photos under transmission, reflection light,
CL imaging and TIMA photos (red circle for chronology, blue circle for in situ Nd isotopes).

Based on tourmaline classification, in situ B-isotope analyses were conducted on both
dravite and schorl (Figure 11g,h) and compared with data from orogenic Au deposits
both within the orogen and globally (Figure 13). The overall 5'!B range of the Huayagou
tourmaline overlaps that of orogenic Au systems but displays a systematic trend of heavier
values. Late-ore-phase schorl exhibits heavier 5!'B values than dravite, comparable to that
of the intrusion-related Laodou Au deposit in the WQO or other intrusion-related deposits.
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Additionally, the observed dravite-to-schorl evolution is opposite to the trend expected
from simple fluid-rock interaction [74-76].

Collectively, apatite and tourmaline geochemical characteristics indicate a hybrid
auriferous fluid system at Huayagou, in which apatite Nd isotopes suggest a magmatic
affinity of the hydrothermal component, while tourmaline trace element and B-isotope
data record mixed fluid signatures with a localized magmatic-hydrothermal overprint that
likely enhanced gold transport and enrichment in higher-grade ores.
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Figure 12. Comparison of in situ Nd analysis data of various types of apatites (after [77]).
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Figure 13. Comparison of in situ B isotopes of tourmaline with various deposits (data from [24,78-82]).

6.3. Mineralization Mechanism of the Huayagou Au Deposit

Most Au deposits in the Longnan mineral field (LMF) are large but generally charac-
terized by relatively low-grade mineralization [83]. Orebodies in this region are typically
strictly controlled by structures, and direct evidence for magmatic involvement is limited.
Accordingly, these deposits are commonly classified as orogenic Au systems [9,10,13,84-86].
However, the mechanisms responsible for local gold enrichment remain poorly constrained,
and high-grade orebodies are difficult to predict during exploration. In this context, the
Huayagou Au deposit is notable for its considerable metallogenic potential, with locally
developed ores reaching grades of up to 24.3 g/t [15]. Although Huayagou shares key
features with typical orogenic Au deposits, such as strong structural control, it also displays
several distinctive characteristics.

At the regional scale (1:500,000), the Huayagou deposit is situated within an area af-
fected by well-developed NE-trending tectono-magmatic events (Supplementary Figure S1).
Although these events are largely Jurassic—-Cretaceous in age across the West Qinling Oro-
gen [87-90], they indicate prolonged magmatic activity in the region, which likely influ-
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enced the thermal and fluid regime during gold mineralization. In contrast, the weakly
metamorphosed clastic and carbonate host rocks alone are unlikely to have generated
voluminous metamorphic fluids, suggesting that magmatic—hydrothermal systems played
an important role in supplying ore-forming fluids. Furthermore, the deposit is situated east
of the ca. 221 Ma Taibai pluton (Supplementary Figure S3; after the map from project of
Dynamic Evaluation of Gold Resource Potential in China (No. DD20230059)) [16,83], and
magmatism is particularly intense in the western part of the Huayagou district (Results
Report on the 1:50,000 Mineral Prospectivity Survey of the Gaoqiao-Taibai Area, Longnan
City, Gansu Province (Sheets 148E012016, Gaogiao Town, and 148E012017, Taibai), 2022), as
indicated by strong negative magnetic anomaly (Supplementary Figure 52). More evidence
for magmatic overprinting has been documented in the nearby Tianziping Au deposit [73],
which is considered part of the same metallogenic belt as Huayagou. In addition, geophysi-
cal data further reveal a circular gravity anomaly in the region (the Summary Report of
the 1:50,000 Geophysical and Remote Sensing Survey in the Qinling-Dabie Metallogenic
Belt), indicating the presence of deep-seated pluton. Importantly, the richest orebodies
show close spatial and temporal associations with Triassic diorite dikes. Collectively, these
geological and geophysical observations point to the presence of a magmatic-hydrothermal
overprint superimposed on a structurally controlled orogenic system.

Mineral geochemical data provide further constraints on this interpretation. Mul-
tiple lines of evidence suggest that metamorphic fluids played a dominant role in ore
formation, whereas Triassic magmatism contributed to localized gold enrichment. On one
hand, tourmaline compositions plot within or near the overlapping fields of orogenic and
intrusion-related Au deposits, and the overall range of tourmaline 5!!B values overlaps that
of typical orogenic Au systems. Additionally, according to a previous study [15], the sulfur
isotopic compositions of pyrite of different types at the Huayagou deposit remained con-
sistently heavy (12-16%o), suggesting a significant contribution from metamorphic fluids
derived from meta-sedimentary host rocks [15]. Conversely, several geochemical features
point to a magmatic contribution during the enrichment stage, including the similarity in
Nd isotopic compositions between syn-ore hydrothermal apatite and Triassic magmatic
apatite, the systematic shift toward heavier 5!!B values from early-stage dravite to late-
stage schorl, and the enrichment of Au together with Te, Bi, and Co in higher-grade ores, as
revealed by LA-ICP-MS elemental mapping of pyrite [15]. Preliminary geochemical results
show that non-mineralized slate from the mining area contains low Au concentrations,
typically below 0.1 g/t. Whole-rock geochemical analyses further indicate an average Au
content of ~4.43 ppb, comparable to or slightly higher than the regional background level
of the West Qinling Orogen (2-3 ppb). These observations are best explained by localized
magmatic-hydrothermal input superimposed on an orogenic fluid system, rather than by a
purely magmatic or a solely metamorphic (or orogenic) origin [91-94].

In summary, the Huayagou Au deposit is best interpreted as an atypical orogenic
gold deposit (shear-zone hosted but intrusion-related) [95], in which structurally controlled
metamorphic fluids were the primary ore-forming component, and Triassic magmatic
activity acted as an overprinting process that enhanced gold enrichment in favorable
structural sites. Geophysical data suggest that magmatic bodies are present at depth
beneath the Huayagou deposit, although their exact geometry and depth remain to be
constrained, and current drilling only reaches depths of approximately 300 m. Given that
the orebodies plunge at ~30° westward (Supplementary Figure S4), the western deeper
parts of the district—particularly areas where Triassic magmatism is inferred—represent
promising exploration targets for future work.
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7. Conclusions

This study integrates detailed petrographic observations, TIMA phase mapping,
cathodoluminescence imaging, EPMA, in situ trace element analyses, and multiple in
situ isotopic systems (apatite Nd, tourmaline B, and previously published pyrite S geo-
chemistry) to constrain the origin and evolution of auriferous fluids in the Huayagou Au
deposit, West Qinling Orogen. By combining mineral-scale geochemical fingerprints with
geophysical and geological context, this work provides new insights into fluid sources,
mineralization processes, and exploration implications for atypical orogenic gold systems.

1.  Magmatic, syn-ore hydrothermal, and metamorphic apatites from the Huayagou Au
deposit exhibit distinct textural, compositional, and isotopic characteristics. Syn-ore
hydrothermal apatite is characterized by homogeneous cathodoluminescence, fluo-
rapatite compositions, strong LREE depletion, and eNd(t) values overlapping those
of Triassic magmatic apatite, whereas Early-Devonian magmatic and metamorphic
apatites display more distinct geochemical signatures.

2. Tourmaline geochemistry records a systematic evolution from early-phase dravite
to late-phase schorl, characterized by compositional overlap with both orogenic and
intrusion-related Au deposit fields and a shift toward heavier 5'!B values. When
combined with previous in situ pyrite geochemical data, these features indicate a
magmatic-hydrothermal overprint superimposed on an overall orogenic system
during the formation of the richer ores.

3.  Integrated mineralogical, isotopic, structural, and geophysical evidence indicates
that gold mineralization at Huayagou was dominantly controlled by structurally
focused metamorphic fluids, with Triassic magmatic activity acting as a superimposed
process that enhanced gold enrichment in favorable structural sites. Accordingly,
the Huayagou Au deposit is best interpreted as an atypical orogenic gold system.
Based on orebody geometry and geophysical constraints, the deeper western part of
the district—where Triassic magmatism is inferred at depth—is considered to have
significant exploration potential.
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