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A B S T R A C T

Oxygen isotope and trace elements characteristics of ore-related quartz from Lannigou gold deposit, a typical
fault-control second largest Carlin-type Au deposit in SW China, provide valuable information about the prop-
erties and origins of the ore-forming fluids. Previous works has focused on vein quartz instead of ore-related
jasperoid-like quartz grain due to hard separation. Based upon different cathodoluminescence (CL) textural
patterns and intensities observed within the quartz, four generations of quartz from this deposit were identified:
Quartz I is sedimentary detrital quartz; Quartz II is syn-mineralization jasperoid-like quartz intergrown with
and/or containing fine (< 10 μm) As-bearing pyrite and arsenopyrite; Quartz III is late-mineralization veinlet
quartz with a small of medium-coarse-grained (about 50–100 μm) As-bearing pyrite; and Quartz IV is the post-
mineralization drusy thick-veined quartz. Analyses by sensitive high-resolution ion microprobe (SHRIMP) and
laser ablation inductively coupled mass spectrometry (LA-ICP-MS) were used to determine O isotope and trace
elements compositions of quartz formed in different stages. The trace elemental (e.g., Al, Li, Ge, Ti) variation of
quartz from Quartz II to IV reflect the effects of fluid saturation in CO2 as the result of decarbonization reactions,
followed by a progressive fall in CO2, whereas the fluid pH and intensity of argillic alteration increase, pro-
gressively. The range of δ18OVSMOW values in Quartz II (12.1–24.8‰) is wide but narrows in Quartz III
(24.1–27.8‰) and IV (24.3–26.9‰). The estimated fluid δ18O values of early- or main-stage (calculated from
Quartz II) is 3.2–15.9‰, the late-stage (calculated from Quartz III) is 12.5–16.2‰, and the post-stage (calcu-
lated from Quartz IV) is 9.0–11.5‰. It is suggested that the ore-forming fluids of Lannigou gold deposit reflect a
mixed source: a low O isotope end-member that was magmatic- or basement related, whereas the high O isotope
end-member may have been fluid interacted with wall-rock, whose influence strengthened during the miner-
alization episode. The narrow δ18OVSMOW ranges of Quartz III and IV also suggest that any meteoric water
influence on the late hydrothermal system was weak.

1. Introduction

Carlin-type gold deposits are primarily found in two main districts:
North-Central Nevada (USA) (Arehart, 1996; Dobra, 1997; Hofstra
et al., 1999; Hofstra and Cline, 2000; Muntean et al., 2011; Muntean
and Cline, 2018) and South China (Hu et al., 2002, 2016, 2017; Su
et al., 2008, 2009a, 2009b, 2012). More than 9% of global gold pro-
duction is provided by Carlin-type gold deposits (Dobra, 1997; Cline
et al., 2005). Quartz is a common gangue mineral in this type of de-
posit, with silicic alteration being an important ore-related alteration

style (Cline and Hofstra, 2000; Cline et al., 2005). Ore-related quartz in
Carlin-type gold deposits is widely considered to have formed during
decarbonatization, when quartz precipitates in the voids left by the
dissolution of calcite (Zhang et al., 2003; Cline et al., 2005). Hence, the
isotopic character of quartz and any trapped fluid inclusions within this
mineral can provide direct constraints on the properties and origin of
the ore fluids (Lubben et al., 2012).
Traditionally, bulk quartz from quartz veins formed at a late or post

ore depositional stage have been used in the study of Carlin-type gold
deposits. However, the generation of quartz closely related to As-
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bearing pyrite (syn-decarbonatization) has proven difficult to separate,
and thus is often ignored (Lubben et al., 2012). Furthermore, studies of
the quartz from Carlin-type gold deposits have long focused only on
conventional fluid inclusion and HeO isotope analyses. With the ad-
vancement of in-situ analytical techniques, especially laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) and sec-
ondary ion mass spectroscopy (SIMS) (Su et al., 2012; Lubben et al.,
2012), it is now possible to elucidate detailed information from vein
quartz, in terms of both trace element compositions and isotopic
character. These data can potentially be used to decipher the source of
ore-forming fluids and any property variation in this fluid during mi-
neralization.
In this study, we used cathodoluminescence (CL) techniques to

identify anhedral jasperoid-like quartz that is closely inter-grown with
As-bearing pyrite from the Carlin-type gold deposit at Lannigou,
Southwest China. LA-ICP-MS and sensitive high-resolution ion mi-
croprobe (SHRIMP) methods were used to determine the trace elements
and oxygen isotope compositions of the different quartz generations,
and afterwards based on the new data, the properties and origins of ore-
forming fluids were discussed. Since the commonly-used 197 nm laser
is not effective in quartz ablation, hampering the analytical quality
(Chenery and Cook, 1993), a 157 nm laser ablation was used in this
study.

2. Geological background

The South China Block is composed of the Yangtze and Cathaysia
blocks. It is bordered in the north with the North China Craton and to
the west by the Indochina Block. During Triassic continent-continent
collision, the Qinling-Dabieshan orogenic belt in the north and the Song

Ma suture in the west were formed (Zhou et al., 2006; Wang et al.,
2007; Hu and Zhou, 2012; Hu et al., 2017; Fig. 1). The Youjiang basin is
situated in the southwestern part of the South China Block, and is
mainly controlled by several crustal-scale faults. In this region of China,
tectonic activity has resulted in a triangular-shaped basin, which is
locally called the “Golden Triangle” (Tu, 1992; Fig. 1). The stratigraphy
of this region consists mainly of Cambrian to Triassic carbonate and
clastic rocks. There are no exposed granite plutons in the region al-
though intrusions of Triassic and Jurassic ages are inferred to be de-
veloped beneath the sedimentary cover(Hu et al., 2002; Peters et al.,
2007; Su et al., 2008; Hu and Zhou, 2012; Mao et al., 2013; Pi et al.,
2017; Zhu et al., 2017; Fig. 1).
The Lannigou (also called Jinfeng) gold deposit is located on the

landward-side sediments of a carbonate platform in the Laizishan an-
ticline in the central of the Golden Triangle. The ore-body (~1500 m
long by 1200 m wide, and 10–50 m in thickness) is mainly hosted in
fault zones (Fig. 2A). As one of the largest Carlin-type gold deposits in
the region, Lannigou deposit has a total Au resource estimated at> 5.3
million Oz, at an average grade of 4.5 g/t Au (Chen et al., 2011). Ore-
hosting wall rocks include calcareous siltstone and mudstone of the
Xuman and Bianyang formations (Fig. 2B). At the depth of the ore body,
there is identified Dachang Formation (or called SBT) (Fig. 2A). The
Dachang Formation is widespread across the Youjiang Basin and has a
close relationship to low temperature ore deposits (Liu et al., 2017).
The gold in this deposit is mainly hosted in As-bearing pyrite, and

gold mineralization is closely related to silicic alteration (Hu et al.,
2002; Wang et al., 2003; Zhang et al., 2003; Peters et al., 2007; Chen
et al., 2011, 2015a, 2015b; Fig. 3A). The anhedral jasperoid-like quartz
grains are closely inter-grown with As-bearing pyrite (Fig. 3E), and it
indicated that these jasperoid-like quartz grains are formed during

Fig. 1. Geological map of Youjiang Basin in SW China (after Hu and Zhou, 2012). IB: Indochina Block, SMS: Song Ma Suture, YB: Yangtze Block, QL-DB: Qinling-
Dabie, NCC: North China Craton, CB: Cathaysia Block.
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mineralization process. However, it is hard to distinguish them from
sedimentary detrital quartz grains. Inspired by previous works of quartz
(Lubben et al., 2012; Mao et al., 2017), cathodoluminescence (CL) was
used to identify them. Hydrothermal alterations also include dec-
arbonatization and argillization (illite) (Hu et al., 2002; Zhang et al.,

2003; Su et al., 2018). During decarbonatization, calcite was dissolved
and replaced by quartz, releasing Fe to form pyrite (Su et al., 2009a;
Fig. 3B). The argillization, characterized by minerals such as illite, is
mainly present in the late stage of mineralization (Hu et al., 2002;
Zhang et al., 2003; Fig. 3).

Fig. 2. Geology in plane (left) and in A-B-C cross-sectional (right) views of the Lannigou gold deposit (modified after Eldorado Gold Corp. Ltd., 2011). The Au
orebody is located on the landward-side of a carbonate platform in the Laizishan anticline and occurs mainly with zones of faulting. Line A-B-C drawn upon the map
is the path of the illustrated cross-section. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Sampling and methods

Eight presentative ore samples with different ore grades were col-
lected from the Lannigou open pit and underground (Fig. 2, Table 1).
All the samples were prepared as thin sections. Electron probe micro
analysis (EPMA) and CL imaging were performed on each sample to
help in the selection of the area of interest for the subsequent SHRIMP
and LA-ICP-MS investigation. These areas were then cut into 5 mm
slabs and mounted in epoxy (diameter: 1 in.) prior to the analysis.
Quartz CL and back-scattered electron images (BSE) were collected

using a JEOL JSM-7800F scanning electron microscope (SEM) fitted
with a Gatan MonoCL4 cathodoluminescence system at the National
Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences (IGCAS), Guiyang. For each CL image
collected, a corresponding back-scattered electron image (BSE) was
taken to assess the surface topography and help locate areas for the
follow-up analysis. Images were taken with a working distance of about
13 mm and an accelerating voltage of 15 kV.
Major and minor element compositions of the selected quartz gen-

erations were determined using an EMPA-1600 microprobe housed at
the IGCAS, and under the following operating conditions: 15 kV, 10 nA
and a beam size of 10 μm in diameter. The analysis times for major
elements were on the order of ~30 s, and slightly longer for minor
elements. The content of Al, Si, Ca, Ti, Cr, Mn and Fe in quartz were
analyzed as oxides. The detection limits were better than 0.01 w.t. %.

In-situ quartz oxygen isotope analysis was performed at the
Research School of Earth Sciences, Australian National University,
using a sensitive high-resolution ion microprobe SI (SHRIMP SI). The
quartz sample spots were separated into different growth stages ac-
cording to microscope and CL images, and the analysis spots were
identified via secondary electron imaging. The samples are mounted
onto epoxy (1-in. mount), and then Al-coated to increase conductivity.
A primary ion beam of Cs+ and spot sizes of 20 to 30 μm were used, and
the analysis procedures follow that outlined in Ickert et al. (2008). The
data obtained were normalized to the quartz oxygen isotope standard
NBS-28 (NIST SRM-8546), with its corresponding recommended
V-SMOW value of 9.6‰ (Alexandre et al., 2006). The analytical un-
certainty for NBS-28 was 0.5‰, while the sample internal accuracy
varied from 0.114‰ to 0.310‰.
After the SHRIMP oxygen isotope analysis, LA-ICP-MS trace element

analysis was conducted on or near the SHRIMP analysis spots. The trace
element analysis was also performed at the Research School of Earth
Sciences, Australian National University, using a 157 nm laser ablation
system coupled with a Varian 820-ICPMS. A spot size of 30–50 μm
diameter was used, and pre-ablation was carried out to remove the
contaminants on the sample surface (e.g., Landtwing and Pettke, 2005;
Tanner et al., 2013). It was particularly important in this study to re-
move any contamination that may have been present from the Al
coating applied for the SHRIMP analysis. The analysis conditions in-
clude a 10 Hz frequency and 60 s signal collection time. However, only

Fig. 3. Representative transmitted light photomicrographs of samples from the Lannigou gold deposit. A: representative photo of hand-pick ore sample. B: re-
placement of calcite and dolomite by jasperoid-like grain quartz during decarbonatization. C-F: Quartz in this sample is divided into four types: Quartz I is detrital
quartz and unrelated to mineralization; Quartz II jasperoid-like grain quartz formed during the early or/and main episode of mineralization, and co-exist with
arsenopyrite and pyrite; Quartz III veinlet quartz post-dates Quartz II and cross-cuts ore-bearing rock; Quartz IV quartz veins are the latest and usually co-exist with
late-stage minerals (e.g., calcite, realgar, stibnite, etc.). Asp = arsenopyrite, Py = pyrite, Cal = calcite, Clay = Clay minerals (illite etc.). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Sampling location and details of samples.

Sample No. Description Sampling location

LNG3-1 High Au-grade (> 7 g/t) dark gray quartz veined breccia siltstone containing disseminated
arsenopyrite

520 m level ore body at open-pit
LNG3-3
LNG-3-6 Low Au-grade (1–2 g/t) quartz veined sandstone containing disseminated arsenian-pyrite 500 m level ore body at open-pit
LNG3-8
LNG3-9 Quartz veined siltstone containing disseminated arsenopyrite, Au-grade increasing from 4.5 g/t to

6 g/t
250–370 m level at underground (ore heap samples)

LNG3-11
LNG3-12
LNG6-1 Quartz veined siltstone containing cubic pyrite and calcite breccia 500 m level near ore body with very low Au-grade at open-pit
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signal from the first 30 s (or less) were chosen for data processing, in
order to avoid potential down-hole fractionation (Tanner et al., 2013)
and/or signal fluctuation towards the end of the ablation process. NIST-
612 glass was used as a standard, and the data were reduced using Iolite
software (Paton et al., 2011).

4. Results

4.1. Stages of quartz formation

Based on cross-cutting relationships observed in hand samples,
under microscopy and from cathodoluminescence features, the quartz
samples are divided into four stages during mineralization (Quartz I to
IV): (I) sedimentary detrital grain quartz; (II) syn-mineralization jas-
peroid-like grain quartz; (III) veinlet quartz; (IV) drusy thick-veined
quartz. These types of quartz can be found in same hand sample.
Features of Quartz I to IV are shown in Figs. 3 and 4.
Quartz I detrital grain quartz is unrelated to mineralization. These

grains show bright luminescence and distinct angular and/or brecciated
features. The diameter of them are usually over 100 μm.
Quartz II jasperoid-like grain quartz is commonly intergrown with

and/or contain fine (< 10 μm) As-bearing pyrite and arsenopyrite. This
quartz generation is fine-grained (diameter < 100 μm), anhedral, with
clay mineral and coarse As-bearing pyrite as common interstitial
phases. Under CL imagery, Quartz II grains are weakly luminescent but
slightly brighter than the CL of the interstitial clay minerals. According
to the CL luminescent, Quartz II can be clearly distinguished from
Quartz I.
Quartz III occurs as veinlets (100–500 μm thick) commonly cross-

cut the ore-hosting siltstone, and include a small amount of medium to
coarse-grained (50–100 μm) As-bearing pyrite. According to the cross-

cutting relationship, Quartz III veinlets are later than Quartz II jas-
peroid-like grain quartz. This quartz is subhedral to euhedral, while the
As-bearing pyrite contain typical core-rim patterns of zonation. Under
CL imagery, the Quartz III appears brightly luminescent and homo-
genous, with no distinct oscillatory growth zoning or bands observed.
Quartz IV is present in veins from 200 μm to few cm thick which

commonly cross-cut the ore and Quartz III veinlets, and rarely contain
As-bearing pyrite. These quartz grains are coarse, euhedral to drusy,
and commonly intergrown with calcite. The drusy quartz is chiefly
accompanied by realgar, stibnite and cinnabar. Compared to Quartz III,
luminescent of Quartz IV is brighter and shows distinct growth zoning.

4.2. Geochemical features of quartz

EPMA work was mainly focused on Quartz III and IV veins, and the
determined results are shown in Table 2, Fig. 5 and Appendix I. From
the results, it is evident that in addition to SiO2, the quartz contains
trace to minor amounts of Al (Al2O3 = 0.01–0.89 w.t.%). The EPMA
work also detected minor Fe (FeO up to 0.12 w.t.%), while Ti, Ca, Cr,
and Mn contents were near or below the detection limit for this method.
As for the trace element results at determined by LA-ICP-MS

(Table 3, Fig. 6; Appendix II), most abundant trace elements found in
mineralization-related quartz are Ti, Li, Al and Ge. Elements such as Be,
P, K, Cu, Zn and Pb were near or below detection limits, regardless of
the quartz generation. Titanium content was relatively low in Quartz III
and IV (< 3.0 ppm), but higher in Quartz II (up to few tens of ppm). In
contrast, Li content in Quartz II (near or below the detection limit) is
lower than that in Quartz III and IV generations (16.5–116.5 ppm; avg.
51.8 ppm). Aluminum content in all 4 different types of quartz were
relatively high, and Al increases progressively from Quartz II to IV:
Quartz II (9.0–776 ppm), Quartz III (535–1555 ppm), and Quartz IV

Fig. 4. Representative cathodoluminescence images of samples from the Lannigou gold deposit. Quartz I is brightly luminescent and brecciated; Quartz II jasperoid-
like grain quartz is weakly luminescent but slightly brighter than the CL of interstitial clay minerals; Quartz III veinlet is brightly luminescent, and lacks zoning;
Quartz IV veins contains distinct oscillatory growth zoning. White dot lines are boundary of Quartz III/IV veinlets/veins. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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(750–2439 ppm). Germanium content was generally low
(0.5–6.4 ppm), except for some spots in stage IV quartz (28.8 ppm).

4.3. Oxygen isotopes of quartz

In this study, we analyzed six samples selected from various parts of
the Lannigou orebody, including the different types of quartz. SHRIMP
in-situ oxygen isotope compositions were measured at 90 spots from
nine analysis areas in the six samples. Compared to the published data
obtained from conventional quartz single-mineral analyses
(δ18Oquartz = 22.7–26.1‰, Zhang et al., 2003; Su et al., 2009a), the
results of SHRIMP show that the mineralization-related quartz (Quartz
II to IV) contains a wide range in oxygen isotope values
(δ18OVSMOW = 12.1–27.8‰). Comparatively, Quartz I has low δ18O
values (8.6–16.8‰). Quartz II shows a wide range of δ18O values
(12.1–24.8‰), whereas the δ18O of Quartz III and IV are higher and
within a relatively narrow range (24.1–27.8‰ and 24.3–26.9‰, re-
spectively) (Table 4, Appendix III; Fig. 7A).

5. Discussion

5.1. Relation between CL intensity and origins of quartz

The CL intensity of quartz, especially if coupled to trace elements
within the quartz, can provide quick insight of different origins of
quartz (Coulson, 2014; Rusk, 2014). Previous studies have suggested

that the CL intensity of hydrothermal quartz commonly shows a posi-
tive correlation with Ti- and/or Al- content (Murray and Bruce, 2007;
Rusk et al., 2008; Gotte et al., 2011). For example, the CL brightness
(CL emission at the wavelength of ~425–450 nm) has been shown to
correlate strongly with increasing Ti-content in some high-temperature
deposits (Müller et al., 2003), and with elevated Al content in some
low-temperature deposits, though not as strongly as for Ti (Rusk, 2014).
In this study, Quartz I shows high CL intensity that match notably
higher levels of Ti than for the mineralization-related hydrothermal
quartz of Quartz II to IV at Lannigou (Fig. 4). The high-Ti content
(> 27 ppm) of Quartz I is suggestive of an igneous origin (Ackerson
et al., 2015), and is distinctly different from the hydrothermal quartz of
Quartz II-IV.
In this study, the observed CL brightness increase with Al content

progressively from the early- to later- stage hydrothermal quartz
(Quartz II to IV). This suggests that the CL intensity and Al content of
the Lannigou deposit quartz are closely linked. For Quartz IV, the ob-
served alternating bands of bright-dark CL intensity may additionally
relate to factors such as growth rate or co-precipitating phase affecting
CL brightness (Gotte et al., 2011).

5.2. Ore fluid properties revealed by quartz trace element variation

Previous studies have indicated that the common trace elements in
quartz, including Ti, Li, Al and Ge, can reflect upon the fluid physico-
chemical conditions attending the formation of quartz (Rusk et al.,

Table 2
EPMA geochemistry (w.t.%) of the Lannigou quartz veins. N = number of analyzed spots.

Sample N MgO Al2O3 SiO2 CaO TiO2 Cr2O3 MnO FeO Total

LNG3-1 27 <0.01 0.31 98.43 < 0.01 < 0.01 < 0.01 < 0.01 <0.01 98.78
LNG3-3 24 <0.01 0.37 97.78 < 0.01 < 0.01 < 0.01 < 0.01 <0.01 98.24
LNG3-8 36 <0.01 0.17 99.19 < 0.01 < 0.01 < 0.01 < 0.01 <0.01 99.42
LNG3-9 32 <0.01 0.22 98.26 < 0.01 < 0.01 < 0.01 < 0.01 <0.01 98.61
LNG3-11 26 <0.01 0.2 99.02 < 0.01 < 0.01 < 0.01 < 0.01 <0.01 99.26

Fig. 5. EPMA compositional data for Lannigou quartz; there is a distinct negative correlation observed between SiO2 and Al2O3., suggestive of Al substituting for Si in
the crystal lattice of the quartz. FeO and TiO2 were also detected in trace quantities.
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2008; Gotte et al., 2011; Breiter et al., 2013; Audetat et al., 2015). Since
the contents of other trace elements in the investigated Lannigou quartz
samples are mostly near or below the detection limit, our discussion
focuses herein on these four elements. Ti, Li, Al and Ge principally
occur in the crystal lattice of quartz in substitution for Si (Gotte et al.,
2011; Breiter et al., 2013; Audetat et al., 2015; Mao et al., 2017), and
our LA-ICP-MS trace element analysis demonstrates that their contents
are markedly different in Quartz II to IV (Fig. 6).
Titanium substitution in quartz is mainly related to temperature of

formation of this quartz. Previous studies have shown that Ti content
will decrease with temperature dropping (Breiter et al., 2013; Mao
et al., 2017). The Ti content of Quartz II is relatively higher compared
to Quartz III and IV. Considering the forming sequence from Quartz II to
IV, it might reflects a decrease in temperature that accompanied the
syn- to later-mineralization process. On the other hand, the unusually
high Ti contents determined for Quartz II sample (Appendix II, sample
3–11-2-b3 and 3–9-1-b2) may also reflect the existence of a Ti-bearing
mineral micro-inclusions (e.g., rutile) within the quartz (Pi et al., 2017).
Aluminum content in quartz is chiefly controlled by the Al content

of the precipitating fluid(s), which is, in turn, influenced by the fluid
CO2, pH and the elemental equilibrium between any Al-bearing mi-
nerals present (e.g., Kaolinite) and this fluid (Rusk et al., 2008;
Lehmann et al., 2011). Lehmann et al. suggested that the fluid CO2
content is a more important factor than pH in controlling the fluid Al
content, with higher fluid CO2 content leading to lower Al solubility in
the fluid. In the Lannigou ore-forming process, the Quartz II and As-
bearing pyrite precipitation were coeval with decarbonatization,

leading to the replacement of calcite and dolomite by Quartz II jas-
peroid-like grain quartz (Fig. 3B). The massive CO2 release during
decarbonatization may have saturated the ore fluids with CO2, even
though the CO2 content is still relatively lower than orogenic deposits.
And subsequent to this, the CO2 content likely decreased progressively
in the late-/post-mineralization, accompanied by an increase in Al so-
lubility. Besides, the argillic alteration of the wall rocks can introduce
more Al into the fluid (from the breakdown of clay minerals, including
kaolinite and illite) (Rusk et al., 2008). This might led to a progressive
Al increase in the late-stage fluid, which is reflected in the elevated Al
contents of later-stage quartz (Quartz III and IV). However, the pH in-
crease attending the ore-forming process does not favor the entry of Al
into an ore fluid (Rusk et al., 2008). Previous study has shown that
there might be a pH fluctuation of ore-forming fluid caused by fluid
mixing during late-ore stage (Yan et al., 2018). As such, the wide Al
variation observed (from 535 ppm to 1555 ppm) in Quartz III and IV
additionally reflect pH fluctuation within the ore fluids.
From the EPMA results presented above, it can be seen that the Al

and Si contents are weakly negatively correlated (Fig. 5). Previous
studies have suggested that Al3+ in quartz mainly occurs via replace-
ment of Si4+ in the crystal lattice (Gotte et al., 2011; Breiter et al.,
2013; Audetat et al., 2015). To balance the charge, a concomitant in-
terstitial substitution must also occur of a monovalent cation, such as
Li+, or K+ (Si4+ → Al3+ + Li+). That there is a good positive corre-
lation observed between the Al and Li contents in the quartz of all
stages adds support to this coupled substitution in the formation of the
Lannigou quartz (Fig. 6). While the Ge content of quartz is relatively

Table 3
Average concentration (ppm) of Li, Al, Ti and Ge of different generations of quartz. Detection limits are shown below each element. N = number of analyzed spots.

N Li(ppm)
(0.3)

SD(1σ) Al(ppm)
(1.7)

SD(1σ) Ti(ppm)
(1.3)

SD(1σ) Ge(ppm)
(1.0)

SD(1σ)

Quartz I 11 1.2 1.2 158.7 95.1 48.9 37.7 1.6 0.4
Quartz II 10 2.9 6.1 159.5 258.3 22.0 30.5 2.2 1.4
Quartz III 13 45.1 19.2 1096.7 374.4 1.4 0.4 2.9 1.5
Quartz IV 8 62.6 24.8 1448.1 504.2 1.7 0.5 8.5 9.6

Fig. 6. LA-ICP-MS trace element compositions for the various generations of Lannigou quartz. Quartz I detrital quartz is clearly distinct to ore-related quartz (high Ti
but low Al, Li). Quartz III and IV have higher Al, Li and Ge but lower Ti content than for Quartz II jasperoid-like grain quartz. Li is positively correlated with Al.
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low, this element does show weak positive correlations with Al (Fig. 6),
and is suggestive that both Al and Ge elements were present in the
fluids, potentially deriving through breakdown of the same parent mi-
neral (e.g., Kaolinite; Lehmann et al., 2011).
To summarize, the trace elemental (Al, Li, Ge, and Ti) variation

observed within different generations of Lannigou quartz reflects
mainly fluid compositional changes occurring throughout the altera-
tion/mineralization process. From Quartz II to IV, the effect of

decarbonatization reactions first saturated the ore-forming fluid, which
then gradually lost CO2, whereas the fluid pH and intensity of argillic
alteration increase, progressively with time. In Quartz III and IV, the
wide range of Al content may reflect not only the above changes in CO2,
but additionally pH fluctuation of the hydrothermal fluids in these
latter stages. The cause of such fluid pH fluctuation might be a late-
stage episodic influx of basinal fluids (Yan et al., 2018).

Table 4
δ18O range of different types of quartz by in-situ SHRIMP and estimated O isotope value of fluids. N = number of analyzed spots.

N δ18ΟVSMOW(quartz)(‰) Mean SD(1σ) δ18ΟVSMOW(fluid)(‰) Mean SD(1σ) Temperature

Quartz I 26 8.4–16.8 12.6 2.5
Quartz II 32 12.1–24.8 17.3 3.2 3.2–15.9 8.4 3.2 250 °C
Quartz III 22 24.1–27.8 25.7 1.1 12.5–16.2 14.1 1.1 200 °C
Quartz IV 16 24.3–26.9 25.9 0.8 9.0–11.5 10.5 0.8 150 °C

Fig. 7. SHRIMP δ18O values of the various stages of quartz and fluid(s). A: δ18O for each generation of quartz; the mineralization-related quartz (Quartz II to IV)
shows a wide range in δ18O, whereas the δ18O for vein quartz (Quartz III and IV) is narrow. B: calculated δ18O of fluid in each mineralization stage. C: different
character of fluid δ18O between the deep and shallow parts of the Lannigou ore body.
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5.3. Temperature of quartz precipitation and origins of ore-forming fluids

Oxygen isotope compositions of hydrothermal quartz are mainly
influenced by temperature and the oxygen isotope compositions of the
precipitating fluid. The ore fluid temperature of Carlin-type gold de-
posit is about 180–240 °C in Nevada USA (Cline et al., 2005; Muntean
et al., 2011) and 150–250 °C ± 50 °C in Southwest China (Hu et al.,
2002). Using the oxygen isotope fractionation equations for the quartz-
water system of Clayton et al. (1972) (1000lnαQW = 3.38(106 T-2) -
3.4) and Matsuhisa et al. (1979) (1000lnαQW = 3.34(106 T-2) - 3.31), a
drop in fluid temperatures from 250 °C to 150 °C, will give a difference
in δ18O value of 6.53‰. Our SHRIMP in-situ δ18O values for the mi-
neralization-related quartz (i.e., Quartz II to IV) range from12.1‰ to
27.8‰, and this span of values (~15.7‰) is far greater than one that
can be influenced by temperature alone. Therefore, fluid temperature
fluctuation is unlikely to be the major factor influencing the observed
oxygen isotope variation of Lannigou quartz, though it might enlarge
the variation range to a certain degree (e.g., for Quartz II).
Carlin-type gold deposit are widely regarded as being moderate to

low temperature (300–100 °C). In the Lannigou gold deposit, the
average homogenization temperature of fluid inclusions are about
250 °C, 200 °C and 150 °C for early, main and late stage ore-fluids
respectively (Hu et al., 2002; Zhang et al., 2003). Considering the inter-
growth features of quartz and other minerals under optical microscope,
we consider that the Quartz II to IV were precipitating at main, later
and post stage respectively. And the following temperature of each
stage for calculations will be below: 250 °C for main stage, 200 °C for
later stage, and 150 °C for post stage. Although the temperatures esti-
mate is not precise for each stage, estimates of the largest range and
trend of fluid oxygen isotope value are well constrained.
According to the various formation temperatures of the different-

stages of quartz, we estimated oxygen isotope compositions of the ore
fluid(s) that were in equilibrium with these quartz. The results suggest
that the ore fluids contain δ18O values of 3.2–16.2‰ (Fig. 7B, Table 3).
The fluid δ18O range of main stage (Quartz II) is relatively wide
(3.2–15.9‰). The δ18O values shows a relatively narrow range of be-
tween 12.5 and 16.2‰ for later stage (Quartz III) and between 9.0 and
11.5‰ for post stage (Quartz IV) fluids. Considering the influence of
temperature fluctuation, the differences for later and post stage fluids,
which are small, suggest that the late- and post-stage hydrothermal
system represent a common fluid origin.
Previous work of S isotope for Lannigou gold deposit suggests two

end-members of ore fluid (Xie et al., 2018; Yan et al., 2018). The cal-
culated range of fluid δ18O values for the main stage (Quartz II) fluid
also reflects the mixing of two fluids with different δ18O values, with
the fluid from deeper parts of the Lannigou ore-body having lower δ18O
value than for the shallow part (Fig. 7C). It is suggested that one end-
member of the mixed fluid has relatively low δ18O value, representative
of the primary ore fluid. These values fall into those typical of magmatic
or basement-related fluids δ18O range (5–8‰). The other fluid end-
member has relatively high δ18O values, and may be sourced from the
basinal fluid that had experienced isotopic exchange with wall rocks.
Alternatively, the high δ18O fluid might be the result of water-rock
interactions.
Lastly, it is noteworthy that in the Carlin-type gold deposits of

Nevada (USA), the oxygen isotope compositions (obtained by bulk-
sample or in-situ analyses) show a general lowering of δ18O with time,
which is interpreted to reflect the progressive incursion of meteoric
water into the hydrothermal system (Cline et al., 2005; Muntean et al.,
2011). Nevertheless, such meteoric water mixing is not prevalent in all
Carlin-type gold deposits, for example, Getchell and Turquoise Ridge

deposits (Muntean et al., 2011). In a similar way, many typical Carlin-
type gold deposits of SW China show typical meteoric water-incursion
HeO isotope features (e.g., wide distribute range) in their quartz and
kaolinite (Hu et al., 2002; Hofstra et al., 2005; Tan et al., 2015; Hu
et al., 2017). At the Lannigou Au deposit, however, evidence from
earlier studies of δ18O for bulk mineral from quartz vein show their
relatively high values and narrow range (Zhang et al., 2003). In our
study, the δ18O for Quartz III and IV do not provide evidence for me-
teoric water influence too. Thus, we consider that any meteoric water
influence may have been relatively weak in the gold ore-formation
process at the Lannigou deposit.

6. Conclusions

Through microscopic observation and CL imaging, we identified CL
zoning and intensity features to allow for the characterization of dif-
ferent hydrothermal quartz at Lannigou. We use these data to delineate
the unrelated (sedimentary detrital) quartz (Quartz I) from the various
stages of mineralization (e.g. syn-mineralization jasperoid-like quartz:
Quartz II to late and post ore-forming Quartz III and IV). Based upon
this subdivision, further analysis of each Lannigou quartz type by in-situ
LA-ICP-MS and SHRIMP trace element and oxygen isotope methods
yielded the following conclusions:

(1) Trace elements content (Al, Li, Ti and Ge) variation in the Lannigou
quartz reflects fluid compositional changes occurring during the
alteration and ore-formation processes. Moreover, the progressive
increase in Al and Ge indicates the transition from early- to main-
stage decarbonatization to late- or post-mineralization argillic al-
teration. The wide Al content fluctuations observed for Quartz III
and IV reflects pH variation caused by incursion of other fluids into
the hydrothermal system.

(2) The calculated fluid oxygen isotopes (δ18OVSMOW = 3.21–16.2‰)
reveal that the ore-forming fluids of Lannigou gold deposit have a
mixed source. For fluid mixing, a low O-isotope end-member may
have been magmatic-hydrothermal or basement related, whereas
the high O-isotope end-member was likely basinal fluid, whose
influence may have increased with time. The relatively narrow
δ18OVSMOW ranges for Quartz III (12.5–16.2‰) and IV (9.0–11.5‰)
vein quartz suggest that meteoric water influence on the latter
evolution of the Lannigou hydrothermal system was weak.
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Appendix I. Majar and minor elements content of quartz by EPMA (wt%). b.d. = below detect limit

Spots no. MgO Al2O3 SiO2 CaO TiO2 Cr2O3 MnO FeO Total

LNG3-1-1011 b.d. 0.31 98.24 b.d. b.d. b.d. b.d. 0.01 98.56
LNG3-1-1012 b.d. 0.35 97.94 b.d. b.d. 0.01 0.03 0.02 98.34
LNG3-1-1013 0.01 0.3 97.93 0.01 0.01 0.03 b.d. b.d. 98.28
LNG3-1-1014 b.d. 0.21 98.28 b.d. b.d. b.d. b.d. 0.02 98.51
LNG3-1-1031 0.01 0.29 99.29 0.01 b.d. 0.01 0.01 b.d. 99.61
LNG3-1-1032 b.d. 0.29 99.44 b.d. b.d. 0.02 b.d. 0.02 99.78
LNG3-1-1033 b.d. 0.32 98.07 b.d. b.d. b.d. b.d. b.d. 98.38
LNG3-1-2011 0.01 0.89 96.87 0.01 0.02 0.01 0.01 0.02 97.83
LNG3-1-2011-2 b.d. 0.32 98.47 b.d. b.d. b.d. b.d. 0.03 98.82
LNG3-1-2012 0.01 0.3 98.61 b.d. b.d. 0.01 0.01 b.d. 98.94
LNG3-1-2013 0.01 0.29 98.94 b.d. 0.01 b.d. b.d. 0.02 99.27
LNG3-1-2014 0.02 0.23 98.55 b.d. 0.02 b.d. b.d. b.d. 98.82
LNG3-1-2015 b.d. 0.3 98.92 0.01 0.03 b.d. b.d. 0.01 99.25
LNG3-1-2021 b.d. 0.37 97.88 b.d. b.d. b.d. b.d. b.d. 98.25
LNG3-1-2022 b.d. 0.12 98.48 b.d. b.d. 0.01 b.d. b.d. 98.61
LNG3-1-2023 b.d. 0.29 98.09 0.01 b.d. b.d. 0.02 0.01 98.41
LNG3-1-2024 b.d. 0.31 98.45 0.01 b.d. b.d. 0.01 b.d. 98.78
LNG3-1-3021 b.d. 0.39 97.13 b.d. b.d. 0.02 b.d. 0.12 97.65
LNG3-1-3022 b.d. 0.31 98.72 b.d. b.d. b.d. b.d. 0.02 99.05
LNG3-1-3023 b.d. 0.32 97.7 b.d. 0.06 b.d. 0.01 b.d. 98.09
LNG3-1-3024 b.d. 0.33 97.97 b.d. b.d. b.d. 0.02 b.d. 98.32
LNG3-1-3031 b.d. 0.45 99 b.d. 0.06 0.01 b.d. 0.01 99.53
LNG3-1-3032 b.d. 0.18 99.51 b.d. b.d. 0.02 b.d. 0.01 99.71
LNG3-1-3033 b.d. 0.31 99.33 b.d. b.d. b.d. 0.01 b.d. 99.65
LNG3-1-4011 0.02 0.27 98.8 b.d. b.d. 0.03 b.d. 0.03 99.16
LNG3-1-4012 0.01 0.21 98.62 b.d. 0.02 0.01 b.d. 0.01 98.88
LNG3-1-4013 0.01 0.14 97.66 0.01 b.d. 0.02 b.d. 0.01 97.84
LNG3-3-1011 b.d. 0.11 98.27 b.d. b.d. b.d. b.d. 0.03 98.41
LNG3-3-1012 b.d. 0.39 97.95 0.01 0.01 0.04 b.d. 0.03 98.42
LNG3-3-1013 b.d. 0.32 97.7 b.d. 0.03 0.01 b.d. b.d. 98.06
LNG3-3-1014 b.d. 0.46 98.47 b.d. b.d. 0.01 0.01 0.03 98.97
LNG3-3-1021 0.01 0.46 97.06 b.d. 0.02 b.d. 0.01 0.01 97.56
LNG3-3-1022 b.d. 0.39 97.57 b.d. 0.01 0.02 b.d. 0.02 98.01
LNG3-3-1023 0.01 0.2 98.36 b.d. b.d. b.d. b.d. 0.01 98.58
LNG3-3-1024 0.03 0.39 96.88 b.d. 0.02 0.03 0.02 0.02 97.38
LNG3-3-1031 b.d. 0.33 98.58 b.d. 0.02 0.03 b.d. b.d. 98.96
LNG3-3-1032 b.d. 0.19 98.42 b.d. b.d. b.d. b.d. 0.01 98.61
LNG3-3-1033 0.01 0.36 97.39 0.02 0.01 b.d. 0.01 0.01 97.81
LNG3-3-4011 b.d. 0.31 98.93 b.d. 0.01 b.d. 0.03 0.04 99.32
LNG3-3-4012 b.d. 0.37 97.42 0.01 b.d. b.d. b.d. 0.05 97.86
LNG3-3-4013 b.d. 0.31 98.71 0.01 b.d. 0.01 b.d. b.d. 99.03
LNG3-3-4014 b.d. 0.64 96.67 0.01 0.02 0.03 b.d. 0.01 97.37
LNG3-3-4021 b.d. 0.22 98.16 0.01 b.d. b.d. b.d. 0.02 98.41
LNG3-3-4022 b.d. 0.31 99.43 b.d. b.d. 0.02 b.d. 0.03 99.79
LNG3-3-4023 b.d. 0.27 98.94 0.01 b.d. b.d. b.d. b.d. 99.21
LNG3-3-4024 b.d. 0.28 97.84 0.01 0.02 0.01 b.d. b.d. 98.16
LNG3-3-4025 b.d. 0.49 96.96 b.d. 0.02 b.d. b.d. b.d. 97.46
LNG3-3-4031 0.02 0.18 96.95 0.03 0.05 0.63 0.01 0.06 97.93
LNG3-3-4032 b.d. 0.44 97.53 b.d. b.d. b.d. 0.01 0.01 97.99
LNG3-3-4033 0.01 0.58 97.35 b.d. 0.07 0.01 0.03 b.d. 98.04
LNG3-3-4034 0.01 0.76 96.52 0.02 0.01 b.d. b.d. 0.02 97.34
LNG3-8-1021 b.d. 0.27 96.51 b.d. b.d. 0.02 b.d. b.d. 96.8
LNG3-8-1022 b.d. 0.24 97.22 0.01 b.d. b.d. b.d. b.d. 97.47
LNG3-8-1023 b.d. 0.21 98.71 b.d. 0.02 b.d. 0.01 b.d. 98.96
LNG3-8-1024 0.01 0.23 98.93 b.d. b.d. 0.02 b.d. 0.03 99.22
LNG3-8-1011 b.d. 0.28 98.26 0.01 0.02 0.06 0.01 0.02 98.66
LNG3-8-1012 0.01 0.05 98.99 0.01 b.d. b.d. 0.01 b.d. 99.06
LNG3-8-1013 b.d. 0.15 98.96 b.d. 0.01 0.03 b.d. 0.01 99.16
LNG3-8-1014 b.d. 0.24 99.14 b.d. b.d. 0.01 0.01 0.08 99.49
LNG3-8-1015 b.d. 0.28 98.38 b.d. b.d. 0.02 b.d. 0.03 98.71
LNG3-8-1016 b.d. 0.21 98.98 0.01 b.d. 0.01 b.d. 0.01 99.21
LNG3-8-2011 b.d. 0.22 99.34 b.d. b.d. 0.03 b.d. 0.01 99.61
LNG3-8-2012 b.d. 0.08 99.49 b.d. b.d. 0.02 b.d. b.d. 99.6
LNG3-8-2013 0.11 0.26 97.25 0.12 b.d. 0.5 b.d. 0.01 98.24
LNG3-8-2014 0.01 0.26 99.18 b.d. 0.02 b.d. b.d. b.d. 99.47
LNG3-8-2021 b.d. 0.26 99.59 b.d. 0.02 0.01 0.01 0.02 99.89
LNG3-8-2022 b.d. 0.21 99.32 b.d. 0.01 0.01 b.d. b.d. 99.54
LNG3-8-2023 b.d. 0.19 100.09 0.01 b.d. 0.01 b.d. 0.01 100.3
LNG3-8-2024 b.d. 0.18 99.02 b.d. b.d. 0.02 0.01 b.d. 99.23
LNG3-8-2031 b.d. 0.01 99.24 b.d. b.d. b.d. 0.02 0.01 99.27
LNG3-8-2032 b.d. 0.21 98.99 b.d. b.d. 0.01 b.d. 0.02 99.23
LNG3-8-2033 b.d. 0.21 99.71 b.d. b.d. b.d. b.d. 0.01 99.92
LNG3-8-2034 b.d. 0.1 99.37 b.d. b.d. 0.02 b.d. b.d. 99.48
LNG3-8-3021 b.d. 0.09 98.62 0.01 0.02 0.01 0.01 b.d. 98.75
LNG3-8-3022 b.d. 0.08 100.04 b.d. b.d. 0.01 b.d. 0.02 100.14
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LNG3-8-3023 b.d. 0.16 99.22 b.d. b.d. b.d. 0.01 b.d. 99.38
LNG3-8-3024 b.d. 0.23 99.88 0.01 b.d. 0.07 b.d. 0.02 100.2
LNG3-8-3041 0.01 0.03 98.9 0.01 b.d. 0.01 b.d. b.d. 98.95
LNG3-8-3042 b.d. 0.18 99.36 b.d. b.d. 0.02 b.d. 0.01 99.59
LNG3-8-3043 b.d. 0.19 99.78 b.d. b.d. b.d. b.d. b.d. 99.98
LNG3-8-3044 b.d. 0.22 99.7 b.d. 0.02 b.d. b.d. 0.03 99.97
LNG3-8-4011 b.d. 0.14 99.56 b.d. b.d. 0.01 b.d. 0.01 99.72
LNG3-8-4012 0.01 0.17 98.98 b.d. b.d. b.d. b.d. 0.02 99.18
LNG3-8-4013 b.d. 0.02 99.58 b.d. b.d. 0.01 b.d. b.d. 99.6
LNG3-8-4014 0.01 0.17 99.99 b.d. 0.01 b.d. 0.01 b.d. 100.18
LNG3-8-4015 b.d. 0.15 98.02 b.d. 0.02 0.01 b.d. b.d. 98.2
LNG3-8-4016 b.d. 0.07 99.58 b.d. b.d. 0.03 b.d. b.d. 99.67
LNG3-9-1011 b.d. 0.12 98.85 0.01 0.01 b.d. 0.01 b.d. 99
LNG3-9-1012 0.01 0.19 99.23 0.01 b.d. b.d. b.d. b.d. 99.44
LNG3-9-1013 0.01 0.21 99.16 0.01 b.d. 0.03 b.d. 0.04 99.44
LNG3-9-1021 b.d. 0.13 98.93 0.01 0.01 0.01 b.d. 0.03 99.12
LNG3-9-1022 b.d. 0.16 99.05 b.d. 0 b.d. b.d. 0.04 99.26
LNG3-9-2011 b.d. 0.28 97.65 b.d. 0.04 b.d. b.d. 0.05 98.02
LNG3-9-2012 b.d. 0.21 98.36 b.d. b.d. b.d. b.d. 0.04 98.61
LNG3-9-2013 b.d. 0.28 98.94 0.03 b.d. b.d. b.d. 0.07 99.32
LNG3-9-2021 b.d. 0.17 98.81 0.01 b.d. 0.01 0.01 0.03 99.04
LNG3-9-2022 b.d. 0.15 99.05 b.d. b.d. 0.02 b.d. 0.01 99.23
LNG3-9-2023 b.d. 0.22 99.21 b.d. b.d. b.d. 0.02 0.01 99.46
LNG3-9-3011 0.01 0.26 98.51 0.01 0.02 b.d. 0.01 0.02 98.83
LNG3-9-3012 b.d. 0.28 99.77 b.d. 0.01 0.01 0.01 0.05 100.13
LNG3-9-3013 0.01 0.18 99.03 b.d. b.d. 0.01 b.d. 0.01 99.24
LNG3-9-3014 b.d. 0.27 97.96 b.d. b.d. b.d. 0.01 0.01 98.24
LNG3-9-4011 0.01 0.1 98.88 0.01 0.01 0.02 b.d. 0.01 99.03
LNG3-9-4012 b.d. 0.15 98.3 0.03 b.d. 0.01 b.d. 0.08 98.57
LNG3-9-4013 b.d. 0.27 97.84 0.01 0.01 b.d. b.d. b.d. 98.13
LNG3-9-4014 b.d. 0.1 99.02 b.d. b.d. b.d. b.d. 0.01 99.14
LNG3-9-4015 b.d. 0.13 96.56 0.01 0.01 b.d. 0.01 0.01 96.73
LNG3-9-4016 0.02 0.25 96.23 b.d. b.d. b.d. b.d. b.d. 96.5
LNG3-9-4017 b.d. 0.2 96.53 b.d. b.d. 0.02 0.01 0.03 96.78
LNG3-9-5011 b.d. 0.25 97.99 0.01 b.d. 0.01 0.01 0.02 98.29
LNG3-9-5012 0.03 0.22 98.72 0.01 b.d. 0.02 0.01 0.04 99.05
LNG3-9-5013 0.01 0.32 97.38 0.01 0.02 b.d. 0.01 0.04 97.8
LNG3-9-5014 b.d. 0.21 98.71 b.d. b.d. b.d. b.d. 0.03 98.95
LNG3-9-5015 b.d. 0.37 98.06 b.d. b.d. b.d. 0.01 0.01 98.45
LNG3-9-5016 b.d. 0.4 96.08 b.d. b.d. 0.39 0.02 0.01 98.89
LNG3-9-5021 b.d. 0.17 97.97 0.02 0.02 b.d. b.d. 0.02 98.21
LNG3-9-5022 0.01 0.21 97.53 b.d. 0.03 0.02 0.01 0.01 97.82
LNG3-9-5023 b.d. 0.22 98.1 0.01 b.d. b.d. b.d. 0.01 98.34
LNG3-9-5024 b.d. 0.25 98.56 b.d. 0.03 0.01 0.02 b.d. 98.87
LNG3-11-1011 0.01 0.14 99.09 0.01 b.d. 0.01 b.d. 0.03 99.29
LNG3-11-1012 b.d. 0.1 98.25 b.d. b.d. 0.01 b.d. 0.02 98.38
LNG3-11-1013 b.d. 0.29 99.34 b.d. 0.01 b.d. 0.01 b.d. 99.64
LNG3-11-1014 0.02 0.25 100.57 0.01 b.d. 0.02 b.d. 0.01 100.87
LNG3-11-1021 b.d. 0.07 99.78 0.01 b.d. b.d. b.d. 0.02 99.89
LNG3-11-1022 b.d. 0.36 99.13 b.d. b.d. b.d. b.d. 0.01 99.5
LNG3-11-1023 b.d. 0.29 98.94 0.01 b.d. 0.01 b.d. 0.01 99.26
LNG3-11-1024 b.d. 0.27 99.55 b.d. b.d. b.d. b.d. b.d. 99.82
LNG3-11-1025 b.d. 0.18 99.13 b.d. 0.01 0.02 0.01 b.d. 99.36
LNG3-11-1026 b.d. 0.17 98.82 b.d. b.d. b.d. b.d. 0.01 99
LNG3-11-2011 b.d. 0.31 99.12 b.d. b.d. 0.01 0.01 0.02 99.48
LNG3-11-2012 b.d. 0.27 99.02 0.01 b.d. b.d. b.d. 0.02 99.32
LNG3-11-2013 b.d. 0.27 99.42 b.d. 0.02 0.02 0.02 b.d. 99.76
LNG3-11-2014 0.01 0.27 98.85 b.d. b.d. b.d. 0.01 b.d. 99.13
LNG3-11-3011 b.d. 0.05 98.76 0.02 b.d. 0.01 0.01 b.d. 98.86
LNG3-11-3012 b.d. 0.14 99.2 b.d. 0.03 b.d. 0.02 0.03 99.41
LNG3-11-3013 b.d. 0.19 98.75 b.d. b.d. b.d. 0.01 b.d. 98.96
LNG3-11-4011 0.01 0.11 99.29 0.01 0.01 0.01 b.d. 0.03 99.47
LNG3-11-4012 b.d. 0.21 98.56 0.01 0.02 b.d. b.d. 0.02 98.81
LNG3-11-4013 0.01 0.17 98.34 0.01 b.d. 0.01 b.d. 0.02 98.55
LNG3-11-4014 b.d. 0.15 98.39 b.d. 0.01 b.d. 0.01 0.04 98.58
LNG3-11-5011 b.d. 0.29 98.69 0.01 b.d. 0.01 b.d. 0.08 99.09
LNG3-11-5012 0.01 0.27 98.66 0.01 b.d. 0.02 b.d. b.d. 98.97
LNG3-11-5013 0.01 0.22 97.74 b.d. 0.02 0.01 0.01 b.d. 98.02
LNG3-11-5014 0.01 0.17 98.94 b.d. 0.01 0.02 b.d. 0.01 99.16
LNG3-11-5015 0.01 0.01 100.18 0.01 0.01 0.02 b.d. 0.03 100.27

Appendix II. Trace elements content of quartz by LA-ICPMS. b.d. = below detect limit

Sample Li (ppm) Be (ppm) Al (ppm) P (ppm) K (ppm) Ti (ppm) Ge (ppm)

3-11-1-a1 Quartz I 1 b.d. 110 4 1 76.2 1.7
3-11-1-a3 Quartz I b.d. b.d. 40 11 13 6.8 2.1
3-11-2-a2 Quartz I 1 b.d. 139 3 33 27.8 2.4
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3-1-1-a1 Quartz I 4 b.d. 251 5 13 68.7 1.4
3-12-1-a1 Quartz I b.d. b.d. 45 7 b.d. 30.8 1.3
3-6-1-a2 Quartz I 2 b.d. 113 7 b.d. 42 1
3-9-1-a4 Quartz I 2 0.1 247 6 37 32.4 1.9
3-9-2-a1 Quartz I b.d. b.d. 290 8 211 147 1.6
6-1-1-a1 Quartz I 2 0.1 297 9 26 36.2 1.7
6-1-1-a2 Quartz I 1 b.d. 90 7 4 33.8 1.3
6-1-1-a3 Quartz I 1 0.1 124 6 b.d. 35.9 1.7
3-11-1-b2 Quartz II b.d. b.d. 28 4 1 2.2 1.4
3-11-1-b2 Quartz II b.d. b.d. 15 14 20 26.9 1.4
3-11-1-b3 Quartz II b.d. b.d. 85 3 9 5.1 0.1
3-11-2-b3 Quartz II b.d. b.d. 96 14 b.d. 86.3 2
3-11-3-b2 Quartz II b.d. b.d. 30 3 b.d. 5.6 3.4
3-11-3-b3 Quartz II b.d. b.d. 9 1 b.d. 1.5 2
3-6-1-b1 Quartz II 10 0.5 480 8 42 6.6 3.3
3-6-1-b4 Quartz II 18 0.5 776 10 97 15.9 5.2
3-9-1-b2 Quartz II b.d. b.d. 14 8 b.d. 68.3 1.7
6-1-1-b4 Quartz II 1 b.d. 63 7 b.d. 1.5 1.6
3-11-1-c1 Quartz III 62 b.d. 1341 11 b.d. 1.6 3.9
3-11-1-c2 Quartz III 71 b.d. 1488 5 20 1.6 4
3-11-1-c3 Quartz III 18 b.d. 535 1 6 1.6 2
3-11-1-c4 Quartz III 35 b.d. 832 2 2 1.6 0.5
3-11-2-c1 Quartz III 27 b.d. 736 7 63 0.7 2.3
3-11-2-c2 Quartz III 53 b.d. 1206 21 20 1.5 3.4
3-11-2-c2 Quartz III 61 b.d. 1506 8 47 1.6 3.6
3-11-2-c4 Quartz III 69 b.d. 1535 b.d. 18 2.1 3.9
3-11-3-c1 Quartz III 29 b.d. 779 3 39 1.3 1.8
3-11-3-c3 Quartz III 36 b.d. 972 5 b.d. 0.8 1.9
3-1-1-c1 Quartz III 48 b.d. 1555 9 3 1.7 6.4
3-9-1-c2 Quartz III 61 b.d. 1175 8 4 1.3 2.1
3-9-2-c3 Quartz III 17 b.d. 597 7 7 1 2.6
3-11-2-d1 Quartz IV 59 b.d. 1301 8 b.d. 1.5 4
3-11-2-d2 Quartz IV 32 b.d. 750 13 20 1.8 2.1
3-12-1-d1 Quartz IV 56 b.d. 1508 7 15 2 3.9
3-12-1-d2 Quartz IV 117 b.d. 2439 7 24 2.9 5.7
3-6-1-d1 Quartz IV 60 b.d. 1759 8 b.d. 1.9 28.8
3-6-1-d3 Quartz IV 69 b.d. 1534 4 54 1.3 17.8
3-9-2-d1 Quartz IV 64 b.d. 1142 7 23 1.2 3.3
3-9-2-d2 Quartz IV 45 b.d. 1152 6 1 1.4 2.5

Appendix III. SHRIMP oxygen isotope of quartz and fluids

Sample 18O/16O 95%T_err ¦Ä18¦¯VSMOW(¡ë) Error External error

3-11-1-a1 0.002016 4.19E-07 8.6 0.21 0.45 Quartz I
3-11-1-a2 0.002019 6.95E-07 10 0.34 0.53 Quartz I
3-11-1-a3 0.002021 4.29E-07 10.9 0.21 0.45 Quartz I
3-11-2-a1 0.002019 5.79E-07 10 0.29 0.49 Quartz I
3-11-2-a2 0.002016 3.87E-07 8.4 0.19 0.44 Quartz I
3-11-3-a1 0.002031 3.22E-07 15.7 0.16 0.43 Quartz I
3-11-3-a2 0.00202 3.21E-07 10.4 0.16 0.43 Quartz I
3-1-1-a1 0.002026 3.05E-07 13.2 0.15 0.43 Quartz I
3-1-1-a2 0.002033 4.15E-07 16.8 0.2 0.45 Quartz I
3-1-1-a3 0.002022 2.81E-07 11.3 0.14 0.42 Quartz I
3-12-1-a1 0.002026 3.33E-07 13.6 0.16 0.43 Quartz I
3-12-1-a2 0.002027 2.45E-07 14 0.12 0.42 Quartz I
3-12-1-a3 0.00202 2.73E-07 10.3 0.14 0.42 Quartz I
3-6-1-a2 0.00202 4.07E-07 10.5 0.2 0.45 Quartz I
3-9-1-a1 0.002033 3.76E-07 16.6 0.18 0.44 Quartz I
3-9-1-a2 0.002027 4.05E-07 14.1 0.2 0.45 Quartz I
3-9-1-a2 0.002029 3.25E-07 14.8 0.16 0.43 Quartz I
3-9-1-a3 0.002025 3.58E-07 12.8 0.18 0.44 Quartz I
3-9-1-a4 0.002022 3.55E-07 11.4 0.18 0.44 Quartz I
3-9-2-a1 0.002029 3.64E-07 14.9 0.18 0.44 Quartz I
3-9-2-a2 0.002025 4.19E-07 12.9 0.21 0.45 Quartz I
3-9-2-a3 0.002018 3.43E-07 9.6 0.17 0.43 Quartz I
6-1-1-a1 0.002032 3.77E-07 16.2 0.19 0.44 Quartz I
6-1-1-a2 0.002023 4.29E-07 12 0.21 0.45 Quartz I
6-1-1-a3 0.002027 4.41E-07 14 0.22 0.46 Quartz I
6-1-1-a4 0.002026 4.26E-07 13.3 0.21 0.45 Quartz I

Fluid 250¡æ

3-11-1-b1 0.002033 5.22E-07 16.7 0.26 0.48 Quartz II 7.8
3-11-1-b2 0.002029 3.96E-07 15.1 0.2 0.45 Quartz II 6.2
3-11-1-b3 0.002023 4.25E-07 12.1 0.21 0.45 Quartz II 3.2
3-11-1-b4 0.002027 4.77E-07 13.9 0.24 0.46 Quartz II 5

J. Yan, et al. Journal of Geochemical Exploration 215 (2020) 106546

12



3-11-2-b1 0.002032 4.56E-07 16.2 0.22 0.46 Quartz II 7.3
3-11-2-b2 0.002033 6.31E-07 16.8 0.31 0.51 Quartz II 8
3-11-3-b1 0.002035 2.04E-07 18 0.1 0.41 Quartz II 9.1
3-11-3-b2 0.002029 3.3E-07 14.8 0.16 0.43 Quartz II 5.9
3-11-3-b3 0.002026 2.7E-07 13.6 0.13 0.42 Quartz II 4.7
3-1-1-b1 0.002049 3.39E-07 24.8 0.17 0.43 Quartz II 15.9
3-1-1-b2 0.002046 2.43E-07 23 0.12 0.42 Quartz II 14.2
3-1-1-b3 0.002036 3.59E-07 18.3 0.18 0.44 Quartz II 9.4
3-1-1-b4 0.00204 4.08E-07 20.3 0.2 0.45 Quartz II 11.4
3-12-1-b2 0.002032 3.79E-07 16.3 0.19 0.44 Quartz II 7.4
3-12-1-b3 0.002027 3.03E-07 13.7 0.15 0.43 Quartz II 4.8
3-6-1-b1 0.00203 3.46E-07 15.3 0.17 0.43 Quartz II 6.4
3-6-1-b2 0.002032 4.45E-07 16.4 0.22 0.46 Quartz II 7.5
3-6-1-b3 0.002029 3.72E-07 15 0.18 0.44 Quartz II 6.1
3-6-1-b4 0.002035 3.16E-07 17.6 0.16 0.43 Quartz II 8.7
3-9-1-b1 0.002031 3.77E-07 15.9 0.19 0.44 Quartz II 7
3-9-1-b2 0.002026 3.52E-07 13.4 0.17 0.44 Quartz II 4.5
3-9-1-b3 0.002043 4.22E-07 22 0.21 0.45 Quartz II 13.1
3-9-1-b4 0.002037 4.36E-07 18.7 0.21 0.45 Quartz II 9.8
3-9-2-b1 0.002025 3.35E-07 12.8 0.17 0.43 Quartz II 3.9
3-9-2-b2 0.002035 4E-07 17.8 0.2 0.45 Quartz II 8.9
3-9-2-b3 0.002041 5.16E-07 21 0.25 0.47 Quartz II 12.1
6-1-1-b1 0.002041 6.13E-07 20.7 0.3 0.5 Quartz II 11.8
6-1-1-b2 0.002046 4.86E-07 23.1 0.24 0.47 Quartz II 14.2
6-1-1-b31 0.002038 3.71E-07 19.2 0.18 0.44 Quartz II 10.3
6-1-1-b4 0.00203 3.45E-07 15.2 0.17 0.43 Quartz II 6.3
6-1-1-b51 0.002032 3.9E-07 16.3 0.19 0.44 Quartz II 7.4
6-1-1-b6 0.002036 3.73E-07 18.1 0.18 0.44 Quartz II 9.2

Fluid 200¡æ
3-11-1-c1 0.002049 4.09E-07 24.5 0.2 0.45 Quartz III 12.9
3-11-1-c2 0.002049 3.96E-07 24.9 0.19 0.44 Quartz III 13.3
3-11-1-c3 0.002048 4.65E-07 24.1 0.23 0.46 Quartz III 12.5
3-11-1-c4 0.002049 4.53E-07 24.7 0.22 0.46 Quartz III 13.1
3-11-2-c1 0.002049 5.23E-07 24.6 0.26 0.47 Quartz III 13
3-11-2-c2 0.002049 4.65E-07 24.7 0.23 0.46 Quartz III 13.1
3-11-2-c2 0.002051 2.64E-07 25.9 0.13 0.42 Quartz III 14.3
3-11-2-c3 0.002049 4.56E-07 24.9 0.22 0.46 Quartz III 13.3
3-11-3-c1 0.002052 3.44E-07 26.2 0.17 0.43 Quartz III 14.6
3-11-3-c2 0.002051 3.02E-07 25.7 0.15 0.43 Quartz III 14.1
3-11-3-c3 0.002049 3.09E-07 24.9 0.15 0.43 Quartz III 13.3
3-1-1-c1 0.002055 2.98E-07 27.8 0.15 0.43 Quartz III 16.2
3-1-1-c2 0.002051 3.37E-07 25.8 0.16 0.43 Quartz III 14.2
3-1-1-c3 0.002051 2.63E-07 25.6 0.13 0.42 Quartz III 14
3-1-1-c4 0.00205 3.14E-07 25.5 0.15 0.43 Quartz III 13.9
3-9-1-c1 0.002053 3.18E-07 26.7 0.15 0.43 Quartz III 15.1
3-9-1-c2 0.002052 3.93E-07 26.4 0.19 0.44 Quartz III 14.8
3-9-1-c3 0.002054 3.83E-07 27.1 0.19 0.44 Quartz III 15.4
3-9-1-c4 0.002055 4.31E-07 27.5 0.21 0.45 Quartz III 15.9
3-9-2-c1 0.002053 4.45E-07 26.5 0.22 0.45 Quartz III 14.9
3-9-2-c2 0.002054 3.33E-07 27.2 0.16 0.43 Quartz III 15.6
3-9-2-c3 0.002049 3.57E-07 24.6 0.17 0.44 Quartz III 13

Fluid 150¡æ
3-11-1-d1 0.002051 4.25E-07 25.7 0.21 0.45 Quartz IV 10.3
3-11-1-d2 0.002053 4.14E-07 26.9 0.2 0.45 Quartz IV 11.5
3-11-1-d3 0.002053 5.38E-07 26.6 0.26 0.48 Quartz IV 11.3
3-11-1-d4 0.002052 3.96E-07 26.1 0.19 0.44 Quartz IV 10.8
3-11-2-d1 0.002052 3.7E-07 26 0.18 0.44 Quartz IV 10.7
3-11-2-d2 0.002052 3.33E-07 26.4 0.16 0.43 Quartz IV 11
3-12-1-d1 0.00205 3.46E-07 25.3 0.17 0.43 Quartz IV 9.9
3-12-1-d2 0.00205 3.83E-07 25.2 0.19 0.44 Quartz IV 9.9
3-12-1-d3 0.002049 2.82E-07 24.8 0.14 0.42 Quartz IV 9.5
3-6-1-d1 0.002053 4.11E-07 26.6 0.2 0.45 Quartz IV 11.2
3-6-1-d2 0.002053 4.03E-07 26.6 0.2 0.45 Quartz IV 11.2
3-6-1-d3 0.002053 3.81E-07 26.5 0.19 0.44 Quartz IV 11.2
3-6-1-d4 0.002053 3.1E-07 26.8 0.15 0.43 Quartz IV 11.5
3-9-2-d1 0.002049 3.39E-07 24.9 0.17 0.43 Quartz IV 9.6
3-9-2-d2 0.002048 3.83E-07 24.3 0.19 0.44 Quartz IV 9
3-9-2-d3 0.00205 3.2E-07 25.2 0.16 0.43 Quartz IV 9.9
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