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The devolatilization model of the metasomatized lithospheric mantle without pre-enriched gold has been
proposed to account for the giant gold mineralization. An excellent example is the world-class Jiaodong
gold province with >5000 tonnes Au resources in the eastern North China Craton. The auriferous fluid
transport and gold enrichment during wallrock alterations are two vital processes to determine the giant
gold mineralization formation in this province. However, the effects of the fluid-rock interaction with
alterations on the auriferous fluid transport and gold enrichment still keep poor understanding, which
leads the above model to be imperfect. The giant Jiaojia goldfield in this province recorded a wallrock
alteration evolution from K-feldspar alteration to pyrite-sericite-quartz alteration, and some parts of
the latter can become gold orebodies when the gold grade is >1 ppm. This study conducts thermody-
namic fluid-rock interaction modeling to reveal auriferous fluid transport and coupled relationship
between gold enrichment and alteration mineral assemblage based on the alteration-mineralization
and ore fluid characteristics of the goldfield. The modeling of fluid-rock interaction with cooling indicates
the transformation of Au-Cl complexes to Au-S complexes combined with the total sulfur concentration
decrease by pyrite precipitation when cooling from �460 �C can trigger the dispersive gold precipitation,
which should hinder the gold long-range transport to lower ambient temperature. The high oxygen
fugacity at >400 �C can enhance Au-Cl complexes stability, and the low pH can maintain high total sulfur
concentration in the auriferous fluid, both of which facilitate the long-range gold transport to a lower-
temperature environment. The auriferous fluid would acquire higher pH by the buffering of feldspars
or sericite, which was beneficial for the high-efficiency precipitations of pyrite and gold. The ankerite-
siderite assemblage without pyrophyllite in the pyrite-sericite-quartz alteration zone indicates that a
cumulative fluid to rock mass ratio (f/r) of 3.8–4.8 should be needed for the transformation from K-
feldspar alteration to pyrite-sericite-quartz alteration according to the fluid-rock interaction modeling
at 300 �C and 2000 bar. In the case of auriferous fluids with �200 ppb Au concentration, the single
fluid-rock interaction can only elevate the gold grade to �0.69–0.87 ppm in the pyrite-sericite-quartz
alteration zone at f/r 3.8–4.8. Therefore, the fracture-induced fluid flow coupled with fluid-rock interac-
tion is proposed to the prerequisite to elevate the gold grade to >1 ppm in the pyrite-sericite-quartz alter-
ation zone. The metasomatized lithospheric mantle volume for the required ore fluid and Au in the
Jiaodong province is estimated according to the modeling results and alteration-mineralization charac-
teristics, which provides a link between the mantle without abnormal Au enrichment and the
alteration-mineralization processes.
� 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Optimizing the exploration strategies and regional targeting for
gold deposits is necessary due to its economic attribute and global
demand. The re-fertilized sub-continental lithospheric mantle is
proposed to play a significant role on the formation of giant gold
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deposits (Hronsky et al., 2012; Griffin et al., 2013; Groves et al.,
2019; Holwell et al., 2019; Deng et al., 2020; Wang et al., 2020),
besides the supracrustal sources of sedimentary and igneous rocks
(Goldfarb et al., 2001; Phillips and Powell, 2010; Tomkins, 2013;
Patten et al., 2020). Global lithospheric mantle contains a main
gold content range of 0.6–2.2 ppb with a median 1.2 ppb
(Saunders et al., 2018). The localized anomalous gold contents
(up to 13.8–41.2 ppb) and nanoparticles imply the refertilization
of metasomatized lithospheric mantle should be a critical control
on the giant gold mineralization (Hronsky et al., 2012; Holwell
et al., 2019; Choi et al., 2020; Chen et al., 2022). However, whether
an anomalous gold endowment in the metasomatized lithospheric
mantle is essential for the giant Au mineralization still remains
obscure. (Hronsky et al., 2012; Saunders et al., 2018; Choi et al.,
2020; Wang et al., 2020). Recent studies reveal that the metasom-
atized lithospheric mantle and its derived magmas in the Jiaodong
Peninsula of the eastern North China Craton (NCC) show no
anomalous Au enrichment (a main range �0.1–3 ppb; Wang
et al., 2020, 2022a). They are still suggested to provide the main
Au required for the Mesozoic giant gold mineralization in the
NCC (Deng et al., 2020; Wang et al., 2020, 2022a). If this model is
true, the exploration targets can be remarkably expanded to a lar-
ger area.

However, the above model is imperfect because the wallrock
alteration effects on the auriferous fluid transport-gold enrichment
processes still keep unclear. Firstly, the gold solubility is sensitive
to the variations of oxygen fugacity, pH, total sulfur and Fe concen-
trations, and Au-bearing complexes during fluid-rock interaction
with cooling or phase separation (Mikucki, 1998; Heinrich, 2005;
Stefánsson and Seward, 2004; Evans et al., 2006; Pokrovski et al.,
2014), which powerfully affect the gold transport and precipita-
tion. The main gold deposits (e.g., Jiaojia and Sanshandao deposits)
in the Jiaodong province are characterized by the intense fluid-rock
interaction with wallrock alteration zonation, in which the
disseminated- and stockwork-style gold ores belong to pyrite-
sericite-quartz alteration rock (Li et al., 2013a, 2015; Hu et al.,
2020a; Deng et al., 2020). Although previous studies have proposed
the sulfidation with abundant pyrite precipitation is the important
gold precipitation mechanism during pyrite-sericite-quartz alter-
ation in this province (Xu et al., 2016; Yang et al., 2017; Deng
et al., 2020), the fluid-rock interaction effects on gold transport
and precipitation need be still clarified to better understand the
gold enrichment processes. Secondly, the alteration mineral
assemblage corresponds to a quantitative alteration progress with
the necessary f/r at local fluid-rock equilibrium (Dolejš and
Wagner, 2008; Mernagh and Bierlein, 2008; Reed et al., 2013; Xu
et al., 2016; Li et al., 2022). This means the amount of cumulative
Au in the mineralizing sites is limited by the ore fluid amount and
alteration mineral assemblage, especially in the case the alteration
zone itself becomes an orebody. Whether the limited auriferous
fluid amount can enrich the giant gold mineralization remains
unclear considering the metasomatized mantle without abnormal
Au enrichment. Therefore, revealing the fluid-rock interaction
effects on the auriferous fluid transport and coupled relationship
between alteration and gold enrichment can help to understand
the giant gold mineralization processes.

The disseminated- and stockwork-style mineralization con-
tributes the major gold resources for the Jiaodong province (Deng
et al., 2020; Fan et al., 2021). The Jiaojia goldfield is one of the most
typical cases for the disseminated- and stockwork-style mineral-
ization in this province due to its orebodies also belong to the
alteration zone, which provides a perfect object to research the
fluid-rock interaction processes in giant gold mineralization
related with the metasomatized lithospheric mantle. The mineral-
ization occurs at �120 Ma (Zhang et al., 2020) without latter
hydrothermal overprinting, which preserves the ‘‘fresh” and whole
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alteration-mineralization processes. Therefore, combining with the
previous research data of alteration, mineralization and ore fluids
in the Jiaojia goldfield (e.g. Song et al., 2010, 2014; Wei et al.,
2015, 2019; Yang et al., 2017; Hu et al., 2020a, b), this study con-
ducts the detailed alteration mineral identification and thermody-
namic modeling of fluid-rock interaction to reveal the fluid-rock
interaction effects on the auriferous fluid transport and the cou-
pled relationship of wallrock alteration-gold enrichment. The
results further provide a quantitative link between the metasoma-
tized lithospheric mantle without abnormal Au enrichment and
shallow alteration-mineralization processes.
2. Regional geology

The NCC is one of the oldest cratons around the world, which
experienced multiple subduction and collision events during the
Neoarchean and Paleoproterozoic (Zhai and Santosh, 2011). The
south margin of the NCC was subducted and metasomatized by
the Yangtze Craton during Late Triassic (Zheng et al., 2003). The
eastern part of the NCC experienced the Paleo-Pacific plate subduc-
tion and rollback since the Early Jurassic (Jiang et al., 2010; Wu
et al., 2019; and references therein), leading to mantle metasoma-
tism and decratonization with asthenosphere upwelling, structure
activities and extensive magmatism (Cai et al., 2013; Deng et al.,
2017; Wu et al., 2019; Yang and Santosh, 2019).

The Jiaodong Peninsula is located along the southeastern mar-
gin of the NCC. It is divided into the Jiaobei terrane in the west
and the Sulu ultrahigh-pressure metamorphic belt in the east
(Fig. 1). The Jiaobei terrane is divided into the Jiaobei uplift in
the north and the Jiaolai basin in the south. The Late Jurassic biotite
granite (�160 Ma, Yang et al., 2012) and the Early Cretaceous gran-
itoids (130–108 Ma, Li et al., 2019 and references therein) were
emplaced in the Jiaobei terrain. Mafic-intermediate igneous rocks
occur throughout the Jiaobei terrain (e.g. 128–117 Ma lampro-
phyre and diorite dikes; Cai et al., 2013; Deng et al., 2017). Most
of these mafic-intermediate igneous rocks are corroborated to be
derived from the metasomatized lithospheric mantle (Cai et al.,
2013; Yang et al., 2014; Deng et al., 2020).

The enormous gold mineralization occurred at �120 Ma in the
Jiaodong Peninsula (Zhu et al., 2015; Cai et al., 2018; Zhang et al.,
2020). The regional NE-NNE-striking Sanshandao-Cangshang,
Jiaojia-Xincheng and Zhaoyuan-Pingdu fault zones are distributed
in the Jiaobei uplift, and control almost all gold deposits in the
northwest Peninsula (Fig. 1). Two types of gold deposits including
the disseminated and stockwork type (e.g. Jiaojia, Xincheng, San-
shandao and Dayingezhuang) and the sulfide-bearing quartz vein
type (e.g. Linglong) occur in these three fault zones (Fan et al.,
2021).
3. Deposit Geology

3.1. Local geologic setting

The Jiaojia goldfield consists of the Jiaojia, Sizhuang and
Wang’ershan gold deposits, and the deep exploration areas of
Matang, Qianchen, Shaling, Zhaoxian and Wuyi village (Fig. 2a–c;
Fig. 3a–d; Song et al., 2017; Zhu et al., 2018; Yu et al., 2019). The
goldfield has the total gold reserves of �1400 tonnes and newly
predicted gold resources of 900 tonnes (Song et al., 2014, 2017;
Zhu et al., 2018; Yu et al., 2019). It is controlled by the NE-
striking and NW-dipping Jiaojia fault zone (Fig. 2a–b). The hanging
wall of the fault zone comprises Archean metamorphic rocks and
the footwall consists of Late Jurassic Linglong biotite granite
(Fig. 4a–f; Hu et al., 2020a).



Fig. 1. Geological map of the Jiaodong Peninsula (Modified after Fan et al. (2021)).
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3.2. Orebody characteristics

Orebodies of the Jiaojia goldfield are mainly hosted by the
altered Linglong granite in the footwall (Fig. 2b–c). They occur in
a vertical depth range of 0 to �2855 m, extending up
to �6756 m along dipping direction (Fig. 3a–b; Supplementary
Data 1 Table S1; Song et al., 2014; Yu et al., 2019). The vast major-
ity of gold mineralization is hosted by pyrite-sericite-quartz alter-
ation zone (Song et al., 2014; Yu et al., 2019). The main orebodies
pinch out, intersect or interconnect in the horizontal and vertical
projection maps of the Jiaojia goldfield (Fig. 3a–b; Song et al.,
2014). The fineness of Au grains (wAu/(wAu +wAg) � 1000) mainly
ranges in 771–909 (Table S1).

The Jiaojia gold deposit consists of the No. I and III orebodies
(Fig. 2b–c). The No. I orebody is parallel to the main fault and con-
tributes �87% gold resources (�205 tonnes; Fig. 2b; Song et al.,
2010, 2011). It is characterized by disseminated- to stockwork-
style mineralization in pyrite-sericite-quartz alteration zone
(Fig. 4d–f). The orebody has the strike and inclined lengths of about
960 m and 1370 m, respectively (Table S1). And the average true
thickness of it is �10.95 m (Table S1). The gold grade concentrates
in 1–4 ppm with an average 3.74 g/t (Fig. 3c; Song et al., 2010). The
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No. III orebody is characterized by vein- and stockwork-style min-
eralization that crosscuts K-feldspar alteration zone (Fig. 2b–c; Hu
et al., 2020a).

3.3. Hydrothermal alterations and mineral paragenesis

K-feldspar alteration, sericitization, silicification and pyrite-
sericite-quartz alteration zones occur progressively from the fresh
Linglong granite to the main fault face in the Jiaojia goldfield
(Fig. 2b–c; Fig. 4a–f). This alteration zonation pattern extends sta-
bly to the depth of about �2855 m below the ground (Table S1). K-
feldspar, albite, sericite, quartz, calcite, siderite, ankerite, pyrite,
gold, chalcopyrite, galena, sphalerite and pyrrhotite are the com-
mon minerals in these alteration zones (Fig. 5a–i; Table S1).

Extensive pink K-feldspar alteration overprinted on the fresh
Linglong granite, in which the hydrothermal K-feldspar and quartz
account for >60% of the total rock volume (Fig. 2b; Fig. 4a; Fig. 5a–
b). The isolated and euhedral pyrite grain can be observed in this
alteration zone, which coexists with quartz, calcite, sericite, zircon
and rutile in the local area (Fig. 5d). Grey sericitization zone sur-
printed on K-feldspar alteration zone and consists of quartz
(>60% of the total rock volume), sericite (<40% of the total rock



Fig. 2. (a) Geologic map of the Jiaojia-Xincheng gold camp (Modified after Song et al. (2011)). (b) The vertical geologic cross section of the No. 112 exploration line (Modified
after Song et al. (2010)). (c) The geologic cross-section at the depth of � 600 m (correspond to the line in the Fig. 2b), illustrating the hydrothermal alteration zonation and
mineralization.
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volume) and minor carbonates (Fig. 2b–c; Fig. 4b; Fig. 5e). White
quartz vein with a little pyrite belongs to silicification and cross-
cuts K-feldspar alteration zone (Fig. 4c).

The dark grey pyrite-sericite-quartz alteration zone shares the
similar structural, compositional and geochemical characteristics
with the sericitization zone, except the former contains higher con-
tents of pyrite, gold and polymetallic sulfides according to this
study and Zhang et al. (2014). This alteration overprinted on K-
feldspar alteration zone (Fig. 2b–c; Fig. 4a, d). Pyrite-sericite-
quartz stockworks crosscut K-feldspar alteration zone with albite
replacement around K-feldspar rim in the weak fluid-rock interac-
tion sites (Fig. 4a, d). The albite is easier to be altered as sericite
than K-feldspar as alteration enhancement (Fig. 5a–c). The ankerite
and calcite can also coexist with K-feldspar, albite, sericite and
quartz (Fig. 5b–c). Pyrite-sericite-quartz alteration also surprinted
on sericitization and silicification zones (Fig. 2c; Fig. 4b, e). Feld-
spars were replaced by sericite and quartz and micro-textures of
previous minerals were not preserved (Fig. 5f). Euhedral to subhe-
dral pyrite occurs as disseminated and stockwork styles and takes
up �5% of the rock volume (Fig. 4d–f; Fig. 5f–i). The quartz-pyrite
stockworks contain pyrite by 60–95% of the total stockwork vol-
ume (Fig. 4e; Fig. 5h–i). Gold grains are wrapped by pyrite grains
or crosscut pyrite veins (Fig. 5h–i). Chalcopyrite and sphalerite
crosscut pyrite veins, and ankerite grains are wrapped by spha-
lerite (Fig. 5h–i; Fig. 6). Then pyrite veins and sphalerite veins
are crosscut by siderite veins. Galena veins crosscut pyrite veins,
sphalerite veins and siderite veins (Fig. 6a). Pyrite, ankerite and
siderite can also coexist as the stockworks in the pyrite-sericite-
quartz alteration zone (Fig. 4f; Supplementary Data 2 Fig. S1).
The polymetallic sulfides are only minor relative to pyrite in the
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pyrite-sericite-quartz alteration zone and pyrite stockworks, con-
sidering the visible pyrite grains and veins in the hand specimens
(Fig. 4a–f) and local thin polymetallic sulfide veinlets crosscutting
pyrite grains and veins under the microscope (Fig. 5h–i; Fig. 6a).
Finally, quartz-calcite veins crosscut pyrite-sericite-quartz alter-
ation zone and metal mineral veins (Fig. 5f; Fig. 6a). Five alteration
stages with the mineral paragenesis are summarized in Fig. 7.
4. Methods

4.1. Analytical methods for minerals

Rock samples in K-feldspar alteration, sericitization, silicifica-
tion and pyrite-sericite-quartz alteration zones were collected
from the Jiaojia goldfield and polished for petrographic studies.
Back scattered electron (BSE) images were obtained with Nova
Nano scanning electron microscope (SEM) 450 at the Institute of
Geology and Geophysics, Chinese Academy of Sciences (IGGCAS),
and the SKLODG, Institute of Geochemistry, Chinese Academy of
Sciences (IGCAS). An accelerating voltage of 15 kV and a primary
beam current of 20nA are set during SEM imaging. The instrument
is equipped with an X-MAXN80 Energy-Dispersive X ray Spectrom-
eter (EDS) detector, which is used for semi-quantitative spot anal-
yses and elemental mapping. Raman analyses with LabRam HR
Laser confocal Raman spectroscopy was also used for mineral iden-
tification at IGGCAS and IGCAS.

Major elements of K-feldspar and albite were analyzed using a
JOEL JXA 8230 Electron Probe Microanalysis (EPMA) at the
SKLODG, IGCAS. An accelerating voltage of 25 kV and a beam cur-



Fig. 3. The distribution of main orebodies in the Jiaojia goldfield. (a) The horizontal projection of main orebodies (Song et al., 2011). (b) The vertical projection of main
orebodies along the Jiaojia fault zone (Song et al., 2011). (c) The contours of Au grade of the No. Ⅰ orebody (Song et al., 2010). (d) The contours of thickness of the No. Ⅰ orebody
(Song et al., 2010).
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rent of 10nA are set during the analysis. The matrix correction was
carried out by the ZAF program. Mineral standards of orthoclase
(Na and K), diopside (Ca), almandine (Fe, Mn, Al, Mg and Si) and
pyrope (Ti and Cr) were used for analytical result calibration. The
detection limits for the major elements are better than 0.01 wt%.
All the electron microprobe analysis results for feldspars are pre-
sented in Supplementary Data 1 Table S2.

4.2. Whole-rock geochemistry and bulk fluid composition
determination

Major and partial trace (Cr, Cu, Ba, Ni, Sr, V, Zr, Zn) elements
contents of one Linglong granite, four K-feldsparation rocks, four
sericitization rocks and seven pyrite-sericite-quartz alteration
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rocks were determined at the IGGCAS and shown in Supplemen-
tary Data 1 Table S3. The 0.5 g whole-rock powder of every sample
mixed with 5 g Li2B2O7 + LiBO2. These mixtures were heated and
melted into glass disks and analyzed by X-ray fluorescence spec-
troscopy (XRF) with an AXIOS-Minerals spectrometer. The analyt-
ical uncertainties were generally within 0.1–1% (RSD). Loss on
ingition (LOI) was obtained using 0.5 g powder heated up to
1100 �C for one hour.

Seven white quartz vein samples of silicification stage from the
Jiaojia goldfield were collected for bulk fluid composition determi-
nation by decrepitation of hosted fluid inclusions at the IGGCAS.
Concentrations of major ions Cl-, K+, Na+, and Ca2+ were analyzed
by HIC-6A C-R5A ion chromatography. The detection limits for
the concentrations of these ions are �0.05 ppm. Concentrations



Fig. 4. The photographs of hand specimens show the characteristics of hydrothermal alteration and mineralization. (a) K-feldspar alteration rock with albite around K-
feldspar grains and pyrite veinlets. (b) Sericitization rock with quartz gravels and latter quartz-pyrite vein crosscut. (c) The white quartz veins with a little pyrite crosscut K-
feldspar alteration zone. (d) Pyrite-sericite-quartz alteration zone with the K-feldspar alteration rock residual. (e) Silicification with cataclastic white quartz gravel, and
crosscut by pyrite-sericite-quartz stockworks. (f) Pyrite-sericite-quartz alteration zone with pyrite and carbonates veinlets. Abbreviations: Ab = albite, Ank = ankerite, Kf = K-
feldspar, Py = pyrite, Qtz = quartz, Sd = siderite, Ser = sericite. These abbreviations are also used in the next illustrations.
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of major vapor phases H2O, CO2 and H2S were analyzed by RG202
quadrupole mass spectrometer. The gas collection was carried out
by heating samples at vacuum (10-6 Pa). The reproducible concen-
trations for CO2 and H2S in the previous bulk fluid composition
analysis of quartz samples can be low to 0.5 mol.% and
0.0035 mol.%, respectively. The method details are shown in Li
et al. (2013b). The analytical results are shown in Supplementary
Data 1 Table S4.

4.3. Thermodynamic modeling

(1) The flow-through leaching and cooling modeling The consis-
tent H-O isotopic compositions of quartz from silicification and
pyrite-sericite-quartz alteration stages indicate the ore fluids for
these two stages shared a common source in the Jiaojia goldfield
(Guo et al., 2014; Wei et al., 2015; Yang et al., 2017). The H-O iso-
topic exchange calculation between the ore fluid and Linglong
granite suggests an average f/r 0.1 is reasonable during the
pyrite-sericite-quartz alteration stage in this goldfield (Guo et al.,
2014). The auriferous fluid flew through micro-fractures in the K-
feldspar alteration zone of different depths to eventually form
96
the gold-fertile pyrite-sericite-quartz alteration zone (Fig. 4a, c
and d; Fig. 5a–f), or locally focused into dilated sites to precipitate
auriferous quartz-sulfide veins in this goldfield (Yang et al., 2017;
Hu et al., 2020a). The precipitation of pyrite and gold from the
auriferous fluid could occur at �300 �C considering the pressure
correction for trap temperature of fluid inclusions in the ore-
related quartz veins (Fan et al., 2003; Yang et al., 2017). A pressure
of 2000 bar should be closer to the hydrostatic to lithostatic pres-
sure during pyrite-sericite-quartz alteration stage considering
the �500–2000 bar trap pressure for the fluid inclusion in ore-
related quartz of the Jiaojia goldfield (Wei et al., 2015; Yang
et al., 2017). Therefore, the one-dimensional flow-through leaching
modeling and cooling modeling (e.g., Heinrich et al., 1996;
Mernagh and Bierlein, 2008; Petrella et al., 2021; Li et al., 2022)
are adopted to calculate the coupled relationship between alter-
ation mineral assemblage variation and gold transport-
enrichment during the transformation from K-feldspar alteration
to pyrite-sericite-quartz alteration with fluid-rock interaction and
cooling (Fig. 8).

The flow-through model assumes the local equilibrium
between successive small batches of fluid and a reactive rock cell



Fig. 5. BSE images (a–c and h) and optical micrographs (d–g and i) for mineral assemblages in the hydrothermal alteration zones. (a)–(c) The K-feldspar alteration zone with
later pyrite-sericite-quartz alteration overprint and albite crystallization, the stronger sericite-quartz alteration of albite than K-feldspar with the fluid-rock interaction
enhancement, the crystallization of ankerite and calcite during sericite-quartz alteration, and the Fig. 5b and 5c corresponding to the fig. b and c in Fig. 5a. (d) The isolated and
euhedral pyrite grain in K-feldspar alteration zone, coexisting with quartz, calcite, sericite, zircon and rutile. (e) The complete replacement of feldspars by sericite and quartz
with a few carbonates in sericitization zone. (f) and (g) Minerals were completely broken and altered in pyrite-sericite-quartz alteration zone, with some late calcite veinlets
crosscut. (h) and (i). Gold grains in pyrite veinlets, with quartz, sericite, chalcopyrite and sphalerite crosscut, w(Au):w(Ag) refers to the mass ratio of Au and Ag. Abbreviations:
Cal = calcite, Car = carbonates, Ccp = chalcopyrite, Rt = rutile, Sp = sphalerite, Zr = zircon.
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(Fig. 8a). The sulfidation processes are simplified as the pyrite pre-
cipitation during the modeling considering the pyrite precipitation
is one of the main gold precipitation mechanisms in the Jiaojia
goldfield (Yang et al., 2017; Fan et al., 2021). In the model, the ini-
tial auriferous fluid flows through the initial K-feldspar alteration
rock cell and experiences fluid-rock interaction with sulfidation
at f/r 0.1, 300 �C and 2000 bar. After the first simulation run, the
residual barren ore fluid is expelled and the initial auriferous fluid
flows through the altered K-feldspar alteration rock cell again
(Fig. 8a). This simulation process is repeatedly for f/r from 0.1 to
6.0. These modeling results represent the final phase equilibrium
states of fluid-rock interaction with different f/r values when the
chemical system cools to 300 �C and 2000 bar. The reaction pro-
cesses of the 27th and 40th fluid-rock modeling are taken for the
cooling modeling with the ambient alteration mineral assemblage
at 500–250 �C and 2000 bar considering the ore fluid temperature
could be up to �500 �C in the Jiaodong gold deposits (Fig. 8b–c; Fan
et al., 2003). On the one hand, these twomodeling projects can give
the alteration mineral assemblage evolution and gold transport-
precipitation processes during cooling with different reaction wall-
rocks. On the other hand, the choices of these two reaction pro-
cesses can help to reveal the cooling effect on the disappearance
temperatures of feldspars and carbonates. The equilibrium of min-
erals and aqueous species for the initial auriferous fluid is also sim-
ulated at 500–250 �C and 2000 bar, which fits the ore vein
environment (Fig. 8d).

(2) The constraints for the compositions of the initial rock and
auriferous fluid The initial K-feldspar alteration rock cell composi-
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tion for the first calculation run is referenced from the mass per-
centage contents of the four K-feldspar alteration samples
(Table S3). The Ti, Mn, Mg and phosphorus are omitted due to their
extremely low contents in the analyzed K-feldspar alteration rock
samples. The sulfur content cannot be measured for the alteration
rocks samples considering the sulfur loss during the analytical
glass disk preparation with heating and melting. The Fe content
of the total Fe2O3 contents is approximatively used to calculate
the pyrite content for the initial K-feldspar alteration rock cell. A
little pyrite addition into K-feldspar alteration rock cell could be
acceptable and should not give the large effect on the chemical sys-
tem, because the pyrite phase can be stable in the local area of this
alteration rock during the initial stage of fluid-rock interaction
between the ore fluid and K-feldspar alteration rock (Fig. 5d).
The gold content is set to 0 considering the low Au content range
of 0.4–98 ppb in the Linglong granite and K-feldspar alteration
rocks relative to that in the pyrite-sericite-quartz alteration zone
(1.71–6.25 ppm) of the Jiaojia goldfield (Supplementary Data 1
Table S5; Song et al., 2011; Zhang et al., 2014). The Cu (0.32–
724.3 ppm), Pb (14.5–2188.0 ppm), Zn (8.4–1499.0 ppm) and As
(0.1–94.3 ppm) contents are far less than the Fe content (0.33–
6.76 wt%) in the fresh Linglong granite and alteration zones
(Table S5; Zhang et al., 2014). Therefore, the Cu, Pb, Zn and As con-
tents are set to 0 for the initial K-feldspar alteration rock cell. In the
end, the whole rock composition was normalized to 100 g in the
SiO2-Al2O3 -CaO-Na2O-K2O-Fe-S composition space (Table 1).

Four Au concentrations of 20 ppb, 50 ppb, 100 ppb and 200 ppb
are set for the initial auriferousfluid to calculate thegoldenrichment



Fig. 6. The mineral identification results by BSE-EDS, in which the ratios represent the atomic mole ratios. The BSE image is taken from Hu et al. (2020a). Gn = galena.
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amount during flow-through modeling (Table 1), according to the
magmatic and metamorphic fluids usually contain �20–200 ppb
gold (Ulrich et al., 1999; Rauchenstein-Martinek et al., 2014;
Petrella et al., 2020; McLeish et al., 2021). The H2S concentrations
are lower than 0.01 mol/kg H2O by crush-leach analysis of quartz-
hosted fluid inclusions in the silicification stage of the Jiaojia gold-
field (Table S4). The analyzed H2S concentrations might be lower
than the real values due to the secondary fluid inclusions dilution
and pyrite precipitation. The H2O-CO2-NaCl fluids can absorb sulfur
from sources during metamorphic devolalitization and magmatic
hydrothermal processes, which leads to a large sulfur concentration
range of 0.006–0.2 mol/kg H2O (Kouzmanov and Pokrovski, 2012;
Rauchenstein-Martinek et al., 2014; Goldfarb and Groves, 2015).
Here, an intermediate sulfur concentration of 0.08 mol/kg H2O is
set for the initial auriferous fluid (equal to 0.05 mol/kg initial aurif-
erous fluid). The ore fluid at the Jiaojia goldfield is reducedwith pyr-
rhotite precipitation, which indicates the dissolved H2S is the main
sulfur-bearing aqueous species in the ore fluid (Hu et al., 2020b).
Therefore, the H2S concentration in the initial auriferous fluid is
set as 0.08 mol/kg H2O. The bulk analysis of hosted fluid inclusions
in the white quartz vein of silicification stage in the Jiaojia goldfield
shows an average CO2 concentration range of 13.0 mol.% (Table S4).
The microthermometry study for the ore-related quartz-hosted
fluid inclusions shows a CO2 concentration range of 8.0–12.0 mol.
% at the Jiaojia goldfield (Wei et al., 2015; Yang et al., 2017). There-
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fore, a reasonable 10 mol.% CO2 concentration is set for the initial
auriferous fluid. The salinity of the ore fluid concentrates at �8 wt
% NaCl eq. according to the fluid inclusion microthermometry and
the fluid inclusion bulk composition analysis for the ore-related
quartz veins at the Jiajia goldfield and the isogenetic Sanshandao
gold deposit, in which the NaCl mole concentration is about 4 times
as much as the KCl concentration (Table S4; Wei et al., 2015; Wen
et al., 2016; Xu et al., 2016; Yang et al., 2017; Hu et al., 2021). The
concentrations of NaCl and KCl are set to 1.4 mol/kg H2O and
0.32mol/kgH2O, respectively. The concentrations of CaCl2 and FeCl2
are set to 0.01 mol/kg H2O and 0.23 mol/kg H2O, respectively,
according to the bulk and individual analyses of fluid inclusion com-
positions in the ore-related quartz veins from this study and the iso-
genetic Sanshandao and Linglong gold deposits (Xu et al., 2016;
Wanget al., 2022b). The concentrations of dissolvedSi andAl are cal-
culated to 0.04mol/kgH2Oand2�10-5mol/kgH2Oby the exchange
equilibriumbetween the initial auriferousfluid andK-feldspar alter-
ation rock at 500 �C and 2000 bar, respectively.

(3) Thermodynamic modeling method The modeling for the flow-
through and cooling processes was carried out using the GEMS
code package (Wagner et al., 2012; Kulik et al., 2013). A thermody-
namic dataset including H2O, essential aqueous species and min-
eral end-members is presented in Supplementary Data 3. The
chemical system definition Na–K–Ca–Fe–Al–Si–H–O–C–S–Cl–Au
at interested pressure and temperature comes from the realistic



Fig. 7. Mineral paragenesis sequence of the Jiaojia gold deposit.
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alteration-mineralization characteristics of the Jiaojia goldfield.
The Na–K–Al–Si–H–O–Cl aqueous subsystem is adopted as skinny
system (Miron et al., 2016), the aqueous species of which have
been embed into the MINES thermodynamic database (Gysi,
2017). The sulfur aqueous species of molecular sulfurs, thiosulfate
and polysulfide (e.g. S-3, S8, S2O

2-
3 and SnS

2-) and their Au-bearing

complexes (e.g. AuHS(H2S)0, AuS
0
3 and Au HSð ÞS-3) are not input in

the thermodynamic dataset due to their minor effects or instability
in the interested physicochemical conditions (See details in Discus-
sion; Mei et al., 2013; Pokrovski and Dubessy, 2015; Pokrovski
et al., 2015). A solid solution model of Van Laar asymmetric formal-
ism with algorithm for plagioclase is adopted from Holland and
Powell (2003) and Gysi (2017). Thermodynamic properties of
aqueous species were calculated using the revised Helgeson-
Kirkham-Flowers (HKF) equations of state (Tanger and Helgeson,
1988; Shock and Helgeson, 1988; Shock et al., 1989). Activity coef-
ficients of aqueous species were calculated using the extended
Debye–Hückel equation (Helgeson et al., 1981; Oelkers and
Helgeson, 1990).
5. Results

5.1. Mineral identification and whole-rock analytical results

The native gold, pyrite, chalcopyrite, sphalerite, galena, sericite,
ankerite, siderite, calcite, rutile and zircon are identified by
BSE-EDS and Raman analyses (Fig. 5a–c, h; Fig. 6; Fig. S1). The
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EDS elemental mapping is carried out for schistose mineral assem-
blage in the pyrite-sericite-quartz alteration samples. The mapping
shows the homogeneous Si Kal, K Kal and Al Kal EDS information
with the negligible Mg Kal (Supplementary Data 2 Fig. S2). Other
EDS information assemblage like the homogeneous Si Kal and Al
Kal without K K al has not been observed. The EDS mapping results
indicate the schistose mineral is sericite. The pink K-feldspar has
approximately pure KAlSi3O8, and the white mineral around the
pink K-feldspar grains has approximately pure NaAlSi3O8, i.e. albite
(Fig. 4a; Supplementary Data 2 Fig. S3). In addition, the modal vol-
ume compositions (vol.%) of the main mineral endmembers in
these rocks are calculated and shown in Supplementary Data 2
Fig. S4 according to the results in Table S3.
5.2. Thermodynamic modeling results

5.2.1. Flow-through leaching modeling
The results are shown in Fig. 9a–h. Minor anhydrite exists in the

altered K-feldspar alteration rock cell at cumulative f/r < 0.4 (here-
after the f/r indicates the cumulative f/r if not specified), and calcite
disappears at f/r > 1.4 (Fig. 9a). Albite and K-feldspar disappear at
f/r of 2.8 and 3.8, respectively. Quartz and sericite keep precipita-
tion at f/r < 3.8, after which they start dissolving. Ankerite precip-
itates at f/r < 1.4 and is exhausted at f/r of 4.8. Siderite starts
precipitating at f/r of 1.4 and starts dissolving at f/r of 4.8. Pyro-
phyllite begins to precipitate at f/r > 4.8 (Fig. 9a, d). Pyrite always
precipitates throughout the leaching modeling (Fig. 9a, d). The Au



Fig. 8. The flow chart of fluid-rock interaction modeling.

Table 1
The initial auriferous fluid and rock compositions for the modeling.

Auriferous fluid
componentsa

Concentration (mol/
kg H2O)

K-feldspar
alteration rock cell

Content
(wt.%)

CO2 7 (10 mol.%) SiO2 76.37
NaCl 1.4 (5.6 wt%) Al2O3 13.00
KCl 0.32 (1.5 wt%) CaO 1.14
H2S 0.08 Na2O 3.47
SiO2 0.05 K2O 5.26
FeCl2 0.23 FeS2 0.76
CaCl2 0.01
AlCl3 3.64E-05
AuCl 2.00E-7/4.00E-7/

8.00E-7/1.5E-6

a Components expressed as neutral complexes without implying knowledge of
actual speciation.
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grades can be calculated out for the reacted rock cells at the speci-
fic f/r using the function expressions in Fig. 9b.

The auriferous fluid has a low logfo2 of �36.3 at f/r > 0.4 (dis-
solved oxygen concentration in fluid, mol/kg H2O), in which the
H2S0 and HS- are the dominated S-bearing aqueous species
(Fig. 9c, g). It shows five pH steps of 4.72, 4.75, 4.36, 3.96 and
2.63 in f/r of 0.1–6.0, the leaps of which correspond to the disap-
pearances of anhydrite, albite, K-feldspar and ankerite (Fig. 9a, c).
The dissolution of these minerals also controls the step-shaped
concentration variations of aqueous species (Fig. 9e–h). The
100
AuðHSÞ-2 is the main Au-bearing complex at f/r of 0.4–3.8, and the
AuHS0 becomes the predominant Au-bearing complex at f/r of
3.8–6.0 (Fig. 9h).
5.2.2. Cooling modeling
(1) Cooling modeling for the 27th fluid-rock reaction process Alkali

feldspar solid solution (K,Na)AlSi3O8 and anorthite (An, CaAl2Si2O8)
react to form plagioclase and pure K-feldspar (Kf) at �453 �C
(Fig. 10a). Plagioclase transforms to albite (Ab) due to An and Kf
losses (Fig. 10a). Ankerite and siderite begin to precipitate at
447 �C and 425 �C, respectively (Fig. 10a). Pyrrhotite and magnetite
coexist before 416 �C, and pyrite continues precipitating after this
temperature (Fig. 10b). The highest pyrite precipitation rate occurs
at temperature of 447–416 �C, during which the pyrrhotite and
magnetite have the highest consumption rate (Fig. 10b). The initial
gold precipitation occurs at 477 �C, 454 �C, 428 �C and 275 �C,
which correspond to the Au concentrations of 200 ppb, 100 ppb,
50 ppb and 20 ppb, respectively (Fig. 10b). The auriferous fluids
with gold concentrations of 200 ppb and 100 ppb experience rapid
gold precipitation shortly after gold saturation (Fig. 10b).

The H2S0 is the dominated S-bearing aqueous species and shows
concentration decrease tendency from 500 �C to 250 �C (Fig. 10c).
The HS- concentration shows a slight fluctuation in the auriferous
fluid as cooling. The logfo2 decreases from –23.3 at 500 �C through
�26.1 at 450 �C to �29.6 at 400 �C (Fig. 10c). The pH range of the
auriferous fluid is 4.65–4.83 at 500–250 �C (Fig. 10d), which is



Fig. 9. The flow-through modeling results at 300 �C and 2000 bar. (a) Mineral assemblage. (b) Gold grade. (c) pH and logfo2 of reacted fluids. (d) Volume variations of pyrite,
sericite and pyrophyllite. (e)–(h) Concentration variations of aqueous species in reacted fluids. Abbreviations: Adr = anhydrite, Prl = pyrophyllite.
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relatively constant due to the feldspars buffering (Fig. 10a). The

dominated Au-bearing complexes are the AuCl-2 and AuCl2-3 at
500–456 �C (Fig. 10d). The AuðHSÞ-2 and Au(HS)0 become predom-
inant Au-bearing complexes at 456–411 �C. And the AuðHSÞ-2 dom-
inates the gold solubility after 411 �C.

(2) Cooling modeling for the 40th fluid-rock reaction process
Alkali feldspar solid solution and anorthite experience reaction
to form plagioclase at 456 �C (Fig. 11a). Plagioclase eventually dis-
appears at 418 �C without albite and K-feldspar crystallization
(Fig. 11a). Ankerite and siderite begin to precipitate at 451 �C
and 434 �C, respectively (Fig. 11a). Pyrrhotite and magnetite
coexist before 418 �C, and pyrite continues precipitating after this
temperature (Fig. 11b). The highest precipitation rate for pyrite
occurs at temperature of 456–418 �C with the highest consump-
tion rate of pyrrhotite and magnetite (Fig. 11b). The initial gold
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precipitation temperatures are 478 �C, 455 �C, 427 �C and
339 �C, which correspond to the initial Au concentrations of
200 ppb, 100 ppb, 50 ppb and 20 ppb, respectively (Fig. 11b).
The auriferous fluids with gold concentrations of 200 ppb and
100 ppb experience rapid gold precipitation shortly after Au sat-
uration (Fig. 11b).

The H2S0 is the dominated S-bearing aqueous species and shows
concentration decrease tendency from 500 �C to 250 �C (Fig. 11c).
The HS- concentration shows a slight decrease as cooling. The
logfo2 decreases from –23.8 at 500 �C through �26.1 at 450 �C to
�29.6 at 400 �C (Fig. 11c). The pH of the auriferous fluid decreases
from 4.6 to 3.7 during cooling from 500 �C to 250 �C (Fig. 11d). The

dominated Au complexes are the AuCl-2 and AuCl2-3 at 500–459 �C,
and the Au(HS)0 and AuðHSÞ-2 become the main Au-bearing com-
plexes after 459 �C (Fig. 11d).



Fig. 10. The cooling modeling results for the 27th fluid-rock reaction process (Fig. 8b). (a) Mineral assemblage. (b) Volume variations of magnetite, pyrrhotite and pyrite (left
Y-axis), and gold volume variations in reacted rock cells at different initial Au concentrations (right Y-axis). (c) Concentration variations of S-bearing aqueous species in
reacted fluids. (d) Concentration variations of Au-bearing complexes in the reacted fluid with initial Au concentration of 50 ppb (left Y-axis), and pH variation (right Y-axis).
Abbreviations: An = anorthite, Mt = magnetite, Po = pyrrhotite.

Fig. 11. The cooling modeling results for the 40th fluid-rock reaction process (Fig. 8c). (a) Mineral assemblage. (b) Volume variations of magnetite, pyrrhotite and pyrite (left
Y-axis), and gold volume variations in reacted rock cells at different initial Au concentrations (right Y-axis). (c) Concentration variations of S-bearing aqueous species in
reacted fluids. (d) Concentration variations of Au-bearing complexes in the reacted fluid with initial Au concentration of 50 ppb (left Y-axis), and pH variation (right Y-axis).
Dn = daphnite.
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(3) Cooling modeling for the initial auriferous fluid Feldspars, pyr-
rhotite, siderite and ankerite cannot crystallize in this modeling
(Fig. 12a). Sericite and pyrophyllite are stable at 466–371 �C and
372–358 �C, respectively (Fig. 12a). Quartz begins to precipitate
from the auriferous fluid at 447 �C. Magnetite exists before
457 �C and transforms to pyrite after this temperature (Fig. 12b).
Pyrite occurs rapid precipitation after �400 �C. The initial gold pre-
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cipitation temperatures are 440 �C, 384 �C, 310 �C and 271 �C for
the Au concentrations of 200 ppb, 100 ppb, 50 ppb and 20 ppb,
respectively (Fig. 12b). The auriferous fluid with gold concentra-
tion of 200 ppb experiences rapid gold precipitation shortly after
gold saturation (Fig. 12b).

The H2S0 concentration slightly increases from 500 �C to 463 �C,
and decrease as cooling from 463 to 250 �C (Fig. 12c). The HS- con-



Fig. 12. The cooling modeling results for the initial auriferous fluid (Fig. 8d). (a) Mineral assemblage. (b) Volume variations of magnetite and pyrite (left Y-axis), and gold
volume variations in reacted rock cells at different initial Au concentrations (right Y-axis). (c) Concentration variations of S-bearing aqueous species in reacted fluids. (d)
Concentration variations of Au-bearing complexes in the reacted fluid with initial Au concentration of 50 ppb (left Y-axis), and pH variation (right Y-axis).
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centration slightly increases from 500 �C to 459 �C due to the SO0
2

reduction, and decreases as cooling from 459 �C to 250 �C
(Fig. 12c). The logfo2 decreases from –22.4 at 500 �C through
�25.3 at 450 �C to �29.0 at 400 �C (Fig. 12c). The pH of the aurif-
erous fluid decreases from 4.3 to 1.5 when cooling from 500 �C to
250 �C (Fig. 12d). The dominated Au complexes are AuCl-2 and

AuCl2-3 at 500–417 �C, and the Au(HS)0 becomes the main Au-
bearing complex after 417 �C (Fig. 12d).
6. Discussion

6.1. Gold transport and precipitation

Gold transport and precipitation affect the gold enrichment to
form orebody. The cooling modeling projects for the 27th and
40th fluid-rock reaction processes show the similar gold transport
and precipitation processes for the given initial gold concentra-
tions (Fig. 10b–d; Fig. 11b–d). This is related to the changes of
Au-bearing complexes and total sulfur concentration in the aurifer-
ous fluid. The main gold complex is the AuCl-2 in acidic saline fluids
in 500–460 �C and the Au-S complexes dominate gold solubility
when temperature is below �460 �C (Fig. 9h, 10d, 11d;
Stefánsson and Seward, 2004; Williams-Jones et al., 2009;
Pokrovski et al., 2014). In this case, pyrite precipitation
at <460 �C can remarkably decrease gold solubility and hinder gold
long-range transport to lower-temperature environment.

The cooling modeling of the initial auriferous fluids shows that
gold has the lower initial precipitation temperatures than those in
the cooling modeling results of the 27th and 40th fluid-rock reac-
tion processes at the same initial Au concentrations (Fig. 10b, 11b,
12b). These differences should be controlled by the oxidizability
and total sulfur concentration of auriferous fluids. The alone initial
auriferous fluid cooling modeling shows the higher logfo2 than that
of the auriferous fluids in the 27th and 40th cooling with fluid-rock
interaction modeling at the same temperature at >400 �C (Fig. 10c,
11c, 12c). This is because the logfo2 in the auriferous fluid of the
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former cooling modeling is only buffered by magnetite, but the
logfo2 in the auriferous fluids of the latter two modeling projects
are buffered by magnetite-pyrrhotite-(pyrite) (Fig. 10b, 11b, 12b).
The higher logfo2 at >400 �C should enhance the Au-Cl complexes
stability and suppress the gold precipitation, which postpones the
gold precipitation to lower temperature (Fig. 10b, 11b, 12b; Zhu
et al., 2011; Williams-Jones et al., 2009; Pokrovski et al., 2014).
In addition, the cooling modeling for the initial auriferous fluids
shows the pH rapidly decreases as cooling due to the lack of feld-
spars buffering (Fig. 12d). The lower pH can hinder pyrite precipi-
tation (R1 according to the modeling results),

Fe2+ + 2H2S0 + 0.5O2(aq) = FeS2(pyrite) + H2O(l) + 2H+ (R1).
which also delays the gold precipitation to lower temperature

(Fig. 10b, 11b, 12b). Therefore, the high oxidizability, low pH and
high total sulfur concentration should account for the long-range
gold transfer to lower-temperature environment.

In the Jiaojia goldfield, the typical wallrock alteration zonation
with intense fluid-rock interaction had given some important
effects on the gold precipitation and enrichment during cooling
and decompression processes (Fig. 2b–c; Fig. 4a–f; Fig. 5a–f). The
auriferous fluid would acquire higher pH by the buffering of feld-
spars or sericite during fluid-rock interaction processes (Fig. 9d,
10d, 11d), which was beneficial for the high-efficiency precipita-
tions of pyrite and gold during the fluid cooling from >390 �C
and decompression at the mineralization sites of the Jiaojia gold-
field (Fig. 4d–f; Fig. 5g–i; Wei et al., 2019; Hu et al., 2021).
6.2. The ore fluid to rock mass ratios for the pyrite-sericite-quartz
alteration

The amount of gold enrichment during pyrite-sericite-quartz
alteration process should be restricted by the ore fluid amount dur-
ing fluid-rock interaction, in which the ore fluid amount is further
limited by the mineral assemblage with specific f/r values
(Heinrich, 2005; Dolejš and Wagner, 2008; Mernagh and Bierlein,
2008; Reed et al., 2013). Therefore, the f/r values with specific
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alteration mineral assemblage limit the gold grade increase in the
alteration zones. The fluid-rock interaction modeling for the
pyrite-sericite-quartz alteration process in the Jiaojia goldfield
can give a f/r constraint between the alteration mineral assem-
blages and gold enrichment. Fluid-rock interaction with cooling
controls albite crystallization with subsequent preferential stron-
ger sericite-quartz alteration than K-feldspar (Figs. 9a, 10a, 11a).
The causes are that the water dielectric constant increase as cool-
ing favors the dissociation of HCl0 and H2CO

0
3, and the activated H+

will preferentially accelerate the albite alteration to sericite and
quartz (Dolejš and Wagner, 2008; Williams-Jones et al., 2009; Li
et al., 2013a). These simulation results are consistent with that
the albite crystallization with subsequent preferential alteration
than K-feldspar occurs in the weak pyrite-sericite-quartz alteration
stockworks of the K-feldspar alteration zone (Figs. 4a, 5a). The
ankerite exhaustion leads to the pH plunge from 3.96 to 2.63 and
siderite dissolution when the f/r is above 4.8 (Fig. 9c) due to the
lack of CO2-

3 replenishment from ankerite to associate with H+

(R2 and R3; Fig. 9a). The large pH decrease facilitates pyrophyllite
crystallization by consuming muscovite, quartz and H+ (R4;
Fig. 9d).

CaFe(CO3)2(ankerite) + H+ = Ca2+ + FeCO3(siderite) + HCO-
3 (R2).

FeCO3(siderite) + H+ = Fe2+ + HCO-
3 (R3).

KAl2(AlSi3)O10(OH)2(sericite) + SiO2(s) + 2H+ = Al2Si4O10

(OH)2(pyrophyllite) +K+ + H2AlO
þ
2 (R4).

Therefore, ankerite can buffer the pH of auriferous fluids to pre-
vent sericite alteration to pyrophyllite at f/r of 3.8–4.8 (Fig. 9a, d).
The observations of ankerite and siderite but no pyrophyllite in the
pyrite-sericite-quartz alteration zone support the f/r of 3.8–4.8 for
this alteration in the Jiaojia goldfield (Fig. 4f, 6a; Fig. S1, S2). The
thermodynamically predicted volume fractions of quartz (65.7%),
sericite (33.2%) and pyrite (1.1%) for the pyrite-sericite-quartz
alteration rock at f/r 4.8 approach the calculated volume fractions
of quartz (57.5%), sericite (39.2%) and pyrite (3.3%, approximate
calculation from the analytical Fe content) from the major ele-
ments results of the pyrite-sericite-quartz alteration rock
(Fig. 9a; Fig. S4). All these consistencies indicate a f/r range of
3.8–4.8 is reasonable for the transformation from K-feldspar alter-
ation to pyrite-sericite-quartz alteration in the Jiaojia goldfield.

It is noteworthy the temperature and pressure fluctuations
should have effects on the f/r values of minerals disappearance
(Dolejš and Wagner, 2008; Mernagh and Bierlein, 2008;
Pokrovski et al., 2014; Xu et al., 2016). The pyrite-sericite-quartz
alteration stage has a main fluid inclusion homogenization temper-
ature of �350–250 �C in the Jiaojia goldfield (Yang et al., 2017; Wei
et al., 2019). Cooling from 350 �C to 250 �C shows a little effect on
the dissolution of feldspars, ankerite and siderite (Figs. 10a, 11a),
which suggests the f/r values for the minerals disappearance expe-
riences limit variations in this temperature range. The pressure
mainly ranging in �500–2000 bar could result in fluid immiscibil-
ity in the Jiaojia goldfield (Yang et al., 2017). The constrained initial
auriferous fluid composition (approximate 10 mol.% CO2, 2.7 mol.%
NaCl and 87.3 mol.% H2O; Table 1) should experience limited fluid
immiscibility during the fluid-rock interaction at 500–2000 bar
and 300 �C, according to the calculated immiscibility line of H2O-
CO2-NaCl fluid at 300 �C and 2000 bar (Fig. 2 in Li et al. (2020)).
This means the pressure fluctuation at 500 bar to <2000 bar and
300 �C should not produce remarkable f/r deviation for the disap-
pearances of feldspars and carbonates relative to those at 2000 bar
and 300 �C. Therefore, the f/r 3.8–4.8 is a reliable estimation
although it can be affected by physicochemical conditions
fluctuations.
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6.3. Gold grade increase during pyrite-sericite-quartz alteration

Four gold grades, ranging in 0.69–0.87 ppm, 0.33–0.42 ppm,
0.13–0.17 ppm and 0.03–0.04 ppm, are calculated out for the
pyrite-sericite-quartz alteration at f/r of 3.8–4.8, when using the
initial auriferous fluids with gold concentrations of 200 ppb,
100 ppb, 50 ppb and 20 ppb for flow-through modeling, respec-
tively (Fig. 9b). The gold grade in the alteration zone is controlled
by both the gold solubility and f/r value. The calculated gold solu-
bility results contain some uncertainties due to the possible impre-
cise thermodynamic model with parameters (Tanger and Helgeson,
1988; Plyasunov and shock, 2001; Pokrovski et al., 2014), and
incomplete consideration for all Au-bearing complexes (Mei
et al., 2013; Pokrovski et al., 2014; Pokrovski and Dubessy, 2015).
The flow-through modeling at 300 �C and 2000 bar is below the
critical point of water, which means the predicted dissolutions of
the most important aqueous nonelectrolytes H2S and CO2 with
the parameters of revised HKF model are reliable (Supcrt slop07.-
dat; Shock et al., 1989; Plyasunov and Shock, 2001; and references
therein). Moreover, a large part of aqueous reduced sulfur can be
consumed by pyrite precipitation due to the low pyrite solubility
as cooling (total sulfur concentration with <0.01 mol/kg H2O at
300 �C by pyrite saturation; Kouzmanov and Pokrovski, 2012;
Rauchenstein-Martinek et al., 2014). Abundant pyrite with Fe-
bearing carbonates and pyrrhotite in the orebodies indicate that
the auriferous fluid was enriched in Fe2+ with a lot of consumption
of aqueous reduced sulfur in the Jiaojia goldfield (Fig. 4d–f; Hu
et al., 2020a, b). These mineralization characteristics support the
calculated total sulfur concentration of 0.008 mol/kg H2O after pyr-
ite precipitation in the auriferous fluid (Fig. 9g). The low total sul-
fur concentration with reduced condition cannot support the
stable solutes of polysulfur radical ions (e.g. S-3), molecular sulfurs,
thiosulfate, polysulfide, and their Au-bearing complexes (e.g. AuHS
(H2S)0, AuS3 and Au HSð ÞS-3) in the Jiaojia goldfield (Fig. 9g; Mei
et al., 2013; Pokrovski et al., 2014; Pokrovski and Dubessy, 2015).
Therefore, neglecting the unstable Au-bearing complexes cannot
significantly affect the gold solubility calculation.

Previous experiment data indicate that the gold solubility can
be 40–60 ppb at 300 �C, total sulfur concentration of �0.03 mol/
kg H2O and acidic conditions (Stefánsson and Seward, 2004). Other
fluid-rock modeling results also show that the gold solubility can
be low to 10 ppb at 300 �C and pyrite-(pyrrhotite)-(magnetite) sat-
uration conditions (e.g. Mernagh and Bierlein, 2008; Pokrovski
et al., 2015; Petrella et al., 2021). These results indicate the calcu-
lated gold solubility between 10-6.53 mol/kg H2O (�40 ppb in aurif-
erous fluid) and 10-7.12 mol/kg H2O (�10 ppb in auriferous fluid) at
f/r of 1.0–4.8 and total sulfur concentration of 0.008 mol/kg H2O
should be reliable (Fig. 9h). The gold solubility can be further
decreased due to the total sulfur concentration decrease by cooling
to <300 �C and decompression with polymetallic sulfides precipita-
tion and fluid immiscibility (Yang et al., 2017; Wei et al., 2019).
Therefore, the calculated gold grades at f/r of 3.8–4.8 can be used
as a robust reference to reveal the gold enrichment processes for
the Jiaojia goldfield.
6.4. Fracture-induced fluid flow for gold transport and enrichment

The single fluid-rock interaction obviously cannot elevate the
gold grade to >1 ppm in the Jiaojia goldfield, due to the f/r limit
and high gold saturation temperature with dispersive precipitation
along migration conduits. Fracture-induced fluid flow coupled with
fluid-rock interaction should be considered to optimize the gold
mineralization processes given the Jiaodong gold deposits are con-
trolled by regional-scale fault zones (Goldfarb and Santosh, 2014;
Deng et al., 2019; Fan et al., 2021). Intense structure activities
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(e.g., shearing and earthquake) can lead to pressure plunge with
rapid migration of auriferous fluid along high-permeability zone
(Micklethwaite and Cox, 2006; Weatherley and Henley, 2013).
These kinds of structure activities could weaken heat dissipation
and fluid-rock interaction and effectively focus the auriferous fluid
into the shallow mineralization sites in the Jiaojia goldfield (Wang
et al., 2016; Deng et al., 2019). The stable alteration zonation pat-
tern of lateral direction and the same evolution of ore fluid at dif-
ferent levels could extend to �2855 m below the ground in the
Jiaojia goldfield (Table S1), and to �3000 – �000 m below the
ground at other Jiaodong gold deposits (Li et al., 2013a, 2015;
Wen et al., 2016). The trap temperature in the early mineralization
stage can be >400 �C, local to 545 �C, at the Jiaojia and Sanshandao
gold deposits (Fan et al., 2003; Wen et al., 2016; Wei et al., 2019).
These characteristics support the high-temperature auriferous
fluid had experienced rapid transport and subsequent uniform
evolution at different levels of mineralization sites during syn-
chronous structure activities. The high temperature with weak
and non-equilibrium fluid-rock interaction allows high gold solu-
bility preserved in ore fluid, which avoids dispersive gold precipi-
tation and focuses gold into optimal sites.

Two important aspects in the fracture-induced fluid flow cou-
pled with fluid-rock interaction should be taken into account for
gold enrichment in the Jiaojia goldfield. The first is the gold con-
centration in the initial auriferous fluid. The initial gold concentra-
tion of >200 ppb should be easy to form the gold orebodies
with >1 ppm by fracture-induced fluid flow with simple fluid-
rock interaction (Fig. 9b). The metasomatic lithospheric mantle-
derived mafic magmas of 130–120 Ma from the Jiaodong gold pro-
vince and other area of the eastern NCC margin have 0.4–4.3 ppb
(mean 2.2 ppb) Au (Wang et al., 2020, 2022a). The magmatic
hydrothermal processes can produce a gold-rich fluid
with >200 ppb for the Jiaodong gold deposits combining with the
gold partition coefficient of �10–100 between Cl-(S)-bearing aque-
ous fluid and silicate melts (Simon et al., 2007). However, whether
the magmatic hydrothermal processes for transporting the mantle-
derived hydrous volatiles to form the Jiaodong gold deposits (e.g.
Zhu et al., 2015; Wang et al., 2020, 2022a) waits further verifica-
tion. Wang et al. (2022b) have carried out the composition analysis
of individual fluid inclusion in quartz veins of the Linglong gold
deposit with the LA-ICP-MS instrument, but all the gold concentra-
tion data are below the detected limit, which might be limited by
sample choice or analytical method. Therefore, acquiring the reli-
able gold concentration in the auriferous fluid is critical to under-
stand the gold enrichment for the Jiaodong gold province.

Secondly, gold colloids have been suggested to play an impor-
tant role in forming giant gold deposits with high grade
(Saunders and Schoenly, 1995; Petrella et al., 2020; McLeish
et al., 2021). Rapid pyrite saturation can induce extremely high
degrees of gold supersaturation that are beneficial for the colloidal
gold particles formation (Saunders and Schoenly, 1995; McLeish
et al., 2021). The pyrite rapid precipitation should be testified by
the 60–95 vol% fine-grained pyrite in the ore veinlets of the Jiaojia
goldfield. The colloids transport is also implied by the gold nano-
particles reported in the pyrite grains of the Xincheng gold deposit
in the Jiaojia fault zone (Yang et al., 2016). Therefore, the gold col-
loids might be re-transported from the gold saturation sites into
the optimal mineralization sites and precipitate as visible gold par-
ticles by fracture-induced fluid flow and focusing. Moreover, the
auriferous fluid can acquire rapid local equilibrium with silicate
minerals in the mineralization sites at above 300 �C (Dolejš and
Wagner, 2008). This means the reacted fluid with re-migration
could not alter the mineral assemblage of other mineralization
sites that had equilibrated with the same reacted fluid. In these
cases, the cumulative gold from 1 to 6 pyrite-sericite-quartz alter-
ation rock cells can be re-migrated into a pyrite-sericite-quartz
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alteration rock cell and increase the gold grade to 1–4 ppm for
the cell by structure activities and Au colloids, when using the
auriferous fluid with Au concentration of 200 ppb for the flow-
through modeling. The same gold grade increase for a pyrite-
sericite-quartz alteration rock cell needs cumulative gold from 2
to 12, 6–30 and 25–133 pyrite-sericite-quartz alteration rock cells,
when using the auriferous fluids with Au concentrations of 100, 50
and 20 ppb for the flow-through modeling, respectively.

The above predicted gold redistribution and aggregation should
be the facts considering the distribution characteristics of the gold
orebodies at the Jiaojia and other Jiaodong gold deposits (Figs. 1–
2). The gold orebodies present as pinch-out and reappearance in
the Jiaojia goldfield according to the current gold cutoff grade
(Figs. 2–3). The >1 ppm gold orebodies occupy a little part of the
pyrite-sericite-quartz alteration zone, in which the alteration sites
with 1–4 ppm grade are the main orebodies (Fig. 3c–d). The clus-
tering of gold deposits in the Jiaojia-Xincheng fault zone was con-
trolled by mainshock and subsequent aftershocks with the
formation of local high permeability structures (Wang et al.,
2016). The Jiaodong gold deposits only clustered into the limited
structure sites while the widespread structure activities with
large-scale auriferous fluid upwelling occurred along the regional
fault zones (Wang et al., 2016; Deng et al., 2019, 2020; Fan et al.,
2021). These characteristics suggest the fracture-induced fluid flow
redistributed ore fluid in the alteration space of the ore-controlling
fault zones, which further elevated the gold grade at the optimal
mineralization sites (Figs. 1–2). Therefore, verifying whether the
gold colloids formed in the Jiaodong gold deposits is the other
important point to understand the gold enrichment processes.
The above discussions suggest the fracture-induced fluid flow pro-
cesses with fluid-rock interaction are the indispensable prerequi-
sites whatever the high gold concentration or the gold colloid
assists the gold grade increase to >1 ppm in the Jiaodong gold
province.

6.5. The lithospheric mantle volume estimation for the ore fluid source

The Jiaodong gold province formed during the NCC destruction
peak time with abundant mantle-derived magmas (Cai et al., 2013;
Zhu et al., 2015; Deng et al., 2017, 2020). Previous C–H-O-S-He-Ar-
Pb isotopic compositions implicate the metasomatized lithospheric
mantle provide the critical ore materials for the Jiaodong gold
deposits (Mao et al., 2008; Zhu et al., 2015; Wen et al., 2016;
Deng et al., 2020). TheD33S-d34S results from the ore-related pyrite
of the Jiaodong gold deposits indicate the subducted slab-derived
sulfur and gold that were stored in the metasomatized lithospheric
mantle were the important ore material source for the Jiaodong
gold province (Qiu et al., 2023). The calculation of the metasoma-
tized lithospheric mantle volume for the Au resources of the Jiao-
dong gold province just depends on the gold content in the
metasomatized lithospheric mantle without abnormal Au enrich-
ment (Wang et al., 2022a), which ignores whether the ore fluid
derived from this calculated mantle volume can result in the syn-
chronous wallrock alteration and giant Au mineralization. There-
fore, the link between the metasomatized lithospheric mantle
and shallow alteration-mineralization processes still keeps
ambiguous. The proposed auriferous fluid transport and gold
enrichment processes in combination with the alteration-
mineralization characteristics of the Jiaodong gold province can
provide the suitable parameters to quantify the above question.
The No. I orebody of the Jiaojia gold deposit has a volume of
1.45� 107 m3 (960 m� 1370 m � 11m) and an average gold grade
of �4 ppm (Table S1; Song et al., 2010). The cumulative gold from
24 pyrite-sericite-quartz alteration rock cells (the grade is
0.17 ppm in the cells if the gold has precipitated) is needed to refo-
cus by colloids and increase the gold grade to 4 ppm for a pyrite-
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sericite-quartz alteration rock cell, according to the flow-through
modeling for the initial auriferous fluid with 50 ppb Au at f/r of
4.8 (Fig. 9b). This means the No. I orebody formation needs
5.00 � 1015 g reacted auriferous fluid from 24 pyrite-sericite-
quartz alteration rock cells with a total rock volume of
3.47 � 108 m3 (i.e. 1.04 � 1015 g assuming 3 g/cm3). Two hundred
tonnes gold can precipitate from 5.00 � 1015 g ore fluid when the
fluid contains 50 ppb Au with the calculated gold precipitation effi-
ciency of 80% for this Au concentration (Fig. 9h). The calculated
gold precipitation mass approaches the real 205 tonnes Au in the
No. I orebody (Song et al., 2010).

The 5000 tonnes gold resources in the Jiaodong gold province
should equal to 25 times of the gold reserves of the No. I orebody.
At the same calculation conditions as that for the No. I orebody, the
cumulative gold from 600 pyrite-sericite-quartz alteration rock
cells is needed to refocus and increase the gold grade to 4 ppm
for 25 pyrite-sericite-quartz alteration rock cells. Similarly, the
ore fluid mass is 1.25 � 1017 g for this gold province. The H2O con-
tent of the lithospheric mantle under the eastern NCC is estimated
to be 1000–7000 ppm (Xia et al., 2013). The lithospheric mantle
mass for the initial ore fluid source of the Jiaodong gold province
is 1.25 � 1020 g assuming 1000 ppm H2O release from the mantle
by direct devolatilization or magmatic-hydrothermal evolutions.
The rock volume corresponds to 3.79 � 104 km3 assuming the den-
sity of 3.3 g/cm3. Therefore, a metasomatized lithospheric mantle
volume with 100 km long � 100 km wide � 3.79 km thick can pro-
vide the required ore fluid amount and 5000 tonnes Au for the Jiao-
dong gold province according to the estimations from the above
calculations and Wang et al. (2022a). In the same calculation
Fig. 13. Fracture-induced fluid flow coupled with fluid-rock interaction processes for
without abnormal Au enrichment and giant gold mineralization. The gold content in th
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way, a metasomatized lithospheric mantle volume with 100 km
long � 100 km wide � 0.80 km thick can provide the required
ore fluid and Au for the gold province when the Au concentration
of 200 ppb with corresponding 95% gold precipitation efficiency
is set for the initial auriferous fluid. The required thickness of such
H2O-rich lithospheric mantle is easy to achieve because the eastern
NCC had experienced intensive metasomatism and decratonization
before 120 Ma (Xia et al., 2013; Zhu et al., 2015; Wu et al., 2019).

6.6. Implications for the links between metasomatized mantle and
giant gold mineralization

Previous studies propose that the metasomatized lithospheric
mantle with abundant hydrous volatiles should be the first order
to control the giant gold deposits formation (Griffin et al., 2013;
Groves et al., 2019; Deng et al., 2020; Wang et al., 2022a). Here
the Jiaojia goldfield in the world-class Jiaodong Au province can
give an excellent case to portray the auriferous fluid transport
and gold enrichment pictures for the giant Au mineralization that
is related to the metasomatized lithospheric mantle. The astheno-
spheric upwelling and lithospheric thinning beneath the eastern
NCC (Wu et al., 2019) facilitate the metasomatized lithospheric
mantle to produce Au-bearing fluid storage by devolatilization
and subsequent evolutions beneath the Jiaodong Peninsula
(Fig. 13; Mao et al., 2008; Deng et al., 2020; Wang et al., 2022a).
The trans-lithospheric faults reactivated with synchronous earth-
quakes during the gold mineralization period (Wang et al., 2016;
Deng et al., 2019). The extended period of aftershocks sustained
longer-lived, fracture-enhanced permeability, which could open
the Jiaojia goldfield, providing a critical link between the metasomatized mantle
e mantle is referenced from Wang et al. (2022a).
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the ore fluid migration channels that tapped into the deep fluid
storage, induce pulsing high fluid fluxes, and localize the fluids into
the shallow fault occurrence change and fault cross sites
(Micklethwaite and Cox, 2006; Wang et al., 2016). The auriferous
fluid could keep high temperature (>400 �C) before it was pulsed
into mineralization sites. Rapid transport of auriferous fluid
avoided large heat dissipation and intense fluid-rock interaction
with wallrocks along migration channels. These conditions can
facilitate the long-range gold transfer. The auriferous fluid could
rapidly exchange heat and elements with low-temperature and
structure-fractured wallrocks in the mineralization sites. In these
cases, the gold supersaturation was induced by rapid total sulfur
concentration decrease, which was beneficial for the preliminary
gold nucleation to form colloids (McLeish et al., 2021).

About 38–48 effective aftershocks with auriferous fluid pulses
can account for the transformation from K-feldspar alteration to
pyrite-sericite-quartz alteration assuming the instantaneous f/r
value 0.1 for every pulse. This is easily acquired because the main-
shock can be followed by thousands of aftershocks that last
>30 days to decades (Miller et al., 2004; Micklethwaite and Cox,
2006). The >1 ppm Au grade enrichment in the pyrite-sericite-
quartz alteration zone needs either the high Au concentration in
the initial auriferous fluid or the Au colloids formation in the
reacted fluid. In fact, these two conditions are easy to acquire in
the hydrothermal fluid evolution processes. The gold solubility in
the S-, C-, Cl-bearing fluids can be higher than 200 ppb due to
the more stable Au-Cl and Au-polysulfur radical ions complexes
at >450 �C (Figs. 10–12; Ulrich et al., 1999; Heinrich, 2005; Mei
et al., 2013; Pokrovski et al., 2015). More and more researches
reveal that the gold suspensions are not rare phenomenon in the
mesothermal fluids, and the rapid gold supersaturation with
appropriate preservation can maintain the gold colloids stability
(Saunders and Schoenly, 1995; Liu et al., 2019; Petrella et al.,
2020; McLeish et al., 2021). The suspended gold nanoparticles in
the reacted fluids can be further refocused into the optimal miner-
alization sites from ambient pyrite-sericite-quartz alteration zone
due to structure activities (Fig. 13). Therefore, combining with
the typical case of the Jiaojia goldfield, the auriferous fluids that
are initially derived from the metasomatized lithospheric mantle
(direct devolatilization or magmatic hydrothermal evolution) can
easily form the giant gold deposits by fracture-induced fluid flow
coupled with fluid-rock interaction. A link between the metasom-
atized lithospheric mantle without abnormal Au enrichment and
shallow alteration-mineralization processes has been proposed
(Fig. 13).
7. Conclusions

The transformation of Au-Cl complexes to Au-S complexes with
total sulfur concentration decrease after �460 �C can trigger the
fastest gold saturation during fluid-rock interaction with cooling,
which hinders gold precipitation to lower ambient temperature.
The lower pH can maintain higher total sulfur concentration and
the higher oxidizability can stabilizes the Au-Cl complexes, both
of which can postpone the gold precipitation to lower-
temperature environment and be beneficial for long-range gold
transport. The alteration-mineralization characteristics of the Jiao-
jia goldfield support the high-temperature auriferous fluid had
experienced rapid emplacement and subsequent uniform evolu-
tions at different levels of mineralization sites. These processes
resulted in the high temperature with weak and non-equilibrium
fluid-rock interaction during ore fluid transport, which could allow
high gold solubility preserved in ore fluid and focus gold into opti-
mal sites. Then the auriferous fluid would acquire higher pH by the
full buffering of feldspars or sericite, which was beneficial for the
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high-efficiency precipitations of pyrite and gold at mineralization
sites. The flow-through modeling indicates a f/r of 3.8–4.8 for the
transformation from K-feldspar alteration to pyrite-sericite-
quartz alteration in the Jiaojia goldfield. The gold grade is only
increased to 0.69–0.87 ppm in the pyrite-sericite-quartz alteration
zone at f/r range of 3.8–4.8, when the initial Au concentrations is
set as 200 ppb. Therefore, the fracture-induced fluid flow processes
with fluid-rock interaction are the indispensable prerequisites
whatever the high gold concentration or the gold colloid, both of
which need further verification, assists the gold grade increase
to >1 ppm in the pyrite-sericite-quartz alteration zone. The model-
ing results combining with the metasomatized lithospheric mantle
volume estimation for the ore fluid source provide a link between
the mantle without abnormal Au enrichment and shallow
alteration-mineralization processes.
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