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Abstract: Texture, geochemistry, and in-situ Pb isotope of galena were investigated to probe the origin of anomalous
Ag enrichment in the Dayingezhuang Au(-Ag) deposit. Silver enrichment postdates the main Au mineralization and
occurs in the south of the Dayingezhuang deposit. It is primarily associated with galena and the exsolution of Ag-rich
sulfosalts (e.g., matildite) in distal vein-ores related to steeply dipping brittle fractures. Silver-rich galena is
characterized by the least radiogenic Pb isotope signature (***Pb/***Pb 17.195-17.258 and ***Pb/***Pb 37.706-37.793),
possibly indicating a metasomatized lithospheric mantle or modified lower crustal source for Pb and Ag. Both of these
mafic and ultramafic source regions have been previously suggested as Au reservoirs for other Jiaodong Au deposits,
implying that the metal reservoir has only a weak control on the uneven Ag-enrichment. Since the Ag-enrichment areas
are located in the footwalls of both the Dayingezhuang and Zhaoping faults, the enrichment was most likely dominated
by local rotational stress during coeval movements of the two faults in a NE-SW compression and NW—SE extension
regime. This work highlights the shallow-crust structural deformation responsible for controlling the flow of late
ore-forming fluid resulting in local anomalous metal enrichment.
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than 5000 t Au [3]. The nature of Au mineralization

1 Introduction

Orogenic Au deposits account for a large
proportion of global Au reserves and are also mined
for significant quantities of Ag, Te, W, Sb, and
Hg [1,2]. The ore mineralogy of most orogenic
deposits is typically dominated by Au, with Au/Ag
concentration ratios of 1-10 and low Cu—Pb—Zn
concentrations, which make them distinct from
porphyry, epithermal, and Carlin-type Au deposits
that have variable degrees of Ag and/or Cu
enrichment [2]. The ~120 Ma Au deposits in the
Jiaodong Peninsula, eastern China contain more

in the Jiaodong gold deposits is similar to that of
most orogenic Au deposits in greenstone belts.
Typical characteristics include disseminated- and
vein-style ore preferentially localized in detachment
faults and formed from low-salinity, CO,-rich, and
moderate temperature (200—320 °C) fluids [3-9].
However, the Jiaodong deposits have been
described as atypical orogenic-type deposits [3.4,8].
This is because the late timing of gold deposition
relative to the age of host rocks (Precambrian
greenschist- to amphibolite-facies metamorphic
rocks, 160—155 Ma Linglong or Kunyushan granite,
and 130—125 Ma Guojialing granite [3,5,6,10]) is at
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odds with a traditional syn-metamorphic Au
mineralization [11-13]. In addition, some of the
Jiaodong Au deposits are unusually Ag-rich, which
contrasts with the dominant Au enrichment in
typical orogenic Au deposits. But, to date, few
studies have focused on the cause of the Ag
enrichment.

The Dayingezhuang Au(-Ag) deposit with Au
resource of ~150 t [7] and Ag resource of 397 t [10]
is located in the southern part of the Zhaoping fault
in the western Jiaodong Peninsula (Fig. 1). Two
orebodies (namely No. 1 and No. 2) separated by
the east-striking Dayingezhuang fault are
recognized in the deposit. The Au mineralization at
Dayingezhuang is similar to other Jiaodong Au
deposits but the southern segment (i.e., No. 1
orebody) is characterized by an anomalous Ag
enrichment  [5,10,15]. The wuneven spatial
distribution of Ag provides an excellent opportunity
to evaluate the geological processes controlling Ag
enrichment in the Jiaodong Au deposits. Previous
studies have proposed multiple mechanisms to
explain the anomalous Ag enrichment in the
Dayingezhuang deposits, including zone refining
during the main Au event, and overprinting by an
Ag-rich metallogenic event that was unrelated to Au

veins [5,10,15,16]. Regardless of the mechanism,
the Ag source for the Dayingezhuang deposit
remains unclear.

Addressing these questions requires a broad
understanding of the origin of the Ag-rich fluid and
its temporal and spatial evolution. Electrum and
Ag-rich sulfosalts with high Ag contents can be
used to investigate the Ag mineralization, but all
of these phases are relatively rare in the
Dayingezhuang district. Galena (PbS) with cubic
crystal structure is of particular economic interest
due to its close association with Ag in many types
of mineral deposits, including epithermal,
sedimentary-hosted, and orogenic [17-21]. It
typically contains variable amounts of Ag and is
also commonly intergrown with Ag-rich minerals
(i.e., electrum and Ag-rich sulfosalts) in the
Dayingezhuang deposit [5,10,22]. The comparable
geochemical behavior of Pb and Ag in
hydrothermal fluids (transported as Pb*" and Ag’
complexes with CI” [23]) means that Pb can be
used as an isotopic proxy for studying the origin of
Ag.

Here, we present a comprehensive study of
galena texture, geochemistry, and in-situ Pb
isotopes in the Dayingezhuang Au(-Ag) deposit to
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Fig. 1 Geological and tectonic map of Jiaodong Peninsula (Modified from Ref. [14])
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gain a better understanding of the Pb and Ag
sources and ore-forming evolution, which in turn
has important genetic implications for the
Dayingezhuang deposit and other Jiaodong-type
orogenic Au deposits.

2 Geological background

The Jiaodong Peninsula comprises the Jiaobei
terrane and the Sulu orogenic belt, which meet at
the Wulian—Yantai fault (Fig. 1) [3]. More than
90% of the Au resources in the Jiaodong Peninsula
are hosted by NE-striking detachment faults (e.g.,
Sanshandao, Jiaojia, and Zhaoping faults) in the
Jiaobei terrane. The main lithologies of the Jiaobei
terrane consist of Precambrian metamorphic rocks,
including the Archean Jiaodong Group (tonalite—
trondhjemite—granodiorite (TTG) and amphibolites),
Paleoproterozoic Jingshan/Fenzishan Group
metasedimentary rocks, Neoproterozoic Penglai
Group metasedimentary rocks, and Mesozoic felsic
intrusions  (e.g., the Jurassic Linglong and
Luanjiahe granite, the middle Cretaceous
Guojialing granodiorite, and the late Cretaceous
Aishan granite, see Fig. 1). The Linglong granite
and Jiaodong Group metamorphic rocks are
recognized as the primary host rocks for most of the
Jiaodong Au deposits [3,4,6]. It is generally
accepted that the orogenic Au deposits in the
Jiaodong Peninsula formed in a narrow age range
of (1204+5) Ma during a tectonic transition from a
compressional to an extensional setting [3,8].

The Dayingezhuang Au deposit is located in
the southern portion of the Zhaoping fault in the
western Jiaodong Peninsula, and is hosted by
metamorphosed Archean Jiaodong Group in the
hanging wall and Jurassic Linglong granite in the
footwall (Fig.2). The Jiaodong Group in the
Dayingezhuang district is mainly composed of
amphibolites and granulites. The Linglong granite
intruded the Late Archean and Paleoproterozoic
rocks and comprises plagioclase (40—50 vol.%),
K-feldspar (20—25 vol.%), quartz (25-30 vol.%),
and biotite (5—10 vol.%), with minor amounts of
zircon, apatite, titanite, and magnetite.

The Zhaoping fault in the study area occurs
along the interface between the Linglong granite
and Jiaodong Group rocks (Figs.2 and 3(a)). It
generally strikes NE with dips of SE 35°—60° and
shows a gentle undulation both along the strike and
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Fig. 2 Geologic map of the Dayingezhuang Au deposit in
the Jiaodong Peninsula (Modified from Ref. [7])
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dip (Figs. 3 and 4). The fault zones consist of
mylonitic—ultramylonitic rocks and irregular
breccias, displaying both ductile and brittle
hybrid deformation characteristics [24,25]. The
deformation properties change from ductile—brittle
to brittle with increasing distance from the fault.
The Zhaoping fault underwent at least three periods
of deformation in the Jiaodong Peninsula, including
sinistral torsional compression, dextral transtension
and extension, and NW-SE extension [16,26].
Coeval with mineralization, the Zhaoping fault at
Dayingezhuang moved in a dextral strike-slip
normal sense within a NE-SW compressional and
NW-SE extensional regime (Fig. 3(b)).

Several secondary faults (e.g., Nanzhoujia,
Dayingezhuang, and Nangou) are present in the
Dayingezhuang district (Fig. 2), of which the east

striking and north-dipping (46°-59°) Dayingezhuang
sinistral-slip fault with weakly normal sense has
offset the Zhaoping fault (Figs.4(a,b)). The
Dayingezhuang fault is only found at depths less
than 700 m. There is a transition of dip direction
from north-dipping at the surface to NW-dipping at
depth (Figs.2 and 3(a)). Minor quartz—sericite—
pyrite alteration and gold orebodies are spatially
associated with the Dayingezhuang fault (Figs. 2
and 3(a)).

Major Au mineralization in the Dayingezhuang
deposit is developed in the footwall mylonization
and brecciation zone proximal to the Zhaoping
fault associated with brittle—ductile deformation
(Fig. 5). It comprises two orebodies (No.1 and
No. 2 in Figs. 2 and 4(c)). The No. 2 orebody in
the north segment accounts for about 65% of Au
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Fig. 4 3D models showing Zhaoping fault (a), Dayingezhuang fault (b), orebodies (c), and Au distribution (The cut off

grade for economic orebodies is 1 g/t. More information about the models is provided in Ref. [7])
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resources and  consists of  disseminated
mineralization associated with quartz—sericite—
pyrite  alteration and intense deformation
(Figs. 6(a, b)). It extends along strike for more than

3000 and 1500 m down-dip (NE), with Au grades
typically <5 g/t (Fig. 4(c)). The No. 1 orebody is
located in the southern portion of the Dayingezhuang
deposit, which is about 1500 m in length, and has

+\t Sl i 110°
S + + + + +

h Jiaodong
+ + R e Group rocks
+ + + ++ +
+ + + + Sl | Sl
+Linglong . + H+ +
granite
4+ -+ A+ = = laE_ar

Distal vein ore

Kfs—Qz alteration

Disseminated Zhaoping Qz-Ser—Py
orebody fault zone alteration

Fig. 5 Schematic diagram illustrating general spatial relationships of mineralization, alteration, fault, and wall rocks in

the Dayingezhuang deposit (Kfs—K-feldspar; Py—Pyrite; Qz—Quartz; Ser—Sericite)

R

Fig. 6 Photos of alteration and mineralization in the Dayingezhuang deposit: (a) Disseminated ore in footwall of the
Zhaoping fault; (b) Quartz—sericite—pyrite alteration replacing early quartz—K-feldspar alteration; (c) Quartz—sericite—
pyrite altered rocks that cement early quartz—K-feldspar fragments crosscut by quartz—pyrite vein; (d, e) Early quartz—
sericite—pyrite alteration crosscut by late siderite-pyrite or quartz—siderite—galena vein; (f) Quartz—polymetallic sulfide
vein from distal vein orebody with anomalous high Au(-Ag) grades (Gn—Galena, Sd—Siderite)

Qz-Ser-Py (S2)

Vein ore (S3)
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Au grades ranging from 2 to 4g/t. Two
mineralization styles are present within the No. 1
orebody: (1) gently-dipping disseminated ore
proximal to the Zhaoping fault; (2) steeply-dipping
vein ore distal to the Zhaoping fault (Figs. 3(a) and
5). The vein-style mineralization occurs as fill in
extensional and steeply dipping brittle fractures and
typically shows vein or veinlet features in the
weakly potassic or fresh Linglong granite. Overall,
the No. 2 orebody shows more complex geometric
features than the No. 1 orebody: the former is
marked by the pinch-and-swell geometries whereas
the latter undulates gently parallel to the Zhaoping
fault [15,16,27]. Silver is markedly enriched in the
No. 1 orebody, especially in the distal vein ore. The
Ag grade (average 15 g/t) gradually increases from
shallow to deep levels in the No. 1 orebody [5].
Silver mineralization always accompanies the Au

mineralization in the Dayingezhuang deposit. The
available geochronology data reveal that the No. 1
orebody postdates the No. 2 orebody (119—-127 Ma
vs. 133—-128 Ma) [5,10].

The major Au(-Ag) mineralization in the
Dayingezhuang deposit is closely associated with
quartz—sericite—pyrite alteration (Figs. 6(a—e)) and
quartz—polymetallic sulfide veins (Figs. 6(c—f)).
Gold is mainly hosted in electrum (Figs. 7(d—f))
and Ag-bearing native gold that occurs as free
grains or filling associated with quartz and/or
sulfide with minor amounts as inclusions within
sulfide. Silver occurs as a component of the Au—Ag
mineral series and also in galena, argentite (Ag,S),
PbAgBiS; (Figs. 7(g, h)), matildite (AgBiS;;
Fig. 7(i)), stromeyerite (AgCuS), and freibergite
((Cu,Ag)¢CuySbysS13) [10]. These Ag-bearing
minerals are generally associated with galena in the

Fig. 7 Reflected-light photos (a, c—g) and BSE images (b, h, i) of galena in the Dayingezhuang deposit: (a) Galena

intergrown with sphalerite and chalcopyrite, No. 2 orebody; (b) Anhedral galena hosted in fractures of siderite and

pyrite, No.2 orebody; (c) Polymetallic sulfide-siderite—quartz vein, No. 1 orebody, sphalerite with chalcopyrite

exsolution texture; (d) Intergrowth of chalcopyrite, galena, and electrum in coarse-grained pyrite, No. 1 orebody;

(e) Typical auriferous polymetallic sulfide—siderite vein, No. 1 orebody; (f) Electrum, galena, and chalcopyrite filling

open fractures in pyrite, No. 1 orebody; (g, h) Coarse-grained galena with PbAgBiS; exsolution texture, distal vein ore

of No. 1 orebody; (i) Lamellae matildite within galena showing Widmanstétten-like textures (i.e., solid exsolution),
distal vein ore of No. 1 orebody (Ccp—Chalcopyrite, El-Electrum, Ge—Greenockite, Mat—Matildite, Sp—Sphalerite)
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quartz—polymetallic sulfide—siderite veins.

Based on the mineral assemblages and
crosscutting and overprinting relationships, four
paragenetic sequences have been identified in the
Dayingezhuang deposit (Fig. 8 [10,28]). Stage 1
(S1), the pre-ore stage, is characterized by the
assemblage of K-feldspar, quartz, pyrite, and
sericite (Figs. 6(b, c)). Stage 2 (S2), the major Au
mineralization stage, is marked by intense quartz—
sericite—pyrite alteration coupled with strong
brecciation (Figs. 6(a—¢)). Major minerals of Stage
2 include quartz, sericite, pyrite, and minor siderite,
chalcopyrite, and electrum. Stage 3 (S3) comprises
Au and Ag mineralization and precipitation of
quartz, siderite, polymetallic sulfide (e.g., galena,
chalcopyrite, and sphalerite), and minor electrum
and sulfosalts (Fig. 7). The polymetallic sulfide
occurs in irregular aggregates filling cavities or
cracks within pyrite (Figs.7(a—d,f)) or as
intergrowths with quartz and siderite in quartz—
carbonate polymetallic veins (Figs. 7(b, c, e)). The
Stage 3 minerals typically comprise veins,
stockworks, and veinlets crosscutting previous
quartz—sericite—pyrite or K-feldspar altered rocks
(Figs. 6(d, e)). Stage 4 is the post-ore stage and is
marked by white calcite veins [10,28].

Pre-ore Au

 —

Minerals
Quartz
K-feldspar

Au-Ag Post-ore

Sericite

Siderite

Calcite

Pyrite

Chalcopyrite

Electrum

Galena
Pb-Ag-Bi-S E—
Maltite —

Sphalerite

Pyhorrtite

Tetrahedrite

Greenockite

Abundant
—

Fig. 8 Paragenetic mineral sequence for the

Dayingezhuang gold deposit

3 Analytical methods

Geochemical analysis of galena was performed
at the Wuhan Microbeam Analysis Technology Co.,
Ltd., China, using a JEOL JXA—-8230 Electron
Probe Microanalyzer (EPMA) equipped with five
wavelength-dispersive spectrometers (WDS) [29].
Operating conditions for quantitative WDS analyses
involved an accelerating voltage of 20 kV, a beam
current of 20 nA, and a 1 pm spot size. The X-ray
peak and background intensities were measured for
10 and 5 s, respectively. The following standards
were used: galena (S, Pb), bismuth (Bi), silver (Ag),
tin (Sn), stibnite (Sb), cadmium (Cd), tellurium (Te),
pyrite (Fe), chromium (Cr), and copper (Cu). Data
were corrected using a JEOL oxide-ZAF (atomic
number, absorption and fluorescence) correction
procedure. Tin, Sb, and Cu are mostly below
detection limits and are not reported in this work.

In-situ Pb isotope analyses of galena were
conducted with a Neptune Plus MC-ICP-MS
equipped with a Geolas HD excimer ArF laser
ablation system at the Wuhan Sample Solution
Analytical Technology Co., Ltd., China. Galena was
ablated using a spot diameter of 10 um with a pulse
frequency of 2 Hz and a laser fluency of ~6 J/cm®.
Isotopes 208py,  207pp, 206pp, 204pp 20571 29T|, and
*Hg were collected in Faraday cups using the
static mode. The mass discrimination factor for Pb
was determined using a Tl solution of NIST SRM
997 nebulized at the same time as the sample, using
an Aridus II desolvating nebulizer. The mass
fractionation of Pb isotopes was corrected by
*®TI”®Tl using the exponential law. Two Pb
isotope standards MASS-1 and Sph-HYLM were
used to obtain the optimized values of *T1/**TI to
correct for mass fractionation of Pb and TI. The
22Hg signal was obtained to correct the remaining
*Hg interference on ***Pb, using the natural
*%Hg/***Hg ratio of 0.2301. The accuracy is better
than +0.2%. for **Pb/**'Pb, *"Pb/*Pb, and
206pp/2%Ph ratios.

4 Results

The galena geochemistry and Pb isotope data
are provided in Tablel. The Pb and S
concentrations of galena from the No. 2 and No. 1
disseminated orebodies vary in the similar range
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Table 1 Geochemical compositions and Pb isotope ratios of galena from the Dayingezhuang deposit

N Composition/wt.% Isotope ratio
0.
Pb S Bi Ag Cd  Te Fe Cr 206pp2%ph  27pbAMPh  2%8Pb/AMPh
19-1° 8382 1332 0.77 0.09 0.4 006 0.01 086 17.305 15.478 37.885
192" 8442 1334 077 0.2 0.10 004 0.04 0.75 17.307 15.476 37.872
19-3" 8569 13.52 0.77 0.11 0.12 - 0.03  0.96 17.290 15.473 37.871
19-4" 8421 1327 075 0.07 0.12 - 0.03 - 17.293 15.463 37.833
19-5" 8525 1343 062 0.02 0.11 - 030 0.74 17.294 15.473 37.889
19-6"° 84.83 1362 086 0.19 0.13 - 0.09 - 17.296 15.469 37.868
54-1" 8444 1338 1.57 046 0.07 003 0.05 - 17.299 15.472 37.860
54-2° 8438 1338 1.60 047 007 0.04 0.05 0.00 17.301 15.469 37.866
56-1° 8493 1326 1.02 020 0.12 - 0.05 - 17.304 15.478 37.885
56-2° 8341 1334 1.50 0.40 0.11 - 0.06 - 17.302 15.475 37.859
105-1"  84.11 1355 142 048 0.9 - 0.12 - 17.229 15.462 37.829
105-2" 8290 1347 181 0.60 0.10 - 0.04 - 17.236 15.469 37.838
108-1" 8511 13.17 0.46 - 0.09 0.00 0.02 - 17.268 15.466 37.833
108-2" 8510 13.19 0.41 - 0.13  0.05 0.02 - 17.281 15.475 37.863
108-3" 8544 1335 0.43 - 0.12 - 0.01 1.27 17.264 15.463 37.834
108-4" 8523 1321 047 - 0.10 0.05 0.01 - 17.272 15.469 37.823
14-1" 8400 13.13 0.71 0.05 0.14 004 0.02 1.17 17.252 15.469 37.838
142" 8297 1352 230 079 0.08 0.03 0.06 - 17.250 15.471 37.848
66A-1" 73.96 1394 748 335 0.12 0.00 0.02 - 17.221 15.453 37.793
66A-2" 80.34 1388 4.19 171 0.1 - 0.05 0.33 17.258 15.469 37.786
66B-1" 76.53 1373 556 262 0.3 0.07 0.09 - 17.195 15.434 37.706
66B-2" 7833 13.60 4.58 213  0.07 - 0.10 - 17.211 15.446 37.762
66B-3" 7923 13.61 489 231 011 0.04 0.05 - 17.221 15.461 37.766
66B-4" 78.03 1342 442 199 009 0.11 - - 17.207 15.450 37.764
67-1" 7744 1358 477 223  0.09 002 0.7 - 17.222 15.450 37.769
67-2" 7803 1330 4.64 201 0.10 005 0.17 - 17.214 15.452 37.768
112-1" 80.01 13.54 374 150 0.07 004 013 226 17.220 15.463 37.786
112-2" 8482 1335 1.18 028 0.11 0.03 005 - 17.210 15.460 37.761

Note: Markers * denote that samples are collected from No. 2 disseminated ore, # samples from No. 1 disseminated ore, and * from No. 1

[TERL]

vein ore. “~” is below detection limit

of 82.90-85.69 wt.% and 13.13—-13.62 wt.%,
respectively, whereas the galena in veins from the
No. 1 orebody has lower Pb contents (mostly
<80 wt.%). Silver is particularly enriched in the
galena hosted in the veins (average 2.01 wt.%,
Table 1). All galena samples at Dayingezhuang are
distributed along the galena—matildite trend
(Fig. 9(a)). Trace concentrations of Bi and Ag are
positively correlated (R>>0.98, Fig. 9(b)). Measured
Pb concentrations negatively correlate with Bi and

Ag in most galena samples (Table 1, Fig. 9(c)).

The results for galena from several orebodies
in the Dayingezhuang deposit exhibit different
clusters in conventional ***Pb/***Pb vs. **’Pb/***Pb
and “Pb/***Pb vs. *®Pb/Pb diagrams (Fig. 10).
Galena intergrown with Ag-bearing sulfosalt
minerals in the distal vein ore yields the least
radiogenic Pb isotope ratios (***Pb/***Pb=17.195—
17.258, *"’Pb/***Pb=15.434-15.469, and ***Pb/***Pb
=37.706—37.793), whereas galena from the major
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unit)
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Fig. 10 Evolution of unradiogenic Pb isotopes of pyrite
and galena from the Dayingezhuang deposit (a) (The
two-stage crust growth curve (S—K 1975) is from
Ref. [30], and the metasomatized lithospheric mantle
curve involves a combination of Archean juvenile crust
and/or previously melt-depleted and subsequently
metasomatized lithospheric mantle. More details about
the parameters are provided in Ref. [31]) and *°Pb/***Pb
vs. 2Pb/”"Pb (b) and *Pb/**Pb vs. **Pb/**Pb (c)
diagrams [32] comparing sulfide Pb isotope signature of
the Dayingezhuang deposit with regional lithologies and

previously published global Pb evolution models
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No. 1 orebody proximal to the Zhaoping fault yields
slightly high Pb isotope ratios (*"°Pb/***Pb=
17.229-17.281, *“Pb/**Pb=15.461-15.475, and
2%pp/2Pb=37.821-37.863). Isotope results from
the No.2 orebody trend to more radiogenic
signatures (*°°Pb/***Pb=17.290-17.307, *"Pb/***Pb
=15.463—15.478, and *"*Pb/**Pb=37.889-38.833)
relative to those of the No. 1 orebody. The new
galena results for galena in this study overall yield
less radiogenic compositions than previously
published Pb isotope data for pyrite (Fig. 10).

The geochemistry and Pb isotope systematics
are further investigated using principal component
analysis (PCA) and represented as a PCs biplot in
Fig. 11. The first principal component (PC1) plus
second principal component (PC2) account for
65.4% of the dataset variance. Multivariate analysis
highlights three groups of galena analyses from the
Dayingezhuang deposit (Fig. 11). Most galena
samples from No. 2 and No. 1 major orebodies
yield positive PC1 (0, 3) and variable PC2 (-2, 1.5).
These analyses tend to be associated with the high
Cr and Pb concentrations and high **°Pb/**Pb,
207pp2%Ph, and ***Pb/2**Pb ratios. Galena from vein
ore yields negative PC1 scores, corresponding to
high Bi, Ag, S and low Pb contents and low Pb
isotopic ratios.

3+ + Gn, No. 2 orebody :
® Gn, No. 1 orebody Fe,
L e Gn, No. 2 vein ore :
- .S .:' 208pp/204ppy
S 1f ' Cr *27Pb/%PY
o) . ABi . e
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1 ° 1 Te : 1
-4 -2 0 2

PCI (52.1%)

Fig. 11 Principal component analysis (PCA) of major
elements and Pb isotope data for galena at the
Dayingezhuang deposit (The three large symbols denote
the center points of three groups of galena. The PCA was
completed following the procedure of Ref. [33])

5 Discussion

5.1 Element substitution in galena
Galena with cubic structure (Fm3m) is of

particular economic interest due to its incorporation
of Ag as an original component into its crystal
structure [19]. Previous studies have shown that the
Ag substitution mechanism likely involves at least
two exchange vector reactions: (1) 2Ag” < Pb*",
and (2) Ag" + (Sb, Bi)*" < 2Pb*" or (Ag, TI, Cu) +
(Sb, Bi)*" < 2Pb*" [19,20,34,35]. The former is
expected to contribute minor to moderate amounts
of Ag (<0.37 wt.%) owing to unfavorable energetics
and its location in octahedral sites, whereas the
latter substitution reaction can significantly impact
Ag uptake (up to 9 wt.%) [34,35]. Some previous
studies also report Ag’ in galena associated with
low S, Sb, and Bi activities and high Ag activity in
hydrothermal solutions [20]. Nevertheless, the Ag’
occurs in very low amounts. Galena from the
Dayingezhuang  deposit contains
variable amounts of Bi that positively correlate with
the Ag contents of 0—3.35 wt.% (Figs. 9(b) and 11).
The Ag—Bi element association, coupled with the
extremely low concentrations of Sb and Cu (all
below detection limit), suggests that Ag enrichment
within the Dayingezhuang galena is primarily
controlled by a coupled substitution of Ag™+Bi’" <
2Pb*". However, nearly all galena samples plot
above the x(Ag)/x(Bi)=1:1 line (Fig. 9(b)),
reflecting an excess Bi (about 0.007 apfu). The
possible mechanisms may include solid solution
through 2Bi*" + vacancy < 3Pb*", which is likely
to occur when Bi is relatively abundant in the
hydrothermal fluids responsible for precipitating
galena [19]. Given the PbAgBiS; and matildite
exsolution from galena, the ore-forming fluids were
likely enriched in Bi, consistent with the element
substitution mechanism 2Bi’" + vacancy < 3Pb*"
in galena. Both of the proposed substitution
mechanisms are also consistent with multivariate
analyses, demonstrating that Bi and Ag are
positively correlated and yield high loadings along
PCI1. Besides, tellurium, as the only element with
both negative PC1 and PC2 scores, is to some
extent positively correlated with Bi and Ag, and
negatively with Pb (Fig. 11), perhaps indicating a
charge balance for the substitution of Pb by Bi and
Ag in galena. The significant co-variations between
Te and Bi and Ag were also documented in previous
studies [19]. In conclusion, trace metals such as Ag
and Bi were likely incorporated into galena at
Dayingezhuang by a combination of substitution
reactions in Pb sites.

commonly
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5.2 Metal sources

The Ag(-Au) mineralization in the
Dayingezhuang deposit is closely associated with
galena and its coexisting electrum and Ag-
bearing sulfosalts (e.g., PbAgBiS; and matildite;
Figs. 7(g—1)). The PbAgBiS;—galena and lath-like
matildite—galena intergrowths as well as the
partitioning of Ag—Bi—Pb in galena (Fig. 9(a)) are
consistent with the Ag—Bi—Pb—S solid solution
series in the Dayingezhuang deposit. The
observation probably reflects the exsolution
process associated with cooling (to (215+15) °C)
of an initial high-temperature (likely >400 °C)
homogeneous phase [17,18,35-37]. If correct, this
means that Pb and Ag were homogeneous in deep
(>10 km) high-temperature hydrothermal fluids
before ascending into the shallow (5—10 km [3])
mineral system. Such a fluid condition is conducive
to the transport of metals and complexes from the
source region to shallow trap areas in a mineral
system [38]. Due to the high Ag contents (average
2.01 wt.%) of galena in the distal vein ore (Table 1),
we propose that a deep-seated (>10 km) Ag- and
Pb-rich hydrothermal fluid was likely involved in
the high-grade Ag(-Au) mineralization during
Stage 3.

Galena rarely incorporates U during the
crystallization and thus its measured lead isotope
data directly represent the initial isotopic
composition when it precipitated [33]. The galena
Pb isotope data from this study show typically less
radiogenic Pb than previously published pyrite
results (Fig. 10), which plot close to the two-stage
evolution curve (S—K 1975 in Fig. 10(a)) [30] that
represents a general continental crust growth. Less
radiogenic galena signatures tend to be associated
with the highest concentrations of Ag and Bi in
multivariate space (Fig. 11). Such characteristics
suggest that trace concentrations of Pb within pyrite
were likely derived from more radiogenic upper
crust and/or contain a small but variable proportion
of radiogenic Pb from in situ decay, and Pb and Ag
were closely associated with primitive and
relatively unradiogenic Pb reservoirs. The pyrite in
the Dayingezhuang Au deposits is commonly
depleted in most trace elements, and its Pb
concentrations are highly variable (<1x107® to 10~;
mostly below 20x10°) due to the occurrence of
Pb-bearing mineral inclusions, such as galena
and/or silicate inclusions [22]. The more radiogenic

Pb in pyrite is likely the result of inclusions of
Pb-bearing silicate inclusions (e.g., feldspar) since
the host Linglong granite is more radiogenic
than all other lithologies at Dayingezhuang
(Figs. 10(b, ¢)). In contrast to the pyrite, Pb is a
major element in galena and is rarely affected
by mineral inclusions as suggested by the
homogeneous laser profiles (not shown) for several
Pb isotopes. The less radiogenic Pb signature of
galena is perhaps more representative of the Pb
(and Ag) source of the Dayingezhuang deposit,
because it is less affected by radiogenic in-growth
and is more closely associated with the Ag-rich
mineral assemblage.

Regardless of the difference in Pb isotopes of
galena and pyrite, both minerals yield low Pb
isotope ratios (*°Pb/***Pb < 17.36, Table 1) and
considerably older model ages (>800 Ma, Fig. 10(a))
than the inferred timing of mineralization
(ca. 120 Ma). This suggests an old and/or relatively
unradiogenic Pb reservoir as major metal sources
(e.g., older rocks in the basement, previously
melt-depleted lower crust or lithosphere upper
mantle) rather than the juvenile crust or
subduction-related components [39—41]. New Pb
isotope results are also distinct from the expected
signature of melts and/or fluids at the
mineralization age (~120 Ma), suggesting that at
least some of the ore-forming components in the
Dayingezhuang Au deposit were remobilized from
an old reservoir rather than having a direct
association with paleo-Pacific plate subduction
during the Mesozoic. Furthermore, all of the Pb
isotope data for the Dayingezhuang sulfide samples
plot along a steeply sloping trend on the ***Pb/***Pb
vs. 2Pb/*"Pb diagram, reflecting a mixed Pb
isotopic source [40,42]. Most data are below the
S—K 1975 curve but above the previously
melt-depleted and subsequently metasomatized
lithospheric mantle (Fig. 10(a)), suggesting a mixed
source of crust and/or metasomatized lithospheric
mantle.

Possible source rocks within the lower to
upper crust of the western Jiaodong Peninsula
include the Precambrian Jiaodong and Jingshan
formation and Mesozoic magmatic intrusions that
were derived from melting the old lower
crust [43—46]. Overall, the sulfide Pb isotope data
overlap with the Linglong granite on **’Pb/***Pb and
2%pp/2*Ph vs. *Pb/MPb plots (Figs. 10(b, c)),
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suggesting broadly similar compositions. The
Linglong granite is the major host rock for some of
the Au deposits and commonly developed intense
quartz—sericite—pyrite alteration and brecciation
during mineralization (Figs. 6(a—e¢)). It is possible
that Pb-bearing minerals (e.g., feldspar) within the
host granite were dissolved and then transported
by the ore-forming hydrothermal fluids. The
remobilization of Pb from the shallow Linglong
granite is a plausible mechanism for generating the
crustal-sourced radiogenic Pb. This could also
explain the galena with the least radiogenic Pb
isotope ratios, especially from the vein ore, since in
the Dayingezhuang deposit they commonly occur
as vein fill (Figs. 6(d—f)), during which the
fluid-rock interaction is weaker compared to the
disseminated ores associated with the fractured
quartz—sericite—pyrite altered rocks.

Metasomatized and previously melt-depleted
lithospheric mantle, lower crust, and/or the
Jiaodong and Jingshan Group metamorphic rocks
likely contributed the less radiogenic Pb to the
Dayingezhuang galena (Fig. 10). However, the vein
ore of the No. 1 orebody is located in the Linglong
granite in the footwall of the Zhaoping fault
(Figs. 3(a) and 5), which is unlikely to represent a
possible source region based on the low Pb isotope
ratios of galena and the low-degree of water/rock
interaction. This likely points to long distances
transport of Pb—Ag(—Au)-rich fluids. Hence, the
shallow and/or exposed metamorphic and igneous
host rocks can be ruled out as the source of the least
radiogenic Pb.

In summary, Pb and Ag of the Dayingezhuang
deposit were mainly derived from the
metasomatized subcontinental lithospheric mantle
and/or modified lower crust, and shallow country
rocks (e.g., Linglong granite) likely contributed
only minor Pb into the mineral system by fluid—
rock interaction.

5.3 Genetic and exploration implications

The results of this study show that the
metasomatized lithospheric mantle and/or modified
low crust are possible sources for Ag-rich fluids in
the Dayingezhuang deposit. Due to the consistent
behavior of Ag and Au in the moderate to high
temperature  hydrothermal solutions as the
monovalent Au” and Ag” complexes with CI” and/or
HS™ ligands [47—49], the interpretation that the Ag

and Au were derived from similar reservoirs offers
a likely explanation for the ubiquitous occurrence
of electrum and rare occurrence of native gold in
the Jiaodong Au deposits. This further implies that
source controls are important for the diversity of
metal enrichment in orogenic Au deposits. The
timing and relatively short duration of
mineralization ((120+5) Ma) that resulted in
exceptional Au(-Ag) accumulation (>5000 t) in the
Jiaodong Peninsula suggests that the tectonic
trigger for mineralization is presumably one of the
most important controlling factors. During the
Late Mesozoic, craton destruction and lithospheric
thinning associated with asthenospheric upwelling
following the paleo-Pacific subduction may have
provided sufficient energy to mobilize deep-seated
fluids in the subcontinental lithospheric mantle
and/or lower crust [3].

The anomalous Ag enrichment in the No. 1
orebody of the Dayingezhuang deposit is distinct
from most Jiaodong Au deposits [5,7,10,15]. At
Dayingezhuang, the peculiarity of Ag-rich galena
from the distal vein ore is further reflected by less
radiogenic Pb that is dissimilar to other ore-forming
mineral phases (e.g., pyrite). These slightly low Pb
isotope ratios likely reflect a higher proportion
of more deeply sourced metals in the Ag-rich
hydrothermal fluids. Despite the somewhat unusual
Pb isotope signature of the Ag-rich galena, most
galena samples are indistinguishable from other Au
deposits in the Jiaodong Peninsula [3], which
implies that the Ag mineralization is not uniquely
controlled by the source region.

Generally, the Ag enrichment in the
Dayingezhuang deposit is mainly associated with
Ag-bearing sulfosalt minerals and galena in the
distal S3 quartz-polymetallic sulfide veins and
overprinted disseminated ore (Fig.6). The
crosscutting relationship between the polymetallic
sulfide veins and quartz—sericite—pyrite altered
rocks strongly suggests the Ag(-Au) enrichment in
S3 happened later than primary Au mineralization.
This is further supported by the available
geochronology data, which indicates that the
Ag-rich No. 1 orebody postdates the No. 2 orebody
(119127 Ma vs. 133—128 Ma) [5,10]. Combined
with the deep-seated ore-forming fluids for the
high-grade Ag(-Au) mineralization of distal veins
as discussed above, the S3 Ag(-Au)-rich fluids
likely represent a late individual fluid pulse after
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the Au mineralization event associated with S2
quartz—sericite—pyrite alteration.

Field observations show that the S3
quartz-polymetallic sulfide vein in the No.?2
orebody is relatively limited relative to the No. 1
orebody [10]. Previously published results
demonstrated that the fluids of the main ore-stage in
the No. 1 orebody are characterized by inclusions
with SO427<C1’ and K'<Na" and higher CI
concentrations than the fluids of the No.2
orebody [15]. High salinity fluids tend to favor
transport of Ag and Pb, because the two metals are
transported by chloride-complexes in hydrothermal
fluids and their concentrations correlate with
salinity (i.e., NaCl contents) [50—52]. Hence, the
Ag-enrichment in the No.1 orebody may be
attributed to the more overprinting of the S3
polymetallic sulfide veins than No. 2 orebody.

Although the No. 1 and No. 2 orebodies in the
Dayingezhuang deposit seem to be offset by the
Dayingezhuang fault (Figs. 2 and 3(a)) [5,10,27],
our 3D models reveal that the two orebodies are
not spatially continuous in the areas without
development of the Dayingezhuang fault (Fig. 4(c)).
Notably, Au mineralization is partly developed in
the Dayingezhuang fault zone (Fig. 3(a)) [27]. This
suggests that the Dayingezhuang fault formed prior
to gold mineralization and there was movement of
the fault during ore formation. With increasing
depth, the Dayingezhuang fault becomes steeper
and the dip direction changes from N to NW
(Figs. 3(a) and 4(a, b)). Our structural investigation
(Fig. 3(b)) shows that the Zhaoping fault in the
Dayingezhuang district has moved in a dextral
strike-slip normal sense in a transtension-extension
environment (o nearly vertical and oz NEE-SWW),
The fault movement likely accompanied local
torsion was conducive to generating the changes of
dip direction and angle of the Dayingezhuang fault.
Since the south segment of the Dayingezhuang
deposit is located in the footwalls of both the
Dayingezhuang and Zhaoping faults, the areas may
have been affected by the rotational stress from o,
NNE-SSW and o3 NEE-SWW during the
development of the Zhaoping detachment fault,
resulting in more steep fractures [26]. We
tentatively speculate that the anomalous Ag
enrichment in the No.l1 orebody of the
Dayingezhuang deposit is controlled mainly by the
coupled deformation of the Zhaoping and

Dayingezhuang faults.

In any case, the flow pathway of deeply
sourced ore-forming fluids in the Dayingezhuang
deposit was likely variable. The early auriferous
fluids that formed the major Au mineralization
flowed along the NNE-dipping Zhaoping fault, as
suggested in Ref. [7], whereas the later Ag-rich
auriferous fluids primarily ascended from distal
fractures and/or south oriented conduits. Future
exploration should focus on the distal fractures and
joints in the south segment of the Dayingezhuang
district to search for the vein-style Au(-Ag)
mineralization.

6 Conclusions

(1) The Ag mineralization of the
Dayingezhuang deposit is primarily associated with
the precipitation of Ag-bearing sulfosalts and
galena formed as a result of decreasing temperature
during the quartz-polymetallic stage. Silver
incorporation into galena was dominated by the
substitution reaction of Ag” + Bi’"—2Pb*".

(2) New isotope results suggest that Pb and
Ag at the Dayingezhuang deposit were likely
transported from metasomatized subcontinental
lithospheric mantle and/or modified lower crust.
Deep-seated hydrothermal fluids were likely driven
by heat from the upwelling asthenosphere during
lithospheric thinning.

(3) The Ag enrichment in the No. 1 orebody,
particularly for the distal vein-style ore, is a late
overprinting ore-forming event that was dominantly
controlled by late fluid flow processes driven by
shallow brittle structures.
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