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ABSTRACT: A preliminary survey of silver isotopic composition in four polymetallic ores in eastern
China shows a larger variation in 8'”Ag from -0.014%o to +0.983%., which is within the total ranges for
the entire respective ore deposit types worldwide. The diversity of silver isotopic compositions in ore-de-
posits reported here and previous studies seemed to preclude simple isotopic links to particular sourc-
es, but reflected the silver isotope fractionation in transport- and deposit-related processes instead. The
3'”Ag values in supergene samples from the Qixiashan Pb-Zn-Ag polymetallic deposit are more posi-
tive, in consistent with the statistical 5'”Ag distribution from -0.4%o to +2.2%o in 36 pieces of supergene
ore samples around the World, which reflects the diverse controls on silver isotope fractionation from
the first-order thermodynamic effect, reduction-mediated reaction, remobilization of silver with surfi-
cial low-temperature weathering processes. The hypogene samples in Dazhuangzi orogenic Au-Ag ore
deposit, have 8'”Ag values close to 0, which implies that equilibrium partitioning associated with metal
sources at the high-temperature does not result in a resolvable difference in silver isotopic composi-
tions. By contrast, the hypogene samples which are dominated by pyrite without visible silver minerals
(i.e., skarn iron ore deposit in Edongnan) have shown the largest variation range of 3'”Ag, followed by
that from the porphyry copper ore in Zijinshan. It could be concluded that the surface adsorption and/
or lattice substitution are important factors to control Ag isotope fractionation in ore-forming process-
es, especially for skarn deposit with only pyrite. The perspective of silver isotope shows great potentials
to understand the processes that lead to the concentrations of metals to economic levels and to con-
strain the physicochemical conditions during ore-mineralization in metallic ore-deposits.
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port, ore deposits.

0 INTRODUCTION

Silver is a precious metal and works as an indispensable
material for modern industry and technology. Silver is a moder-
ately volatile element that displays both siderophile and chalco-
phile behavior. As a common trace element in most terrestrial
and extra-terrestrial rocks, it occurs at ~19 ng-g" in the pristine
mantle and ~50 ng-g" in the upper continental crust level con-
centrations or higher (Taylor and McLennan, 1985). In nature,
silver occurs as native silver, as alloys with gold, mercury, bis-
muth, copper, platinum, and as sulfides (e.g., argentite), sulfo-
salts (such as proustite and pyrargyrite) and silver halides (e.g.,
chlorargyrite), hosting in a variety of deposit-types, including
epithermal, volcanogenic massive sulfides (VMS), sedimentary-
exhalative (SEDEX), sediment-hosted Ag-Cu, carbonate re-
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placement and skarns, porphyry Cu, mesothermal Ag-Pb-Zn,
and Ag-Co-Ni-As veins (Kesler and Simon, 2015; Ayuso,
2010; Graybeal and Vikre, 2010). In recent years, the wide-
spread discovery of these minerals has made gold and silver chal-
cogenides receive extensive attention (Zhu et al., 2021; Pal’ Ya-
novaetal., 2015; Savvaetal., 2012; Plotinskaya et al., 2009).

Among 38 isotopes from “Ag to "Ag, silver has two sta-
ble isotopes of '"Ag and '"Ag with the following abundances
of 51.839(51)% and 48.160(51)% (atom percentage) (Rosman
and Taylor, 1998). The silver isotope composition is usually ex-
pressed as 8'”Ag as per mil deviation (%0) (Eq. 1) or &'”Ag as
ten thousand deviation (g) (Eq. 2). It is reported as 8'“Ag (%o),
relative to the NIST 978a, the certified stable silver isotope ref-
erence material in the silver isotope community here in this
work.

6109A (]O9Ag/]07Ag)
g=

sample
= - 1]x 1000
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The analytical precision of +0.05%o. in silver isotope mea-
surement has been improved by one order of magnitude via
using multi-collector inductively coupled plasma mass spec-
trometry (MC-ICP-MS) in recent decades, compared to that of
+1%0 to £2%o by the thermal ionization mass spectrometry
(TIMS) (Woodland et al., 2005; Carlson and Hauri, 2001). For
instance, the instrumental mass discrimination in the presence
of matrix elements with dry plasma vs. wet plasma has been
evaluated by Schonbichler et al. (2007). A three-stage ion-
exchange procedure has been established to separate Ag from
matrix elements such as Ti and Fe, resulting in an external re-
producibility of +0.05%o, which is suitable for terrestrial ba-
salts and stony meteorites (Schonbéchler et al., 2007). An effi-
cient purification of Ag from environmental samples was ob-
tained using a two-column ion-exchange procedure by Yang et
al. (2010, 2009) and Luo et al. (2010), which yields an external
reproducibility of +0.04%o in commercial Ag products and bet-
ter than £0.015%o in environmental materials. The matrix ef-
fects originated from paragenetic minerals have been quantita-
tively evaluated, and the consequent modification of chemical
chromatography ensured accurate analysis of silver isotopes in
polymetallic ore-deposits (Guo et al., 2017).

The earlier studies of 8'”Ag in terrestrial rocks and mete-
orites demonstrated that silver isotope fractionation did not oc-
cur within the inner solar system during condensation of the so-
lar nebular and chondrite parent body formation (Schonbéchler
et al., 2008). The silver isotopic composition (§'”Ag) of +0.22
+0.07 (20) was estimated for the bulk silicate Earth (BSE) rela-
tive to NIST 978a on the basis of mantle-derived samples
(Schonbéchler et al., 2010). With the understanding of the frac-
tionation mechanism of silver isotopes in environmental pro-
cesses, silver isotopes could provide a sensitive tool for finger-
printing the source of Ag in environmental cycling (Tolaymat
et al., 2010). For instance, compared to the 8'”Ag values of
-0.044%o, +0.025%0 and +0.061%o in industrial sludge (SRM
2781), sediment (CRM PACS-2) and domestic sludge (SRM
2782), a larger positive value +0.284%o observed in the fish liv-
er (CRM DOLT-4) was attributed to silver isotope fractionation
during biological uptakes (Luo et al., 2010). Besides, the ad-
sorption of Ag ions makes heavy Ag isotope enriched in the
solid phase (Lu et al., 2016). Compared to terrestrial rocks
(Schonbachler et al., 2010, 2007; Woodland et al., 2005;), com-
mercial products (Yang et al., 2009), environmental materials
(Luo et al., 2010) and silver coins (Fujii and Albarede, 2018),
much wider variations of §'”Ag in metallic ore-deposits have
been observed, such as in the Paleozoic orogenic Au deposits
in Victorian Goldfields (Voisey et al., 2019), and in a gold
mine in the Barberton Greenstone Belt (Argapadmi et al.,
2018), as well as in a variety of mining districts on Earth (Arri-
bas et al., 2020; Mathur et al., 2018). These findings indicated
that there is no systematic 8'”Ag variation associated with min-
eralization age and temperature, deposit type and source rocks,
recalling the understanding of mechanisms of silver isotope
fractionation occurred in physicochemical processes related to

transport and ore forming processes as well as the prevailing re-
duction reactions.

In China, the most common ore-bearing strata of silver de-
posits are Devonian, Mesoproterozoic and Carboniferous, and
the output of silver deposits is controlled by marine volcanic,
continental volcanic and intrusive rocks (Jiang et al., 2020). Sil-
ver deposits related to marine volcanic mainly distribute in the
northwest and southwest of China, and that related to continen-
tal volcanic rocks distribute in eastern China, while deposits re-
lated to intrusive rocks are relatively widely distributed, main-
ly forming silver deposits of porphyry type and magmatic hy-
drothermal type (Jiang et al., 2020) (Fig. 1). The large-scale in-
dependent silver deposits dominated by silver are particularly
rare in China, and there are many small and medium-sized
symbioses and associated silver deposits. Because the metallo-
genic series and metallogenic lineages have a balanced tempo-
ral and spatial distribution, the types of silver deposits are grad-
ually diversified with complex chemical composition and min-
eralization along with evolution. In addition, the metallogenic
model is complicated, related to volcanism, hydrothermal pro-
cess, sedimentation and metamorphism, and intermediate-acid
magma intrusion. Therefore, there are still greater challenges in
the study of the genesis and evolution mode of Au-Ag deposits.

In this study, four polymetallic ore deposits in eastern Chi-
na are considered, including Zijinshan porphyry copper depos-
it, Dazhuangzi Orogenic Au-Ag ore deposit, Edongnan skarn
iron deposit and Qixiashan polymetallic Pb-Zn-Ag ore deposit.
We present the preliminary study of the isotopic composition
of Ag in ore-deposits in China, in an attempt to explore the
dominant factors that control the variation of §'”Ag in ore-
deposits, including hypogene and supergene processes, deposit
type, mineralogical and chemical effects.

1 GEOLOGICAL SETTING

Four typical polymetallic ore deposits were selected, with
reference to the distribution of silver deposits in China (Fig. 1),
including Dazhuangzi mine (LS epithermal deposit), Edongnan
mine (skarn iron deposit), Zijinshan porphyry copper deposit,
and Qiaxiashan polymetallic Pb-Zn-Ag ore deposit (IS epither-
mal deposit).

The Edongnan skarn iron deposit is located in the south-
ern section of the middle and lower reaches of the Yangtze Riv-
er metallogenic belt (Zhang, 1998). The tectonic movement in
the Yanshan-Sichuan Period provided a channel for magma to
invade upward, causing various scales of mineralization
(Zhang, 1998). There are a large number of magmatic rocks in
the area. The rock masses are mainly Jurassic—Cretaceous inter-
mediate and acidic intrusions, where a large amount of skarn-
type iron occurs (Xie et al., 2006). Copper ore and most of the
iron ore minerals in skarn iron ore are magnetite. The deposit
is of high grade, easy to select, and has many economically
useful components (Xie et al., 2006).

The Dazhuangzi gold mine in Jiaodong Peninsula is locat-
ed in the southeastern margin of the North China Craton, it is
on the east side of the near Yimu fault zone and the north side
of the Jiaolai Basin (Liu et al., 2011). The host surrounding
rocks are mainly Early Cambrian metamorphic rocks (mainly
in the Jingshan Group), and there are almost no Mesozoic gra-
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Figure 1. Distribution of small, medium and large silver deposits in China (modified after Jiang et al., 2020) and locations of sampling sites in eastern China in

this study.

nitic intrusive rocks in the mining area (Liu et al., 2011; Zhu et
al., 1999). The main mineralization temperature in the Da-
zhuangzi mining area is around 250 °C (Liu et al., 2011). The
recent investigation proposed that phase separation occurred
during the mineralization process, which may lead to the en-
richment of useful mineral components and the formation of
deposits.

Zijinshan porphyry copper deposit is the largest hydrother-
mal copper-gold deposit with high sulfide and low temperature
in mainland China (Zhang, 2013). It is an Ag-Au deposit relat-
ed to high-potassium calcium-alkaline dacite-rhyolite on the
continental margin (Jiang et al., 2013). Its main mineralization
feature is the appearance of pyrite, diorite and breccia (Zhang,
2013). Copper (molybdenum) deposits and LS epithermal type
silver-gold deposits are the main types of deposits (Huang,
2008). The Yueyang large-scale silver-gold-copper deposit is a
typical LS epithermal deposit developed within the porphyritic
dacites and crypto-explosive breccias in the Zijinshan mine
field in Fujian Province (Jiang et al., 2015). The silver-gold-
copper ore bodies mainly occur in the Zijinshan-like layered
and lenticular granites, and are controlled by a series of low-an-
gle NW-shovel-shaped faults (Jiang et al., 2017; Zhong et al.,
2017).

Qixiashan Pb-Zn-Ag polymetallic deposit in Jiangsu is
the largest lead-zinc polymetallic deposit in the Ningzhen ore
concentration zone in the iron-copper, lead-zinc, and gold
polymetallic metallogenic belt. It is also the largest lead-zinc-
silver polymetallic deposit in East China (Zhang et al., 2017;
Gui and Jing, 2011; Xu and Zeng, 2006). Pyrite, sphalerite and
galena that show typical hydrothermal structures and textures

are the main sulfide minerals that can help us explore the min-
eralization process (Sun et al., 2018). The locations of sam-
pling sites are shown in Fig. 1.

2 MATERIALS AND METHODS
2.1 Materials

Milli-Q water (resistivity = 18.2 MQ-cm) was used through-
out the experiments, and concentrated HC1 and HNO, were pre-
pared through the sub-boiling distillation of commercial acids
(AR) twice, using Savillex distillers. The NIST SRM 978a is
the only universally available Ag isotope standard. It has a certi-
fied absolute isotopic ratio, '“Ag/'"Ag = 0.929 04 + 0.000 22
(Powell et al., 1982). A stock solution containing 1 000 pg-g™
of Ag was prepared by quantitative dissolution of NIST SRM
978a (in AgNO, form) in 2% (v/v) HNO, solution and was di-
luted to 100 ng-g™ (i.e., 100 ppb) for silver isotope analysis.

2.2 Dissolution of Ore-Deposit Samples

The fresh samples are crushed into powder of 200 mesh-
es, and about 0.01-0.07 g of ore deposit sample powder was
weighted and digested in a mixture of 2 mL of 12 mol-L" HF
and 1 mL of 15 mol-L" HNO, in a closed Savillex Teflon bea-
ker on a hot plate at 110 °C for two days. After the sample has
been dried, 6 M HNO, was added, and the sample was left for
a day to dry again on a hot plate. Subsequently, 6 M HCI was
added and heated overnight to complete the dissolution. After
further drying, the residues were dissolved in 30 mL of 0.5 M
HCI. With the procedure, all geological standards and ore de-
posit samples were totally dissolved, and a small amount of
black insoluble residues in orogenic-type ore deposit samples
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were identified to be organic matter not containing any silver.
The solutions were centrifuged for a few minutes before load-
ing the supernatant into the column for matrix separation.

2.3 lon-Exchange Chromatography

A two-column ion-exchange procedure was modified by
our group recently to separate and purify trace Ag from miner-
als (Guo et al., 2017), on the basis of previous contributions by
Schonbéchler et al. (2007) and Luo et al. (2010). In the first
step, 1.25 mL of anion exchange resin (AG1-X8, 100-200
mesh) was loaded in a 10 mL polypropylene Muromac® col-
umn with an internal diameter of 5 mm, that was cleaned and
preconditioned with 30 mL of 2 M HCl and 15 mL 0.5 M HCl
in sequence. One sample aliquot of ca. 1 pug of Ag was loaded
into the pretreated columns. The matrix elements were eluted
with 30 mL of 0.1 M HCI and 15 mL of 0.01 M HCI. After-
wards, another 1.8 mL of cation exchange resin (AG50W-X8,
200-400 mesh) was loaded into a 10 mL of polypropylene Mu-
romac® column, which was cleaned and preconditioned by 60
mL of 6 M HNO, twice. In the second step, the first 1.25 mL of
anion resin column connects with the second 1.8 mL of cation
resin column in series. And then the columns were rinsed with
10 mL of 0.5 M HNO, to remove cation matrices such as Pb,
Zn, Cu, Cd, Fe etc., and the Ag was eluted from the resins with
15 mL of 3.0 HNO,. The details have been listed in Table 1,
and the mean Ag recovery from the ion exchange protocols for
silver separation and purification was greater than 96.5%
(28D, n = 5) in this study. Considering the high contents of im-
purities matrices that might induce obvious isobaric interfer-
ences on the silver isotope analysis, two runs of column chem-
istry were used. After the second run of column separation, the
matrix ions that induce possible isobaric interferences on silver
isotope (e.g., “Cu®Ar’, “Zn*Ar", “Zn"Ar', “Zn*Ar', and Pb*")
could be effectively removed, with the molar ratios of Fe/Ag,
Zn/Ag, Cu/Ag, Cd/Ag, Sn/Ag and Pd/Ag less than 0.037,
2.291, 0.017, 0.137, 0.064 and 0.003 mol/mol respectively. Our
previous doping experiment has shown that the proper selec-
tion of alternative Pd isotope pairs is one of effective ways to
eliminate spectral matrix effects so as to ensure accurate analy-
sis under the largest possible ranges for metal impurities (i.e.,
Cu/Ag <50 : 1, Fe/Ag <600 : 1, Pb/Ag < 10: 1, and Zn/Ag <
1 : 1, respectively (Guo et al., 2017). The combination of an ap-
propriate Pd isotope pair and the modified ion-exchange proce-
dure ensures accurate analysis of silver isotope in polymetallic
ore-deposits in this study.

2.4 Silver Isotope Analysis

A Neptune Plus MC ICP-MS (Thermo Fisher Finnigan)
with an ESI PFA 50 pL/min nebulizer in a quartz cyclonic
spray chamber was used for the measurement of silver isotopic
composition. The ions '"Ag" and '"Ag" were detected using
Faraday Cups C and H2, and '"*Pd", '”Pd", '“Pd", '"Pd" were de-
tected using Faraday cups L3, L2, L1 and H1, with 10" Q am-
plifiers in all cases. The mass bias was corrected by standard-
sample-bracketing procedure (SSB) following the procedure
proposed by Luo et al., (2010). The silver content in both the
sample solution and the NIST 978a standard solution was kept
at around 100 ng-mL", resulting in ~1.2 V of signal on '"Ag"

with the conventional H-skimmer cone. To avoid memory ef-
fects, we washed the inlet system with 3% HNO, and Milli-Q
water in sequence for ~10 minutes between measurements to
reduce the signals to ~3 mV (An and Huang, 2014). All repro-
ducibility described in this work is quoted from repeated mea-
surements of the samples (n = 5, 2SD, 95% confidence limits).
The average internal analytical precision (n = 40, 4 blocks x 10
cycles) of the measured '“Ag/'”’Ag ratios of 100 ng-mL" NIST
978a is 0.02%o and the long-term external reproducibility is
0.012%0 (n = 10) (Fig. 2). The typical operating conditions are
summarized in our previous contribution (Guo et al., 2017).

2.5 Elemental Composition Analysis

The element concentrations of the ore-deposit samples
were analyzed on an ICP-MS (Finnigan Element II) at the
State Key Laboratory for Mineral Deposits Research, Nanjing
University. The signal drift during ICP-MS measurement was
corrected by adding Rh solutions of known concentration with
an analytical reproducibility better than + 5%.

3 RESULTS
The silver isotopic compositions and concentrations of
Ag, Pb, Zn, Cu and Fe for the Au-Ag deposits in eastern China

Table 1 Silver separation and purification procedure by the two-step ion

exchange column

Step Procedure Reagents Dosage (mL)
First column-1.25 mL of anion exchange resin (AG1-X8, 100-200 mesh)
1 Loading column AGI-X8 1.25

2 Cleaning 2MHCI 30

3 Preconditioning 0.5 M HCI 15

4 Loading sample 0.5 M HCI 30

5 Rinsing matrix 0.5 M HCI 50

6 Rinsing matrix 0.1 M HCI 30

7 Rinsing matrix 0.01 M HCI 15

8 Eluting cations 0.5 M HNO3 30

9 Eluting Ag 3.0 M HNO3 15

Second column-1.8 mL of cation exchange resin (AG50W-X8, 200-400
mesh)

1 Loading column AG50W-X8 1.8

2 Cleaning 6.0 M HNO3 30

3 Preconditioning 6.0 M HNO3 30

4 Eluting cations 0.5 M HNO3 30

5 Eluting Ag 3.0 M HNO3 15
0.04
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Figure 2. Long-term reproducibility of silver isotope analysis in the silver

isotope standard reference material NIST 978a.
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are shown in Table 2. The silver content in ore-deposit samples
ranges from 0.17 to 109 pg-g’', while the contents of Pb, Zn
and Cu are from 20 to 11 440 pg-g', from 70 to 3 370 pg-g"'and
60 to 32 800 pg-g"'. Iron contents are 4 or 5 orders of magni-
tude higher than Ag, ranging from 19 000 to 510 000 pg-g’.
The silver isotopic composition §'”Ag ranges from -0.014%o to
+0.935%o, in which the 3'”Ag values in samples from the
Dazhuangzi mine (LS epithermal) show more negative than the
bulk silicate Earth (BSE), in a narrow range from -0.043%o to
+0.138%o, and these for other three mines (i.e., from -0.039%o
to +0.934%o in skarn iron deposit in Edongnan, from +0.369%o
to +1.017%o in porphyry copper deposit in Zijinshan, and from
+0.449%o to +0.930%o in IS epithermal deposit in Qixiashan)
are more positive to BSE. There is no correlation between
3'”Ag and the chemical compositions in these ore samples.

4 DISCUSSION
4.1 Distribution of '”Ag within Different Deposit Types

Four deposit types are included in this study to compare
with the distribution of §'”Ag in ore deposits over 30 countries
worldwide, and then to discuss the effects of the genetic pro-
cesses on the 8'”Ag values (Fig. 3). After Schonbéchler et al.
(2007) and Woodland et al. (2005) measured the §'”Ag values
of Hawaiian basalt (KOO 49-1) to be +0.935%o + 0.068%o (20)
and 1.046%o = 0.025%o (20), a more negative §'”Ag value of
-0.577%o = 0.012%o (20) for the same Hawaiian basalt (KOO
49-1) was reported by Theis et al. (2013) later. The controver-
sial results reflect the difficulty in accurate analysis of silver
isotopes in rocks and sediments because of the low abundance
of silver in continental crust and mantle materials.

The wide variation §'”Ag from -0.014 to +0.935%o in ore
deposits from this study is comparable to the range from -1 to

+2%o from previous contributions (Arribas et al., 2020; Voisey
et al., 2019; Argapadmi et al., 2018; Mathur et al., 2018). Im-
portantly, from the perspective of this study, the large variation
of 8'”Ag values in ore-deposits was used to make inferences
about the processes that lead to the concentrations of metals to
economic levels and to constrain the physicochemical condi-
tions during ore-mineralization. The variations of §'”Ag in
four individual deposit types from this study are within the to-
tal ranges for the entire respective ore deposit types and no sys-
tematic 8'”Ag to characterize a specific type of deposit (Fig.
3). The results argue against the inheritance of 3'”Ag signa-
tures from sources rocks, and an alternative explanation for the
silver isotope variation might be mass-dependent isotope frac-
tionation in transport and co-precipitation of Ag-bearing miner-
als during hydrothermal ore formation. So far, the lack of a suf-
ficient §'”Ag dataset of terrestrial rocks makes it hard to define
the silver isotope characteristics in the terrestrial reservoirs (e.
g., the upper continental crust and the mantle). Therefore, it re-
mains a great challenge to use silver isotope as a source tracer
for Au-Ag ore deposits.

4.2 Distribution of 8'”Ag with Mineral Assemblage and
Metallogenic Environment

When grouped as metallogenic environments, the 3'”Ag
values in supergene samples from the Qixiashan Pb-Zn-Ag
polymetallic deposit are more positive (Fig. 4), in consistent
with the statistical '”Ag distribution from -0.4 to +2.2%o in 36
pieces of supergene samples by Arribas et al. (2020). It might
be attributed to the nuclear volume effect associated with the
reduction-mediated reaction, surface adsorption and precipita-
tion reactions associated with surficial low-temperature weath-
ering processes, as suggested by Chugaev and Chernyshev

Table 2 Silver isotopic and elemental compositions in ore-deposit samples in eastern China

Sample No. Mining district Deposit type Minerals 8Ag Ag P Zn Cu Fe
(%0,20,n>4)  (pg/g) (mg/g) (mg/g) (mg/g) (mg/g)
ZK23-12-H30 Dazhuangzi LS epithermal Galena, sphalerite, argentite -0.014 (0.029) 109.32 1.31 2.63 0.22 22.17
ZK23-12-H32 Dazhuangzi LS epithermal Galena, sphalerite, argentite +0.067 (0.071) 27.59 11.44 337 0.06 19.07
160u-09 Edongnan Skarn Bornite, chalcopyrite +0.689 (0.010) 397 0.07 0.12 591 139
160u-33 Edongnan Skarn Pyrite +0.552 (0.027) 3.84 0.49 0.29 328 326
16RJW-45 Edongnan Skarn Pyrite +0.472 (0.086) 333 0.05 0.20 2.01 480
16LJS-01 Edongnan Skarn Pyrite +0.924 (0.010) 3.37 0.03 0.06 1.46 486
16LJS-05 Edongnan  Skarn Pyrite +0.591 (0.024) 3.85 0.05 0.07 0.82 479
16FJS-13 Edongnan  Skarn Pyrite +0.007 (0.046) 2.07 0.03 0.18 1.09 504
16FJS-27 Edongnan  Skarn Pyrite +0.359 (0.049) 2.10 0.05 0.08 2.00 489
312-2 Zijinshan Porphyry copper Pyrite, natural silver, argentite +0.935 (0.027) 0.19 0.02 * 0.15 371
312-4 Zijinshan Porphyry copper Pyrite, natural silver, argentite +0.983 (0.034) 0.47 0.02 0.19 0.11 399
312-5 Zijinshan Porphyry copper Pyrite, natural silver, argentite +0.846 (0.061) 0.17 0.02 0.04 0.08 480
312-15 Zijinshan Porphyry copper Pyrite, natural silver, argentite +0.548 (0.180) 0.23 0.02 0.08 0.14 486
312-20 Zijinshan Porphyry copper  Pyrite, natural silver, argentite +0.631 (0.068) 0.28 0.07 0.07 0.16 479
4801-6 Qixiashan IS epithermal Pyrite, natural silver, argentite +0.619 (0.106) 0.42 0.14 2.88 0.15 396
4201-26 Qixiashan IS epithermal Pyrite, natural silver, argentite +0.548 (0.054) 0.45 0.24 1.75 0.11 440
4201-16 Qixiashan IS epithermal Pyrite, natural silver, argentite +0.503 (0.054) 0.41 0.26 2.66 0.08 429
4602-7 Qixiashan IS epithermal Pyrite, natural silver, argentite +0.716 (0.214) 0.53 0.87 0.35 0.14 452
4602-17 Qixiashan IS epithermal Pyrite, natural silver, argentite +0.745 (0.180) 0.42 0.15 0.65 0.16 510
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Figure 3. The distribution of silver isotopes in ore deposits with different
types in this study and the previous contributions (Arribas et al., 2020;
Voisey et al., 2019; Argapadmi et al., 2018; Mathur et al., 2018).

(2012), Mathur et al. (2018), Fujii and Albarede (2018), Voisey
et al. (2019) and Arribas et al. (2020). By contrast, the hypo-
gene samples in Dazhuangzi with the minerals assemblage of
galena, sphalerite, argentite have §'”Ag values close to 0,
which might reflect equilibrium partitioning associated with
metal sources at the high-temperature that does not result in a
resolvable difference in silver isotopic compositions. It is
worth noting that the hypogene samples which are dominated
by pyrite without visible silver minerals (i.e., skarn iron ore de-
posit in Edongnan) have shown the largest variation range of
5'”Ag, followed by the minerals assemblage of pyrite, native
Ag and argentite in the porphyry copper ore in Zijinshan. In
the skarn iron ore deposit in Edongnan, the fluid did not depos-
it native silver or argentite, and we concluded that it was under-
saturated in respect to these minerals. Instead of precipitating
directly from the fluid, silver was concentrated by adsorption
onto the surface growing pyrite crystals. Adsorption of gold
and silver onto pyrite has been proposed previously as a mecha-
nism to explain the occurrence of “invisible gold” in other epi-
thermal deposits (e. g., Pals et al., 2003; Widler and Seward,
2002). In addition, the corporation of Au and Ag in the pyrite
structure is favored by trace quantities of As with the Au + As
substitution for Fe in pyrite structure (Huston et al., 1995), and
by the presence of Te, which substitutes for the smaller S ion,
thereby expanding the lattice and providing space for the large
Au and Ag ions (Chouinard et al., 2005). Therefore, the poten-
tial silver isotope fractionation during incorporation of silver
into pyrite crystal might be complicated, which involves both
surface adsorption and lattice substitution. The kinetic isotope
fractionations that occurred in the interface reaction have been
extensively studied, such as boron adsorption onto different
minerals (e.g., Gaillardet, 2018). Therefore, it is critical to un-
derstand surface adsorption-induced silver isotope fraction-
ation in the near future, in order to interpret the wide variation
of §'”Ag in hypogene ore deposits.

4.3 Factors that Control Silver Isotope Fractionation in
Ore-Forming Processes

The interpretation of a large variation range in 8'”Ag in
polymetallic ore deposits in worldwide might be complicated
by a variety of physiochemical processes, including fluid phase
separation (effervescence, boiling and condensation), multi-
stage ore paragenesis, precipitation, reduction-mediated reac-
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Figure 4. Silver isotopic compositions grouped by minerals assemblage and

metallogenic environments.

tion. Besides, gold- and silver-bearing solids are commonly un-
der-saturated in the condensed vapors and are able to concen-
trate through adsorption as negatively charged or neutral spe-
cies onto the surfaces of growing pyrite crystals via lattice sub-
stitutions (King et al., 2014; Scher et al., 2013). The potential
silver isotope fractionation could be classified as: (i) Metal
transport-related process: the effects of vapor-liquid or liquid-
liquid phase separation are commonly observed in shallow hy-
drothermal environments, such as porphyry and epithermal de-
posits (Heinrich et al., 1999). The solubility of Cu, Au and Ag
in vapor phase is highly variable in magmatic-hydrothermal
systems, depending on P-7, pH, salinity, and density, etc.
(Migdisov and Williams-Jones, 2013). It could be concluded
that, both the equilibrium and kinetic isotope effects during sil-
ver partitioning among phases need to be well concerned, in ad-
dition to the temperature-dependent equilibrium silver isotope
fractionation in vapor-liquid and liquid-liquid phases. (ii) Ore-
deposition process: In supergene ore-deposits (e.g., Qixiashan
Pb-Zn-Ag polymetallic deposit in this study), the first-order
thermodynamic effect on equilibrium silver isotope fraction-
ation between minerals and fluids is determined to be signifi-
cant as governed by Bigeleisen and Mayer approximation (Big-
eleisen and Mayer, 1947). Besides, the sunlight-induced reduc-
tion reaction tends to be prevailing under shallow deposition
conditions, where minerals such as chlorargyrite always suffer
from decomposition under sunlight irradiation to produce na-
tive silver. Therefore, the nuclear volume effect (i.e., NVE)
caused by s-electron occupational changes on isotope fraction-
ation of silver must be taken into account (Voisey et al., 2019;
Fujii and Albarede, 2018). Consequently, kinetic isotope ef-
fects from redox reaction and remobilization of silver with
weathering make silver isotope signatures more complicated,
as approved by more positive 8'”Ag distribution from the abun-
dant dataset of IS epithermal samples from 69 deposits or dis-
tricts from Arribas et al. (2020) and the Qixiashan Pb-Zn-Ag
polymetallic deposit from this study (Fig. 3). In hypogene ore-
deposits, the first-order thermodynamic effect on equilibrium
silver isotope fractionation with minerals precipitation directly
from saturated fluids might be limited (e.g., LS epithermal de-
posit in Dazhuangzi). However, the §'”Ag signatures appeared
to be difficult to explain, if the fluid was undersaturated in re-
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spect to native silver and silver-bearing minerals or multiple
stages of fluid were involved in the deposition processes. The
typical examples from this study are the skarn iron ore deposit
in Edongnan and the porphyry copper ore in Zijinshan with a
much wider §'”Ag variation range (Figs. 3, 4). It could be con-
cluded that the surface adsorption and/or lattice substitution are
important factors to control Ag isotope fractionation in ore-
forming processes, especially for skarn deposit with only py-
rite. There are diverse factors that could influence the kinetics
of the surface adsorption of silver onto pyrite mineral, depend-
ing on the characteristics of the solution and solid surface, as
the type and/or the number of active adsorption sites may vary
with changing pH, chemical composition of solution as well as
surface charge properties of solids. In combination with the
multiple paths of silver incorporation into mineral lattice at ei-
ther cation or anion position, larger silver isotope fraction-
ations could be expected in the deposition processes of these
type of ore-deposits.

5 CONCLUSION

A preliminary survey of silver isotopic composition in
four polymetallic ores in eastern China shows a larger variation
in §'”Ag from -0.014%o to +0.983%o, which is within the total
ranges for the entire respective ore deposit types worldwide.
The diversity of silver isotopic compositions in ore-deposits re-
ported here and previous studies seemed to preclude simple iso-
topic links to particular sources (i.e., UCC-derived or mantle-
derived) for the lack of sufficient §'”Ag dataset of terrestrial
rocks, but reflects the silver isotope fractionation in transport-
and deposit-related processes instead. In metal transport pro-
cess, both kinetic isotope effect during phase separation and
temperature-dependent equilibrium isotope fractionation in va-
por-liquid and liquid-liquid phases contributed to silver isotope
variations. In supergene ores, the §'”Ag values are more posi-
tive (e. g., the Qixiashan Pb-Zn-Ag polymetallic deposit),
which could be attributed to the nuclear volume effect associat-
ed with reduction-mediated reaction, and remobilizations oc-
curred with surficial low-temperature weathering processes. In
hypogene ore-deposits, the §'”Ag values vary either in a nar-
row range (e.g., Dazhuangzi orogenic Au-Ag ore deposit) or
wider ranges (e.g., Edongnan skarn iron deposit, Zijinshan por-
phyry copper deposit), depending on the minerals assemblage
of ore-deposits. On the basis of the current investigation, it is
essential to understand silver isotope fractionation in physio-
chemical processes (e.g., phase separation (effervescence, boil-
ing and condensation), multistage ore paragenesis, precipita-
tion, redox, adsorption and remobilization etc.) and to define
the silver isotope characteristics in terrestrial reservoirs in the
near future.
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