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ABSTRACT

Owing to the extremely low abundance of silver in the Earth’s crust and mantle, it is a major
challenge to eliminate impurities from samples to obtain accurate silver isotopic data for silicate rocks.
To achieve a precise and accurate determination of the silver isotopic composition of silicate rocks, we
have modified the pre-treatment procedure and assessed isobaric interference and matrix effects, as
well as analyzed silver isotopic compositions in silicates. By modifying the silicate digestion and ion-
exchange procedures, an efficient elution of silver was achieved. The doping experimental results
indicated that the matrix effect induced by Ti and Cr could be satisfactorily corrected using the internal
standard Pd isotope pair of '®Pd-'%Pd. The modified chemical chromatographic method effectively
separates Ni from Ag in silicate samples, thereby minimizing significant isobaric interference from Ni
cations. As a result, the shifts in 6!’ Ag value caused by cations can be corrected to less than 0.02%o.
There is a departure of up to 0.82%o from the accepted 5!Ag value when soluble metasilicate is
present in the solution, which might explain the discrepancies in measured §'%Ag for silicate materials.
To accurately analyze silver isotopic compositions, especially of silicates with extremely low silver
abundance, a silver standard doping method with an optimum doping proportion (sample to standard
material of 2:8) has been shown to produce an acceptable measurement uncertainty from 0.04%o to
0.06%o (2SD). The high-precision §'°’Ag value determined in this study for ultramafic rocks from
Balmuccia and the basalt reference material, BHVO-2, of -0.044+0.062%o is consistent with that of -
0.16+0.07%o reported by previous studies. Our study paves the way for the more extensive use of silver
isotopes in studies of terrestrial/extraterrestrial rocks, something that will be of help in constraining

the sources of precious metals in polymetallic ore deposits as well as core formation and volatile-
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element depletion in the early solar system.

KEYWORDS: Silver isotopic analysis; ultramafic rocks; procedure recovery; matrix effect;

1sobaric interference

INTRODUCTION

As a ubiquitous trace element in most terrestrial and extraterrestrial rocks, silver shows both
siderophile and chalcophile behavior in moderately volatile species.! It commonly exists in nature the
form of native silver, or as alloys with gold, mercury, bismuth, copper, platinum, and as sulphides,
sulfosalts and silver halides.>* Silver has an atomic number of 47, an atomic weight of 107.8682, and
consists of 28 radio isotopes with atomic weights ranging from 92.950 (**Ag) to 129.950 ('*°Ag) and
two stable isotopes, '"’Ag (51.839(51)%) and '"Ag (48.160(51)%).> The isotopic composition of
stable silver is usually expressed as 8'’Ag (as per mil deviation) (Eq. 1) or £'®Ag (as per ten
thousandths deviation) (Eq. 2) relative to the NIST SRM 978a (AgNO3), the widely accepted standard

material for silver isotopes with the ' Ag/!"’ Ag ratio of 0.92904 + 0.00022 ¢:

6109Ag=((1%%;9/1%29)“andam —1) x 1000 (%) (Eq. 1)
109,40/197
gl Ag=( A9 ADsample 1y 5 10000 (&) (Eq.2)

(1 Ag/l A9)standard

Silver isotope geochemistry has advanced rapidly in the planetary sciences and geosciences in
recent decades. During early research, silver isotopic compositions were particularly useful in studying
volatile depletion in the early solar system because the extinct radionuclide '*’Pd decays to '’ Ag (half-

life of 6.5 Ma).” The Pd—Ag chronometer has been successfully applied to study core formation and
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volatile-element depletion processes in the early solar system.!"!> More recently, with an improved
understanding of the fractionation mechanisms of silver isotopes in processes affecting the
environment, 5'%Ag values have been applied as a sensitive tool with which to track the sources and

paths of migration of silver contaminants.'®! The narrow range of 8!’ Ag silver isotope ratios in silver

22-28 2

coins from different periods, and minimal metallurgical isotopic fractionation, 2 make silver
isotopes excellent recorders of the provenance and circulation of past silver coinages.?>?*?’ In contrast,
the range of ' Ag values of silver ores deposits is much greater (§'*Ag = -1.0 to +2.3%o).>*~*? Studies
related to the genesis of polymetallic mineral deposits have indicated that there is no systematic §'°Ag
variation with the age of mineralization, deposition temperature, deposit-type or the nature of the
source rocks.*® Instead, physicochemical processes related to silver transport and deposition control

27,29, 33-35

silver isotopic fractionation during ore formation, which allows for §'”Ag to be applied to

the study of the genesis of base and precious metal deposits and in their exploration.?’3!33

Silver has been mined and extracted since ancient times and, like gold, has been widely considered
to be a precious metal. As early as 79 A.D., Pliny the Elder noted that “in every species of gold there
is a proportion of silver, in some one-tenth part, in others a ninth”.’® In recent years, the demand for
gold and silver has increased sharply. Gold and silver occur mainly as native gold or native silver in
ore deposits, but silver may also occur as the sulfides, acanthite and argentite, and with gold in more
complex minerals containing other elements >3 3738 Several studies have shown that both gold and
silver are highly soluble as bisulfide and chloride complexes in hydrothermal systems.?% 3% 3¢ The
similarity of the chemical properties of gold and silver makes §!’Ag an ideal tool for quantitatively

evaluating the formation of mineral deposits involving gold.*’

The stable silver isotope ratio was firstly determined by Chen and Wasserburg,*® using thermal
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ionization isotope mass spectrometry (TIMS), to a precision of 1 to 2%o, providing significant evidence
for the existence of the extinct isotope, !°’Pd, in the early solar system because of the excellent
correlation between 'Ag/!®Ag and Pd/Ag.*** However, the analysis of Ag by TIMS does not
provide a means for correcting the instrument-induced mass fractionation because Ag has only two
stable isotopes.> This precludes using this method of analysis in Pd-Ag chronometers at moderate to
low Pd/Ag ratios (<10000) and in terrestrial processes that produce a variation of only a few per mil
in 8'”Ag.37 %* To improve precision in the determination of Ag isotopic composition, Carlson and
Hauri®* used multiple-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) to
determine the silver isotopic compositions of meteorites with a low Pd/Ag ratio, and obtained an
improvement in analytical precision of +0.13%o or better on Ag samples of 25 to 50 ng or greater. To
achieve an accurate determination of the silver isotopic composition of basalts and meteorites,
Schénbachler et al.>* designed a three-stage ion-exchange procedure to completely separate Ag from
Ti and Fe and other matrix elements. They achieved an external reproducibility of +0.05%o, and

thoroughly evaluated the instrumental mass discrimination in the presence of matrix elements with dry

118,55 117

plasma versus wet plasma. Yang et a and Luo et al.”’ achieved an efficient purification of Ag
using a two-column ion-exchange procedure, obtaining an external reproducibility of £0.04%o for
commercial Ag products and better than +0.015%o for environmental material. A recent modification
in our laboratory of the chemical chromatographic and two-step ion exchange process for separating
and purifying ore deposit samples has enabled us to separate and purify silver from base-metal matrices,
thereby ensuring accurate silver isotopic analysis of ore samples with an external reproducibility of

0.009 to 0.084%..>”

Although there have been numerous studies of the distribution of §'®Ag values in polymetallic
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ore deposits,'!> 27 31 33, 35,37, 47, 56-57 the Ag isotopic compositions of the major reservoirs of the Earth
(such as the crust and mantle) are still not well-constrained. The large differences in the silver isotope
ratio reported for the Hawaiian basalt sample (KOO49), e.g., 5! Ag values of +1.057+0.025%0>* and
-0.574+0.012%o'" provides evidence for isotopic fractionation during the digestion or purification
procedures used in extracting Ag from silicate rocks. Such inconsistencies in isotopic composition also
were observed in repeated analyses of granites in our study. >’ Because silver is a trace element in
silicate rocks, the large differences in silver abundances measured for suites of the same rock-type may
not be statistically significant. For example, the silver concentration is ca. 8 ng-g"! in the primitive
mantle,’® 19 ng-g!'in the mantle,' 9+3 ng-g”! in the bulk silicate Earth (BSE)*® and ca. 56 ng-g”! in the
upper crust.>® Thus, the extremely low abundance of silver in silicate rocks and high contents of metals
such as Ti, Cr and Ni, which are at two to six orders of magnitude more abundant than silver (Table
S1), could make it difficult to accurately determine the silver isotopic composition of silicate rocks.
Until now, few studies have been dedicated to silver isotopic analysis in silicate rocks in
geological settings."” ' * Owing to the small number of datasets, establishing the silver isotope
characteristics of the Earth's major reservoirs continues to be challenging. In this study, we present a
new high-precision approach to stable silver isotope analysis for silicate samples with low silver
abundance. This includes the modification of the sample pre-treatment and ion exchange
chromatography, the quantitative evaluation of matrix effects and isobaric interferences from
impurities, and the development of a standard material doping approach with an optimum doping
proportion. Using this modification, we have obtained high-precision silver isotopic analyses for
ultramafic rocks and standard reference materials that serve to validate its use in future silver isotopic

analyses of silicate rocks with low silver contents.
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EXPERIMENTAL SECTION
Preparation of samples

Milli-Q water (resistivity = 18.2 MQ-cm) was used throughout the experiments, and concentrated
HC1 and HNO3s were prepared through repeated sub-boiling distillation of commercial acids (AR)
using Savillex distillers. A NIST SRM 978a standard solution from the National Institute of Standards
and Technology (NIST), was selected as the “zero” reference standard for silver isotopic analysis in
this study. The reported absolute silver isotope ratio is 'Ag/!"’Ag = 0.92904 + 0.00022, and the
nuclide mass of 1"’ Ag and 'Ag is 106.905095 and 108.904754, respectively.® For our experiments, a
NIST SRM 978a solution of 1000 ug-mL! (ppm) was prepared in a 2% (v/v) HNOs solution, diluted
to 100 ng-mL™! (i.e., 100 ppb) and stored in a light-protected Teflon bottle. Additionally, a pure silver
solution (AG-NJU) from the China National Non-ferrous Metals and Electronic Materials Analysis
and Testing Centre was checked for the homogeneity of its silver isotopic composition via repeated
duplicate analyses (n > 30) and was used as an in-house silver isotope reference material in our
laboratory.

A synthetic silver solution that acted as an analogue to silicate rocks was prepared for this study,
using the average metal abundances of the upper crust.®® A solution of the internal standard, AG-NJU,
was prepared in a solution medium of 2% (v/v) HNOs3, and was then mixed with other pure metal
solutions (such as Cr, Cu, Ni, Pb, Zn, Fe and Ti) to prepare a 40 mL of synthetic solution with an Ag
concentration of 250 ppb. The molar ratios of metal to Ag and the contents of each element in the
solution are reported in Tables S1, S2. The standard, NIST SRM 3138 (PdCl», LotNo0.090629), from

the National Institute of Standards and Technology (NIST) was used as an internal standard to correct
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for instrument-induced mass bias during the determination of silver isotopic compositions.

Four silicate rocks from the Balmuccia peridotite massif in the Italian Alps were employed in this
study. The Balmuccia pyroxenites, which are from a fragment of the subcontinental lithospheric mantle
are interpreted to be the products of melt—peridotite reaction and the subsequent accumulation of
pyroxene, spinel and garnet plus accessory phases in the subcontinental lithospheric mantle.®' This
mantle tectonite was emplaced into lower crustal granulite facies metabasites of the Ivrea—Verbano
zone (IVZ) and subsequently exposed at the surface during the course of Mesozoic extension and
Alpine compression. A detailed description of the samples, and the concentrations of major and trace
elements have been provided in previous studies of these samples.>® 1> Additionally, a geological
reference material basalt sample (BHVO-2) of the United States Geological Survey was prepared for

silver isotopic analysis.

Whole rock digestion procedure

A multi-acid digestion procedure was used to fully dissolve the rock samples. Approximately 0.6
g of silicate rock sample powder was weighed and digested in a mixture of 3 mL of HF and 1.5 mL of
HNO:3 in a closed Savillex Teflon beaker in an oven for two days at 190 °C. The samples, to which 3
mL of 6 M HNOj had been added, were then evaporated to dryness at 40 °C on a hot plate. This was
followed by the addition 3 mL of 6 M HCI to the beaker, which was heated on a hot plate of 110 °C to
complete the dissolution. The solution was then centrifuged at 1500 rpm for ten minutes and the
supernatant liquid was diluted in 30 mL of 0.5 M HCI. This whole rock digestion procedure ensured

that the geological standards and silicate rock samples had dissolved completely.
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lon-Exchange Chromatography

To separate and purify trace silver from the silicate rocks, we made use of a previously described
one-step ion-exchange procedure that was modified as described below.'" 173734 A 1 mL aliquot of
anion exchange resin (AG1-X8, Biotechnology grade, Bio-Rad Laboratory, 100-200 mesh) was loaded
into a 10mL polypropylene Muromac® column with an internal diameter of 5 mm, which had been
cleaned and pre-conditioned with 30 mL of 2 M HCI and then15 mL 0.5 M HCI. An aliquot of the
sample solution was then loaded onto the pretreated columns. The matrix elements were eluted
successively with 50 mL of 0.5 M HCI, 30 mL of 0.1 M HCl and 15 mL of 0.01 M HCI. The columns
were then rinsed with 5 mL of 0.2 M HNO3 to remove the residual cation matrices including Pb, Zn,
Cu, Cr, and Fe, and the Ag was eluted from the resins with 5 mL of 0.2 M HNO3 and 10 mL of 6.0 M

HNO:s. Details of the ion-exchange procedure are given in Table 1.

Table 1. Silver separation and purification procedure for the silicate rocks

Step Procedure Reagents Dosage (mL)
1 Column loading AGI-X8 1
2 Cleaning 2M HCI 30
3 Pre-conditioning 0.5 M HCI 15
4 Sample loading Sample solution 1
5 Rinsing matrix 0.5 M HCI 50
6 Rinsing matrix 0.1 M HCI 30
7 Rinsing matrix 0.01 M HC1 15
8 Eluting cations 0.2 M HNO3 5
9 Eluting Ag 0.2 M HNO3 5
10 Eluting Ag 6.0 M HNO3 10

Elemental composition analysis
The elemental contents of the elutants were analyzed using an ICP-MS (Finnigan Element I1) and

ICP-OES (Agilent-7100) at the Nanjing Institute of Geology and Palaeontology, Chinese Academy of
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Sciences (NIGPAS). The signal drift during ICP-MS measurements was corrected by adding Rh
internal standard solutions of known concentration with an analytical reproducibility better than + 5%.
As the concentration of Fe in the solution was at the ppm level, ICP-OES was used to analyze for the

Fe concentration, for which the error was +3%.

Doping experiment

Using the ion-exchange procedure developed in our previous study, we were able to effectively
remove the matrix ions that induce possible isobaric interferences with silver isotopes (e.g., Cu*’Ar",
067n*Ar", 7Zn*Ar", ¥Zn*0Ar*, and Pb*"); the molar ratios, Fe/Ag, Zn/Ag, Cu/Ag, and Pb/Ag were
less than 0.723, 0.066, 0.016, and 0.183 mol/mol, and thus were below the level of metal impurities
that could be tolerated (i.e., Cu/Ag < 50:1, Fe/Ag < 600:1, Pb/Ag < 10:1, and Zn/Ag <I:1,
respectively).’” However, this did not exclude the possibility that isobaric interferences and matrix
effects due to the presence of other metal impurities (e.g., Ti, Cr and Ni) characterized by high
metal/Ag molar ratios might influence the silver isotopic analysis (Table S1). To better assess this
complex matrix effect when determining the silver isotopic composition of silicate samples, pure
solutions of Cr**, Ni**and Ti*" from the National Non-ferrous Metals and Electronic Materials Analysis
and Testing Center of China were added to a NIST SRM 978a solution. With reference to the silver
elution curves in our preliminary experiment, we prepared a series of solutions containing 100 ppb of
Ag with molar ratios of Ti/Ag from 0:1 to 600:1, Cr/Ag from 0:1 to 2000:1, and Ni/Ag from 0:1 to
200:1. In Addition, a batch of experiments were prepared by adding Si to the NIST 978a solutions

having Si/Ag molar ratios from 0:1 to 1000:1 to evaluate the matrix effect of Si.
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Silver isotopic analysis

We used a Neptune Plus MC-ICP-MS (Thermo Fisher Finnigan) with an ESI PFA 50 pL/min
nebulizer in a quartz cyclonic spray chamber to measure the silver isotopic composition. The signals
of 1Ag" and '“Ag" ions were detected by Faraday cups C and H2, and 'Pd*, 19°Pd*, %Pd", and
1%8pd* ions were detected by Faraday cups L3, L2, L1 and H1, using 10'! Q amplifiers. The mass bias
was corrected via sample-standard-bracketing with an internal normalization procedure (C-SSBIN)
described by Luo et al.'”. A 2 pg-mL"! internal Pd standard was added to the standard solution
containing 100 ng-mL'Ag in the Ag/Pd molar ratio of 1:20, which was determined to be optimal for
mass bias correction.’” The silver content in both the sample solution and the NIST SRM 978A
standard solution was ~ 100 ppb, resulting in a signal of ~2.2 V on '’ Ag" with the conventional H-
skimmer cone. The '*Pd" signal was ~ 8V and the '%Pd" signal was ~ 16V. To avoid memory effects,
we washed the inlet system with 3% HNO3 and then Milli-Q water for ~10 min between measurements.
This reduced the background signal to ~3 mV.

To determine the silver isotopic composition by MC-ICP-MS, we used a palladium solution as an
internal standard for mass bias correction; the samples were doped with this solution before analysis.
Natural palladium (Pd) has six stable isotopes, namely '©Pd, '%Pd, !%°Pd, '°Pd, '®Pd and ''°Pd.
Except for two theoretically unstable isotopes (°*Pd and ''°Pd), the other isotopes have the following
relative isotopic abundances, 'Pd (0.1114 (8)), '®Pd (0.2233 (8)), '%Pd (0.2733 (3)), and '°*Pd
(0.2646 (9)). Theoretically, the similar isotope abundances of the stable Pd isotopes make any isotope
pair (e.g., *Pd—'%Pd, 1%pd-1%p(, 109pd—18pd, 195pd—1%pd, 15pd—'%pd, and '°°Pd—'"®Pd) suitable
for mass bias correction in the absence of isobaric interferences. The correction formula is provided in

Eq. 3 and Eq. 4:
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............ = (E . 3 )
p In G 1
109 109
A x (FX22)B (Eq. 4)
DA e “A9yeasurea 07

where the subscripts represent the measured and corrected isotope ratios, and  is the correction factor
for mass bias. The absolute masses of mio7 and mg9 are 106.905095(1°’Ag) and 108.904754('Ag),%
respectively. The parameters 'Pd and /Pd are the internal standard pairs, °*Pd-'%Pd, !*4Pd-!'%® Pd, *Pd-
108 pq, 105pd-196 pq, 15pd-1% Pd and '°Pd-'°®Pd, respectively, and m; and m; represent the absolute
atomic mass of Pd as103.90404(!*Pd), 104.90509('%Pd), 105.90349('°Pd), 107.90389('®®Pd).*’

A 800 pg-mL~!' Pd working standard solution of the standard material, NIST SRM 3138 (PdCl,),
referred to above was freshly prepared for each analytical session by quantitative dilution of a stock
solution in 2% (v/v) HNOs. The Pd solution was added to both the sample and Ag standard solutions
as a common doping matrix and as an internal standard for mass bias correction. Mass discrimination
and instrument drift were corrected by a combination of internal normalization with Pd and standard-
sample bracketing.

The reproducibility referred to in this study is based on repeated measurements of the samples (n
>5, 2SD, 95% confidence limit). The average internal analytical precision (n =40, 4 blocks x 10cycles)
of the measured '“Ag/!"Ag ratios of 100 ng-mL"' NIST SRM 978a is +£0.02%o and the long-term
external reproducibility is 0.012%o (n > 10, 2SD). The external reproducibility achieved in this study
of the geological standard material, NIST SRM 978a, the laboratory internal standard material, AG-
NJU, the synthetic solution and the silicate rocks are 0.03 to 0.05%o (n > 10, 2SD), 0.05 to 0.06%o (n
> 10, 2SD) (Figure 1a), 0.08 to 0.11%o (n > 10, 2SD) (Figure 4), and 0.03 to 0.07 %o (n > 10, 2SD)

(Figure 8), respectively.
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Figure 1. (a) The reproducibility of the silver isotopic analyses of the standard reference materials, NIST SRM 978a
and AG-NJU; and (b) the correlation of In (1®Ag/!'%7Ag) with In (198Pd/!%Pd) for silver isotopic analyses over the

long-term.

RESULTS AND DISCUSSION
The influence of silver loss on the determined °Ag/'7Ag ratios

This study revealed an apparent silver loss accompanied by abnormally high 'Ag/!'*’ Ag ratios if
samples with a low silver concentration were separated and purified using the procedures employed in
analyzing silver-bearing minerals and meteorites. As shown in Figure 2a, the '“Ag/!’ Ag ratios are as
high as 1.2033 if the silver recovered from the column is less than 6% of the sample mass, which is
well beyond the range of silver isotopic ratios (X -Y) observed in terrestrial samples. From a
compilation of the experimental data, it is evident that the measured silver isotopic ratio follows a
closed-system Rayleigh distillation model (Eq. 5), which yields a silver isotopic fractionation factor
Clresin-clution Of 0.9496 (Figure 2a). This implies that the light '°’ Ag isotope prefers the resin to the eluent
during ion-exchange, and that incomplete elution of the silver from the resin induces significant silver

isotopic fractionation.
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_fa

519 Agomtion + 1000 = (5144, + 1000)% (Eq. 5)
where §'%Ageiuion and §'®Agy are the silver isotope values after elution and of the initial solution,
respectively, fis the fraction of silver remaining in the resin; a. is the silver isotopic fractionation factor

between the eluent and the resin.
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Figure 2. (a) The change in 3'®Ag in the eluent with the percentage of silver recovery during elution; (b) the silver
isotopic fractionation factor between the resin and the eluent and the corresponding Rayleigh distillation model for a

closed system.

A modified ion-exchange procedure for the purification of silver from silicate rocks

It has been shown that the chemical chromatographic procedure employed in previous studies,
which makes use of the AG1-X8 resin, can remove cations such as Fe, Cu, Cd, Sn, and Au effectively.'!
17,33, 37, 54 However, it also has been suggested that the large amounts of Ti compared to Ag might
compromise the silver isotopic analysis.>* Because of the extremely low abundance of silver in silicate
rocks and the large impact that the chemical composition of the material can have on silver isotope
ratios, we modified the ion exchange protocol of Theis and Schénbéchler !!. A set of experiments in
which single aliquots of synthetic solution containing ca. 100-200 ng of Ag were loaded into the

pretreated columns was performed to evaluate silver recovery and the efficiency of silver separation
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from the matrices. As shown by the elution curves (Fig. 3), use of the modified protocol presented in
Table 1 ensured the efficient removal of most of the cations before silver elution, especially Ti, Fe, Ni,
which that are present in significant concentrations in the ultramafic silicate rocks considered in this
study (Table S1). The maximum recovery of silver from the column varied between 90.1% and 98.9%,
based on estimates from multiple measurements (n > 5). This recovery was considered to be acceptable
because of the uncertainty of + 5% in measurements of the silver content using ICP-MS and the
reduction in silver ion concentration in aqueous media induced by exposure to sunlight. However, the
high Cr/Ag molar ratio (~196:1) shows that much of the Cr was not removed during elution. To avoid

any shifts in the measured silver isotope ratios due the presence of Cr ions, the related matrix effect

was assessed as discussed below.

1.0
Ti |«
o
= S | 8|g 3 = S
Fe = S = r r 3
——Ni = o0 = o =
0.8 Cu o .Q ° N N o
n = = = S T I
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2 /AN
) /
S 044 |
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Figure 3. Elution curves for silver and other cations in the matrix of the synthetic solution after use of the modified

ion exchange procedure.
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The 8'“Ag value of a synthetic solution composed of the standard material, AG-NJU, which has
a 8!%Ag value of -0.42+0.06%o, was measured before and after elution using the unmodified protocol
(Figure 4). From the measured deviation of 0.54%o ( A'®Ag =§'"" Agmeasured - 8'® Agure), it is apparent
that impurities in the solution affected the analyzed value of 5!’ Ag significantly. After adoption of the
modified protocol, the §'%Ag value of the synthetic solution was determined to be -0.46+0.11%o (i.e.,
the deviation decreased to 0.08), which is in excellent agreement with the accepted value of -
0.42+0.06%o, showing that the silver isotopic composition of silicate rocks can be analyzed accurately

using our modified protocol .

-0.10 A
|Pure solution of AG-NJU: -0.42+0.06%o
-0.30 - : -
T

L S 38 2 S UL S —
S’ . L
> -0.70 - , : : : :
< | Synthetic solution: -0.96+0.08%o | ’ | Synthetic solution: -0.46+0.11%.
S -0.90 - ';
: I S EeEadEi i —

-1.10 - :

-1.30 { Beforeion-exchange procedure After ion-exchange procedure

-1.50 - m

Figure 4. The measured silver isotope (5'®Ag) ratio of a synthetic solution that contained AG-NJU before and after

the modified ion-exchange procedure.

Matrix effects on silver isotopic analysis of silver in silicate rocks
The matrix effect produced by determining silver isotope ratios using MC-ICP-MS comes mainly
from spectral (e.g., homotopic ion interference) and non-spectral interference, the latter of which is

caused by a variety of factors, including differences in the composition of the natural sample and the
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synthetic (single-element composition) standard, i.e., concentration and redox state mismatches
between the analyte and the standard as well as the presence of organic matter.®® These interferences
need to be considered for stable isotope systems because they may lead to mass deviations that affect
the results. Previous studies have shown that the matrix effects of Na, K, W and Sn ions can be rendered
negligible after mass bias corrections via the C-SSBIN procedure.>® The matrix effects of Ir, Sm and
Rb have been shown to increase the Pd-corrected Ag isotopic composition by approximately 0.1%o.
The isobaric interferences of Fe, Cu, Pb and Zn ions on Ag isotope measurements in silver-bearing
minerals were assessed in our previous study.?” To better evaluate the possible matrix effects from
impurities of Ti, Cr, and Ni, we analyzed the NIST SRM 978a Ag standard solution doped with
different ratios of these cations over Ag as samples.

As shown in Figures. S1, S2, S3, the correlations of In ('Ag/'’Ag) with In (‘Pd/Pd) produce
significant but different distributions of the analyzed ratios for the different Pd isotope pairs with
increasing concentrations of cation impurities. Because of the isobaric interference of **Ni*’Ar" with
104pd from the presence of Ni ions, the occurrence of matrix Ni** causes a noticeable shift in the
measured 5'°?Ag values. Moreover, there is a linear relationship of 5! Ag with [Ni]/[Ag] with a slope
of 0.0003 (R? = 0.987) (Figure 5a-b). However, an isobaric interference from Ni cations during the
analysis of silver isotope ratios is eliminated using the modified ion-exchange protocol for silicate
samples developed in this study because of the removal of most of the Ni (Figure 3). Thus, the Ni/Ag
molar ratio was only 1.34:1 in the final eluent. By contrast, although the Ti/Ag and Cr/Ag molar ratios
of the final eluent were as high as 600:1 and 2000:1, addition of the isotope pair of '%®Pd/'**Pd corrected
the matrix effects from Cr and Ti such that the reproducibility of the silver isotope was within +0.02%o.

In conclusion, the matrix effect caused by Ti and Cr cations was satisfactorily corrected using the C-
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356  SSBIN approach. (Figure 5c-f).
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Bulk silicate Earth (BSE) has an average Si concentration of 16.1 wt.%,% and the upper crust an
average Si concentration of 28.8 wt.%.”® Consequently, the digestion of silicate rocks introduces a
large amount of silicon into the solution. Moreover, metasilicate matrices have been shown to produce
interferences in stable isotopic analysis, especially for ''B.”'"7* However, the impact of silicate
matrices on the accuracy of silver isotopic analyses has not been addressed. We, therefore, conducted
a set of experiments to evaluate the Si matrix effect, in which Si was introduced into NIST 978a
solutions to produce Si/Ag molar ratios from 0:1 to 1000:1.

The correlations between In (' Ag/!*’ Ag) and In (‘Pd/Pd) with variable Si/Ag ratios are illustrated
in Figure S3 and show that the isotope pair, '®*Pd/!°Pd, performs better than other isotope pairs in
correcting the metasilicate matrix effect and, for Si/Ag molar ratios below 600:1, can be used to ensure
reliable §'®Ag values with an external reproducibility of £0.04%o (Figure 6). For Si/Ag molar ratios
greater than 1000:1, the beam signal becomes unstable. In our experiment, for which the Si/Ag molar
ratio was 1000, the corresponding 5'*Ag value was 0.81 %o less than that of the standard and there
was a pronounced decoupling of ' Ag/!Ag from '%®Pd/!*Pd (Figure 6). In summary, the matrix effect
of soluble metasilicate can be effectively corrected using '%*Pd/'®Pd provided that the Si/Ag molar

ratio is < 600:1.
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Figure 6. (a) The correlation of In ('Ag/!7Ag) with In ('%®Pd/'%Pd) in the presence of soluble metasilicate with

variable Si/Ag ratios; (b) The matrix effect of soluble metasilicate on the measured 5!Ag values.

An approach to silver isotope analyses of silicates with a low silver abundance
We propose the following protocol for analysis of the silver isotope composition of silicate
samples with a silver content of a few ppb. This protocol involved doping the sample solution with
standard reference material, AG-NJU having a §'“Ag value of -0.42+0.06%o and then conducting an
ion exchange to make the silver content of the sample equivalent to that of the standard reference
material, NIST SRM 978a. The correction procedure is based on the following mass balance equations:
RM*= fREO™P 4 (1 — £) RA™M  (Eq.6)

§1%4gmix= F§1094g°*™ + (1 — £) Agi* ™Y (Eq. T

sample and RAG—N]U

; ; are the mean ratios of

where £ is the proportion of silver in the sample and R

19Ag/'" Ag in the sample and the silver standard solution, respectively; RM™™ refers to the ratio of

109A g/ Ag of a solution representing a mixture of the sample and standard solutions. The Ag isotopic

composition of the samples is expressed as 5! Ag, in per mil.

The correct silver isotopic value of the original sample is derived as follows:

109 _ 61(?...5A measured 1-f 109
6T A8 rue =, — 5 X6 A8 ac-nu (Eq.8)

Equation 6 is based on the mixing law equation of the double spike method, which is applied to
multi-isotope systems.”® The error evaluation and its propagation are conducted routinely in
geochronology and isotope geology.”> 77"7® In a departure from the method of error evaluation and
propagation for the double spike technique,’® Considering our external reproducibility of +0.04%o (26)
from duplicate analyses and the internal precision of £0.011%0 (SE) from single silver isotopic
measurements of natural samples (Figure 7), the optimum doping ratio of sample to standard material
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is 2:8. Using this ratio, the measurement uncertainty is 0.04 to 0.06%o (2SD). In this study, the standard
doping approach was validated by doping the reference material, NIST SRM 978a, with the in-house
silver isotope reference material (AG-NJU). Multiple measurements yield a mean §'“Ag value of -
0.002+0.058%o (n>5) for NIST SRM 978a after elution, thereby confirming the reliability of the doping
approach proposed here. The bulk silicate Earth (BSE) has been estimated to have a very low Ag
concentration (4-8 ppb) * , which makes it very challenging to ensure that all the silver is recovered
during digestion. Moreover, the modified ion-exchange procedure discussed here requires the loading
of atleast 100 ng of Ag into the pretreated columns, which is equivalent to a minimum silver abundance

in the rock of 40 ng-g™.
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Figure 7. (a) Error propagation for 8'®Ag in samples as the standard deviation (2c) from multiple measurements of
3! A g in the mixture; (b) Error propagation of '%Ag in samples as the standard error (SE) from single measurements
with different proportions of silver in the sample.

h accuracy of Ag isotopic measurement and the distribution of §'%°Ag in the Earth

A starting point for evaluating the behaviour of silver isotopes in hydrothermal ore deposits is the

silver isotopic composition of the source rocks.”’ As mentioned above, however, the very low silver
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abundance in silicate rocks and the high isobaric interferences for silver isotopic analysis make it
difficult to reliably determine §'®Ag values in silicate rocks. Using the procedure established in this
study, we have been able to determine the silver isotopic composition of the ultramafic Balmuccia
samples with high-precision (Table 2). Moreover, the §'%Ag value of -0.044+0.062%o obtained for the
basalt reference material (BHVO-2) is consistent with the value of -0.16+£0.07%o reported by
Schénbichler. 3. In contrast to the wide distribution of §'’Ag values in metallic ore-deposits, the
Balmuccia ultramafic rocks have a very narrow range of &' Ag values. The orthopyroxenite (BM11-
07B) and the websterite (BM11-21) have slightly negative 5'*Ag values of -0.038%o and -0.03 1%,
which are close to the 8! Ag value of -0.044%o for BHVO-2. The spinel-clinopyroxenite has a slightly

22,2428, 30, 31,33, 79800

positive '®Ag value of +0.024%o. By compiling data from previous studies
were able to prepare histograms of 8!°’Ag values for silver coins and hydrothermal ore-deposits. Both
show normal Gaussian distributions (Figure 8a). In Figure 8b, we compare the 8'“Ag values of the
Balmuccia ultramafic rocks and BHVO-2 to those of other terrestrial rocks. More extensive silver
isotope studies of terrestrial/extra-terrestrial rocks are urgently needed to better assess the §'”Ag
values of the major silver reservoirs of the Earth, and to constrain sources of precious metals in
polymetallic ore deposits, as well as study core formation and volatile-element depletion processes in

the early solar system.

Table 2. The ! Ag for silicate rocks in the Geological Standards and Balmuccia pyroxenites

Ag 6109Agmeasured 20 6109Agtrue 20
Sample no.  Sources Rock types
(ng/g) (%o) (n=4) (%o) (n=4)
BM11-07B Orthopyroxenite ~ 68.9¢ -0.342 0.006 -0.031 0.030
BM11-21 Balmuccia Websterites 155.7¢ -0.344 0.008 -0.038 0.042
BM11-27 Spinel 76.6¢ -0.331 0.013 +0.024 0.065
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clinopyroxenites

-0.345 0.012 -0.044 0.062

BHVO-2 USGS Basalt rocks 44.4°
- - -0.16° 0.07

441  Note: *The bulk-rock Ag contents are from Wang et al. %; ®°The Ag contents of the reference materials were obtained

442  from Chen et al. 3!, The Ag isotopic composition is from Schénbichler et al. 82,

443
(a) Silver coins & Ore samples
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- (-0.01£0.06%0)
c 5'°*Ag=0.0010:+0.0025% |
= BSE(0.22£0.07%o)
20
E
]
2
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£
(1]
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s
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445  Figure 8. (a) Histograms of 5'®Ag values for silver coins and ore samples; (b) The distribution of 8'®Ag values in
446  terrestrial rocks from values previously reported 22,24-28,30, 31,33, 79-80 4 in this work relative to those of the NIST
447  SRM 978a standard and the BSE.
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CONCLUSIONS

This paper presents a novel procedure for precise and accurate determinations of the silver
isotopic composition of silicate rocks. The sample pre-treatment and ion exchange chromatographic
protocols have been modified to ensure the efficient removal of most of the cations, especially Ti and
Fe that are abundant in most silicate rocks and Ni that is abundant in mafic to ultramafic igneous rocks.
Isotopic fractionation due to silver loss during ion-exchange separation and mass discrimination during
instrumental analysis are adequately corrected for by the C-SSBIN approach. The matrix effects and
isobaric interferences from impurities in silicate rocks were evaluated quantitatively, and evidence
provided that the matrix effect induced by Ti, Cr, and Ni can be satisfactorily corrected using the
proposed procedure. It was shown that there is also a noticeable shift in §'Ag, if soluble metasilicate
is present in the solution. A silver standard doping method is proposed to enable accurate silver isotopic
analysis of silicates with extremely low silver concentrations. The optimum doping proportion of
sample to standard material is 2:8 and 40 ng-g! is the recommended minimum silver concentration in
natural silicates that can be analyzed with an acceptable uncertainty. We report high-precision silver
isotopic compositions for ultramafic rocks from Balmuccia and the basalt reference materials BHVO-
2, all of which have §'’Ag values in the range from -0.044 to +0.024 %o. This study provides an

optimal procedure for the accurate and precise silver isotopic analysis of silicate rocks.
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of In ("Ag/'"’Ag) with In (‘Pd/Pd) in the doping experiments.
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