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Here we present a method for in situ determination of stable antimony (Sb) isotope compositions by
(UV)-femtosecond-laser-ablation-multi-collector-ICP-MS  (fs-LA-MC-ICP-MS).  Metallic
antimony and a number of Sb minerals (stibnite, senarmontite, chalcostibite, tetrahedrite, boulangerite,
bournonite, zinkenite, pyrargyrite and dyscrasite) have been investigated. In order to verify the results of
the in situ method, LA-MC-ICP-MS measurements were compared with solution MC-ICP-MS analyses

ultraviolet

on two chemically homogeneous stibnite samples and Sb metal. The internal precision of in situ
measurements was better than 0.0459,,. The long-term reproducibility for these three materials was
better than 0.19,. These results imply that any of these three materials may be used as an in situ Sb
isotope standard. All 6'2°Sb values were determined by applying a standard-sample bracketing protocol
and mass bias correction using Sn (NIST SRM 3161a standard solution) isotope ratios. Since no certified
Sb isotope standard is currently available, in situ isotope analyses were performed in bracketing to
a stibnite in-house standard and subsequently recalculated relative to NIST SRM 3102a. Matrix effects
from Cu, Pb, Ag, Fe and Zn on the natural mineral Sb isotope ratios were insignificant. The mass
interference of **Te on 2*Sb can only precisely be corrected for materials with Te/Sb =< 0.2. The LA and
solution analyses of 6'2*Sb homogeneous zinkenite, dyscrasite and pyrargyrite agree excellently with
each other. Senarmontite shows more variable §2Sb at small scales, determined with LA-MC-ICP-MS,
but homogeneous 6235 determined by solution analyses with a small offset between solution and LA
analyses. Other minerals, like boulangerite, show heterogeneous 6'2°Sb (=0.5%,) for both solution and
LA analyses. Overall, these results demonstrate that fs-LA-MC-ICP-MS is suitable to measure Sb isotopic
ratios in Sb-rich sulfides, sulfosalts and oxides (excluding Sb tellurides) with a precision better than 0.1%,
and a spatial resolution of =30 um. Thus, it may be used as a tool to analyse spatially resolved Sb
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commercially important Sb mineral is stibnite; jamesonite and
tetrahedrite are used only occasionally.’ When exposed to the
ambient atmosphere and water, primary ores are affected by

1. Introduction

Antimony (Sb) is a redox-sensitive and chalcophile element that

dominantly occurs in nature as Sb(ir) and Sb(v)." The element is
commercially important for the production of glass, ceramics,
metals, and rubber products and for the synthesis of flame
retardant materials. Because of its assumed high toxicity,>*
antimony and its compounds have been declared by the Euro-
pean Union (Council of European Communities, 1976) and the
Environmental Protection Agency of the United States (US EPA,
1979) as pollutants of priority interest. Aside from the over-
whelming mining of Sb in China, small reserves were found in
the USA, Slovakia, France and Portugal.*® Essentially the only
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weathering, resulting in the release of oxidised Sb to the fresh
water system,"” where it is adsorbed by ferrihydrite® and
transformed into secondary minerals.”*** Mining areas are
strongly polluted and Sb contamination also affects
surrounding soils and rivers. In China, elevated Sb concentra-
tions in soils and rivers reached up to 11 798 pg kg~ ' ** and
=13 350 pg L~ ',Y respectively. In comparison, Sb concentra-
tion in non-polluted groundwater and soils are less than 1 pg
L' *and 1 ug g ', respectively.

Antimony has two stable isotopes with masses of "*'Sb and
12351 and displays variations of around 2%, in nature (Wen
et al. (2018)* and references therein). In a small number of Sb
isotope analyses of soils, deep-sea sediments, seawater and
silicate rocks, Sb isotope ratios show a limited range of around
0.6%,.>* However, Resongles et al. (2015)**> observed a larger
range of =19, in river water in France that was affected by
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mining. An experimental study* has shown that an isotope
fractionation of around 19, occurs during Sb(v) reduction to
Sb(m). Other isotope fractionation mechanisms that could
cause a significant isotopic shift in the environment are of
biological nature,* adsorption,**® mixing,* precipitation® and
anthropogenic® processing during smelting. Apart from the
investigation of the fractionation mechanism, several studies
used Sb isotope compositions for provenance analyses of
ancient glass and artefacts to constrain the ancient trading
system.>®3

A comparison of 6'**Sb values between different studies is
a general problem, because no international isotope standard
with a certified 6'*’Sb value is currently available. For this
reason, most laboratories use different in-house Sb standard
solutions (e.g., different batches of SPEX and SCP Science
solutions) for instrumental mass bias correction with the
standard-sample bracketing method and report their analyses
in the delta notation as 6'>’Sb values. All of the studies
mentioned above carried out solution Sb isotope analyses using
gas chromatography (GC), continuous-flow hydride generation
(HG) systems or solution nebulisation, coupled to a multi-
collector inductively coupled plasma mass spectrometer (MC-
ICP-MS), for the investigation of bulk samples and minerals,
after Sb purification by ion exchange chromatography. Different
combinations of the cation-exchange resin AG 50-X8 with either
anion-exchange resin Amberlite IRA 7432® or thiol-
functionalized cotton fibres** have been applied for pre-
concentration of Sb in the literature. A review about different
analytical methods, standards used and published Sb isotope
compositions was provided by Wen et al. (2018).>° Recently,
a few authors reported major disadvantages for these resins
because of incomplete Sb recovery for Sb-rich samples.””**%*
Hence, a few studies developed new single-step (thiol-
functionalized silica)**** and two-step separation (AG 1-X4 and
AG 50W-X8)* protocols to produce a high recovery and suffi-
ciently clean Sb fraction for isotope analyses.

In order to spatially resolve small-scale isotopic variations,
e.g. at the mineral or submineral scale, with high analytical
precision, an in situ method, such as LA-MC-ICP-MS, is
required. However, as shown by several studies, conventional
nanosecond LA isotope analyses®*”~*° generate matrix-dependent
thermal effects accompanied with the melting of the sample
material around the ablation crater that induces isotope frac-
tionation. Composition-dependent matrix effects were re-
ported, e.g. for LA-MC-ICP-MS analyses of Mg-, Si- or Cu
isotopes, for example by Ikehata et al (2008)," Jackson and
Giinther (2003),** Janney et al. (2011)** and Norman et al.
(2006).** As shown by a variety of studies,**> femtosecond (fs)
ultraviolet (UV) LA coupled to MC-ICP-MS allows us to perform
matrix-independent isotope analyses with high precision for
a variety of non-traditional stable isotopes (Li, B, Mg, Si, V, Fe,
Ni, Cu, and Sn).

In this study, we developed a protocol to analyse Sb isotope
analyses with UV fs-LA-MC-ICP-MS with high analytical preci-
sion and with high spatial resolution. As standard materials,
two different interference- and matrix-free stibnite and one pure
Sb metal were investigated. These minerals and metal were
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analysed for their Sb isotope compositions both by solution
nebulisation, based on established protocols modified from
Lobo et al. (2012)*® and with the here developed fs-LA-MC-ICP-
MS protocol. With this approach, it is possible to assess the
precision and accuracy of our fs-LA-MC-ICP-MS method.
Furthermore, the possible reference materials were charac-
terised regarding their isotopic homogeneity. The influence of
possible isobaric interference, such as that from **Te on '**Sb
and oxide '°’Ag"®O compounds on '**Sb, were investigated by
solution nebulisation MC-ICP-MS. Furthermore, in order to
check the feasibility of fs-LA-MC-ICP-MS Sb analyses, a set of
natural Sb minerals with different chemical compositions from
varying localities were investigated. Sections of these materials
were prepared and analysed with an electron microprobe (EMP)
for their chemical and with fs LA-MC-ICP-MS for their Sb
isotopic composition. Each natural mineral specimen was
analysed both in situ with fs-LA-MC-ICP-MS and for comparison
with solution nebulisation isotope analyses with and without
previous purification. In this study, we report data relative to the
NIST 3102a Sb standard and for LA-MC-ICP-MS analyses also
relative to our stibnite in-house standard.

2. Materials and analytical methods

2.1. Standards and natural samples

The investigated materials in this study comprise the solution
standards of NIST SRM 3102a (lot number: 140911) and VWR Sb
solution (batch 456632H, lot number: 210075110) and the
solids: natural stibnite (MAC) intended as a standard material
for electron microprobe analyses (EMPA), two in-house
produced stibnite samples (SC and Q), pure metal (MET) and
several ore minerals with high Sb concentrations between 21.3
and 83.3 wt% and different matrices. The major element
contents, measured with EMP at the University of Jena, are
summarised in Table 1.

(a) Standard preparation and purchased potential solid
standard materials. To the best of our knowledge, there is no
homogeneous and isotopically characterised standard material
for in situ Sb isotope analyses. Therefore, two stibnite samples
were produced, one of which was used as a bracketing standard
for laser-ablation analyses. The source material was massive
natural stibnite from the Dubrava deposit (Slovakia). It was
crushed to a grain size of about 1 mm, pieces were examined
under a binocular microscope for impurities and selected for
further treatment. Two batches of this stibnite were separately
sealed in evacuated silica tubes, melted at 650 °C and kept at
this temperature for 1 day. One batch was quenched rapidly in
water and the other batch was allowed to cool down slowly in
the furnace (the cooling rate was not controlled). The slowly
cooled stibnite batch, subsequently referred to as SC stibnite,
formed radial aggregates of homogeneous mm-sized stibnite
crystals that were suitable as a standard material. The quenched
(Q) batch was porous and not suited as a LA standard, but some
parts were analysed in addition to the SC crystals, in order to
compare the isotopic composition of the two products. The
EMP standard stibnite (Micro-Analysis Consultants Ltd. - Stock
No: 45464, lot number: L10S026) and metal (Alfa Aesar, lot
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Table1 Major element composition [in wt%] determined by the EPMA of the minerals used in this work. The numbers in the parentheses are two
standard deviations. If the measured concentration was always below the detection limit, no value is listed

Mineral, fragment  As Pb Sb/Sb,05*  Ag Ni S Cu Zn Fe Sum
SC (n = 65) 71.39(40)  0.08(2) 28.55(39)  0.05(2) 0.07(3)  0.05(6) 100.01
MAC (n = 52) 71.31(36)  0.10(2) 28.55(104)  0.06(1) 0.11(11)  0.07(8) 99.93
MET (n = 7) 0.18(10) 99.80(21) 99.98
Senarmontite:

Grain 1 (n = 41) 0.64(35)  0.15(6) 99.22(41)  0.11(7) 0.05(3) 0.05(1) 0.07(3)  0.04(1) 100.09
Grain 2 (n = 13) 0.23(22) 0.11(2) 99.76(35)  0.10(6) 0.03(2) 0.06(4) 0.08(2)  0.04(2) 100.27
Grain 3 (n = 24) 4.42(34)  0.13(5) 95.49(36)  0.09(2) 0.05(1) 0.04(2) 0.06(1)  0.04(2) 99.91
Chalcostibite:

Grain 1 (n = 14) 1.33(18) 47.76(26)  0.12(6) 25.15(16)  25.69(23) 100.12
Grain 2 (n = 39) 1.32(12) 47.60(33)  0.09(3) 25.53(56)  25.51(29)  0.08(1) 99.95
Boulangerite:

Grain 1 (n = 54) 56.05(150)  24.95(104)  0.12(4) 0.05(2)  18.88(38) 0.06(2)  0.258(45)  99.88
Grain 2 (n = 37) 56.28(45)  24.87(36)  0.10(3) 0.07(3)  18.79(17) 0.07(2) 99.94
Bournonite:

Grain 1 (n = 36) 0.30(32)  43.03(42)  23.44(61)  0.10(2) 19.70(20)  13.51(15)  0.07(6) 99.98
Grain 2 (n = 45) 0.32(33)  42.93(48)  23.58(61)  0.10(1) 19.68(27)  13.51(19)  0.06(2) 100.02
Tetrahedrite:

Grain 1 (n = 49) 3.10(122) 25.03(181)  0.58(19) 25.55(24)  39.10(43)  1.24(11) 5.39(22)  99.99
ZinKkenite:

Grain 1 (n = 25) 0.65(14)  32.23(81)  43.99(53)  0.25(13) 22.48(29)  0.37(10)  0.09(7) 100.11
Dyscrasite:

Py572 (n = 11) 0.42(11) 0.14(5) 21.61(62) 77.86(66) 0.04(1) 0.07(2) 100.16
Pyrargyrite:

Py573 (n = 11) 0.44(16) 21.86(177)  60.04(249) 17.59(105)  0.05(1) 0.07(1) 100.07
Py574 (n = 11) 0.38(19) 21.29(187)  61.49(387) 16.79(213) 0.07(2) 99.96
LOD 0.09 0.09 0.07 0.08 0.04 0.03 0.04 0.05 0.03

“ Sb content of senarmontite is given as Sb,0;, and for all other minerals as Sb.

number: X0034087-1), which were determined to be homoge-
neous regarding their Sb isotope composition, were chosen as
bracketing standards for the LA-MC-ICP-MS measurements of
the SC crystals.

(b) Natural samples. Natural samples include the following
minerals: large grains of senarmontite (Sb,0;), chalcostibite
(CuSbs,), and zinkenite (PbySb,,S,,) from the deposit near the
village Dubrava, tetrahedrite (Cu,o(Fe,Zn),Sb,S;;) from the
deposit Rudnany, both in Slovakia, boulangerite (PbsSb,S;)
and bournonite (CuPbSbS;) from Stari Terg, Kosovo, and two
pyrargyrite samples (Ag;SbS; — Py573 and Py574) and dyscrasite
(AgsSb - Py572) from Prfibram, Czech Republic. The minerals
selected for this work represent the variability of antimony
mineralogy in nature and their chemical variability. The chosen
minerals are encountered in many hydrothermal systems and
offer the possibility to investigate the variations of Sb isotopic
signatures of such systems. For example, zinkenite and bou-
langerite often occur together with the most abundant Sb
mineral stibnite, within Sb-Au orogenic deposits. In the abun-
dance of Cu, other common companions are tetrahedrite and
bournonite that are also typical for many hydrothermal-
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metamorphic veins with Cu, Sb, and other metals. In sulfur-
poor or reduced environments, dyscrasite and other antimo-
nides may occur. The details of the mineralogy of these Sb
dominated minerals were recently reviewed by Majzlan (2021).°

2.2. Sample digestion and Sb purification

Minerals were crushed to a size of <1 mm using an agate mortar.
Depending on the Sb content, pure mineral grains of around
0.001 to 0.04 g were digested with 4 mL aqua regia on a hotplate
at 110 °C for two days. Since the boiling point of SbCls is
140 °C,” the aqua regia solutions were evaporated to dryness at
90 °C, in order to avoid Sb loss. Afterwards, the residues were re-
dissolved in a mixture of 1.5 mL concentrated (40%) HF and
1 mL 14.3 mol L' HNO; at 110 °C for two days and evaporated
at 90 °C again. Subsequently, the dry residues were recovered
with 14.4 mol L' HNO; for 2 to 3 hours at 90 °C and dried at the
same temperature. Finally, each sample was re-dissolved in
10 mL 7 mol L™ HCL. One aliquot was dried at 90 °C and taken
up in 3% HNO; with a trace of HF for subsequent analyses of Sb
isotope composition. The other aliquot (50 to 100 pg) was

This journal is © The Royal Society of Chemistry 2021
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Step Eluent

Volume [mL]

(1) Column: 2 mL DOWEX AG50-X8 cation exchange resin (200-400 mesh)

Resin cleaning 6 M HCI 10
Milli-Q 10
5 M HNO, 10
Milli-Q 10
Resin conditioning Milli-Q 10
Sample loading + Sb elution 0.14 M HF 5
Sb elution 0.14 M HF 5
Purification of the resin Milli-Q 5
6 M HCI 10
Milli-Q 10
5 M HNO, 10
(2) Column: 0.7 mL Amberlite IRA 743 anion exchange resin
Resin cleaning 6 M HCI 8
Milli-Q 8
5 M HNO, 8
Milli-Q 8
Resin conditioning 0.5 M NH,OH 4
Washing Milli-Q 6
Sample loading + Sb elution pH > 11 with 13.4 M NH,OH addition to 1 M HNO; + 0.14 M HF 5
Sb elution Milli-Q 2
Sb elution 1M NH,OH 6

evaporated at 90 °C and re-dissolved in 5 mL 0.14 mol L™ " HF
for the purification of Sb by ion exchange chromatography with
Dowex AG50-X8 followed by Amberlite IRA 743.?® As the disso-
lution of large amounts of sample with a complex matrix in
0.14 mol L " HF always left more than 5% of Sb in the residue,
only around 50 to 100 pg of sample (dissolved in 7 mol L™ " HCI)
was used for ion exchange chromatography.

From this split antimony was chromatographically separated
from the sample matrix using a two-column procedure (Table 2)
modified after Lobo et al. (2012).*® In the first column, the
Dowex AG50-X8 (200-400 mesh) resin was used to separate Sb
from matrix elements. In the second column, the Amberlite IRA
743 resin was used in order to purify Sb from Sn, Te and Al.
Quantitative separation of Sn from Sb is necessary, because an
Sn standard solution (NIST SRM 3161a) was added to the Sb
sample, which was used as a monitor for instrumental mass
bias.

The efficiency of Sb purification and potentially associated
Sb isotope fractionation was tested with different samples (e.g.
international standard CD-1, SC, tetrahedrite, and bournonite).
For the first purification step, a resin bed of 2 mL of Dowex
AG50-X8 exchange resin was prepared in 2 mL BioRad PolyPrep
chromatography columns. The loading of the sample was
carried out with 5 mL of 0.14 mol L™ HF after resin condi-
tioning with H,O as described by Lobo et al. (2012),*® followed
by the elution of another 5 mL of 0.14 mol L™ " HF. During this
step, matrix elements like Cr, Pb, Ag and Fe were retained by the
resin, while most Sb was eluted. The Sb recovery was always
above 94%. The remaining 6% was collected with further
~35 mL of acid wash (Table 2) and measured. That displayed

This journal is © The Royal Society of Chemistry 2021

indistinguishable Sb isotope ratios compared to the previously
collected >94% as already described by Lobo et al. (2012).>

After evaporation, the residue was treated with 200 pL
concentrated HNO; and 40 pL H,0, to eliminate organic
substances released from the resin during purification. The
purified sample solution was dried and re-dissolved in
a mixture of 1 mol L~ * HNO; and 0.14 mol L' HF; 13.4 mol L™ !
NH,OH was added in order to increase the pH to > 11, as
described by Lobo et al. (2012).2® Subsequently, the separation
of remaining Al and Sn from Sb was performed on a column
with 0.7 mL Amberlite IRA 743, a weak anion exchange resin.
The columns were self-made from polyethylene Pasteur pipettes
and a frit of 1 mm thickness (35 um mesh). The loading and
subsequent washing of the samples with (i) 2 mL H,O, (ii) 6 mL
1 mol L™ NH,OH and (iii) 5 mL H,O resulted in quantitative
(>99%) Sb recovery, while Al and Sn were retained on the
column. The purified Sb was dried down and re-dissolved in 3%
HNO; and the Sn standard solution, used for instrumental
mass bias correction, was added.

During the first separation protocol, procedural blanks of
less than 5 ng for Sb and Sn were determined, while the second
purification procedure contributed around 1 ng Sb blank.
However, such blank levels are negligible compared to the
typically processed 50 to 100 pg of Sb from the samples.

2.3. Electron microprobe analyses (EMPA)

Quantitative analyses of the major element composition of the
investigated minerals were performed with a JEOL JXA-8230
electron microprobe, using five wavelength-dispersive spec-
trometers (WDSs), at the University of Jena (Germany). Prior to
the analyses, samples were embedded in epoxy resin, ground,

J. Anal. At. Spectrom., 2021, 36, 1554-1567 | 1557
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polished and carbon-coated. An acceleration voltage of 20 kV
and a beam current of 20 nA were chosen as the optimal
measurement conditions with an electron beam defocused to 5
pm. All elemental analyses were performed with a counting
time of 20 s on the peak and 20 s on the background. Major
element analyses were performed with the following lines,
standards and detection limits (in wt%): As (Ko, FeAsS, 0.09); Pb
(Mo, PbS, 0.09); Sb (Let, Sb,S3, 0.07); Ag (La, Ag,Te, 0.08); Ni (Ko,
Ni metal, 0.04); S + Fe (Ka, FeS,, 0.03); Cu (Ko CuFeS,, 0.04); Zn
(Ket, ZnS, 0.05). Interference from As Lo on Sb LB, was corrected
using overlap correction. In total, at least seven measurements
(SC and MAC, n > 50) at different positions were performed
within a single grain in order to check the chemical homoge-
neity of the mineral.

2.4. Laser-ablation (LA-)MC-ICP-MS analyses

In situ analyses of Sb isotopes were performed using a Neptune
Plus (Thermo Scientific) MC-ICP-MS which was coupled to
a Spectra-Physics Solstice (UV) fs LA system at the Leibniz
University Hannover (Germany). The Solstice fs LA system
consists of a Ti:sapphire seed laser (Spectra Physics MaiTai) and
a high energy Nd:YLF pump laser (Spectra Physics Empower-15)
pumping at a repetition rate of 500 Hz.”” With a regenerative
amplifier system working at a fundamental wavelength of
775 nm, laser energies of up to 3.5 mJ per pulse were generated.
Quadrupling the frequency of the infrared beam by three
barium beta borate crystals will convert the laser output beam
into a final wavelength of =194 nm. The pulse width of the
amplifier output is about 100 fs. A modified New Wave (ESI)
stage/visualisation system is used and is identical to that
described by Horn et al. (2006)* and Horn and von Blancken-
burg (2007).**** Previous studies®* have shown that fs LA
enables matrix-independent in situ isotopic analyses for non-
traditional stable isotopes of various sample types as a result
of low thermal effects at the surface of the sample.***> Defo-
cused laser beam and spot sizes of 40 to 60 um were used.
Depending on the antimony concentration of the samples,
a laser frequency between 3 and 12 Hz was employed to provide
comparable Sb intensities between the sample and standard.
Typically, a line pattern with lengths of 100 to 250 um and an
ablation speed of =15 pum s~ were used, consisting of 180
integrations (cycles) of =1 s. The first thirty cycles were used to
determine the baseline for the background which was sub-
tracted from the laser signal. To enhance the aerosol transport
from the ablation cell, He was used as the ablation cell carrier
gas.®* Prior to entrance into the torch, the sample flow was
admixed at a T-junction with an Ar flow from the aspiration of
the Sn standard solution NIST 3161a with a double-pass quartz
glass spray chamber (Scott design, Thermo-Scientific). Isotope
analyses were performed in static mode at low mass resolution.
The detector array is set for simultaneous detection of the
isotopes '’Sn, '*#sn, *°Sn, '2°sn, *'sb, ***sn, '**sb and '**Te
(the latter as a monitor for the isobaric interference of ***Te and
23Te on '2°Sn and '**Sb, respectively) using a 10" Q resistor for
all isotopes. Nickel (H-type) sample and skimmer cones were
used in order to produce stable signals for Sb and Sn.*® The
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Table 3 Operating conditions for Sb isotope composition determi-

nation by LA-MC-ICP-MS

Operating parameter

LA MC-ICP-MS analysis

Mass spectrometer:

Rf power

Auxiliary Ar

Cooling Ar

Extraction voltage
Analysis mode
Collector configuration

Spray chamber
Nebuliser
Sample uptake
Cones
Resolution

Laser parameter:
Wavelength

Pulse width
Ablation mode
Spot diameter
Pulse energy
Repetition rate
Carrier gas flow He

Pre-ablation
Tube length

1300 W

=0.7 t0 0.9 L min~"

~15.0 L min~*

=2000 V

Static

L4(*"sn), L3(**®sn), L2(**°Sn), L1(**°Sn),
C(**'sb), H1(***sn), H2(***Sb), H3(**Te)
Glass type (double pass Scott design)
PFA micro-flow

~100 pL min~*

Ni

Low resolution

194 nm

100 fs

100 to 250 pm line

40 to 60 pm

~0.01 mJ

3 Hz to 12 Hz (dyscrasite: 30 Hz)
He: =0.25 to 0.35 L min ™"

Ar: =1.04 L min '

None

=4 m

details of the instrumental parameters are summarised in Table
3.

Instrumental mass bias on the '>*Sb/**!Sb isotope ratio was
corrected by standard sample bracketing with an in-house
standard and externally, using the '*°Sn/""’Sn and "*°sn/'"®sn
isotope ratio of a 0.5 pg mL~" Sn NIST 3161a standard solution
(giving a >2 V signal at mass '"’Sn) that was aspirated simul-
taneously, by applying the exponential law.>® Data processing
was performed with a modified Microsoft Excel-based LamTool
macro developed originally for Sr isotopes by Jan Kosler.*® With
this tool, the baseline and contributions from mass interference
were subtracted, outliers were eliminated and instrumental
mass bias was corrected for all measured isotope ratios. For
mass bias correction, both *°Sn/**’Sn and '?°Sn/'®Sn were
applied with the natural ratios of NIST SRM 3161a of 1.118 421
and 1.345 539, respectively. Mass bias correction factors fisg,
and fiog, were determined simultaneously during each
measurement cycle, using the following equations:

6”9511 = [ln((“gsn/l 17sn)truc/(1 lgsn/l17sn)mcasurcd)]/[ln(M llgsn/M
117Sn)] (1)

By = [In(("2°S0/! 180 yrue/(2S0/! S0 mmeasurea) VIN(M 2°S0/ M
H5sn)] (2)

where (*'*Sn/"*7?Sn)yy. is the assumed natural "**sn/*™*?Sn
ratio as given by the IUPAC," (**Sn/™* 2Sn)mecasurea iS the
measured '*Sn/**~2Sn ratio and M ''*Sn and M " 2Sn are the
absolute masses of *Sn and '"*~2Sn, respectively.

This journal is © The Royal Society of Chemistry 2021
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The isobaric interference **Te on '**Sb and "*°Te on **°Sn
was corrected by the simultaneous measurement of *>Te. For
interference correction, modified ***Te/***Te and '**Te/**°Te
ratios, by applying the instrumental mass bias as determined
with *°Sn/**’Sn on the natural '**Te/***Te and '**Te/*?°Te
values of 7.862 330 and 74.36458," were used, respectively.

All results are reported as 6'>*Sb by using the following delta
notation:

5123Sb = [((]23Sb/121Sb)sample/(]23Sb/121$b)standard) - 1] X 1000(3)

In order to enable the comparison of the here presented in
situ 0**3Sb data, determined relative to our stibnite SC in-house
standard (addressed as “standard” in eqn (3)) all data presented
were recalculated to the commercially available NIST SRM
3102a Sb standard values with the following equation:

123 123 123
0 Sbsample/NIST =0 Sbsample/house std +0 Sbhouse std/NIST (4)

where 6'*’Sbgampie/house std i the measured é value of the sample
relative to our in-house standard and 6'2*Sbyguge stamist iS the
o value of the in-house standard relative to NIST SRM 3102a
determined by solution nebulisation MC-ICP-MS (see below).

2.5. Solution-nebulisation MC-ICP-MS

The accuracy of the in situ LA-MC-ICP-MS measurements was
verified by comparison with conventional solution measure-
ments on the same materials. Isotopic analyses were performed
on 2 to 5 separately prepared fragments of each material,
including metallic Sb (n = 4), the synthetic stibnite in-house
standards (slowly cooled - SC; n = 4 and quenched - Q; n =
4) and the MAC stibnite grain (n = 4). All unpurified bulk Sb
aliquots and those after chromatographic purification were
diluted in 3% HNOj; with traces of HF and doped with Sn (NIST
SRM 3161a).

All measurements were performed on the same instrument
and with the same instrumental set up as described for the
laser-ablation analyses. The only difference was that samples
were introduced with a quartz glass spray chamber and the
measurements were performed with 50 cycles of 4.194 s inte-
gration time per cycle. The setup routinely yields a signal of
~12.5 V and >2 V on the masses of **'Sb and ""”Sn for a 0.8 ug
mL ™" Sb and 0.5 pg mL™" Sn solution, respectively. The deter-
mination of the instrument blank was performed at the start
and end of each session by the analysis of the same acid used
for dissolving the samples and standards. Sample solutions
were usually analysed 3 times relative to NIST SRM 3102a. The
internal precision of an individual analysis was generally better
than 0.04%, (20, representing here the error-propagated internal
uncertainties (2 SE) of the sample and standard measure-
ments). A total of 279 measurements of NIST SRM 3102a within
a period of 11 months yielded an average '>*Sb/**'Sb ratio of
0.746 982 + 0.000151. The reproducibility of §'**Sb of our in-
house standard solutions, including VWR, MET, MAC und SC
+ Q, relative to NIST SRM 3102a (or likewise the other way
around) was better than 0.069%,, (2SD).

This journal is © The Royal Society of Chemistry 2021
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3. Results and discussion

During laser-ablation isotope analyses with LA-MC-ICP-MS,
various matrix elements will be introduced into the plasma
source together with the targeted isotopes. This combination can
generate different types of interference (elemental and molec-
ular) and is examined in detail in the following sections. In
addition, our measurement protocol for isotope analyses of Sb
consists of the application of Sn for external mass bias correction,
the applicability of which was tested below. Selected materials
(stibnite MAC, SC, and Q) and metallic Sb were investigated for
their isotopic homogeneity and suitability as Sb laser-ablation
isotope standards (Tables S1 and S2t). Further Sb minerals
with various matrices were measured relative to the newly
defined standard SC stibnite. For all minerals, the isotopic
compositions of dissolved splits, with and without chromato-
graphic purification, were compared with the isotopic composi-
tions obtained by LA-MC-ICP-MS (Table S37). 6'**Sb values are
given consistently in this work as the average of multiple analyses
with the associated uncertainty as two standard deviations (2SD).

3.1. LA-MC-ICP-MS method

(a) Impact of interference on the Sb in situ measurements.
Possible interference from Te, Ag, Pd and Rh can affect the
measured isotope ratios of Sb and Sn (the latter is used as
a mass bias monitor) determined by MC-ICP-MS but Pd and Rh
co-occur with Sb only rarely. Therefore, their influence on the Sb
in situ measurement is negligible. Previous studies™*' per-
formed Sb isotope analyses on purified Sb solutions and thus
the effect of Te interference and matrix effects on Sn and Sb was
small. In contrast to the analyses of chromatographically puri-
fied solutions, during laser-ablation analyses, Sb isotopes can
be affected by the mass interference of Te isotopes, Ag—O or Sn—
H clusters. Recently, studies by Liu et al. (2021)* and Li et al.
(2020)** investigated the influence of Sn and Te on the Sb
isotopic composition by doping experiments. At Te/Sb and Sn/
Sb ratios of 0.1 and 5, significant deviations of around 0.4,
and 0.29%,, respectively, were detected. In order to check the
limits of our interference correction protocol, the mass inter-
ference of Te isotopes, Ag-O or Sn—H clusters was investigated
by the following experiments:

(i) Isobaric interference. The isotope >*Te can produce direct
isobaric interference on '*’Sb. The isotope '**Te has a low
abundance (<1% ') and Te is usually a trace element in Sb ores.
Despite that, the effect of '>*Te interference on '>*Sb was
investigated in order to determine which Te concentration
levels will generate detectable systematic errors for Sb isotope
measurements. For this purpose, pure Sb standard solutions
were doped with various amounts of pure Te standard solutions
(resulting in Te/Sb weight ratios of 0.0003, 0.02, 0.1, 0.2, 1 and
2). Similar to the observation of Li et al (2020),* all §'**Sb
values with Te/Sb ratios smaller than 0.2 agree with the results
for the pure Sb solution (Fig. 1a). For all Te/Sb ratios >0.2, the
interference correction (using '**Te as an interference monitor)
was insufficient, resulting in inaccurate and artificially high
6'>Sb (Fig. 1a). However, with the exception of Sb tellurides, Sb
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Fig. 1 Influence of Te (a) and Ag (b) on the measured Sb isotope
composition. Doping experiments of (a) and (b) were performed with
standard solutions containing 1 ug mL~* Sb (purchased from VWR), 0.6
pg ML~ Sn (NIST 3161a) and different concentrations of Te and Ag.
The orange bar represents the analytical uncertainty of the method.
Error bars represent the 2SD of replicate analyses of the standard
(VWR) and doped solutions.

minerals have commonly Te/Sb ratios much lower than 0.2,
which makes them suitable for in situ Sb isotope analyses.

Tellurium also has isobaric interference on *2°Sn, which is
used as a mass bias monitor, though the abundance of **°Te is
small (=0.09%). Schulze et al. (2017)*° showed that Te inter-
ference on Sn can be neglected at Te/Sn ratios of <0.03.

(ii) Molecular interference. Polyatomic '“’Ag'*N, '*’Ag'®0 and
'9Ag™N clusters that may be generated in the plasma represent
potential mass interference on *2*Sb and *2*Sb. To examine the
effect of such interference, a set of experiments were performed
with an Sb standard solution doped with variable amounts of an
Ag standard solution (i.e., with Ag/Sb (weight ratio) of 0.0003,
0.02, 0.1, 0.2, 1, 2 and 3; Fig. 1b). However, due to the low oxide
formation rate in the plasma under our measurement condi-
tions, the influence of the '*’Ag'®0 cluster on '**Sb was negli-
gible. Even at the highest investigated Ag/Sb ratio of 3, 6'>*Sb
values remained unbiased within analytical uncertainties. This
observation indicates that precise Sb isotope analyses can be
performed with LA-MC-ICP-MS, even for samples with high
contents of Ag. An application will be presented further below
by the measurements of two Ag-Sb minerals pyrargyrite
(AgsSbS;) and dyscrasite (AgsSb).

The effect of hydride formation, which may result in the
mass interference of **°Sn'H on '?!Sb, was estimated from the
signal intensities observed at the mass of '*'Sb during the
introduction of a pure 1 ppm Sn (NIST SRM 3161a) solution and
no Sb into the plasma. This experiment resulted in signal
intensities which were indistinguishable from the background
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signal. Likely, the formation of hydrides is suppressed by the
choice of our instrumental setup, where the introduction of Sn
solution (as a mass bias monitor) results in wet plasma condi-
tions with negligible hydride formation.

(b) Mass bias correction. Previous studies used In,*® Cd**
and Sn* for external mass bias correction of Sb isotope
measurements. The advantage of using Sn rather than In for
instrumental mass bias correction is that Sb and Sn share more
similar mass and chemical properties.>**” Instrumental mass
discrimination of Sb and Sn isotopes with MC-ICP-MS was
investigated by mixing solutions of two Sb standard solutions
(NIST SRM 3102a and VWR) with Sn NIST SRM 3161a. Fig. 2
compiles the results of repeated isotope measurements of NIST
SRM 3102a and VWR during 8 measurement days. These
measurements show correlations between In(***Sb/**'Sb) and
In(**°sn/*"”sn) as well as In(***sb/**'sb) and In(**°Sn/**®sn). The
slopes are close to 1 and to the predicted slope of the expo-
nential law described by Russell et al. (1978).> This implies that
Sn is suitable as an internal standard to correct for instrumental
mass discrimination for Sb isotope analyses. In order to verify

0.148
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Fig. 2 Logarithmic plots of the raw ratios of °Sn/*’Sn (a) and
1205n/M85n (b) versus *2*Sb/***Sb of NIST SRM 3102a and VWR Sb
standard solution in 8 different measurement sessions with experi-
mentally determined regression (blue line). The classical x-y regres-
sion after Ludwig (2003)® is compared with the prediction of the
theoretical exponential mass fractionation law using egn (3) after
Anbar et al. (2001)%* based on Russell et al. (1978).% Error bars (2SD)
smaller than the symbol size are not shown.
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the applicability of Sn isotopes for mass bias correction on the
measured 23Sb/*?*Sb both mass bias correction factors 8, and
B, were applied for all analysed samples (Fig. 3; Fig. S17). As the
6'2*Sb values corrected with '*°Sn/**’Sn and with **°Sn/**®sn
were identical (within uncertainties) for all analysed samples,
both Sn isotope ratios may be used as a mass bias monitor for
Sb isotope analyses.

3.2. Determination of the Sb isotopic composition of
potential solid reference materials (metallic antimony and
stibnite)

Three solid samples, stibnite SC and MAC and Sb metal (MET),
were investigated for their isotopic homogeneity to potentially
serve as reference materials. Since these materials contain
elements other than Sb or S only in trace amounts, this
approach is ideal with respect to matrix match between the
three materials. Microprobe analyses show only traces of Fe, Cu,
Ag, and Zn for the MAC stibnite, just above the detection limit,
while the SC stibnite contains a low amount of Zn, Ag, and Fe
(Table 1).

Solution nebulisation MC-ICP-MS measurements for the
four separately dissolved, unpurified and chromatographically
purified Sb aliquots of each material, MAC, MET, SC and Q,
display indistinguishable isotope composition relative to NIST
3102a (SC: —0.189 + 0.0319%,, 7 = 20; Q: —0.191 + 0.038%, n =
18; MET: 0.192 =+ 0.058%,, 7 = 18; MAC: 0.645 + 0.029%,, n = 12;
Fig. 4, Table S1f). Furthermore, the two synthetic stibnite
samples, SC and Q, which were synthesised from the same
material under different conditions, also display indistin-
guishable 6'**Sb.

laser ablation solution
@ untreated
| purified
p90 Ag
7 %7 MET
= * (rel. SC)
B o021 k * % oy Bu
8 1 2sD f
«©w ]
0.0 +
] SC +Q
(rel. MAC)
N T
0T Sy o
0.4 1 ' , '
0 50 100 1 3 5 7
measurement number Grain

Fig. 4 Reproducibility of laser-ablation analyses of stibnite SC (blue), stibnite MAC (green) and MET (red) relative to NIST 3102a during eight
measurement days. MAC and MET were measured in bracketing with SC, while SC was bracketed with MAC. The bright orange, blue, and red
fields represent the 2SD of SC, MET and MAC, respectively, obtained with solution MC-ICP-MS. In addition, purified (purple circles) and untreated
(orange circles) measurements with solution MC-ICP-MS were illustrated. The quenched stibnite is porous and no in situ LA analyses were
possible; however, the sample was dissolved and analysed by solution measurements. 5'2°Sb values obtained by LA MC-ICP-MS are given as 2,
while error bars from solution MC-ICP-MS analyses represent the 2SD of replicate analyses of the samples.
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The isotopic homogeneity of each material was investigated
during several measurement sessions with LA-MC-ICP-MS. The
analytical protocol (spot size, repetition rate and ablation
speed) was similar for each of these three materials. The vari-
ability of energy densities and laser energies between all pure Sb
samples on Sb isotope compositions, as observed for other
isotope systems like Cu and Si (e.g., Chmeleff et al. (2008);>®
Lazarov and Horn (2015)"), has been found to be negligible. Ion
signals on the Sb masses during laser ablation analyses were
stable for the whole analytical time of 120 s. Stibnite MAC and
metal MET were measured in bracketing with stibnite SC, while
stibnite SC was measured in bracketing with MAC. Finally, all
data were off-line recalculated and reported relative to NIST
SRM 3102a (Table S2,1 Fig. 4). The 6'>’Sb of all samples ob-
tained by laser-ablation analyses over a period of 11 months
perfectly agrees within analytical uncertainties with the
respective solution measurements (Fig. 4). The precision of an
individual in situ standard-sample-standard cycle, as deter-
mined for the mass bias corrected Sb isotope ratios, was
commonly below 0.045%,, while the long-term (11 months)
reproducibility of §'>*Sb values was better than 0.1%,,.

According to these solution and laser ablation Sb isotope
analyses, any of these samples can be used as an in situ Sb
isotope standard. For MAC stibnite, natural in origin, and metal
MET, it is unclear if other stibnite grains or metals provided by
the companies will have the same Sb isotope composition.
Thus, we preferred to use our stibnite SC as a solid standard for
LA-MC-ICP-MS (or other in situ) Sb isotope analyses. For this
standard, more than 11 parts of fused material (together SC and
Q) were analysed by solution and with laser ablation, all of
which display identical Sb isotope ratios. Therefore, we assume
isotopic homogeneity in any other part of this sample.

0.35
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3.3. Sb isotope composition of different Sb oxides, sulfides,
sulfosalts and antimonides

A set of Sb minerals with various matrices were chosen to test
for matrix effects during LA Sb isotope measurements after
previous characterization of the minerals with EPMA (Table 1).
LA-MC-ICP-MS analyses were conducted with more than three
line analyses at different places in the sections. For tetrahedrite,
dyscrasite and zinkenite, only one grain was investigated, while
for all other minerals, 2 or 3 different grains were analysed.
Usually two to five grain fragments (excluding bournonite grain
1 with a single grain fragment) were prepared for solution
analysis. In Fig. 5 and 6 and Table S3,f different grains are
indicated by their respective numbers. We will generally discuss
the ''°Sn/""’Sn mass bias corrected §'**Sb values relative to
NIST SRM 3102a, but very similar *2°Sn/**#sn corrected data as
well as the original 6'**Sb values relative to SC are also pre-
sented in Table S3.1

(a) Senarmontite (Sb,03). The three senarmontite crystals,
selected for this study, are characterised by a chemically
homogeneous major element content of Sb,03, with only locally
elevated As and Zn concentrations (Table 1). None of these
elements generates mass interference critical for Sb isotope
analyses; however, the chemically homogeneous composition of
the senarmontite grains does not necessarily indicate Sb
isotopic homogeneity. Five small pieces of senarmontite grain 3
were dissolved and on four of these aliquots, Sb was also
chromatographically purified. All of these solutions were
measured with solution nebulisation MC-ICP-MS and displayed
indistinguishable 6'*>Sb values with an average 0.219 4 0.026%,
(Fig. 5). Laser-ablation analyses of senarmontite had slightly
lower internal precision (<0.05%,) than that observed for the
standard measurements. The laser-ablation analyses display, in
comparison with the solution, slightly lower values ranging
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Fig.5 Comparison of 6*2Sb solution and laser-ablation measurements for senarmontite. All LA analyses (squares) were measured relative to SC
and recalculated to NIST 3102a. All purified (blue circles) and non-purified (orange circles) solution values are reported on NIST 3102a. The results
for each analysed grain are separated from each other by a vertical line. The horizontal line is the average of the solution measurements of
senarmontite. The colour bar represents the 2SD of all replicate solution analyses of all senarmontite pieces of grain 3. Last 2 laser measurements
of grain 3 show fractionated 6*23Sb isotope composition with increasing depth (see the text for details). Error bars for solution represent the 2SD
of replicate analyses of the senarmontite fragments, while laser measurement error bars are given as 2¢ (error-propagated internal uncertainties
(2 SE) of the sample and standard measurements; see the equation in the caption of Fig. 2).
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Fig. 6 Comparison of §*2%Sb values from solution and laser-ablation analysis for: (a) chalcostibite, zinkenite, and boulangerite; (b) bournonite
and tetrahedrite; (c) dyscrasite and pyrargyrite. All LA measurements (squares) were measured relative to SC and recalculated to NIST 3102a. All
purified (blue circles) and non-purified (orange circles) solution values are measured and reported relative to NIST 3102a. Error bars for solution
represent the 2SD of replicate analyses of the sample, while laser measurement errors are given as 20 (error-propagated internal uncertainties (2

SE) of the sample and standard measurements).

from 0.207%, to 0.1119,, (average: 0.172 + 0.045%,). Two of these
analyses, from one side of the grain, show decreasing isotope
compositions with the depth. Both of these measurements
showed an initially slightly higher 6'**Sb of =0.12%,, for the
first 40 s of ablation, which then dropped by = 0.19,, and
averaged at a value of =0.039, for the last 55 s of the
measurement. Such an effect of decreasing isotopic ratios with
increasing ablation depth of the laser crater may be caused by
the inefficient transport of the heavier isotope '**Sb relative to
the lighter "*'Sb from the laser crater to the MC-ICP-MS, as
previously described by Lazarov and Horn (2015)*” and Schuth
et al. (2017).*® However, decreasing isotope ratios commonly go
along with decreasing signal intensities which was not observed
in our case (for one of these measurements it even slightly
increased, Fig. S2f), suggesting that instrumental isotopic
fractionation as a result of increasing ablation depth is unlikely.
This discrepancy implies that the investigated senarmontite
may be isotopically heterogeneous. Some of the §'**Sb values,
analysed with laser ablation at one side of the grain, are very
similar to the solution values, while analyses from another part
have slightly lighter composition. Potentially, we collected more
of the isotopically heavier part of the grain for the solution
measurements. Isotopic heterogeneity may also have affected
the laser-ablation analyses of the other two grains, for which no
solution analyses are available and which also display some
variability (0.148 + 0.070%,, n = 9 for grain 2 and 0.193 +
0.098%,, n = 10; Fig. 5).

(b) Chalcostibite (CuSbS,). Two of the analysed chalcosti-
bite grains are chemically homogeneous (Table 1). Their As

This journal is © The Royal Society of Chemistry 2021

concentration is = 1.3 wt%, and Ag and Zn may locally reach up
to 0.12 wt%. The effects of such Ag impurities on the accuracy of
the Sb isotope analyses (resulting from polyatomic Ag interfer-
ence) should be negligible at such low Ag/Sb ratios (see section
3.1).

Solution analyses of three fragments of chalcostibite grain 1
revealed an average 6'*’Sb value of —0.141 + 0.052%, (Fig. 6a)
relative to NIST 3102a. Chromatographically purified Sb (2 out
of 3 fragments) and unpurified aliquots display indistinguish-
able 4'>°Sb. Laser-ablation analyses of this grain show larger
6'23Sb variation ranging from —0.339%, to —0.105%, (with an
average of —0.264 + 0.1299%,, n = 19), indicating the isotopic
heterogeneity of the grain. Grain 2 was only measured in situ
and shows a constant 6'**Sb of —0.204 + 0.016%, (n = 4).
Commonly, the internal precision of the laser-ablation analyses
was better than +0.049,,, but for some chalcostibite (grain 1)
measurements, it was slightly worse (up to 0.07%,), potentially
related to isotopic heterogeneity or to grain porosity.

(c) Pb-Sb sulfosalts zinkenite (PbySb,,S,,) and boulanger-
ite (PbsSb,S;4). For both zinkenite and boulangerite, the
internal precision of the LA analyses was comparable to that of the
pure Sb standards (<0.045%,,). Major element analyses of two pieces
of zinkenite with EMPA revealed indistinguishable Sb contents and
minor As, Ag, Zn, and Cu contents (Table 1). Similar to the inves-
tigated chalcostibite, the low Ag content should not affect the
precision of the Sb isotope analysis. Three fragments of one zin-
kenite grain were dissolved and for an aliquot of each fragment, the
solution was purified. Subsequently, the six aliquots were
measured with solution MC-ICP-MS. All aliquots (with and without
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chromatographic separation) show indistinguishable ¢'>’Sb
(=0.372 £ 0.021%,, n = 12). Two other fragments of the same
zinkenite grain were measured with three line analyses on each
grain by LA-MC-ICP-MS. Both fragments show indistinguishable
average 0'>*Sb values relative to NIST 3102a (—0.361 + 0.019%, and
—0.362 + 0.0429,), which perfectly agree with the values analysed
from solution (Fig. 6a). These data demonstrate that in situ analyses
of zinkenite, relative to stibnite as a bracketing standard, work very
well with fs-LA-MC-ICP-MS.

Two =1 cm large boulangerite grains were analysed and found
to be almost chemically homogeneous (Table 1). At some spots,
minor impurities of Ag, Fe, and Ni were detected. Five small pieces
of the grain 2 were dissolved and for two of them Sb separation was
also performed. Solution data of these grains (Fig. 6a), however,
revealed heterogeneous 6'>°Sb values ranging from 0.163 to
0.7169%, (average: 0.327 + 0.395%,, n = 14). The two purified
aliquots perfectly match the isotopic composition of their respec-
tive unpurified aliquot. Therefore, we assume that the variable Sb
isotopic compositions, observed among the unpurified samples,
represent real isotopic heterogeneity between the grains and not
artificial matrix effects. Laser-ablation measurements performed
on the same grains gave values between 0.163%,, and 0.6709,, and
essentially confirm the isotopic range observed from the solution
analysed. Thus, although the major element composition of bou-
langerite grain 2 is uniform, the isotopic composition is strongly
heterogeneous.

The boulangerite grain 1 was measured only in situ and also
shows variations in 6'**Sb ranging from 0.131%, to 0.408%, (n =
7). Since the internal precision of individual analyses of the in
situ method is better than 0.19,, we are confident that the
isotopic variations, observed for this sample, also represent real
heterogeneities.

(d) Bournonite (CuPbSbS;) and tetrahedrite [Cu,o(Fe,
Zn),Sb,S;3]. Only small chemical variation of the Sb content was
observed within two bournonite grains derived from different
hand specimens (Table 1). The antimony isotopic composition
of bournonite grain 1 measured from the solution is 0.305 +
0.0229,,. This grain was analysed with nine LA lines providing
6'*3Sb with an average of 0.287 4 0.124%, which agrees with that
determined by solution (Fig. 6b). Nevertheless, the variability of
6'2sb values determined by laser ablation is slightly higher
than the precision of the method (as determined by replicate
analyses of stibnite and other homogenous minerals) which
may indicate some isotopic heterogeneity. Bournonite grain 3,
only measured by LA, shows even larger 6'**Sb variations than
grain 1 (0.274 + 0.2019%,, n = 6). All laser measurements have an
internal precision better than 0.042%,. The 6">*Sb, measured by
solution analyses for another bournonite (grain 2), displays
even larger variations (ranging from 0.1449,, to 0.564%,; Fig. 6b).

Tetrahedrite may contain traces of Ag (Table 1); however,
polyatomic interference from '°’Ag"°0 on '*’Sb is negligible at
this Ag concentration level (see section 3.1 and Fig. 1b).
Furthermore, tetrahedrite may also contain some Sn (up to
3.2 wt% Sn*°), although such high concentrations are rather an
exception. Considering the range of Sn isotope variations that
has thus far been observed in ores, which may be up to 0.5%, per
amu. mass difference at a conservative estimate,>*%°%
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a contribution of only 5% natural Sn relative to the amount of
Sn added by the standard may produce an artificial offset of
about 0.1%, in the mass bias corrected Sb ratio. However, in the
studied tetrahedrite, only a very small signal (<1 mV on **°Sn)
was observed during LA-MC-ICP-MS of Sb isotopes which
translates to <100 ppm Sn in the sample. Such a small contri-
bution to the Sn signal from the NIST SRM 3161a standard had
no significant effect on external mass bias correction with Sn, as
evidenced by the comparison of the raw (not mass bias cor-
rected) and Sn (both "°Sn/*"”Sn and '*°Sn/''®Sn) mass bias
corrected 6'**Sb values (Table S37). In the case of significant Sn
in the analysed samples, mass bias may be corrected by simple
sample-standard bracketing. Alternatively, the Sn isotope ratio,
determined from the background measurement, prior to
sample ablation, may be used for instrumental mass bias
correction (similar to that outlined in Lazarov and Horn (2015)*
for in situ Cu isotope analyses of Ni-bearing sulfides, using Ni as
a mass bias monitor). Solution nebulisation Sb isotope analyses
were conducted on two little fragments of the same grain, one of
which aliquoted into an unpurified and a purified fraction. All
tetrahedrite Sb solutions display indistinguishable §'**Sb
values of 0.181 + 0.0329%, (n = 8) on average relative to NIST
3102a (Fig. 6b). This value lies within the range of laser-ablation
analyses (=0.08 to 0.249,, relative to NIST 3102a, Fig. 6b) and
also agrees with the average of the laser-ablation 6'**Sb values
of 0.136 & 0.112%, (n = 7), within analytical uncertainty.

(e) Pyrargyrite (Ag;SbS;) and dyscrasite (Ag;Sb). In this part
of the study, we investigated two pyrargyrite samples Py573 and
Py574 and one dyscrasite labelled Py572. As silver here occurs as
a major element, it may generate critical polyatomic mass
interference on Sb (e.g., '**’Ag'°0 on "?sb), although, based on
the results of chapter 3.1, this interference may still be uncrit-
ical up to an Ag/Sb ratio of =3. Two fragments of each mineral
were dissolved and subdivided in purified and unpurified
aliquots. For all of the three minerals, all solution measure-
ments display indistinguishable 6'2°Sb within analytical
uncertainties (of <0.04%,), i.e. for Py572 = —0.1249,,, for Py573 =
—0.1879%, and for Py574 = —0.5179,, (Fig. 6c).

The internal precision of the laser-ablation measurements
for these minerals was slightly worse (<0.06%,) than that for
other materials, which may be related to the high amount of Ag
in the minerals. However, the 6'2°Sb values of dyscrasite
determined by LA-MC-ICP-MS (Py572: —0.094 = 0.046%,, n = 8)
are in good agreement with the solution measurements within
analytical uncertainties (Fig. 6¢). Laser ablation analyses of both
pyrargyrite samples showed small effects of the laser energy on
the measured Sb isotope composition, i.e., too high energies
resulted in heavier isotope ratios than those obtained for the
solution measurements (Fig. 6¢). A similar effect was already
observed for Cu sulfides by Lazarov and Horn (2015)" and is
likely related to a loss of lighter isotopes during melting around
the ablation area at high laser energy. With reduced laser
energy, however, the 4'**Sb values determined by solution
analyses could well be reproduced with laser ablation, sup-
porting the results of the experiments in chapter 3.1, i.e. that Ag/
Sb ratios of up to three are still uncritical for the precise anal-
yses of Sb minerals with LA-MC-ICP-MS.
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4. Conclusions

A new method of in situ stable Sb isotope analyses by fs LA-MC-ICP-
MS was established using a Sn standard solution as a mass bias
monitor. This method was applied to characterise the Sb isotopic
composition of several in-house stibnite standards. As demon-
strated by replicate analyses of these standards by solution and LA-
MC-ICP-MS, a precision and accuracy of better than 0.1%, can be
achieved. The in-house produced standard stibnite SC was found
to be isotopically homogeneous with a 6'**Sb = —0.189%, relative
to NIST SRM 3102 and is thus suitable as an isotopic reference
material for in situ Sb isotope analyses. Tests with chemically doped
solution revealed that mass interference from Te on Sb (and Sn)
isotopes can be corrected for samples with a Te/Sb lower than 0.2
and that potential polyatomic mass interference from AgN and AgO
on Sb isotopes is not critical at Ag/Sb < 3.

The method of in situ Sb isotope analyses was furthermore
applied to measure the Sb isotope composition of Sb minerals,
including senarmontite, chalcostibite, zinkenite, boulangerite,
bournonite, tetrahedrite, dyscrasite, and pyrargyrite. For
comparison, small fragments of the mineral grain were also
conventionally analysed with solution MC-ICP-MS. Mineral
grains with homogeneous §'**Sb, analysed with LA-MC-ICP-MS,
such as zinkenite, pyrargyrite and dyscrasite, show excellent
agreement between solution and laser-ablation analyses. These
findings show that matrix elements like Cu, Pb, and Ag do not
affect the accuracy of the in situ Sb isotope measurements and
thus, most natural Sb minerals can be analysed, with the
exception of Sb tellurides. Silver-antimony minerals can be
analysed with femtosecond laser ablation, but only with
moderately high laser energy.

Some Sb minerals, however, displayed more heterogeneous
Sb isotope compositions, despite the fact that they were
chemically homogeneous (with regard to their major elements).
Solution analyses of these minerals, conducted on small frag-
ments of the investigated mineral grains, showed a similar
variability as observed with LA-MC-ICP-MS (e.g., =0.5Y%, for
boulangerite) or in other cases more homogeneous values (e.g.
for senarmontite and chalcostibite). All stable Sb isotopes
analyses together revealed a range of 6'>*Sb of =~1.2%, (—0.56%,
to 0.67%,) among the studied natural Sb-rich minerals. These
findings show the importance of precise in situ Sb isotope
analyses, in order to detect processes at the micrometer scale
that are reflected by their Sb isotopic variations.
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