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Abstract

cies during the pretreatment process. In this study, H,S,
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Toxic gases can be emitted when sulfides form compounds with heavy metals; thus, a series of pretreatments are
required prior to the analysis of sulfur isotope ratios to remove unnecessary elements. In addition, it is necessary to
verify the effect of sulfur isotope fractionation caused by the plurality of sulfides comprising different sulfide spe-

was extracted from mixed sulfides comprising pyrite and
galena and reacted with mixed acids (i.e., HCl+HI+H;PO,) at 200 °C, in sealed conditions filled with N,. Subsequently,
CdS) was precipitated from the reaction with H,5, in a trap filled with Cd(CH;CO0), 5. CdS() was then ionized

) after reacting with H,0,, followed by the addition of BaCl,, to precipitate BaSO,. The sulfur isotope
values of the products (barite: av. 5.9%o0) were lower than those of the reactants (sulfides: av. 6.9%o); this is attributed
to the preferential fractionation of galena with a low isotope ratio when converting sulfide to H,S
pretreatment process for the sulfur isotope analysis of a sample composed of a sulfide mixture, the effect of isotope
fractionation between sulfur species should be considered.

gas)

Keywords Sulfur reduction, Barium sulfate, Pyrite, Galena, Sulfur isotope fractionation

gas)- 1herefore, in the

Introduction

Sulfur, one of the major constituents of the Earth’s crust,
is a dominant nonmetal element occurring in ore depos-
its and exists in the form of sulfates or sulfides in a wide
range of sulfur isotopic compositions. Sulfur has four sta-
ble isotopes; %S, 33S, 34S, and 3°S, and their abundances
in nature are 95.02%, 0.75%, 4.2%, and 0.017%, respec-
tively (MacNamara and Thode 1950). In addition, the
stable isotope ratio for a specific material is expressed as
345/325, using two relatively abundant sulfur species, and
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83*S (%o) according to Eq. (1) using the standard material
(CDT: Canyon Diablo Troilite) (Beaudoin et al. 1994).

(345/32‘Ssample - 34S/BZSCDT)
(*S/*2Scor)

8348 = x 1000 (1)

Sulfur reduction distillation methods for organic
and inorganic samples have been undertaken in vari-
ous research (Toshiyasu et al. 1957; Ault and Kult 1959;
Thode et al. 1961; Sasaki et al. 1979; Arnold et al. 2014).
Toshiyasu et al. (1957) proposed a sulfur reduction dis-
tillation method that required a complicated pretreat-
ment process, for example, after preparing a “Kiba”
reagent, which is a mixture of stannous chloride (SnCl,)
and phosphoric acid (H;PO,), sulfide minerals were dis-
solved at high temperatures to extract hydrogen sulfide
(H,S) and passed through a carbon dioxide (CO,) trap
to expel air. Zinc acetate (Zn(CH3;COQ), was then
added to precipitate zinc sulfide (ZnS), and bromine
water (HBrO;+H,0) was added to produce sulfate ions
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(SO,*). Barium hydroxide (Ba(OH),) was added again to
precipitate barium sulfate (BaSO,). In the pretreatment
process, the zinc sulfide precipitate adhered to the wall of
the glass tube and was back-titrated using iodine solution
(I,) with sodium thiosulfate (Na,S,053) solution (Toshi-
yasu et al. 1957).

Sasaki et al. (1979) improved the sulfur reduction dis-
tillation method that uses the “Kiba” reagent by allow-
ing nitrogen gas (N,) to flow through a distillation
line to minimize its contact with oxygen. The sulfur
extracted from the reactants was precipitated as zinc
sulfide, and glacial acetic acid (CH;COOH) and silver
nitrate (AgNO;) were added to precipitate silver sulfide
(AgS), which was then recovered using a quartz wool fil-
ter. However, when using the “Kiba” reagent, the sulfur
extraction efficiency is poor for chalcopyrite (CuFeS,),
arsenopyrite (FeAsS), and molybdenite (MoS,) (Sasaki
et al. 1979).

Thode et al. (1961) devised a sulfur reduction distilla-
tion method using the “Thode” reagent by mixing iodic
acid (HI), hydrochloric acid (HCl), and hypophosphorous
acid (HsPO,). In this method, the “Thode” reagent and
sulfide sample are reacted at high temperatures under
nitrogen gas flow to extract H,S, which is then reacted
with cadmium acetate (Cd(CH;COO),), which is first
replaced by cadmium sulfide (CdS), and AgNO; is then
added to recover silver sulfide (Ag,S). However, in this
method, the excess chlorine ions (C17) react with AgNO,
to precipitate silver chloride (AgCl,) and chlorine gas
(Cl,) generated after combustion in the mass spectrom-
eter contaminates the gas chromatography column (GC-
Column) and causes an increase in the sulfur isotope
error range, owing to the memory effect.

When sulfur isotope analysis is performed on As-bearing
sulfide minerals (e.g., NiAs, NiAs,, and CoAs,), there are risk
factors to consider during the handling and storage processes
of the sample. In addition, corrosive gases generated during
combustion cause contamination within mass spectrometers
used in isotope analyses. Accordingly, Spangenberg et al.
(2022) performed sulfur isotope analysis by recovering sul-
fur in the form of stable BaSO, as an alternative method, and
showed various crystallinities (84—98%) of barite and repro-
ducibility of sulfur isotope values (+0.5%o).

Generally, sulfide minerals produced in metallic ore
deposits exhibit limited physical separation because mul-
tiple sulfide minerals can coexist under various phys-
icochemical conditions and occur as phenocrysts or
microinclusions (Abraitis et al. 2004; Roméan et al. 2019;
Hutchison et al. 2020; Ren et al. 2021). Consequently, when
performing a series of analyses of sulfide minerals forming
a sulfide composite (e.g., FeS,, PbS, and ZnS) that undergo
different sulfur isotopic fractionation depending on tem-
perature changes, a review of the isotopic fractionation
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effect between sulfur species is required (Sakai 1968;
Bachinski 1969; Grootenboer and Schwarcz 1969; Salo-
mons 1971; Li and Liu 2006; Liu et al. 2015; Zhang 2021).
For instance, galena tends to have a larger sulfur isotopic
fractionation factor for H,S than other sulfide minerals, in
accordance with the decrease in temperature (Ohmoto and
Goldhaber 1997). Against the background of the above-
mentioned points, in this study, a pretreatment process
was performed on a sulfide mixture comprising pyrite and
galena, and the fractionation effect on the sulfur isotope
ratio between the reactants and products was examined.

Materials and methods

Reagents

HI (200 ml, 57%), H;PO, (100 ml, 50-52%), and HCI
(330 ml, 35—-37%) were placed together with a boiling stone,
and a gas line was assembled. Thereafter, nitrogen gas (N,,
99.9999%) was slowly fed through the pretreatment line to
remove internal air. The system was then heated slowly and
maintained for approximately 60 min from the time the
mixed acid was boiled to release all the sulfur added dur-
ing the reagent manufacturing process. The mixed acid
prepared through this process was stored in a brown bottle
to block the photooxidation reaction of iodine. Secondary
purified water was used to remove the water-soluble gas
generated during the pretreatment process, and cadmium
acetate (Cd(CH3COO),), hydrogen peroxide (H,O,), and
barium chloride (BaCl,) were used for sulfur extraction and
concentration.

Sulfur reduction pretreatment

Because the pretreatment process must be performed in
an oxygen-blocked environment, the line was assembled
under anaerobic conditions (Fig. 1). Completely dried
sulfide powder (<200 mesh) composed of pyrite and
galena was set in a reaction flask, a distilled water trap for
capturing water-soluble gas and a cadmium acetate trap
for capturing sulfide gas were installed, and a mixed acid
(HCI+HI+H,PO,) was injected into the reaction flask
until the sulfide powder was fully sunken. Thereafter, the
cooling water was circulated outside the gas flow path con-
nected to the upper part of the reaction flask, and the heat-
ing mantle surrounding the reaction flask was heated to
200 °C. During the boiling process, the gas released from
the reactants reaches the distilled water trap through the
cooling water line, and in this process, water-soluble gas is
captured. Among the released gases, H,S reaches the cad-
mium acetate trap together with nitrogen gas, where it is
precipitated as CdS according to Eq. (2):

HQS(gaS) + Cd(CHgCOO)Z(aq) — CdS(s) N +2CH3COOH(aq)
2)
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Fig. 1 Photographs displaying the sulfur reduction distillation process in this study

After boiling, it was maintained for approximately
60 min to fully react between the mixed acid and sulfide
powder. The reaction flask was then cooled slowly by
lowering the heating mantle temperature, and the pre-
cipitated CdS was transferred to a 50 ml centrifugal tube
and ionized to sulfate (S0,%7) by injecting 30% H,O, on
an orbital shaker at 60 rpm for 9 h. Thereafter, 1 mol
of BaCl, was injected to precipitate BaSO, according
to reaction Eq. (3). BaSO, was subsequently collected
using a filtration device equipped with a membrane filter
(0.2 um) and then dried in an oven at 60 °C for 9 h.

SO~

+(aq) + BaCl, — BaSOys) + 2Cl(aq) (3)

Analytical method

The sulfide minerals that were used as reactants were
obtained from the Subok Pb-Zn deposit in Jecheon,
South Korea. After crushing, the samples were hand-
picked under a stereomicroscope. X-ray diffraction
(XRD) analysis was performed using a Rigaku Mini-
Flex600 instrument provided at the Center for Research
Facilities in Kongju National University under the condi-
tions of Cu-Ka (A=1.5418 A), 40 kV, 15 mA, 26, 3-90°,
0.01 step, and 10 s. Match! ver. 3.14 Build 233 software
was used to perform mineral identification and semi-
quantitative phase analysis of the sulfide powder using
the Rietveld refinement method.

Field emission scanning electron microscopy (FE-SEM)
and Energy-dispersive X-ray spectroscopy (EDS) analy-
ses were performed on the samples before the addition
of sulfide minerals and after the precipitation of BaSO,,
respectively, using a JEOL (JXA-8530F PLUS) device
housed at the Instrumental Analysis Center in Gyeong-
sang National University under an accelerating voltage of
15 kV. The samples were mounted in a cylindrical shape
using epoxy and hardener, and the analysis surface was
then polished sequentially down to 0.25 pm of abrasive
particle size and coated with conductive carbon.

A Flash 2000 elemental analyzer (EA) installed at the
Center for Research Facilities at Kongju National Univer-
sity was used to measure the sulfur content of the reac-
tion product; the analysis error was better than+0.01
wt.%. The sulfur isotope analysis of the sulfide powder
was performed using an IsoPrime EA, GV Instruments
Isotope ratio mass spectrometer (IRMS) provided at
Tokyo Maritime and Ocean University; the analysis
error was +0.2%o. The sulfur isotope analysis of the reac-
tion product, barite, was performed using an Isoprime/
Delta V instrument provided at the Ochang Center of
the Korea Basic Science Institute, with an analysis error
of +0.2%o. Prior to the sulfur isotope analyses, the sample
was mixed with vanadium pentoxide (a comburent) at a
ratio of 1:10, sealed in an 8 X5 mm tin capsule, and then
dropped from the autosampler into a copper reaction
tube. In a metallic copper tube heated to 1050 °C, the
sample was pyrolyzed by flash combustion (~ 1,500 °C)
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using O, supplied with helium gas (119 ml/min), and
the unnecessary oxygen was removed and reduced to
SO, by metallic copper. Thereafter, an oxygen isotope
exchange reaction was performed with high-temperature
quartz wool to maintain the oxygen isotope ratio of SO,
at a constant. For example, because the 66/64 ratio can
be affected by the oxygen isotope ratio, it must be con-
stantly adjusted. The moisture remaining in the samples
was captured using magnesium perchlorate (Mg(ClO,),).
Depending on the sample, CO, may be generated from
impurities; however most are separated from SO, while
passing through the GC-column. The SO, separated
from the reaction product through the above process was
guided to the ion source line together with the stand-
ard gas. In this section of the system, gas molecules are
ionized and accelerated through interactions with an
electron beam (electron ionization, EI), and mass separa-
tion occurs while passing through a magnetic field. The
345/32S ratio was measured using a dual-collector mass
spectrometer and was subsequently corrected by com-
parison with reference gases such as NBS-127 and MSS-3
(Halas and Szaran 2001; Yanagisawa and Sakai 1983).

Results and discussion

Phase change according to pretreatment process
According to the XRD analysis, the sulfide powder that
was used in the pretreatment reaction consisted of pyrite
(e.g., 1.63 A, 2.70 A, and 2.42 A) and galena (e.g., 3.42 A,
2.96 A, and 2.09 A; Fig. 2A), and based on the Rietveld
refinement method, they accounted for 82% and 18%
in contents, respectively. According to the backscat-
tered electron image analysis of the sulfide sample,
galena coexists with pyrite as a microinclusion of a few
micrometers or a phenocryst of approximately 2 mm in
pyrite (Fig. 3A and B). The recrystallized product after
the pretreatment reaction was a typical orthorhom-
bic barite composed of BaSO, (COD No. 96-900-0160:
a=8.884 A, b =5458 A, c =7.153 A, a =R=y=90"; i.e,
aa = 8.886 A, b =5.443 A, ¢ = 7.154 A; Fig. 2B), which
appeared as a spherical amorphous aggregate or ellipsoid
with a distinct (001) growth plane under the backscat-
tered electron image (Fig. 3C).

The presence of single-crystal barite confirmed from
the backscattered electron image, XRD analysis, and EDS
analysis suggests that the sulfur in the reactants, com-
prising pyrite and galena, was effectively extracted and
recrystallized through the sulfur reduction distillation
process using a mixed acid (Figs. 2B, 3C and F). How-
ever, according to the EDS analysis, the sulfur content of
barium sulfate was 12.8—13.5 wt.% (av. 13.2 wt.%, n =4;
Table 1), while that of the bulk barite samples measured
by EA analysis yielded lower values, 10.9 wt.% in aver-
age (10.5-11.4 wt.%, n =11; Table 2). It is presumed to
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be attributed to the technical limit of the elemental ana-
lyzer. Although vanadium pentoxide (V,0;) has been
used to improve the combustion rate of sulfur in EA/
IRMS, the complete recovery of combusted sulfur gas is
still restricted (Monaghan et al. 1999; Studley et al. 2002;
Spangenberg et al. 2022).

Usefulness of sulfur reduction distillation of sulfides

In metallic ore deposits formed under the influence of
magmatic-hydrothermal activities, sulfide minerals can
be combined with various metallic elements (e.g., Cd,
Pb, Ag, W, Mo, Hg, and As); therefore, for effective sul-
fur isotope analysis, a series of pretreatment processes
are required to remove contaminants from the analyzed
elements. Sulfide minerals (e.g., FeAsS, CoAgS, and HgS)
combined with mercury or arsenic require caution when
treated because they emit toxic gases (Pokrovski et al.
2002; Basu and Schreiber 2013).

Spangenberg et al. (2022) pointed out the device con-
tamination and memory effects that may occur during
sulfur isotope analysis of sulfide minerals containing
arsenic; for example, to analyze the sulfur isotope com-
position of arsenide with low sulfur content (total sul-
fur<1 wt.%), a large amount of sample must be burned.
In this process, excess non-analyzed gases are introduced
into the ion source line (Spangenberg et al. 2022). This
memory effect causes excess gas and atoms generated
in the previous sample to remain in various parts of the
device, including the GC-column, causing the problem
of the previously accumulated gas affecting the analy-
sis value of the next sample in the process of successive
sample analysis (Grassineau 2006). In this study, impuri-
ties were separated from the reactant through a series of
sulfur reduction distillation processes because they were
rarely included in the high-purity form of barite (Table 1,
Fig. 2B); thus, the memory effect on the sulfur isotope
analysis of each sample would be negligible.

Sulfur isotope fractionation effect

In sulfide deposits associated with magmatic-hydrother-
mal systems, sulfur isotope values are used as an impor-
tant tool that reflects the origin (e.g., magma, seawater,
and organic matter) and behavior (e.g., sulfate reduction
and fluid-rock interactions) of sulfur and environmen-
tal parameters related to sulfide precipitation (e.g., tem-
perature, oxygen fugacity, and pH) (Kawasumi and Chiba
2017; Hutchison et al. 2020). Because the 325/3*S distribu-
tion between coexisting sulfide minerals occurs systemat-
ically in accordance with the sulfur-metal bond strength,
the consistent sulfur isotope fractionation mechanism
under equilibrium conditions provides information on
the origin of elements and formation temperature of
minerals, which are important for the interpretation of
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Fig. 3 BSE images of A disseminated galena inclusion in pyrite, B galena phenocryst in pyrite, and C development of barite crystals. EDS spectrums
of D pyrite, E galena, and F barite

Table 1 Chemical composition of reactant and product analyzed by energy dispersive spectroscopy (EDS)

Samples Reactant Product

Pyrite Galena Barite

Py1 Py2 Gn1 Gn2 Ba1 Ba2 Ba3 Ba4
Oxides (%)
SO, 68.95 69.10 24.08 24.28 32.90 33.01 31.90 33.66
FeO 31.05 3091 142 0.63 - - - -
PbO - - 74.50 75.09 - - - -
BaO - - - - 67.10 66.99 68.10 66.34
wt.(%)
0 48.25 4847 20.09 20.08 26.72 26.78 26.23 27.10
S 27.61 27.58 9.64 9.72 13.18 13.22 12.77 13.48
Fe 24.14 23.95 1.10 049 - - - -
Pb - - 69.16 69.71 - - - -
Ba - - - - 60.10 60.00 61.00 59.42
at. (%)
O 69.99 70.15 65.75 65.93 66.31 66.34 66.05 66.51
S 19.99 19.92 15.75 1593 16.31 16.34 16.05 16.51
Fe 10.03 9.93 1.03 0.46 - - - -
Pb - - 1747 17.68 - - - -
Ba - - - - 17.37 17.31 17.90 16.99
a.p.fu. based on 24 oxygen atoms
S 6.85 6.82 575 5.80 5.90 591 5.83 5.96
Fe 344 340 0.38 0.17 - - - -
Pb - - 6.38 6.43 - - - -
Ba - - - - 6.29 6.26 6.50 6.13
Cation sum 10.29 10.22 12.50 1240 12.19 12.18 1233 12.09

-=Dbelow detection limit
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Table 2 Sulfur contents and sulfur isotope compositions of samples before and after pretreatments analyzed by elemental analyzer

and isotope ratio mass spectrometry (EA/IRMS)

Samples Material Chemical formula S (Wt.%) 534S (%o0) SE (+0)
Reactant

S1 Pyrite-galena mixture FeS,, PbS 46.4 6.98 0.01
S2 6.77 0.07
Product

A-1 Barite BaSO, 10.5 6.60 0.08
A-2 Barite BaSO, 114 5.65 0.06
A-3 Barite BaSO, 11.1 553 0.01
A-4 Barite BaSO, 10.9 6.36 0.05
A-5 Barite BaSO, 10.8 6.35 0.03
A-6 Barite BaSO, 11.0 551 0.16
A-7 Barite BaSO, 1.1 592 0.15
A-8 Barite BasSO, 10.1 539 0.03
A-9 Barite BaSO, 10.9 5.56 0.08
A-10 Barite BaSO, 10.8 6.10 0.11
A-11 Barite BaSO, 11.0 5.79 0.13

the genesis of ore deposits (Sakai 1968; Bachinski 1969;
Li and Liu 2006). According to Bachinski (1969), the
bond strength of sulfides is estimated by free energy, lat-
tice energy, and other experimentally obtained empirical
methods, and **S-rich sulfide minerals appear in the fol-
lowing order: pyrite >sphalerite > chalcopyrite > galena.
In addition, Ohmoto and Goldhaber (1997) conducted
experiments on sulfide minerals (e.g., FeS,, ZnS, CuFeS,,
and PbS) and sulfur ion species (e.g., SOy, H)Sgas)
Sz_(aq), and 5042_(aq)) under equilibrium conditions and
systematized the sulfur isotope fractionation that occurs
between the two phases according to temperature.
When sulfur leached from pyrite (FeS,) and galena (PbS)
forms H,S, it is fractionated with different sulfur isotope
ratios depending on temperature (Ohmoto and Gold-
haber 1997). For example, at 200 °C, sulfur isotope ratios
increased by +1.8%o for pyrite (FeS, — H,S; Ohmoto and
Goldhaber 1997) and decreased by —2.9%. for galena
(PbS — H,S; Li and Liu 2006), according to Eqs. 4 and 5,
respectively.

10°
(Fe82 — HZS), 1000Ina = 40 x % (4')
10°
(PbS — H,S), 1000lna = —0.64 x (5)

T2(K)

The sulfide used in this study was composed of pyrite
and galena, of which the sulfur isotope composition,
6.9%0 on average (n =2), was approximately 1%o higher
than that of the barite, 5.9%0 on average (5.4—6.6%o,
n =11; Table 2, Fig. 4). When pyrite and galena are

converted directly to reduce sulfur gas in a copper
reduction tube of the IRMS instrument at temperatures
exceeding 1,500 °C, the resulting fractionation effects on
sulfur isotopes, as predicted by Egs. 4 and 5, are less than
0.2%o0 and 0.1%o, respectively. Thus, it is unlikely that the
isotopic offset would surpass 0.2%o. Our study demon-
strates that the fractionation effect of galena, which has a
lower sulfur isotope composition than pyrite, is believed
to have lowered the isotope value in the process of con-
version to H,S by reacting with the mixed acid at 200 °C.
In addition, the sulfur isotope value of the reaction prod-
uct widely ranged from 5.4 to 6.6%o, this could be attrib-
uted to the following reasons: (1) The occurrence form
of pyrite and galena, which constitute the sulfides, was
irregular; therefore, there was a variation in the leach-
ing rate of sulfur when reacting with the mixed acid, and
(2) in the pretreatment process, the mixed solvent boiled
before the temperature in the reaction flask reached a
temperature of 200 °C, and sulfur was leached early from
galena, and at the same time, it fractionated preferentially
with a low isotope value in the process of forming H,S.
The magnitude of sulfur isotope fractionation is largely
dependent on the sulfide species and temperature con-
ditions. Galena and pyrite, for example, exhibit different
degrees of sulfur isotope fractionation when converted
to other sulfur species at the same temperature condi-
tions (Ohmoto and Goldhaber 1997; Li and Liu 2006).
Kajiwara et al. (1969) studied the fractionation process
of sulfur isotopes according to the change in synthesis
temperature (150-630 °C) and reaction time (2—-180 d),
from elemental sulfur to synthetic sulfides, such as pyrite,
sphalerite, and galena. Consequently, the sulfur isotope
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Fig. 4 Variation of sulfur isotope compositions of samples before (solid circle: sulfides) and after (open circle: barite) pretreatments

fractionation factor among the synthesized mineral pairs
increased with a decrease in temperature, regardless of
the reaction time. Simultaneously, the sulfur isotope val-
ues of the synthesized sulfides are known to be heavier
in the order of pyrite > sphalerite > galena (Kajiwara et al.
1969). Therefore, the effect of sulfur isotope fractionation
between sulfur species by temperature conditions should
be considered when performing a series of pretreatment
processes for sulfur isotope analysis of a sample com-
posed of a sulfide mixture.

Conclusions

To analyze the sulfur isotope compositions of sulfide
minerals from metallic ore deposits, a series of pretreat-
ment processes are required to remove non-analyzed
contaminants. In particular, substituting sulfur into the
barium sulfate form is an effective method. In this study,
during the pretreatment process of sulfides composed of
pyrite and galena, H,S was formed at 200 °C and reacted
with an aqueous solution of Cd(CH;COO), to precipi-
tate CdS. Subsequently, H,O, was injected to ionize the
sulfate, and barite was recovered by injecting an aqueous
solution of BaCl,. The sulfur isotope value of barite (av.
5.9%o), the product, was lower than that of sulfides (av.
6.9%0), the reactant; this seems to be attributed to the fact
that sulfur from galena was extracted from the sulfide
mixture at an early stage and it fractionated preferentially
with a low isotope value during the H,S-forming process.

Therefore, for sulfide mineral composite samples, the
effect of sulfur isotope fractionation between sulfur spe-
cies should be considered when dealing with the isotope
values obtained from the pretreatment process.

Abbreviations

cbt Canyon Diablo Troilite

XRD X-ray diffraction
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