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Abstract—We present results of study of sulfide ore occurrence in highly metamorphosed (granulite facies) Archean rocks of the Sibe-
rian craton basement. The host rocks and ore minerals are briefly described, and new data on the multiple sulfur isotope (δ33S, δ34S, Δ33S) 
composition of sulfides are presented. Application of high-resolution analytical methods enabling the assessment of the sulfur isotope be-
havior in situ made it possible to reveal mass-independent fractionation of sulfur isotopes in the rock samples. The isotopic composition of 
sulfur in the sulfides indicates its inflow from several sources, including the ancient Archean atmosphere, where primary sulfur has passed 
through a cycle of fractionation. Despite the high-gradient metamorphism, the subsequent ultrametamorphic and post-ultrametamorphic 
transformations accompanied by a change in the primary mineral composition of rocks and by chemogenic fractionation of sulfur, the sig-
nature of the sedimentary source of sulfur in sulfide ores has been well preserved. Analysis of the chemical composition of rocks and ore 
minerals and of sulfur isotopes has led to the conclusion that the studied rocks are metamorphosed Late Archean analogs of black shales 
and the sulfide mineralization is of stratiform pyrite type.
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INTRODUCTION 

A number of large sulfide ore deposits formed on the 
Earth throughout the Archean and Early Proterozoic. Eluci-
dation of the sources of their sulfur and metals is of great 
importance for understanding their genesis. Data on the iso-
topic composition of sulfur are often invoked to establish its 
sources (Grinenko and Grinenko, 1974; Grichuk and Lein, 
1991; Butler et al., 1998). The above studies were performed 
using the ratios of two most common sulfur isotopes (32S 
and 34S), although sulfur has four stable isotopes, 32S, 33S, 
34S, and 36S, with their natural relative abundance of 95.02, 
0.75, 4.21, and 0.02%, respectively. This was partly due to 
the limitations of analytical methods and also due to the 
clear correlation among the δ33S, δ34S, and δ36S values 
(Hulston and Thode, 1965), called the mass-dependent frac-
tionation (MDF) of sulfur isotopes. Fractionation of sulfur 
isotopes runs through kinetic isotope effects during biologic 
processes and a chemical exchange between different sul-
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fides and between sulfides and sulfates. However, until re-
cently it has been believed that measurement of δ33S and 
δ36S would yield no additional information (Johnston, 2011).

It was found, however, that MDF is often disturbed in the 
case of Archean and Early Proterozoic deposits. Deviation 
from MDF is called mass-independent fractionation of sul-
fur (MIF-S), and the deviation value is denoted Δ33S‰. It is 
believed that MIF-S is the result of photochemical reactions 
running in an anoxic atmosphere under ultraviolet radiation 
(Farquhar et al., 2000; Pavlov and Kasting, 2002; Farquhar 
and Wing, 2003; Bekker et al., 2004). At present, this view-
point is predominant, although not the only one. Other pos-
sible variants of anomalous fractionation of isotopes are 
chemisorption reactions (Lasaga et al., 2008) or thermo-
chemical sulfate reduction by amino acids (Watanabe et al., 
2009), but there is still controversy as to whether these pro-
cesses were relevant for mass-independent fractionation in 
Archean rocks (Farquhar et al., 2010; Golding et al., 2011; 
Roerdink et al., 2012).

Mass-independent fractionation of sulfur isotopes is a 
distinctive feature of Early Precambrian sedimentary rocks 
and reflects atmospheric processes at that time. In subse-
quent sulfur-involving geologic (igneous, metamorphic, and 
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metasomatic) transformations, the nonzero values of Δ33S 
are usually preserved even in the case of significant MDF, 
unless mixing processes dilute the Δ33S signature to values 
below its detection limit. As a result, MIF-S is a chemically 
conserved tracer indicating that sulfur is involved in the ore 
formation. In this research we use multiple sulfur isotope 
composition to determine the sources of this element in the 
sulfides of the Cheremshanka pyrite ore occurrence in the 
Sharyzhalgai marginal uplift of the Siberian craton.

MATERIAL AND METHODS

Material for study was sampled during the prospecting 
and mapping performed by the Angarsk Geosurvey Expedi-
tion of the Irkutskgeologiya State Geological Enterprise in 
the late 1980–early 1990s. Drilling in the basin of the Sred-
nyaya (Middle) Cheremshanka River, a right tributary of the 
Kitoi River, revealed veinlet-disseminated pyrite–pyrrhotite 
mineralization in the Cheremshanka Formation of the Shary-
zhalgai granulite complex in the Sharyzhalgai (Cis-Sayan) 
marginal uplift.

Sampling was made from the cores of five prospecting/
mapping boreholes up to 500 m in depth. Samples with sul-
fides (pyrite, pyrrhotite, chalcopyrite, etc.) in the form of 
dissemination, clusters, nests, thin veinlets, solid zones, and 
massive ores were used for isotope studies.

Analyses of rocks were carried out in the Chemical Ana-
lytical Laboratory of the Institute of Geochemistry, Irkutsk, 
using the following methods: X-ray fluorescence (major and 
trace elements—Ba, Sr, Zr, Nb, and Ta), “wet chemistry” 
and flame photometry (K, Na, Li, Rb, and Cs), quantitative 
emission spectroscopy (Ba, Sr, B, Be, F, Mo, W, Sn, La, Ce, 
Yb, Y, Zr, Cr, V, Ni, and Co), and atomic-absorption spec-
troscopy (Ca, Mg, Fe, Mn, Si, and Al). Each sample was 
analyzed by different methods. Table 1 presents the average 
contents obtained by methods with the lowest detection lim-
its of elements. The detection limits are as follows: Na2O 
and K2O—0.01%; ppm: Li, Rb, and Cs—0.5–1 (flame pho-
tometry), Ba and S—2–3, B—1, Be—0.05, F—50, Mo and 
Sn—0.1, La, Ce, Nd, and Zr—5–15, Yb and Y—0.1–1.0, 
Pb, Zn, Cr, and V—1, Ni, Co, and Cu—0.5, Ag—0.01 
(quantitative spectral method); Ba and Sr—1, Zr, Nb, and 
Ta—1-2 (X-ray fluorescence).

Analyses of minerals were made in the Laboratory of 
X-Ray Methods of the Analytical Center of the Far East 
Geological Institute, Vladivostok, using a JEOL JXA 8100 
electron microprobe (Japan) with three wavelength-disper-
sive spectrometers and an INCA EMF spectrometer (Eng-
land) with a MnKα resolution of 137 eV at an accelerating 
voltage of 20 kV and a current of 1 × 10–8 A. In the point 
study of minerals, the material to be analyzed was 1 to 3 μm 
in size. Electron images were obtained by BSE scanning. 
Pure metals, glasses, and minerals analyzed by other meth-
ods and MAC standards were used as reference samples. 
Total Fe was taken as Fe2+.

Sulfur isotope analyses were carried out in the Labora-
tory of Stable Isotopes of the Analytical Center of the Far 
East Geological Institute, Vladivostok, using the local laser 
method (Ignatiev et al., 2018). The sulfur isotope ratio was 
measured for isotopic masses of 127 (32SF5

+), 128 (33SF5
+), 

and 129 (34SF5
+) on an MAT-253 mass spectrometer in a 

three-beam mode. The measurement results, δ33S and 
δ34S, ‰, are given relative to the VCDT International Stan-
dard. The accuracy of analyses of sulfide inclusions with a 
spatial resolution of ~100 μm is δ34S ± 0.20‰ (1σ), δ33S ± 
0.15‰ (1σ), and Δ33S ± 0.05‰.

GEOLOGIC SETTING

Geologic structure. The Sharyzhalgai (Cis-Sayan) mar-
ginal uplift (Grabkin and Mel’nikov, 1980; Rosen, 2003) 
comprises the main typical structures of the Precambrian 
continental crust: granite–greenstone and granulite–gneiss 
complexes (areas). Four large blocks are recognized within 
it: Bulun, Kitoi, Zhidoi, and Irkut (Grabkin and Mel’nikov, 
1980; Mel’nikov, 2011), differing in rock composition, 
morphology, and evolution of large structures (Fig. 1). The 
Neoarchean Kitoi complex in the Kitoi block and the poly-
chronous Neoarchean–Paleoproterozoic (2.5–1.8 Ga) Shary
zhalgai complex in the Zhidoi and Irkut blocks are composed 
of rocks of the granulite facies (Sal’nikova et al., 2007).

Starting from the 1960s, the lower Archean section of the 
Sharyazhalgai Group was separated (from bottom to top) 
into the Zhidoi, Zoga, and Cheremshanka Formations. Ac-
cording to the latest geological-mapping data (Galimova et 

Fig. 1. Schematic geological map of the Sharyzhalgai marginal uplift 
of the Siberian craton. 1, sedimentary cover of the Siberian craton; 
2–4, structures of the marginal uplift of the platform basement: 2, 
Urik–Iya graben, 3, Onot greenstone belt, 4, Sharyzhalgai granulite–
gneiss complex; 5, terranes of the Central Asian Fold Belt; 6, Main 
Sayan deep fault; 7, other faults. a, Area of study of sulfur isotopes in 
sulfides of the Cheremshanka Formation of the Sharyzhalgai granulite 
complex.
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al., 2009), rocks of the Sharyzhalgai complex rest upon the 
plagiogneisses of the Onot greenstone belt, dated at 3.25–
3.4 Ga (Bibikova et al., 1982, 2006).

Note that the separation of stratigraphic units in the 
Sharyzhalgai complex always provoked discussion (Petrova 

and Levitskii, 1984; Mel’nikov, 2011). This separation is 
partly confirmed by the data on its polychronous evolution: 
granulite metamorphism and transformation (granitization) 
(Sal’nikova et al., 2007; Levchenkov et al., 2012; Levitskiy 
and Levitskiy, 2014) at the Neoarchean (2.562–2.557 Ga) 

Table 1. Chemical (wt.%) and trace-element (ppm) compositions of rocks

Component 1 2 3 4 5 6 7 8 9 10 11 12

Kh1/15 Kh1/16 Kh1/37 Kh1/38b Kh1/40 Kh10/4 Kh10/6 Kh1/28 Kh1/31b Kh1/35 Kh11/7a Kh5/2a

SiO2 49.48 48.95 46.05 36.29 42.62 40.44 46.60 53.20 40.21 53.06 24.02 56.44
TiO2 0.75 0.76 0.63 0.49 0.38 1.04 0.66 1.56 0.42 0.59 0.11 0.37
Al2O3 13.85 18.30 16.05 11.81 12.30 11.3 13.2 14.24 8.32 13.72 4.60 9.45
FeO — 8.58 7.89 23.8 7.99 14.5 7.45 13.2 21.01 14.18 18.95 9.25
Fe2O3 12.2* 1.43 4.44 6.05 5.23 2.70 1.43 1.69 2.98 2.02 11.61 0.75
MnO 0.15 0.15 0.04 0.05 0.08 0.09 0.13 0.23 0.39 0.24 0.19 0.14
MgO 3.60 4.70 2.10 1.36 2.30 2.30 2.40 5.30 4.75 3.30 1.75 3.07
CaO 2.30 2.00 1.80 0.78 1.30 1.85 1.30 7.93 1.30 7.19 2.33 16.48
P2O5 0.07 0.12 0.10 0.05 0.10 0.08 0.07 0.15 0.12 0.10 0.07 0.08
K2O 2.51 4.01 2.4 4.64 2.76 1.76 2.59 0.36 3.62 1.45 1.13 1.51
Na2O 1.76 1.98 2.12 1.72 1.39 1.45 1.50 1.41 1.19 1.82 0.55 0.58
LOI 6.42 4.81 10.31 2.37 17.47 15.20 17.59 0.98 9.01 0.84 23.10 0.85
S 6.47 3.40 5.73 10.77 5.63 7.27 4.92 — 6.38 1.21 10.93 1.52
CO2 0.37 0.52 0.53 — 0.58 0.24 0.44 — 0.43 — 0.95 —
Total 100.01 99.95 100.31 100.18 100.13 100.22 100.28 100.25 100.13 99.72 100.29 100.49
Li 40 30 19 14 17 18 18 16 11 18 5 24
Rb 70 12 72 100 94 60 68 16 88 28 26 54
Ba 330 410 340 310 340 320 490 151 695 460 150 280
Sr 110 130 100 50 100 85 110 143 85 130 25 350
B 28 27 28 44 39 47 5 8.9 62
Be 1.15 0.8 4.4 1.25 1.85 1.25 1 0.9 1.25 4 0.65 1
F 1600 2400 1200 725 735 1700 1150 160 450 280 720 340
Mo 6 3.6 — 3 3.6 6.2 7 1.3 10 8 2.5 2.3
Sn 12 4.8 4 6.3 4.4 14 9.1 1.0 — 2 6.1 6.7
La 35 68 30 14 35 24 30 13 5 34 2 21
Ce 68 130 65 30 65 47 65 28 15 77 2 57
Nd 31 62 27 19 32 20 30 17 5 22 2 18
Yb 2.4 2 4.8 1.4 3.5 2.8 3 3.5 0.5 3.2 1.6 2.5
Y 23 20 34 16 36 29 30 31 15 23 11 18
Zr 110 130 100 65 90 80 90 152 60 80 40 70
Zn 770 340 400 400 140 3700 550 100 1000 200 1000 88
Pb 51 73 30 72 33 73 62 6 40 20 110 8.6
Cu 310 180 300 270 160 280 160 56 350 100 680 8.9
Cr 160 210 20 120 120 130 120 180 210 300 67 79
V 250 210 60 74 170 130 150 332 180 200 100 110
Ni 140 82 100 160 120 130 130 80 150 100 240 57
Co 43 31 60 95 37 63 46 44 70 40 130 11
Sc 19 31 — 25 25 18 23 44 34 — 9 12
Ag 1.3 0.48 — 0.34 1.35 0.86 0.07 0.15 0.1 0.83 —

Note. 1, 3, biotite–cordierite plagiogneiss (Pl, Qz, Crd, Bt, Kfs, Po, Py, and Gr); 2, biotite–cordierite plagiogneiss (Sil, Crd, Bt, Po, and Gr); 4–5, migma-
tized biotite–cordierite plagiogneiss (Kfs, Crd, Bt, Po, Gr, and Sil); 6, biotite–cordierite plagiogneiss (Kfs, Crd , Bt, Po, Gr, and Srp); 7, cordierite plagiog-
neiss (Crd, Kfs, Gr, Sil, Bt, and Po); 8–9, hypersthene plagiogneiss (Opx, Po, Bt, and Gr); 10, two-pyroxene plagiogneiss (Opx, Cpx, Bt, Po, Gr, and Chl); 
11, altered two-pyroxene plagiogneiss (Opx, Cpx, Bt, Po, Gr, Chl, and Ms); 12, pyroxene–plagioclase apogneiss rock (Pl, Opx, Kfs, Bt, and Ms). 
Fe2O3*, All iron as Fe2O3; dash, not determined.
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and Paleoproterozoic (1.87–1.85 Ga) stages. There is also a 
viewpoint (Galimova et al., 2009) that the Sharyzhalgai 
Group (complex) is overlain by the Kitoi Group (complex), 
whose age varies from 2.48 to 2.53 Ga (Gladkochub et al., 
2005; Levitskii et al., 2010; Glebovitskii et al., 2011).

The Cheremshanka Formation is present in the interfluve 
of the Kitoi and Toisuk Rivers and has no compositional 
analogs both among the highly metamorphosed (granulite 
facies) and lowly metamorphosed regional formations. The 
model TNd(DM) age of the metaigneous rocks (enderbites) 
of the Cheremshanka Formation is 3.84 Ga (εND(T) = –23.1), 
and the protoliths of metasedimentary garnet–spinel–silli-
manite–cordierite schists have TNd(DM) = 3.18 Ga (εND(T) = 
–13.2) (Levitskii, 2012). The subsequent metamorphism of 
the Cheremshanka Formation is dated at 2623 ± 32 Ma (Poll-
er et al., 2005), and the compositionally similar associations 
in the Kitoi complex of the Kitoi block are nearly coeval, 
2.5–2.6 Ga (Levitskii et al., 2010; Glebovitskii et al., 2011). 
The recently obtained data on the presence of detrital zircons 
with ages of 3.70–2.74 Ga in high-alumina gneisses indicate 
the formation of their protoliths in the Mesoarchean, but their 
sampling point (judging by its coordinates) is located beyond 
the Cheremshanka Formation (Turkina et al., 2017).

Petrography and sequence of formation of the Cher-
emshanka Formation rocks. The study area is located in 
the Zhidoi block, whose southeastern part is composed pre-
dominantly of rocks probably belonging to the Zhidoi and 
Zoga Formations and northwestern part is formed by the 
rocks of the Cheremshanka Formation of the Sharyzhalgai 
complex (group). The Cheremshanka Formation here is 
composed of biotite, amphibole–biotite, garnet–biotite, and 
garnet–cordierite–biotite gneisses interbedded with amphib-
olites and with marble and calciphyre lenses and horizons. 
There are also horizons of amphibole–biotite, two-pyroxene, 
and biotite–hypersthene schists and cordierite gneisses. It is 
believed that the gneisses of the Cheremshanka Formation 
correspond to argillaceous montmorillonitic rocks and ba-
sites (Galimova et al., 2009). Primary rocks were metamor-
phosed under granulite facies conditions with superposed 
regressive metamorphism of the amphibolite facies. In addi-
tion, they underwent ultrametamorphism and migmatization 
related to the formation of the late Archean migmatite–gran-
ites of the Kitoi complex.

Three genetic types of rocks are recognized in the Che
remshanka Formation, which formed at the metamorphic, 
ultrametamorphic (magmatic), and postultrametamorphic 
(postmagmatic) stages (Levitskii, 2005). The share of the 
protoliths of orthomagmatic metamorphic rocks in the for-
mation does not exceed 30%. In the study area they amount 
to no more than 2–3%. The metamorphic rocks contain 
minerals produced at the ultrametamorphic and postultram-
etamorphic stages, and the ultrametamorphic rocks have a 
wide range of high- and low-temperature minerals, inclu
ding sulfides.

The rocks that formed at the metamorphic stage are 
metasedimentary biotite–cordierite (Crd, Bt, Pl, Qz; ± Opx, 

Po, Py, Gr), biotite (Bt, Pl, Qz; ± Crd, Sil, Po, Py, Gr), and 
garnet–biotite (Grt, Bt, Pl, Qz; ± Crd, Sil, Po, Py, Gr) 
gneisses. Orthomagmatic (pyroclastic) hyperstene (Opx, Pl, 
Cpx; ± Qz, Po, Py, Gr), bipyroxene (Opx, Cpx, Pl; ± Qz, Po, 
Py, Gr), and hypersthene–biotite (Opx, Bt, Pl; ± Qz, Po, Py, 
Gr) plagiogneisses and plagioschists are of limited occur-
rence and are reconstructed as metabasaltoids and (or) pyro-
clastic rocks (Petrova and Levitskii, 1984). There are also 
subordinate (sometimes present as thin (2–10 mm) interca-
lates) quartzites, quartzite–gneisses, calcitic marbles, and 
pyroxene calciphyres with scarce thin partings of two-py-
roxene (±Bt), hypersthene (Pl, ±Gr, Opx, Crd), and cordier-
ite-containing (±Bt, Sil, Grt, Opx) plagiogneisses and pla-
gioschists, sometimes with graphite and sulfides (pyrrhotite, 
pyrite, and, extremely seldom, chalcopyrite). Both drastic 
and gradual transitions from cordierite- and hypersthene-
containing gneisses to essentially graphite, graphite–sulfide, 
and sulfide–graphite rocks (pyrite ores) are observed.

The amount of sulfides in carbonate and, particularly, 
aluminosilicate rocks varies from few percent (single grains) 
to 40–50% (disseminated grains and their aggregates, vein-
lets, nests, and clusters (with granoblastic and lenticular seg-
regations) conformable and unconformable with the strike 
of the layered strata). Sulfide segregations (intercalates, 
lenses, and nests) reach 15–20 cm in thickness.

Most of the polished lumps (Fig. 2) and thin sections of 
the samples show fine (3–5 mm) alternation of the above 
sulfide varieties, which indicates that these samples are 
metasedimentary and(or) pyroclastic. The thickness of cal-
citic marble and calciphyre intercalates in the gneisses var-
ies from 2–15 cm to 2–3 m. The same stratification with the 
preserved unaltered protoliths of gneisses and schists is ob-
served in the entire Cheremshanka Formation.

The rocks that formed at the ultrametamorphic stage are 
intensely migmatized schists and gneisses, plagioclase and 
K-feldspathic migmatites, and cutting granitoid bodies in 
gneiss and schist strata. Their amount does not exceed 10% 
as compared with other sites of the Sharyzhalgai uplift (e.g., 
80–90% on the Baikal shore).

The rocks that formed at the postmagmatic stage are the 
youngest. There are both highly and weakly altered metaso-
matic rocks (Plyushchev et al., 1981). They are scapolitic, 
phlogopitic, amphibolic, zoisitic, chloritic, and also recrys-
tallized and transformed graphite–sulfide rocks, in which 
pyrrhotite dominaties over pyrite and galena and chalcopy-
rite are also present. The rocks usually compose cutting 
veinlets and 0.5 mm to 5–6 cm thick nests with a sideronitic 
texture.

Another specific feature of the Cheremshanka Formation 
is the abundance of carbonate rocks (mainly calcite ones), 
with abundant thin (usually 1–15 cm) bodies of zonal 
apocarbonate and aposilicate metasomatites developed after 
them (Levitskii, 2005). Their rear zones are composed of 
periskarnic (Zharikov, 1968; Shabynin, 1973) apoalumino-
silicate and(or) apocarbonate pyroxene–plagioclase and pla-
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gioclase–pyroxene rocks and apocarbonate pyroxene and 
apogneiss spinel–pyroxene–phlogopite metasomatites ob-
served as conformable bodies at the contacts of schists (or 
gneiss) with marbles.

Petrogeochemistry of rocks. The rocks of the metamor-
phic stage show wide variations in contents of major and 
trace elements (Table 1, ans. 1, 3–7, 8, and 11). Some of 
them are enriched in sulfides (>4%) and graphite and can be 
referred to as pyrite ores. Few rock samples have abnormal-
ly high contents of Al2O3, Fe, MgO, CaO, P2O5, K2O, S, F, 
Mo, Sn, and Ag, medium contents of Ba, La, Ce, Nd, Yb, Y, 
Pb, Cu, Cr, V, Ni, Co, and Sc, and low contents of Li, Sr Rb, 
and Zr (Table 1). According to the results of scintillation 
analysis, the rocks enriched in graphite (± pyrite and pyr-
rhotite) have above-clarke contents (ppm) of Au (up to 
0.06), Pt (up to 0.04), and Pd (0.03).

Paleoreconstructions of metamorphic-rock compositions. 
By Neelov’s (1980) classification, most of the protoliths of 
the metamorphic-stage rocks are reconstructed as argilla-
ceous sediments: pelites; carbonate-containing and ferrifer-
ous aleuropelites; carbonate-containing mudstones; polymict, 
graywacke, pelite, and carbonate siltstones; and siltstone car-
bonate cements. Arkoses, subarkoses, and polymict, carbon-
ate, and carbonate-ferroan sandstones are subordinate.

Calculations of geochemical modules (hydrolysate (HM), 
aluminosilicic (ASM), alkali (AM), titanium (TM), and 
normalized alkalinity (NAM) modules (Yudovich and Ket-
ris, 2000)) showed that plagiogneisses and plagioschists with 
sulfide- and graphite-rich mineralization are hypohydroly-
sates (HM = 0.56–0.85), those with graphite-rich and sulfide-
poor mineralization (HM  =  0.86–2.0) are normal hydroly
sates, and those with graphite- and sulfide-poor mineralization 
are superhydrolysates (HM = 2.1–10.0) (Table 2).

Metamorphic rocks whose protolith was pelite-silty sedi-
ments with high HM, ASM, and FM (femic module) and 
low AM and FFM (ferrous–ferric module) values (Table 2) 
are usually enriched in sulfides and graphite. Sulfide and 
graphite mineralization is specific to hydrolysate rocks rath-
er than clastogene ones (grauwacke and carbonate siltstones; 
arkoses and subarkoses; polymict, carbonate, and carbonate-
ferroan sandstones). The contents of sulfur in the rocks (Ta-
ble 1) do not reach 20%, which does not permit them to be 
classified as sulfidolites. Note that the sulfide-richest samp
les (massive and densely disseminated ores) were not among 
the considered samples.

The share of graphite in the rocks is high; therefore, car-
bon-enriched gneisses and schists might be cahemoliths de-
veloped after the biogenic protolith. The measured isotopic 

Fig. 2. Fragment of the core of borehole 27, Cheremshanka Formation (depth range 116–120 m). Veinlet-disseminated sulfide mineralization in 
biotite–cordierite plagiogneiss. Ore mineral segregations mark metamorphic schistosity. The sample for study was divided into several sections, 
which were designated by letters and numerals. Hereinafter, the minerals are designated after Whitney and Evans (2010): Act, actinolite; Ank, 
ankerite; Ap, apatite; Bt, biotite; Cal, calcite; Ccp, chalcopyrite; Chl, chlorite; Cpx, clinopyroxene; Crd, cordierite; Ep, epidote; Gr, graphite; Grt, 
garnet; Hbl, hornblende; Kfs, K-feldspar; Mgt, magnetite; Ms, muscovite; Opx, orthopyroxene; Phl, phlogopite; Pl, plagioclase; Pn, pentlandite; 
Po, pyrrhotite; Py, pyrite; Po, pyrrhotite; Sil, sillimanite; Spl, spinel; Srp, serpentine; Ttn, titanite; Qz, quartz.
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composition of carbon (δ13CV-PDB) in graphite of two sam-
ples varies from –26.2 to –31.3‰, which supports the above 
hypothesis of the biogenic protolith. These facts indicate 
that the rocks containing graphite and sulfides are most like-
ly to be metamorphosed Neoarhean–Early Paleoproterozoic 
analogs of black shales and the sulfides stripped by bore-
holes are a stratiform pyrite ore occurrence.

Sulfide mineralization. Sulfides (pyrite, pyrrhotite, and 
chalcopyrite) are very rare in the rocks of the Sharyzhalgai 
and Kitoi complexes. They are found only as accessory min-
erals in metaterrigenous aluminous gneisses of the granulite 
facies and, less often, in metaigneous apobasaltic two-py-
roxene plagioschists reconstructed as normal and calc-alka-
lic metabasalts and in apocarbonate and apoaluminosilicate 
metasomatites formed at the ultrametamorphic and postul-
trametamorphic stages.

Pyrrhotite, pyrite, and chalcopyrite are widespread in 
paragenesis with graphite in the Cheremshanka Formation. 
They are present as small conformable segregations and uni-
form dissemination in paragneisses, orthogneisses, and or-
thoschists of the granulite facies formed at the metamorphic 
stage. In superposed rocks formed at the ultrametamorphic 
and postultrametamorphic stages, high-temperature para-
geneses are replaced by low-temperature ones and all miner-
als, including graphite and sulfides, are recrystallized and 
occur as unevenly distributed segregations of different sizes 
and veins cutting metamorphic schistosity.

A typical example of sulfide ores formed at the metamor-
phic stage and subjected to partial transformations is the 
sample Kh10/5 (Fig 2, borehole 27). Its sulfide ore is com-
posed mostly of pyrrhotite with relict pyrite and, to a lesser 
extent, chalcopyrite and sphalerite grains. Figure 3 shows a 
small fragment of the core (Fig. 2, Kh10/5D-2), where bio-
tite–cordierite plagiogneiss contains vein, nest-dissemi
nated, and finely disseminated sulfide mineralization. Vein-
let–nest mineralization prevails in the top of the sample 

(Fig. 3A), and finely disseminated one, in the bottom. In the 
middle of the sample, there is a quartz veinlet almost free of 
sulfides, located parallel to a small sulfide vein.

The structure of the sulfide veinlet in which the isotopic 
composition of sulfur was studied is shown in Fig. 3B, C, D. 
The veinlet is composed mostly of pyrrhotite with preserved 
pyrite relics. Pyrite makes contact with pyrrhotite via a thin 
magnetite reaction rim.

The rock hosting sulfide mineralization is composed of 
cordierite, isometric biotite grains, and elongate graphite 
crystals. There is a magnetite–ankerite reaction rim at the 
boundary of the ore veinlet and the host silicates (Fig. 3C). 
The magnetite rim contains finest pyrite grains. Pyrrhotite of 
the veinlet contains irregular-shaped chalcopyrite inclusions 
(Ccp1, Fig. 3C), trapped graphite crystals, and irregular-
shaped pyrite fragments with a magnetite rim. The pyrite 
contains fine chalcopyrite segregations (Ccp2, Fig. 3C) dif-
fering in composition from the chalcopyrite in the pyrrhotite.

Figure 3D shows the mineral relationship at the lower 
boundary of the ore veinlet. There is also a magnetite–an-
kerite reaction rim. Graphite, cordierite, and biotite form 
complex intergrowths at the site between the quartz and ore 
veinlets. We examined this site by elemental mapping 
(Fig. 3, elemental mapping, D). Sulfide rocks (ores) are lo-
calized mostly in the upper part of the map and are well 
detected from a high content of sulfur. A fragment of a 
quartz veinlet is visible by the high intensity of silicon 
(white). Cordierite (light gray) and biotite (dark gray) are 
well identified from the Al X-ray spectrum, and biotite is 
easily distinguished on the Mg X-ray map. The Ca X-ray 
spectra show the presence of ankerite. The Fe X-ray map 
reveals magnetite rims and grains (white), sulfides (light 
gray) (pyrite and pyrrhotite are not distinguished here), and 
biotite (dark gray).

All this testifies to the intricate multistage evolution of 
sulfides in the rocks and ores of the Cheremshanka Forma-

Table 2. HM, ASM, FM, AM, TM, IM, NAM, and FFM (Yudovich and Ketris, 2002) of plagioschists and plagiogneisses of the Cheremshanka 
Formation of the Sharyzhalgai complex

Rock HM ASM FM AM ТМ IM NAM FFM

Plagiogneisses and plagioschists 
with sulfide- and graphite-rich 
mineralization 

0.89
0.49 1.48−

0.29
0.07 0.38−

0.68
0.24 1.35−

0.6
0.31 0.97−

0.07
0 0.22−

2.48
0.01 10.62−

0.39
0.2 0.64−

3.36
0.97 7.05−

Plagioschists and plagiogneisses 
with graphite-rich and sulfide-poor 
mineralization 

0.69
0.67 0.73−

0.34
0.29 0.37−

0.43
0.40 0.49−

0.64
0.44 0.9−

0.11
0.06 0.21−

0.85
0.75 1.06−

0.32
0.25 0.46−

7.66
5.25 12.27−

Plagioschists and plagiogneisses 
with graphite- and sulfide-poor 
mineralization 

1.47
0.41 7.00−

0.30
0.24 0.37−

0.47
0.21 0.85−

1.00
0.14 2.72−

0.08
0.03 0.2−

1.09
0.53 1.72−

0.29
0.13 0.39−

7.00
1.53 11.71−

Plagioschists and plagiogneisses 
with accessory or no graphite and 
sulfide mineralization 

0.55
0.23 1.01−

0.27
0.13 0.48−

0.37
0.09 0.76−

2.38
0.17 11.13−

0.09
0.02 0.21−

0.89
0.02 3.28−

0.29
0.04 0.56−

10.99
1.49 120.15−

Note. Hydrolysate module (HM)—(ТiO2  +  ai2o3  +  Fe2O3  +  FeO  +  MnO)/SiO2; aluminosilicic module (AM)—al2o3/SiO2; femic module (FM)—
(Fe2O3 + FeO + MnO + MgO)/SiO2; alkali module (AM)—Na2O/K2О; titanium module (TM)—ТiO2/ Al2O3; iron module (IM) (Fe2O3 + FeO + МnО)/
(ТiO2 + Al2O3); normalized alkalinity module (NAM)—(Na2O + K2О)/Al2O3; ferrous–ferric module (FFM)—FeO/Fe2O3.
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Fig. 3. Structure and mineral compositions of the sulfide ore sample Kh10/5D-2 from the core of borehole 27. Veinlet-disseminated mineralization 
(fragment A) in biotite–cordierite plagiogneiss is predominantly pyrrhotite. Pyrite relics with fine chalcopyrite grains (fragment B) in pyrrhotite 
have a magnetite reaction rim (fragment C). At the boundary with the host silicates, pyrrhotite periodically has a rim of alternating magnetite and 
ankerite. The silicate matrix bordering the vein contains biotite, cordierite, and graphite (fragments C and D). Although most of graphite is local-
ized mainly in the silicate matrix, there are few fine graphite segregations in the pyrrhotite. The minerals are oriented in the same direction as 
metamorphogene schistosity. Elemental mapping of the fragment D shows the relationship among the minerals in detail.
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Table 3. Characteristics of the samples and their contents of sulfur isotopes (‰)

No. Bore-
hole

Subsurface 
depth, m

Sample Type of rock and mineral assemblage Analyzed 
mineral

δ33S δ34S Δ33S

1 BH-7 30–32 Kh1/9 Pyroxene–plagioclase rock with disseminated sulfide mineralization 
(apocarbonate rock formed at the ultrametamorphic stage; Pl, Cpx, 
Cal, Gr, Bt, Ep, Po, and Chl)

Pyrrhotite 3.50 3.66 1.61
Pyrrhotite 3.47 3.77 1.52

2 36 Kh1/12 Alternating quartzites and garnet–biotite  quartzite–gneisses with 
weak sulfide dissemination (Qz, Gr, Bt, and Po)

Pyrrhotite 4.12 3.73 2.20
Pyrrhotite 4.10 3.97 2.06
Pyrrhotite 4.10 4.02 2.03

3 38 Kh1/15 Biotite–cordierite plagiogneiss (Pl, Qz, Crd, Bt, Kfs, Po, Py, and Gr) Pyrite 4.29 4.90 1.76
Pyrrhotite 3.60 3.59 1.75

4 42 Kh1/16 Biotite–cordierite plagiogneiss with sillimanite (Pl, Qz, Sil, Crd, Bi, 
Po, Py, and Gr)

Pyrite 4.47 3.89 2.41
Pyrrhotite 3.71 2.42 2.46

5 59 Kh1/28 Hypersthene gneiss with sulfide dissemination (Opx, Pl, Qz, Cpx, 
Bt, Po, and Gr)

Pyrrhotite 5.40 5.35 2.65
Pyrrhotite 5.31 5.13 2.66
Pyrrhotite 5.15 4.91 2.62
Pyrrhotite 4.72 4.09 2.64

6 79 Kh1/31b Hypersthene plagiogneiss with poor sulfide dissemination (Cpx, Pl, 
Qz, Bt, Po, and Gr)

Pyrrhotite 3.14 3.69 1.24
Pyrrhotite 3.17 3.79 1.22
Pyrrhotite 2.98 3.40 1.23

7 157 Kh1/35 Two-pyroxene plagiogneiss with weak sulfide dissemination (Cpx, 
Opx, Pl, Qz, Bt, Po, Gr, and Chl)

Pyrrhotite 1.53 1.97 0.51

8 162 90–181 Pyroxene (hedenbergite) skarn with sulfides (Cpx, Bt, Pl, Hbl, Act, 
Cal, Py, Po, and Ccp)

Chalcopyrite 3.30 2.50 2.00
Pyrrhotite 3.30 2.60 1.99
Pyrrhotite 3.20 2.40 1.95

9 177 Kh1/37 Cordierite plagiogneiss with weak sulfide dissemination  (Pl, Oz, 
Crd, Bt, Kfs, Po, Py, and Gr)

Pyrite 5.12 4.80 2.64
Pyrrhotite 4.69 3.85 2.70

10 177.5 Kh1/38b Biotite–cordierite plagiogneiss (Pl, Qz, Kfs, Crd, Sil, Bt, Po, and Gr) Pyrrhotite 4.99 4.49 2.67
11 178.5 90–183 Sulfide rocks (low-grade ores) in fine-grained gneisses (Po, Py, Gr, 

Pl, Qz, Kfs, and Crd)
Pyrrhotite 2.3 3.3 0.58
Pyrite 3.0 4.7 0.57
Pyrrhotite 2.5 3.5 0.66

12 179.3 Kh1/40 Graphite–pyrrhotite–cordierite plagiogneiss with disseminated 
sulfide mineralization (Pl, Qz, Kfs, Sil, Crd, Bt, Po, and Gr)

Pyrite 5.56 5.55 2.70
Pyrrhotite 4.79 4.11 2.66

13 BH-11 167 Kh11/3 Two-pyroxene plagiogneiss  with disseminated sulfide mineraliza-
tion (Pl, Qz, Cpx, Opx, Bt, Hbl, Gr, Po, and Py)

Pyrite 6.07 5.00 3.49
Pyrrhotite 5.21 3.29 3.50
Pyrrhotite 4.54 2.13 3.43
Pyrrhotite 4.78 2.58 3.44
Pyrrhotite 4.63 2.18 3.49
Pyrrhotite 4.55 2.05 3.49

14 205 Kh11/7a Altered two-pyroxene plagiogneiss with weak sulfide dissemination 
(Pl, Qz, Opx, Cpx, Bt, Po, Gr, Chl, and Ms)

Pyrrhotite 2.85 2.49 1.56
Pyrrhotite 2.33 1.73 1.44
Pyrrhotite 2.34 1.82 1.40

15 BH-12 87.3–95.6 Kh6/1 Pyroxene calciphyre (apocarbonate rock formed at the ultrameta-
morphic stage; Cpx, Qz, Pl, Kfs, Gr, and Py)

Pyrite 3.55 4.87 1.05
Pyrite 3.59 4.95 1.05

16 308.5 90–88 Pyrrhotite rocks (massive ores) in biotite–cordierite plagiogneiss 
(Po)

Pyrrhotite 0.32 3.55 –1.40
Pyrrhotite 0.37 3.41 –1.39
Pyrrhotite 0.13 3.21 –1.52
Pyrrhotite 0.22 3.27 –1.46
Pyrrhotite 0.14 1.18 –1.49
Pyrrhotite 0.06 2.94 –1.45

(continued on next page)
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No. Bore-
hole

Subsurface 
depth, m

Sample Type of rock and mineral assemblage Analyzed 
mineral

δ33S δ34S Δ33S

17 BH-12 312.5 90–90_1 Monomineral pyrrhotite rocks (massive ores) in biotite–cordierite 
plagiogneiss (Po and Ccp)

Pyrrhotite 3.18 3.93 1.15
Pyrrhotite 3.16 3.88 1.16
Chalcopyrite 3.12 3.75 1.20

18 313.6 90–91 Monomineral pyrrhotite rocks (nest ores) in biotite–cordierite 
plagiogneiss (Po)

Pyrrhotite 3.40 4.56 1.05
Pyrrhotite 3.32 4.33 1.09

19 314 90–92 Monomineral pyrrhotite rocks (nest ores) in biotite–cordierite 
plagiogneiss (Po)

Pyrrhotite 3.47 3.82 1.50
Pyrrhotite 3.47 3.84 1.49

20 505 Kh14a Pyroxene calciphyre (apocarbonate rock formed at the ultrameta-
morphic stage, with pyrrhotite dissemination;  Cal, Cpx, Hbl, Act, 
Ttn, Qz, Gr, and Po)

Pyrrhotite 1.82 2.81 0.37
Pyrrhotite 1.82 2.91 0.32

21 505 Kh14b Highly amphibolized plagioclase–pyroxene rock with scarce pyrrho-
tite  (apocarbonate rock formed at the ultrametamorphic stage; Cpx, 
Hbl, Act, Pl, Kfs, Qz, Ttn, and Po)

Pyrrhotite

0.24 0.76 –0.15
22 BH-13 52 Kh5/2a Pyroxene–plagioclase rock (apogneissic rock formed at the ultram-

etamorphic stage; Pl, Opx, Kfs, Bt, Ms, Po, and Gr)
Pyrrhotite 1.55 1.55 0.75
Pyrrhotite 1.29 1.19 0.67

23 BH-27 51 Kh10/2 Spinel–pyroxene–phlogopite rock with sulfides and pyrrhotite (ap-
ogneissic rock with relict minerals, formed at the ultrametamorphic 
(Opx, Spl, Pl, Po, Gr, and Ap) and postultrametamorphic (Phl, Chl, 
and Ms) stages)

Pyrrhotite 4.07 5.52 1.22
Pyrrhotite 4.10 5.52 1.26
Pyrrhotite 3.86 5.50 1.02

24 108–112 Kh10/4 Biotite–cordiderite plagiogneiss with pyrrhotite dissemination  (Pl, 
Qz, Kfs, Crd, Bt, Po, Gr, and Srp)

Pyrrhotite 5.02 4.66 2.62
Pyrrhotite 4.85 4.25 2.65

25 116–120 Kh10/5v Altered and highly migmatized biotite–cordierite plagiogneiss with 
myrmekites, weak pyrrhotite dissemination, and superposed biotiti-
zation (Pl, Qz, Kfs, Crd, Bt, Po, and Gr)

Pyrrhotite 3.24 6.29 0.002
Pyrrhotite 2.82 5.45 0.014
Pyrrhotite 2.65 5.21 -0.029
Pyrrhotite 2.74 5.31 0.01

26 116–120 Kh10/5A–1 Veinlet-disseminated sulfide rocks (ores) in biotite–cordierite pla-
giogneiss (Pl, Bt, Crd, Kfs, Po, and Gr)

Pyrrhotite 4.10 3.29 2.41
Pyrrhotite 3.73 2.56 2.41

Kh10/5B–3
Biotite–cordierite plagiogneiss with disseminated fine sulfide grains 
(Pl, Qz, Bt, Crd, Kfs, Po, and Gr)

Pyrrhotite 3.97 2.87 2.49
Pyrrhotite 3.91 2.77 2.49

Kh10/5C–2
Biotite–cordierite plagiogneiss with disseminated fine sulfide grains 
(Pl, Qz, Bt, Crd, Po, and Gr)

Pyrrhotite
4.02 2.71 2.62

Kh10/5D–1
Biotite–cordierite plagiogneiss with disseminated fine sulfide grains 
(Pl, Qz, Bt, Crd, Kfs, Py, and Gr)

Pyrite 4.43 3.39 2.68
Pyrite 4.16 3.11 2.56

Kh10/5E–2
Biotite–cordierite plagiogneiss with disseminated fine sulfide grains 
(Pl, Qz, Bt, Crd, Kfs, Py, and Gr)

Pyrite 4.16 3.37 2.42
Pyrite 4.09 3.14 2.48

Kh10/5G–3

Veinlet-disseminated sulfide rocks (ores) in biotite–cordierite pla-
giogneiss (Py, Pl, Bt, Crd, Kfs).

Pyrite 4.08 3.46 2.30
Pyrite 4.07 3.31 2.37
Pyrite 4.09 3.31 2.39
Pyrite 4.16 3.40 2.41

27 120–124 Kh10/6 Migmatized biotite–cordierite plagiogneiss with graphite and evenly 
distributed disseminated fine sulfide grains (Pl, Qz, Po, Crd, Kfs, Gr, 
Sil, and Bt)

Pyrrhotite 5.56 5.58 2.69
Pyrrhotite 5.51 5.41 2.73
Pyrrhotite 5.19 5.27 2.48
Pyrrhotite 5.43 5.20 2.75
Pyrrhotite 5.16 5.10 2.53
Pyrrhotite 4.97 4.25 2.64
Pyrrhotite 4.90 4.33 2.67

Note. Ap, Apatite; Аct, actinolite; Bt, biotite; Cal, calcite; Ccp, chalcopyrite; Qz, quartz; Gr, graphite; Grt, garnet; Kfs, K-feldspar; Crd, cordierite; Hbl, 
hornblende; Cpx, clinopyroxene; Ms, muscovite; Pl, plagioclase; Opx, orthopyroxene; Py, pyrite; Po, pyrrhotite; Sil, sillimanite; Ttn, titanite; Phl, phlogo-
pite; Spl, spinel; Spn, serpentinte; Chl, chlorite.

Table 3 (continued)
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tion, from the origin of their protoliths to the transforma-
tions at the subsequent stages.

Geochemistry of sulfur isotopes in the rocks of the 
Cheremshanka Formation. Sulfide minerals of the Cher-
emshanka Formation rocks are characterized by a narrow 
range of δ34S values ​​(from 0.76 to 6.3‰); most of these val-
ues fall in the range 2.5 < δ34S < 5.5‰ (Table 3). The mini-
mum value of δ34S has been established for pyrrhotite from 
amphibolized apocarbonate plagioclase–pyroxene rock (ob-
viously allochemical) formed at the ultrametamorphic stage 
(Table 3, sample 19 (Kh14b)), and the maximum value, for 
pyrrhotite from biotite–cordierite plagiogneiss formed at the 
metamorphic stage (Table 3, sample 26 (Kh10/5)). The val-
ues ​​δ34S ≈ 0‰ are usually interpreted as mantle ones, and 
positive values ​​of δ34S are explained by the involvement of 
sulfur of sedimentary sulfates in the ore process (Grinenko 
and Grinenko, 1974). For pyrite ores, such values ​​are related 
to the mixing of sulfur leached during the dissolution of 
magmatic sulfides (δ34S ≈ 0‰) of oceanic crustal rocks and 
the reduction of seawater sulfates (δ34S ≈ 21‰) (Grichuk 
and Lein, 1991). In general, sulfide ores of hydrothermal 
systems of recent oceans are characterized by a narrow 
range of δ34S values, 0 < δ34S < 6 ‰ (Butler et al., 1998). 
The obtained δ34S values of sulfides of the Cheremshanka 
Formation rocks fit this range.

The δ33S values also vary over a narrow range, 
0.24 < δ33S < 6.07‰, but only part of them is in accord with 
mass-dependent fractionation. Most of the studied sulfide 
samples from the Cheremshanka Formation carry MIF-S 
signals (Table 3). Their Δ33S values vary from –1.44 to 
+3.49‰.

Significant MIF-S anomalies (2.4 to 3.5‰) are associated 
with rocks formed at the metamorphic stage: two-pyroxene 
plagiogneisses, cordierite gneisses, quartzite–gneisses, and 
quartzites (Table 3). The rocks that underwent ultrameta-
morphism and metasomatism are characterized by lower 
Δ33S values (1.5 < Δ33S < 0.5‰). The youngest metasomatic 
rocks show negligible Δ33S values, not exceeding ±0.5‰.

The mineral relationships show that most of pyrrhotite 
replaced pyrite during granulite metamorphism, although 
part of it might be of primary origin. A specific feature of 
the Cheremshanka Formation sulfides is the heavier sulfur 
isotope composition (δ34S and δ33S) in pyrites as compared 
with pyrrhotite, while the Δ33S anomaly remains nearly the 
same. The δ34S values in pyrite are 0.95–2.80‰ higher than 
those in pyrrhotite. Under isotope equilibrium, such a parti-
tioning of sulfur corresponds to the temperature range 50–
320 ºC (Kajiwra and Krouse, 1971). These temperatures are 
much lower than the temperature calculated with mineral 
geothermometers for the host rocks that underwent meta-
morphism of the granulite facies. This indicates that either 
an isotope equilibrium in sulfides was established at the final 
(regressive) stages of ultrametamorphic and postultrameta-
morphic transformations or pyrrhotite and pyrites are non-
equilibrium (heterogeneous and heterochronous).

DISCUSSION

The present-day Cheremshanka Formation is made up of 
rock complexes resulted from the high-pressure high-tem-
perature transformation of their protolith. Their primary ap-
pearance completely changed and can be reconstructed only 
with the use of special techniques (Predovskii, 1970; Nee-
lov, 1980; Yudovich and Ketris, 2000). According to the 
results of a chemical analysis of the rocks, they were ini-
tially hydrolysates. Most of them are reconstructed as sedi-
mentary rocks, mainly clays, including arkoses and subar-
koses, and as polymict, carbonate, and carbonate-ferriferrous 
sandstones, i.e., rocks of underwater origin. Sulfides are 
present in them as fine segregations, unevenly distributed 
dissemination, and intercalates of massive ores. All this in-
dicates that the studied rocks are, most likely, metamor-
phosed Neoarchean–Early Paleoproterozoic analogs of 
black shales and the sulfides stripped by boreholes are strat-
iform pyrite ores.

Sulfur in stratiform pyrite deposits can be of three genetic 
types: magmatic sulfur, sedimentary atmospheric sulfur, and 
seawater sulfate sulfur. There is a viewpoint that magmatic 
sulfur is predominant in such deposits (Huston et al., 2001). 
However, studies of recent hydrothermal seafloor systems, 
which are considered to be equivalents of ancient pyrite de-
posits, showed that seawater sulfate makes a great contribu-
tion to the total content of sulfur in ores, up to 40% or even 
more (Ono et al., 2007; Peters et al., 2010; Farquhar et al., 
2010, 2013). A recent study of Australian deposits has shown 
that the contribution of seawater sulfate to the total content 
of sulfur in stratiform pyrite deposits is 2 to 30%, which is 
close to that in recent hydrothermal deposits (Jamieson et al., 
2013; Chen et al., 2015). But the δ34S values alone are not 
sufficient for estimating the contribution of sedimentary sul-
fur, especially that from the ancient Archean atmosphere. 
We tried to determine the sources of sulfur involved in the 
formation of sulfides of the Cheremshanka Formation, based 
on the multiple sulfur isotope composition.

According to laboratory experiments and atmospheric-
chemistry models, MIF-S results from photochemical reac-
tions of sulfur-bearing species in the anoxic early Earth’s 
atmosphere (Farquhar et al., 2000; Pavlov and Kasting, 
2002). Sulfur dioxide (SO2) released into the atmosphere 
during volcanic activity has mantle δ34S and δ33S values and 
Δ33S ~ 0.0. Photochemical dissociation of volcanogenic SO2 
in the anoxic atmosphere can result in elemental sulfur (S8) 
with positive δ34S and Δ33S values ​​and sulfate with negative 
δ34S and Δ33S values (Ono et al., 2003; Farquhar et al., 
2014). Most of the Δ33S values ​​in Archean sulfide minerals 
are the result of mixing (in different proportions) of photo-
lytic  elemental sulfur and sulfate (Wacey et al., 2010; Ro-
erdink et al., 2012; Wacey et al., 2015).

Most of the sulfides in the Cheremshanka Formation 
have positive δ34S and Δ33S values, i.e., photolytic elemental 
sulfur might have been the source of isotopic anomaly re-
ported here. Most of the points in the δ34S–Δ33S diagram lie 
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in the field of isotope mixing of volcanic sulfur and atmo-
spheric sulfur (Fig. 4).

Besides elemental sulfur, sulfate sulfur was also involved 
in the formation of the Cheremshanka Formation sulfides. 
However, sulfides with negative Δ33S values are extremely 
rare ​​among the studied rocks. This might be due to both the 
incomplete sampling of rocks and the specific formation of 
the unit. For example, the results of our preliminary studies 
(Vysotskii et al., 2016) showed mostly negative Δ33S values 
of sulfides in the Onot and Kitoi complexes of the Shary-
zhalgai uplift of the Siberian craton basement. If the next 
investigations confirm this differentiation, then it can be 
used for the structural and chemical correlations of the re-
gional metamorphic units.

There is no doubt that the primary atmospheric MIF-S 
signal can be modified during geologic processes. However, 
sulfur with an MIF-S anomaly might have got to the sedi-
ment only at the moment of its formation, whereas volcanic 
sulfur might have been introduced at any time throughout 
the geologic history of the rocks under study, including the 
periods of their metamorphism and metasomatism.

Multiple sulfur isotope signatures in the rocks of the Che-
remshanka Formation mark two processes: biologic (bacte-
rial) sulfate reduction and metamorphic recrystallization.

Bacterial sulfate reduction, related to bacteria activity, 
might already have existed 3.4 billion years ago (Ohmoto et 
al., 1993; Shen et al., 2001). Biologic sulfate reduction and 
subsequent formation of pyrite in sedimentary rocks might 
have been the main mechanism of absorption of seawater 
sulfate at the Late Archean–Early Paleoproterozoic bound-
ary. Biologic sulfate reduction leads to a δ34S increase in the 
product up to ~50‰ relative to the primary sulfate (Ohmoto 
and Goldhaber, 1997; Canfield, 2001). Sulfides resulted 
from the biologic reduction of photolytic sulfate have a 
lighter isotopic composition of sulfur, and the residual sul-
fate has a heavier one (Fig. 4).

We recorded traces of this process in one of the samples 
from borehole 12 (Fig. 4). Its sulfides are poor in light sulfur 
isotope (the minimum δ33S value) but show a high negative 
Δ33S value. Their figurative points are arranged along the 
line connecting the fields of seawater sulfates and photolytic 
sulfate. The distribution of sulfur isotopes in the studied pyr-
rhotites is uneven, which might be due to both primary inho-
mogeneities and subsequent metamorphic recrystallization.

Metamorphogene recrystallization. Sulfides of the 
Cheremshanka Formation are divided into several groups 
with close δ34S but different δ33S values. A few figurative 
points of the sulfides are arranged along the MDF trend 

Fig. 4. Correlation between sulfur isotopes in sulfides from the Cheremshanka Formation rocks. Atmospheric mass-independent fractionation is 
shown by a dashed arrow. The direction of mass-dependent fractionation under recrystallization during metamorphism is shown by a double-
ended arrow. Gray fields mark the isotope composition of volcanic SO2, S8, and H2SO4 aerosols and seawater sulfate (Ono et al., 2003). Blue field 
corresponds to sulfides of the Cheremshanka Formation metasomatites.
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(Fig. 5). These are sulfides disseminated in skarns and meta-
somatites. Probably, part of their sulfur was supplied with a 
magmatogene fluid during later ultrametamorphic and pos-
tultrametamorphic transformations. This sulfur had mantle 
parameters. Mixing of sulfur from different sources dis-
turbed the primary isotope ratios; as a result, the Δ33S signa-
ture was strongly diluted or even vanished.

Most sulfides of rocks of different compositions and gen-
esis preserve the Δ33S signature, forming a series of lines 
subparallel to the MDF trend. These trends reflect two fac-
tors: (1) the average Δ33S value for the sulfides of this group, 
i.e., the average relative amount of sulfur that has passed 
through atmospheric transformations, and (2) the scale of 
sulfur fractionation during subsequent superposed processes.

After the formation of the Δ33S signature, during iso-
chemical granulite metamorphism, mass-dependent frac-
tionation of sulfur isotopes took place, but the Δ33S value 
remained constant. This is evidenced by the sulfur isotope 
composition trends (δ34S, δ33S, and Δ33S) of coexisting early 
pyrites and superposed late pyrrhotites (Table 3, Figs. 4 and 
5). It is seen that the maximum amount of sedimentary sul-
fur (2.5 < Δ33S < 3.5‰) is present in sulfides of rocks formed 
at the metamorphic stage, which were slightly subjected to 
subsequent ultrametamorphism (granitization) and metaso-
matism.

Granitization and metasomatism were accompanied by 
the inflow of sulfur with other (mantle?) parameters. This 
sulfur had the maximum amount of the heavy isotope (δ34S = 
5.0–6.3‰) and no MIF-S anomaly. Pyrrhotite with such iso-
topic parameters is present in biotite migmatite developed 
after cordierite plagiogneiss (sample Kh10/5V).

The less the rocks are metasomatized, the less was the 
inflow of additional sulfur, the less was the dilution of Δ33S, 
and the higher was its residual value. At the same time, re-
crystallization caused by high-gradient isochemical meta-
morphism changed the δ34S and δ33S values but did not 
change the Δ33S value. As a result, the δ34S and δ33S lines 
are subparallel to the main trend of mass-dependent sulfur 
fractionation and are spaced the value of Δ33S from it.

CONCLUSIONS

The above data on the petrogeochemical composition of 
the studied objects show that most of the rocks of the Cher-
emshanka Formation are metamorphosed Late Archean hy-
drolysates, compositional analogs of black shales. The sul-
fide mineralization of the Cheremshanka Formation is of 
stratiform pyrite type.

Fig. 5. δ34S–δ33S diagram for sulfides from the Cheremshanka Formation rocks. Arrows connect pyrrhotite and pyrite from the same sample. Blue 
field corresponds to sulfides of the Cheremshanka Formation metasomatites.
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The multiple sulfur isotope composition in the sulfides of 
the Cheremshanka Formation unambiguously indicates the 
presence of sedimentary sulfur that has passed through 
atmospheric transformations. Despite the high-grade meta
morphism and the subsequent ultrametamorphic (granitiza-
tion) and post ultrametametamorphic transformations ac
companied by a change in the primary mineral composition 
of rocks and by chemogenic fractionation of sulfur, the sig-
nature of the atmospheric source of sulfur in sulfide ores has 
been well preserved. In rocks subjected to metasomatism, 
the signature of sedimentary sulfur was diluted by supplied 
sulfur with mantle parameters or even vanished.

The section of the Cheremshanka Formation of the 
Sharyzhalgai Group is an example of stratification of exog-
enous rocks formed at the Archean–Proterozoic boundary. 
The obtained results on sulfur isotopy can be invoked for 
substantiation of the Precambrian structural and petrogeo-
chemical scale of this and other regions and for correlation 
of their rocks with other Precambrian complexes.

This work was supported by grants 15-05-00740 and 17-
05-00469 from the Russian Foundation for Basic Research.
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