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Abstract—The sulfur isotope composition was measured in the main morphological types and generations of
sulfides composing the ores of the Dzhusa deposit and the contents of trace elements were measured using
highly sensitive laser ablation-inductively coupled plasma-mass spectrometry (LA–ICP–MS) for the first
time. According to the sulfur isotope geochemistry, we assume that a deep magmatic source made a predom-
inant contribution to the ore-forming f luid. Using the STATISTICA software modules, correlation analysis
was performed and the trace element distribution patterns in sulfides were revealed.
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INTRODUCTION
The Dzhusa ore deposit is a prominent ore object

in the Southern Urals with an extremely complex evo-
lution. Such features as the commercial contents of Pb
and Ba (along with Cu and Zn) in ores, higher alkalin-
ity of ore-bearing volcanics (Kosarev and Artyush-
kova, 2007), numerous different-aged subvolcanic and
intrusive bodies, and intensive different-facies meta-
morphism (Vikentyev еt al., 2017; Yartsev et al., 2017)
allow us to consider the Dzhusa deposit as an unique
sulfide–polymetallic deposit among many other
(more than 100) copper–pyrite and Cu–Zn pyrite
deposits of the Urals. Due to this, any new data on the
deposit are of great importance.

THE GEOLOGICAL STRUCTURE 
OF THE DZHUSA DEPOSIT AREA

The Dzhusa deposit is located (Fig. 1) in the Ter-
ensai ore district (Kosarev and Artyushkova, 2007;
Yartsev et al., 2017). The deposit is composed of Devo-
nian rocks of the Irendyk, Karamalytash and Ulutau
formations, as well as Lower Carboniferous sedimentary
deposits (Eremin et al., 1968). The lower part of the sec-
tion is represented by the Irendyk andesitobasalt forma-
tion (upper Emsian–lower Eifelian) (Kosarev and
Artyushkova, 2007). The overlying Karamalytash For-
mation is dated to the Eifelian (Middle Devonian)
(Kosarev and Artyushkova, 2007) and is attributed to

the basalt–andesite–dacite–rhyolite formation. This
formation is subdivided into two subformations: lower
Karamalytash (predominantly basalts and andesiba-
salts) and upper Karamalytash. The latter is subdi-
vided into three units. The lower unit is composed
of dacite lavas and tuffs; basalts, andesite-basalts
and rhyolites are less common. This unit encloses
the Dzhusa ore deposit and a series of ore occur-
rences: North Dzhusa-І, -ІІ, -ІV and West-Dzhusa
(Yartsev et al., 2018). The middle unit is represented
by andesibasalts, andesites, and their tuffs with sub-
ordinate development of andesitodacites and dac-
ites. The upper unit is composed of dacites, rhyo-
dacites, and their tuffs with thin interbeds of mafic
and intermediate rocks and encloses South Dzhusa
and North Karabutak ore occurrences (Eremin
et al., 1968).

The Dzhusa ore deposit is confined to the local
shear zone, which complicates the Terensai anticline.
The column-shaped ore bodies are localized in pre-
dominantly dacite unit. In total, there are 18 ore bod-
ies, composed of pyrite–polymetallic, copper–pyrite,
and pyrite ores. The unit is intruded by sill-like gabbro
porphyrite bodies of the Early Eifelian–Early Givetian
subvolcanic complex and diorite dykes of the Early
Carboniferous Magnitogorsk complex (Yartsev et al.,
2017).
504
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Fig. 1. A map of the central site of the open pit of the Dzhusa deposit as of 2013: (1) quartz–sericite–chlorite alteration rocks,
(2) andesites, (3) dacites, (4) early gabbro porphyrites, (5) late gabbro porphyrites, (6) diorites of the Magnitogorsk intrusive com-
plex, (7) copper–sulfide and pyrite–polymetallic ores, (8) pyrite ores, (9) geological boundaries (а, reliable, b, proposed),
(10) boundaries of open-pit benches with absolute altitudes. 
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MATERIALS AND METHODS

The Isotope sulfur composition of ore minerals of the
Dzhusa ore deposit. In order to study the sulfur isotope
composition from different morphological types and
generations of ore minerals, the sulfide monofractions
were extracted (Table 1). Analyses were performed in
the Laboratory of Isotope Geochemistry and Geo-
chronology (IGEM RAS). The method of an analysis
was given in (Dubinin et al., 2014). The sulfur isotope
values obtained for ore minerals from the Dzhusa
deposit indicate a deep magmatic source of sulfur
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 74
dominates, most likely in a ore-bearing f luid (Faure,
1989; V.L. Grinenko and L.N. Grinenko, 1974; Med-
nokolchedannye…, 1982; Vikentyev, 2004), while one
can assume the partial extraction of sulfur from
country volcanics of mantle origin. A small shift in
the sulfur isotope composition of galena (the latest
sulfide), that is, from the total rather narrow range of
δ34S = –1.01…+3.16‰ towards negative values, indi-
cates its crystallization from the f luid, affected by an
upper crustal (sedimentation-diagenetic, from terrige-
nous sediments) source at the terminal stages of ore
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Table 1. The sulfur isotope composition of sulfides of the
Dzhusa deposit

Py, pyrite; Ccp, chalcopyrite; Sp, sphalerite; Gn, galena.

Mineral Morphological type Generation δ34S, ‰

Py Country alteration rocks 3.16

Collomorphic Py1 −1.01

Crystalline–zonal
(in ores)

Py2 2.21

Crystalline–zonal
(in early gabbro-por-
phyrites)

1.88

Non-zonal (contact-
metamorphogenic?)

Рy3 1.51

Ccp Pyrite ores Ccp1 0.41

Crystalline 1.41

Twinned 1.11

Quartz–sulfide vein 
filling

Ccp2 1.29

0.26

Sp Ferruginous Sp1 1.73

Low-Fe Sp2 −0.40

Gn From late generation −3.46
genesis. This is confirmed by an abnormally high pro-
portion of radiogenic lead in its composition (Cherny-
shev et al., 2008).

Research methods of trace elements in ore minerals.
Using LA–ICP–MS (Vikentyev et al., 2016), trace
elements in the main generations of ore minerals
(Table 2) were analyzed using spot and profile ablation
with a quadrupole Thermo XSeries 2 mass-spectrom-
eter coupled to an NWR 213 laser ablation system
(analyst V.D. Abramova, Institute of Geology of Ore
Deposits, Petrography, Mineralogy, and Geochemis-
try, Russian Academy of Sciences, Moscow). A spot
analysis (the laser beam diameter was 40 μm) was per-
formed for the majority of minerals, while for crystal-
line–zonal pyrite it was performed in profiles across a
pyrite grain.

RESULTS AND DISCUSSION

Regularities in the distribution of trace elements.
Based on LA-ICP-MS data, high levels (n�100 ppm)
of the following elements were determined in collo-
morphic–zonal pyrite: Tl, Sb, Bi, As, Co, and Cr. The
As, Co, Sb, and Tl concentrations are most highly
variable. When studying crystalline–zonal pyrite, the
contents of trace elements were calculated in profiles
across segments (blocks), which were recognized on
the basis of variations in contents of these four ele-
ments, which are usually considered as typical isomor-
phic admixtures in its composition.

Analysis of the distribution of the mean geometric
values of trace element contents in main ore genera-
tions (Table 2) revealed the following. A significant
increase in Cr content and decrease in the contents of
Mn, Ag, Cd, Tl, and Bi are noted from the early pyrite
generation (Py1, collomorphic) to the late one (Py2,
crystalline–zonal). Chalcopyrite from the early gener-
ation (from copper–sulfide and pyrite–polymetallic
ores) to the late one (from quartz–sulfide veins,
occurred along boundaries of ore bodies and gabbro
porphyrites) is characterized by a large increase in Ag
content (by almost 80 times, up to a mean geometric
value 334 ppm) and a significant decrease in Ga, Cd,
and Sn contents. The higher Ag content values (rela-
tive to other sulfides) are characteristic of fahlore (the
mean geometric value, 858 ppm); the Au content is
characteristic of arsenopyrite (up to 57 ppm, mean
geometric value, 4 ppm) in comparison with other sul-
fides (mean geometric value, 0.14–1.82 ppm).

The variations in contents of some metals at the
transition from the early generation of ore minerals to
the later one can be explained by processes of ore
recrystallization and redistribution of elements due to
a different degree of their mobility under the meta-
morphic processes. As an example, when approaching
the contact between an ore body and late gabbro-por-
phyrites, the sulfides demonstrate a decrease in the
contents of the majority of trace elements (for exam-
MOSCOW UNIVE
ple, In, Ga, W, and Sb) as a result of their removal
from the crystal lattice of minerals due to contact–
metamorphic recrystallization.

The study of crystalline–zonal pyrite in profiles
across growth zones made it possible to reveal an irreg-
ular stepwise (corresponding to growth zones; without
peaks) Co distribution, which confirms the isomor-
phic introduction of this element into the composition
of pyrite.

A correlation analysis of elements was preliminary
performed with a dendrogram method (complete link
method, 1-r Pearson correlation distance). As a result,
we were able to reveal three to six groups of related ele-
ments in pyrite (collomorphic and crystalline–zonal),
chalcopyrite (early and late), sphalerite and galena. In
addition, the assemblage that are characteristic only
of a specific mineral were revealed. As an example,
for noble metals the –Au–Ag–Cd–Mn in a collo-
morphic pyrite, Ag–Au–As in crystalline–zonal
pyrite, Tl–Sb–Ag–Pb in early chalcopyrite, Ag–As–
Cu–Fe in late chalcopyrite from quartz–sulfide vein
filling, Bi–Se–Ag–Cu in galena, and Cd–Ag–Cr in
sphalerite. Gold in late chalcopyrite and galena is cor-
related with Hg.

Subsequent LA–ICP–MS data processing was
performed with statistical methods for both individual
minerals and the complete sample to find “transitive”
geochemical associations. In the present work, cluster
analysis, factorial analysis, and method of principal
RSITY GEOLOGY BULLETIN  Vol. 74  No. 5  2019
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Table 2. The contents of trace elements in sulfides of the Dzhusa deposit (LA–ICP–MS data)

n, a number of measurements above the limit of determination, which were used for calculation geometric mean values; Py2, crystal-
line–zonal (from ores); Apy, arsenopyrite; Tnt–Ttr, tennantite–tetrahedrite. A dash, no data. Analyst V.D. Abramova IGEM RAS).
Above the line, extreme values of contents of trace elements (ppm); below the line, mean geometric values of trace elements (ppm).

Element Py1 Py2 Ccp1 Ccp2 Tnt–Ttr Apy

Co

n 15 69 3 2 3 6

As

n 15 74 28 9 12 8

Ag

n 15 74 29 8 12 8

Au 0.07

n 14 60 6 2 1 8

Cd

n 4 31 25 4 12 2

Sn – –

n 3 44 27 9 – –

Sb

n 15 68 28 6 12 8

Tl

n 15 66 23 8 7 6

Bi

n 15 71 27 7 12 7

−2.32 702
(71.8)

−0.44 8917
(104.79)

−0.24 2.1
(0.86)

−0.38 3.6
(1.16)

−1.38 89
(21.41)

−0.23 116
(6.83)

−129 12 500
(1576)

−80 14 860
(999.05)

−90 1380
(201.31)

−99 281
(151.19)

−76 000 285 000
(143 441)

−309 000 750 000
(471879.79)

−0.11 174
(10.9)

−0.1 133
(3.6)

−0.67 1440
(4.3)

−3.86 1573
(334.17)

−45 5690
(857.7)

−0.03 19.8
(0.59)

−0.34 9.3
(1.82)

−0.1 6.46
(0.73)

−0.02 0.92
(0.24)

−0.06 0.35
(0.14)

−0.15 57
(4.09)

−2.4 20.2
(6.65)

−0.15 640
1.39

−0.39 14.8
(3.54)

−0.4 3.5
(1.82)

−170 12 500
(984.93)

2.8 5.5
(3.92)

−

−0.65 4.8
(1.53)

−0.15 22.1
(1.26)

−1.9 119
(31.9)

−1.03 18.4
(4.61)

−0.43 3100
(29.22)

−0.21 6660
(10.04)

−0.46 27.5
(3.04)

−0.87 25.8
(2.33)

−9100 123 000
(24 989.23)

−1.14 23.6
(4.89)

−0.07 380
(12.88)

−0.01 650
(1.91)

−0.01 2.05
(0.25)

−0.01 0.59
(0.09)

−0.12 0.61
(0.26)

−0.01 1.8
(0.28)

−0.58 307
35.75

−0.04 366
(5.99)

−0.02 9.9
(1.06)

−0.11 15.7
(1.08)

−21.3 9700
(654.37)

−0.09 26.3
(1.24)
components have been used. The associations of trace
elements, which are repeated in all three types of sta-
tistical analysis, were grouped. Using the method of
principal components the following associations were
distinguished for the total set of sulfides: Zn–Cd–Hg;
Se–Pb–Ag–Bi; W–Mo; Ga–Ge–Sn; and Cd–Zn–
Hg–Cr–Co–W. The Zn–Cd–Hg association is the
most stable and evidently corresponds to sphalerite
with specific main (Zn) and trace (Cd, Hg) elements.

From the analogical analyses that were performed
for every sulfide three to four groups of correlative ele-
ments have been revealed in them. Based on the con-
vergence of results of the factorial analysis, cluster
analysis (construction of dendrograms complete link
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 74
method and the 1-r Pearson correlation distance) and
the method of principal components following the
procedure given in (Yartsev and Shatagin, 2016) the
specific associations of trace elements were distin-
guished in every mineral (Table 3).

The convergence of the distinguished groups is sat-
isfactory despite insignificant differences, which indi-
cates the geological and mineralogical basis for distin-
guishing these geochemical associations. Along with
groups of trace elements that are characteristic of a
given mineral, there are also “transitive” groups that
occur in different sulfides, as examples, the Au–Bi–
Se association in arsenopyrite, the Bi-Se association
  No. 5  2019
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Table 3. Associations of trace elements from the main generations of ore minerals

Py2, crystalline–zonal (from ores); Apy, arsenopyrite; Tnt, tennantite; Ttr, tetrahedrite. The transitive trace elements for every mineral
assemblage are shown in bold.

Minerals
Groups of associations of trace elements

Au–Ag Bi–Se Hg other

Py1 Au–Ag–Cd Se–Bi Tl–Sb–Hg
Py2 As–Au–Ag–Cr Tl–Sb–Hg Pb–W
Ccp1 Au–Ag–Pb–Bi–In Se–Cu Te–As
Ccp2 Sn–Se Cr–Hg–In Ga–Ge–Co–W
Sp Cd–Ag–Au–Cr Hg–Bi–Ga–Sn In–Tl–W
Gn Au–Cr Ag–Se Hg–Bi–In
Tnt-Ttr Ag–As;

Au–Sn–Te
Bi–Se

Apy Au–Bi–Se Ge–Ag–In

Fig. 2. A schematic sequence of mineral genesis at the Dzhusa deposit. Py1, from country metasomatic rocks; Py2, collomorphic
and concentrically–zonal; Py3, crystalline–zonal; Py4, azonal; Ccp1, from pyrite ores; Ccp2, crystalline and twinned; Ccp3,
vein filling; Sp1, terrigenous; Sp2, low-Fe; Gn, galena; Qz, quartz; Cal, calcite; Tnt, tennantite; Ttr, tetrahedrite; Apy, arseno-
pyrite; Brt, barite; Ser, sericite; Chl, chlorite; Cv, covellite; Cct, chalcosine; Mag, magnetite; Gp, gypsum (endogenic); ϑβD2ef1,
Early Eifelian subvolcanic gabbro porphyrites (pre-ore); ϑβD2gv1, Early Givetian subvolcanic gabbro porphyrites (late ore); δC1,
dykes of the Early Carboniferous Magnitogorsk intrusive complex. 

1 2

1

3

2

2 2

3

3 4

3

2
1

Py

Ccp

Sp

Gn

Qz

Cal

Tnt-Ttr

Apy

Brt

Ser

Chl

Cc

Cct

Mag

Gp
Au

νβ
D

2e
f 1

νβ
D

2g
v 1

δC
1

Stage of ore genesis

Stages
Minerals

M
a

i
n

M
in

o
r

R
ar

e

Pre-ore 
metasomatism

Synvolcanic Metamorphogenic Hyper-
gene

Pyrite Polymetallic Early 
regeneration

Contact 
metamorphism

Regional 
metamorphism 

(Late regeneration)

43



THE ISOTOPE COMPOSITION AND GEOCHEMICAL FEATURES OF ORES 509
in fahlore and collomorphic pyrite; and the Au–Ag
correlation in pyrite 1-2, chalcopyrite, and sphalerite.

CONCLUSIONS
Since the Au content in arsenopyrite is higher by

several orders of magnitude than that in fahlore, one
can assume that Au, correlated with Bi and Se in arse-
nopyrite, was redistributed there during synmetamor-
phic growth of crystals, developed as a pseudomorph
after fahlore. Finally, taking the above data into con-
sideration, we have compiled the sequence scheme of the
mineral formation at the Dzhusa ore deposit (Fig. 2),
including the development of both synvolcanic and
late superimposed mineral assemblages.
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