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AN INTRODUCTION:
NEW GENETIC MODELS AS A BACKGROUND
FOR PROSPECTING OF ORE DEPOSITS

Paccmotpensl HOBbIe Moaenn (pOpMUPOBaHHS KONYETaHHBIX, JKEIE30pYIHBIX, MapraHieBo-
PYIHBIX U 30JI0TOPYAHBIX MECTOPOXKJIEHHM. B 4acTHOCTH, YCTaHOBIIEHO, YTO KOTYEAaHHBIE MECTOPO-
KJICHHUS YEpHOCIAHIEBOI accolMalny, TAKKe KaK U MECTOPOXKICHHUS SIIIMOBOH accolranuu, GopMu-
POBaJIMCh MO MOJIENU «YEPHBIX KYPHIBIIMKOB» B MPOTHBOBEC MOJEIH «PaCcCOIBHBIX OacCeiHOB».
[Ipeanaraercs ranbMuUpoIUTHUYECKass MOZENb (HOPMHUPOBAHUS KENE30PYAHBIX H MapraHlEeBOPYAHBIX
MECTOpOXKJIEHUNH. PaccMOTpeHBl MOCHEeIHUE AOCTUKEHUS B PA3BUTHH MYJIBTUCTAJUNHOW MOJEIU
(hopMUpPOBaHUS MECTOPOXKJICHHM 30J10Ta YEPHOCIIAHIIeBOM acconuanuy. Ha 3Toii ocHOBE npe yiararoT-
Cs1 HOBbIE KPUTEPUHU NIPOTHO3UPOBAHUS PYIHBIX MECTOPOKACHUH.

Last time, several models of ore genesis are developed in the Institute of Mineralogy UB RAS
in collaboration with CODES (University of Tasmania). These models are related to massive sulfide,
iron, manganese, and gold deposits.

In theory of massive sulfide deposits, the “brine-pools” theory is seems to be not in opposition
with “black smoker” model of ore precipitation. Several criteria have been elaborated for distinguish-
ing brine-pool-type from black smoker-type sulfide deposition [Solomon et al., 2004]. Brine pool mas-
sive sulfide deposits associated with volcanic carbonaceous sedimentary rocks have: (1) potentially
very large size, and high aspect ratio; (2) higher Zn/Cu and Fe/Cu values (3) no evidence of chimneys;
(4) relative abundant framboidal pyrite and primary mineral banding; (5) reduced mineral assemblages
(pyrite-arsenopyrite/pyrrhotite), and minor or rare barite in massive sulfide; (6) associated stratiform
and/or vein carbonates; (7) relative unimportant zone refining; (8) lack of vertical variation in
sphalerite and sulfur isotopic composition; (9) evidence of local bacterial sulfate reduction [Solomon
et al., 2004]. These criteria are unlikely to be completely accepted because of their convergence. In the
Urals, large size of VMS deposits (>2Mt up to 6.5 Mt Cu+Zn) associated with jasper (Gai, Sibay,
Octyabr’skoye, Uchaly, Uzelga) contain abundant fragments of the chimneys. A lot of chimney frag-
ments have been found in sulfide breccias at black shale hosted VMS deposits (Saf’yanovka in the
Central Urals, Nikolayevskoye, Artem’yevskoye, Zarechenskoye in Rudnyi Altai). Some of those
have high aspect ratio of sulfide lenses (Zarechenskoye, Artem’yevskoye). Aspect ratio depends on
the degree of sulfide mound destruction, and therefore are a function of volcanism intensity and dura-
tion of common sedimentation [Maslennikov, 2012]. The chimneys revealed in black shale hosted
VMS deposits may be considered as a key argument against brine-pool model, because chimney
growth include first stage of anhydrite shell formation [Haymon, 1983]. The development brine-pool
model needs other, than suggest for black smokers, mechanism of chimneys growth.

Origin of banded sulfides is a key question in discussion of “black smokers” versus “fallout
chemical precipitation” and versus “replacement” mechanism of VMS deposits formation. Sulfide-rich
exhalites can be signature of both models. Hydrothermal sedimentary origin of banded sulfides is dif-
ficult to prove because of commonly plentiful replacement textures. The most of studied banded sul-
fides have been recognized as intercalation of altered clastic sulfide turbidites by “load cast” signa-
tures. Strongly altered clastic sulfides are located out of feeder zones in the distal flanks of ore bodies
and are alternated with unaltered jasper, chert, calcareous, carbonaceous, chloritic shale and hyaloclas-
tic sedimentary rocks. Diverse relic primary hydrothermal sulphide fragments, secondary sulfide seg-



regations and pseudomorphs in many ancient and modern clastic sulfide deposits are distinguished in
the banded sulfide ores. The ore fragments show open space growth features were transformed to re-
placement, recrystallization and nodular growth textures. Colloform and dendritic pyrite, pyrrhotite
crystals were replaced by coarse grained pyrite agregates. The replacement of colloform and crystal-
line pyrite fragments by chalcopyrite and sphalerite is the rare case of inheriting of the primary tex-
ture. Fragmental subhedral chalcopyrite and ISS lattice textures were modified to aggregates of
twinned crystals. Chalcopyrite deseased radial-concentric sphalerite and euhedral wurtzite were ad-
justed to twinned Fe-pure sphalerite with mixture of fahlores. The replacement and coeval recrystalli-
zation masked the primary clastic origins of sulfides. Seafloor or early diagenetic nature of most al-
terations is testified by asymmetry in mineral zoning of sulfide rhythms [Safina, Maslennikov, 2008].
The styles of mineral and chemical evolution of fragmental massive sulfide ores at VMS deposits de-
pends on the primary composition of sulfide clasts and impurity of adjacent sediments. In calcareous
and serpentitite-rich clastic sulfide sediments, pyrite nodules are commonly the products of diagenesis.
All sulfides can be replaced by oxyhydroxides and then were transformed to hematite and magnetite in
later metamorphic stages. In carbonaceous clastic sulfide sediments, diagenesis results in nodular as
well as framboidal pyrite. In the metamorphic stage, the diagenetic pyrites are replaced by pyrrhotite,
arsenopyrite and euhedral pyrite. Barite is one of the unstable mineral in carbonaceous sedimens as
was calculated using SELECTOR program based on GIBBS free energy minimization [Maslennikov,
Tret’yakov, 2010] Therefore, framboidal pyrite and pyrrhotite-rich reduced assemblages may be prod-
ucts of clastic sulfide alteration, as well and can not be exclusively related to brine pool models of
VMS deposits. Moreover, these reduced mineral assemblages are typical for chimneys and sulfide
mounds of jasper-volcanic hosted VMS deposits.

A lot of studied VMS deposits at the Urals, Pontides, and Cyprus, including black shale
hosted Saf’yanovka VMS deposit, yield abundant vent fauna species. This is in contradiction with
brine-pool model, because vent fauna need oxygen in seawater. In other VMS deposits, no vent fauna
was found because of high state of primary hydrothermal fluid oxidation, and high degree of sulfide
mound destruction with formation of altered sulfide turbidite.

In general, preference of either brine-pool or black smoker model will influence on criteria of
prospecting of VMS deposits. Brine-pool model suggests wide expansion of ore deposition in depres-
sion, that leads to using of regional lithostratigrafic criteria of prospecting. In contrary, black smoker
model pay attention to local ore facies and lithofacies criteria using clastic sulfides and their products
of diagenetic alteration (diagenites) and seafloor oxidation (halmyrolysites) in volcano-sedimentary
horizon as the direct signature of VMS deposits halo. This rocks display specific mineral and chemical
feature reflecting VMS deposits formation. This rock can be useful in addition to exhalites. Pyrite
nodules can be new interesting subject for trace element research, as possible indicator of VMS depos-
its. F.e. the pyrite nodules collected in ore black shales from Saf’yanovka VMS deposits display un-
usually high grades of Te, Bi, Au, Ag, Pb and high Au/Ag values.

In the Urals and other VMS deposits, ferruginous and manganiferous sedimentary rocks are
widespread. These rocks have been subdivided into jasperites, gossanites and umbers [Maslennikov et
al., 2012]. Some of these rocks may be interpreted as exhalites as is commonly accepted without
strong evidence. However, most of these rocks display signatures of seafloor replacement of volcanic
glasses, clastic sulfides and carbonate by hematite-quartz aggregates with apearence variable contents
of authigenic manganese minerals. The process of seafloor replacement is considered as halmyrolysis
[Maslennikov et al., 2012]. The replacement textures are background for new models of iron and
manganese ore deposits formation. In some variant of the halmyrolysis models, the subtraction of Al,
Si, Ti, and REE from hyaloclastic material mixed with organic matter and carbonate have been
proved. This substraction is accompanied by concentration of Fe and/or Mn followed by formation of
Fe- and Mn- halmyrolysistes which may be considered as analogues of some Fe and Mn ore deposits.
Relic bacterial filaments in ferruginous sediments are reminded in numerous publication. The halmy-
rolysis can be improved by bacterial activity [Aupova, Maslennikov, 2013]. This data confirms the
halmyrolysis model suggested by Hummel [1922] for hematite ore in Germany. Many other iron de-
posits including BIF, hematite exhalites and magnetite “scarn” types display the features of volcanic
glasses halmyrolysis. The halmyrolysis models merits a further research. Therefore, possible new cri-
teria for iron deposit prospecting is finding and exploration of submarine calcareous hyaloclastic inits
with features of halmyrolysis.



A number of unresolved questions remains the models for orogenic and Carlin-type gold de-
posits. The models declare three current views related to orogenic gold deposits: gold-rich fluids are
derived from deep metamorphic processes or from crustal granites; (2) organic-rich sediments are
traps for gold; (3) gold is introduced late, i.e. syn- or posttectonic. Some recent investigation sought to
determine whether, or not, carbonaceous sedimentary rocks could have been important for source for
gold in orogenic and Carlin-type gold deposits [Large et al., 2007, 2009, 2011; Meffre et al., 2008;
Chang et al., 2008; Thomas et al., 2011]. This research that gold is sourced in the sedimentary basin,
organic-rich sediments are excellent source rocks for gold and variety of other elements (As, Zn, V,
Mo, Ag, Ni, Se, Te) and (3) gold is introduced early (syndiagenetic) and remobilized and concentrated
locally during syntectonic and/or sinmagmatic fluid flow. The most important process for gold remo-
bilization is replacement of gold-rich pyrite by pyrrhotite. The last signature can be used in prospect-
ing exploration of gold deposits in carbonaceous sedimentary units.

This research was supported by the projects of UB RAS (no. 12-77-5-1003, no. 12-C-5-1010,
13-5-012-NEDRA), and CODES Visiting Program of Tasmania University (Australia).
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ARCHEAN BANDED IRON FORMATION GOLD-HOSTED DEPOSIT IN THE AMALIA
GREENSTONE BELT, SOUTH AFRICA: ORE TEXTURES AND GEOCHEMICAL
FEATURES OF MINERALIZATION

Ha ocHOBaHWM M3yUYEHHST MUHEPATOTHIECKUX U CTPYKTYPHBIX 0COOCHHOCTEH M M30TOIMHOTO CO-
craBa C, O, Sr mecropoxknerus biro JloT, Jiokaim30BaHHOTO B (pOpMAIHK JKEIE3UCTHIX KBAPIIUTOB 3¢-
JICHOKaMEHHOT'O Tosica AMaiusi, 00CYKIaloTCI MEXaHU3MBbI Py1000pa30BaHHs M HCTOYHUKH (ITIOU/IOB.
OCHOBHBIE THIIBI U3MEHEHHH, HATOXKEHHBIC HA JKEIE3UCThIe KBAPIUTHI — KapOOHATH3AIIMSA, XJTOPUTH3A-
1usi, pa3BUTHE CYIb(PUIOB. 30JI0TO-CYIb(PHUIHOE OPYACHEHHE CBA3aHO C KOHTAaKTAMU HAJIOKEHHBIX
KBapI-KapOOHATHBIX KU U KEJIE3UCThIX KBApIMTOB. [10 cocTaBy apceHONMMpHUTa TeMIeparypa oopa3o-
BaHUs TPOJYKTUBHOU accormaiuu orieanBaercs Hike 300—350 °C. Ha ocHOBaHMM M30TONMHBIX JAHHBIX
B KaueCcTBE MCTOYHHKA (DITIOH 1A TIPEONAralOTCs CHH- ¥ TIOCT-TEKTOHHYECKHE TPAHUTOHTBI.

Introduction

This study investigates the mineralogical, textural and C-O-Sr-isotopic characteristics of gold
mineralization and discusses their implication(s) for the ore-forming mechanism and source of ore flu-
ids in the Archean banded iron formation (BIF)-hosted Blue Dot gold deposit of South Africa.

Regional Geology

The Blue Dot gold deposit is located in the Archean Amalia Greenstone Belt (AGB), which
forms part of the Amalia-Kraaipan terrane of N-S trending greenstone belts, situated in the western
Kaapvaal craton (Fig.1). It is approximately 4~5 km wide and 55 km long. Banded iron formation is
the only distinct outcrop in the studied area [Jones and Anhaeusser, 1993]. The highly deformed, sub-
vertically inclined volcano-sedimentary rock units of the AGB are generally fault-bounded and par-
tially engulfed by abundant intrusive syn- to post-deformational granitoids [Schmitz et al., 2004].
Three episodic granitic intrusions have been recorded in the belt: (1) tonalite-trondjemite-granodioritic
gneiss (TTGs) dated at 3.08 Ga and represents reworking of older basement granitic rocks, (2) syn-
tectonic granodioritic plutons of the Kraaipan group dated at 2.93 Ga and, (3) post-tectonic Schweizer-
Reneke K-rich quartz monzonites dated ca. 2.88 Ga, believed by many researchers to have played
a major role in controlling gold mineralization in the region [Anhaeusser & Walraven, 1999].

Ore deposit geology

Three discrete BIF-hosted gold orebodies namely; Bothmasrust, Abelskop and Goudplaats,
have been recognized at the Blue Dot gold deposit. The BIF units are flanked by mafic schist and
muscovite-carbonate-chlorite-quartz schist in the footwall (F/W), and chlorite schists in the hanging
wall (H/W). The Amalia BIF is subdivided into two units: (i) jasper-rich BIF and (ii) jasper-free BIF.
The jasper-free variety is the common BIF type in the Amalia greenstone belt. However, it is the
veined jasper-rich BIF that is commonly sulfidized and mineralized. Quartz, chlorite and carbonate
(i.e. siderite, ankerite, dolomite and minor calcite) constitute the main gangue mineral assemblage
in the BIF with minor amounts of muscovite. In less-altered, undeformed BIF units, platy magnetite
occurs as fine-grained, unaltered layers, while chert is partly intergrown with siderite and chlorite.
In highly deformed units, the magnetite is re-crystallized into coarse grains and undergoes pseudomor
phic replacement by hematite. This hematitic alteration is prominent in portions where the quartz-
carbonate veins crosscut the BIF layerings. In this study, the term mineralized BIF is used to represent
sulfidized altered/bleached jasper-rich or jasper-free BIF units that are related to crosscutting quartz-
carbonate veins, whiles non-mineralized BIF represents the non-sulfidized, less altered BIF units that are
not veined.
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Fig. 1. Location of the Blue Dot gold deposit in Amalia Greenstone belt.
Hydrothermal alteration and ore precipitation mechanism

The crosscutting, vein-related gold mineralization and hydrothermal alteration show some re-
lationship with the lithologies present at Amalia. The main alteration processes associated with the
mineralization include carbonatization, which is characterized by the replacement of magnetite and
hematite by carbonates such as siderite in BIF and replacement of quartz by ankerite-dolomite series,
chloritization (characterized by chlorite replacement of magnetite and quartz in BIF and, quartz, car-
bonate and albite in schists), hematization (characterized by alteration of magnetite to hematite), sul-
fide precipitation (characterized by pyrite + chalcopy-rite £ arsenopyrite precipitation in the BIF) and
rare potassium metasomatism (characterized by sericitic replacement of albite, quartz and chlorite).
Sulfide precipitation and associated gold mineralization is restricted to the proximity of contacts be-
tween BIF and quartz-carbonate veins [Kiefer, 2004; Adomako-Ansah et al., 2013]. Pyrite (with minor
chalcopyrite and arsenopyrite; Fig. 2a, b) is the dominant sulfide mineral [Adomako-Ansah et al.,
2013] and restricted to the zones of sulfide precipitation in the mineralized BIF. Gold occurs as
rounded to irregular-shaped inclusions and as fracture fills in pyrite (Fig. 2c). Previous authors pro-
posed pyrite-gold precipitation by sulfidation of magnetitexthematite in the BIF [Kiefer, 2004] or he-
matization of pyrite [Vearncombe, 1986]. However, petrographic investigation by Adomako-Ansah et
al. [2013] shows non-replacement textures between hydrothermal pyrite and coexisting recrystallized
magnetitexhematite minerals and does not suggest sulfidation of the Fe-oxides. Rather, it suggests
conditions of contemporaneous sulfide-gold precipitation with magnetite-hematite recrystallization.
Also, in the BIFs, most of the sulfide-gold mineral assemblages are petrographically observed within
quartz-carbonate layers rather than magnetite-hematite layers (Fig. 2).

Mineral chemistry of ores and temperature for gold mineralization

A simplified paragenetic sequence for the principal minerals occurring in the Blue Dot gold
deposit is illustrated in Fig. 3. Arsenopyrite grains show a general composition from 28.6 to 30.8 at. %
As with negligible base metal contents. Less or no variation in rim-to-core compositions, absence of
zoning and the negligible base metal contents in arsenopyrite from the various analyzed samples sug-
gest that conditions of crystallization were fairly stable (i.e. the sulfide precipitation, and consequent
gold mineralization, probably occurred during one hydrothermal event). Temperature estimated by
using the arsenopyrite-pyrite geothermometer of Scott [1983] for associated gold mineralization, based
on the As contents of arsenopyrite, is < 300-350 °C (Fig. 4). Native gold grains from both mineralized
BIF and veins, indicate an average value of Au 0.92 Ag 0.08 and a high relative fineness of 95215,
which is consistent with the observed range for most Archean lode gold deposits [Adomako-Ansah
et al., 2013]. C-O-Sr isotopic signatures on ore fluid source and formation environment.



Fig. 2. Ore minerals and textures of mineralization.

Geochemical data from C, O and Sr isotopes of carbonates and O isotopes of quartz (summarized
in Table; this study) suggest that the hydrothermal ore fluid responsible for the associated gold mineraliza-
tion in the Amalia BIF was sourced from magmatic fluids that are temporally and spatially represented by
the syn-to-post tectonic granitoids in the studied area. Tight clustering of S-isotope data of +1.8 to +2.5 per
mil for the S in the ore fluid at the Blue Dot deposit [Adomako-Ansah et al., 2013] also indicates a probable
magmatic or mantle origin according to Ohmoto [1986] for a cluster of -3 to 3 per mil S-isotopic data.
Geochemical studies on the surrounding granitoids by Kiefer [2004] indicated that the Schwiezer-Reneke
guartzmonzonite, largely tipped to be the potential source for the exolved ore fluids, formed from mixing of
magmas derived from partial melting of depleted mantle-wedge and TTG sources.

C-O-Sr isotopic signatures on ore fluid source and formation environment

Geochemical data from C, O and Sr isotopes of carbonates and O isotopes of quartz (Ssumma-
rized in Table 1; this study) suggest that the hydrothermal ore fluid responsible for the associated gold
mineralization in the Amalia BIF was deep-sourced, and likely from magmatic fluids that are tempo-
rally and spatially represented by the syn-to-post tectonic granitoids in the studied area. Tight cluster-
ing of S-isotope data of +1.8 to +2.5 per mil for the S in the ore fluid at the Blue Dot deposit (Ado-
mako-Ansah et al., 2013) also indicates a probable magmatic or mantle origin according to Ohmoto
(1986) for a cluster of -3 to 3 per mil S-isotopic data. Geochemical studies on the surrounding grani-
toids by Kiefer (2004) indicated that the Schwiezer-Reneke guartzmonzonite, largely tipped to be the
potential source for the exolved ore fluids, formed from mixing of magmas derived from partial melt-
ing of depleted mantle-wedge and TTG sources.
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Table
813C of carbonates and 50 of quartz of gold mineralization in the Amalia BIF

Sample Host lithology Carbonate Remark 5%Copi %04 mow

(%) (%)
C17-20 Vein in mineralized BIF ankerite Q-C vein -3.2 17.2
C11-5A-3 -»- Fe-dolomite —»— -3.7 16.3
C17-15B -»- ankerite —»— -4.8 13.5
C17-23B -»- ankerite —»— -3.1 16.3
C17-6 Vein in hanging wall schist (non | Fe-dolomite —»— -3.8 16.3

mineralized)
V8-3 Mineralized BIF Fe-dolomite whole rock -3.4 15.0
V8-10PIb -»- siderite —»— -5.0 135
V8-12PlI Cherty band from mineralized siderite —»— -4.8 13.8
BIF

AB22-15A Mineralized BIF siderite —»— -3.4 13.6
V8-26(b) Mineralized BIF Fe-dolomite —»— -4.2 14.4
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FORMATION OF THE EARTH’S CORE AND SILICATE LAYERS

[Ipeanoxena NMPUHIMITNAIBLHO HOBAask MOJAENb T'€TEPOreHHONW akkymynsnuu 3emun. OHa mo-
3BOJISIET OOBACHUTH MEXaHU3M 00pa30BaHMs YAaCTUYHO PACILIABIEHHOrO JKEN1€30-HUKENIEBOro s/pa Ha
HavaJIbHOM dTare popMUpoBaHHs 3eMJIM U 0OOCHOBBIBAET HOBBIM MexaHn3M aAnuddepeHnnanum Bere-
CTBa B Ipolecce akkymyiasuuu 3emid. [Ipomecc akkyMmylIslMM — 3aBEpIIAETCS OTIOKEHHEM
Ha [IOBEPXHOCTU 3eMJIM MaTepuasa YIIUCThIX XOHApUTOB. M3 3Toro matepuana Oyner copmupona-
Ha BHEIIHSS TBepasi 00omouka 3eMiiu.
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The composition of the Earth’s core and silicate layers depends on the way of the Earth’s accu-
mulation and later differentiation. The modern hypotheses assume that protoplanetary material had
gone through two consecutive stages of (i) solid phase condensation from the gas and (ii) solid particle
agglomeration in a gas-dust cloud [Dorofeeva, Makalkin, 2004] resulted in the planet formation [Viti-
azev et al., 1990]. The currently available data of the cooling of the protoplanetary cloud (10°-
10° years) [Dorofeeva, Makalkin, 2004] shows that these processes cannot be separated by time and
by distance from the Sun. It is beyond reason to exclude the possibility of the concurrent occurrence
of these two stages. This allows us to use the sequence of the solid phase condensation, which was
founded in laboratory experiment on mechanism of the planet formation [Ringwood, 1979].

The assumption that the solid particle agglomeration began after the primary gas condensation
was completed and had gone in the cold cloud allows only homogenous Earth’s accretion. This sce-
nario leads to the primary homogenous cold planet. The portioning of the homogenous planet material
on the iron core and silicate mantle is conceivable at the final stages of its formation, which could oc-
cur only after the secondary warming-up of the upper planet strata. The problem is an energy contribu-
tor to the start-up of the primary homogenous Earth differentiation. The radioactive decay was able to
warm-up the Earth two billion years only after its formation. The suggestion that the warming-up of
the Earth was caused by the impact of the Mars-sized space body is speculative and will not be the
subject of our discussion. Moreover, the homogenous accretion models contradict the isotopic data,
which indicate that the core and mantle reservoirs were separated at the initial stage of the Earth’s
formation [Harper, Jacobsen, 1996].

The heterogeneous accretion is an alternative hypothesis in contrast to the homogenous one. It
proposes that the composition of material for the Earth’s formation was inconstant and varied as the
Earth’s size increases. This idea was supported by many researchers [Anderson et al., 1972; Harper,
Jacobsen, 1996]. The most radical point of view was stated by Anderson et al. [1972], who proposed
that the inner core was built up from the early condensates, which were condensed before iron. The
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possible composition of the Earth’s layers and their evolution are discussed on the basis of the two
stage model of the Earth’s formation in the given work.

Simultaneous condensation and solid particle agglomeration allows proposition that the compo-
sition of the central part of the planets at the first stage of the planet formation was close to CAl —
white inclusions in the Allende meteorite [Anfilogov, Khachay, 2005]. They are most high tempera-
ture and ancient condensates in the Solar system [Brearley, Jones, 1998]. As the embryos grow and the
protoplanetry cloud cools, the composition of the condensate changes (Fig. 1) and the iron and iron-
silicate fractions will precipitate on the embryo surface owing to the high temperature. The planet em-
bryos, which size is the first hundred kilometers, will be formed as a result of the impacts and partially
integration of the planetesimales. The structure of these embryos is shown in the Fig. 2.

The warming-up of the embryos as a result of the short-live radioactive decay occurs during the
growth. Al is the major short-live isotope with half decay period of 7.38210° years. The *Al/*Al
ratio in the protoplanetary material is 5?10~ [Merk et al., 2002]. The temperature in the embryo center
may be as much as 1850-2200 K at this *°Al content if the embryo size is 200 km [Anfilogov,
Khachay, 2005]. It is large enough for the partial melting of Al-Si mixture in the central part of the
embryo and for complete melting of the Fe-Ni mixture in its intermediate layer. The outer layer com-
plicated by olivine-pyroxene chondrite material remains solid at this time (Fig. 2).

The further evolution of the planet goes in the following manner. In accordance with the Sa-
fronov’s model of the planet accumulation [Robie et al., 1978], the amount of embryos, which are
formed at initial stage of agglomeration, is high and they often impact each other. The impact of two
embryos with similar size partially smelts the core and medium iron layer and makes hard the outer
silicate layer, terminating the failure. The intermediate smelt iron layers will coalesce after the impact
and form a new embryo complicated from Fe-Ni molten alloy. The material of Al-Si cores will be
pressed out from the inner part of the primary embryos and thrown out partially beyond the new em-
bryo. The outer solid layers will be destroyed and a part of their fragments goes out the growing
planet. The impact of two primary embryos is schematically shown in Fig. 3.

According to the dynamic estimations [Khachay, Anfilogov, 2007], the duration of the first
stage is >10° years that is in agreement with period of formation of chemical reservoirs of the Earth’s
core and mantle separation [Harper, Jacobsen, 1996].

The integration of the iron layers after the impact of the primary embryos gives rise to the sec-
ond embryo generation, the most part of which represents the Fe-Ni molten core. Two problems may
be solved this way: the core formation at initial stage of the Earth’s formation and possibility of MHD
dynamic start-up and geomagnetic field formation, which are inducted in the smelt iron core by the
outer magnetic field [Khachay, Anfilogov, 2007]. The dynamics of further process of the Earth’s for-
mation is described by the Safonov’s model. When the Fe-Ni core reaches the most part of its modern
mass, it becomes able to hold and form a silicate layer around itself.

The two stage model of the Earth’s formation discussed above represents the heterogeneous ac-
cretion scenario. Contrary to the scenarios suggested before [Ringwood, 1978], it proposes the real
mechanism of the smelt iron core formation at initial stage of the Earth’s formation, removal of the
primary light Al-Si material from the center of the embryo and explains the origin of high temperature
in the growing Earth.

1 2 3

Fig. 2. The schematic structure of the primary Earth embryo. 1- the high aluminum core; 2 — the smelt
iron envelope; 3 — the outer hard envelope.
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Fig. 3. Scheme of the new Earth embryo formation as a result of the two primary embryos collision.
1 — high aluminum material; 2 — smelt iron material; 3- ordinary chondritic material.

The two stage mechanism allows proposition of the Moon formation along with the Earth and
explanation of the absence of metallic iron in the Moon and high primary temperature in the Moon
interior. The Moon was mostly formed from the fragments resulted from the primary Earth’s embryo
destruction and went out from the feeding area of the growing Earth. Because the main part of iron is
concentrated in the Earth’s core, the Moon lacks material for the formation. In addition to iron, the
Moon material accessible for investigation was depleted of potassium. In line with condensation se-
quence (Fig. 1), it allows us to exclude the alkali fieldspars and other solid phases, which are con-
densed at temperature lower than 1100 K. This suggests that the Moon was separated from the Earth
before the accretion of the Earth was completed. In this case, the most part of potassium should accu-
mulate by the Earth at the last stage of its formation and is concentrated in the upper mantle.

Let us consider the possible composition of the Earth’s silicate layers. The meteoritic material is
a primary information source about mantle composition. The iron meteorites give the data on the core
composition and the stone meteorites considered to be a possible material for the Earth’s silicate layers
have rather different composition, thus the problem of the meteorite type necessary for the mantle
composition is ambiguous. The problem is complicated, because some part of meteorites are the frag-
ments knocked from the Moon and nearest planets [Shukolyukov, 2003] and cannot serve the material
for the Earth’s formation. A similar statement is true for meteorites, which age is younger than that of
the Earth [Marakushev, 1991].

A.E. Ringwood has analyzed the complex of physical and mineralogical criterions (the distribu-
tion of seismic waves velocities, springiness, density, mineralogical composition, and phase transfor-
mation of minerals at high pressure) and drawn a conclusion that two alternative models can be con-
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sidered [Dorofeeva, Makalkin, 2004]: (i) the lower mantle is pyrolitic and its density excess is condi-
tioned by phase transitions and (ii) the lower mantle is enriched in FeO and, possibly, SiO,.

We believe that these scenarios are not alternative. First, it is not evident that the composition of
the material for the Earth’s formation was constant during the whole period of its accumulation and it
corresponded to carbonaceous chondrites. Second, the phase transformations of the mantle minerals
are studied experimentally and it is impossible to build up the correct model of the lower mantle with-
out account of these transformations.

Based on the sequence of solid phase condensation (Fig 1), it is most likely that the lower man-
tle correspond to olivine-pyroxene chondrites in composition. These chondrites are distinct from
carbonaceous chondrites by the absence of water and presence of large amount of iron and troilite
(Table).

Similarly, the base of the mantle is expected to correspond to the composition of H-chondrites
with high content of iron. As the Earth’s mass increases, the composition of the H-chondrite varied to
L- and LL-chondrite. The proposed chondritic lower mantle has no strong difference from the pyrolitic
one. As seen from Table, the intermediate composition of chondrites devoid of Fe and FeS is close to
pyrolite. It differs from pyrolite by high FeO lower MgO contents. It well to bear in mind, that its ini-
tial composition was formed during the Earth’s growing process. As the temperature and pressure in-
creased, the lower mantle differentiated and Fe and FeS moved to the core. The part of iron oxide dis-
proportionated and transformed into magnetite and metallic iron: 4FeO = Fe30,4 + aFe. Then, it moved
to the core too [Ringwood, 1978]. The final composition of the lower mantle became pyrolitic.

The pyrolitic model of the upper mantle put forward by A.E. Ringwood [1978] was generally
accepted. The model is based on the correlation of composition of carbonaceous chondrites, alpine
ultramafic rocks, and deep-seated xenoliths in kimberlites and alkali basalts. In spite of general accep-
tance, the pyrolitic model has some contradictions. It is agreed that the Earth’s material corresponds to
the intermediate meteorite. However, no meteorites, except for the Allende and rare ureilites, have
high MgO and low FeO contents as pyrolite. Thus, the question arises, where is the excess of FeO and
what is the source of the MgO excess in the mantle? By this is meant that models of pyrolitic and other
mantle composition are approximate.

Let us consider the origin of the Archean crust, which is made up of mafic volcanic and acid
igneous and metamorphic rocks [Salop, 1982]. V.E. Khain and N.A Boshko [1988] advocated that
grey gneisses quantitatively dominate among the Archean rocks and could be formed by partial melt-
ing of the primary mantle with the specific toward Archean active constraint of water only.

The sequence of solid phase condensation, which is used by two stage model of the Earth’s
formation, suggests that water and carbon appear at the final stage of this process. Absence of carbon
in the early condensates is caused by CO, generation, which remains in the gaseous phase of the pro-
toplanetary cloud: C + O, = CO; (AGyg00x = —396.17 kJ/mol [Robie et al., 1978]).

An iron is oxidized simultaneously with CO, production, the free energy of this process
changed at 1400 K is —180.44 kJ/mol [Robie et al., 1978], and the oxidation of Fe is noncompetitive
with CO; production.

Carbon, H,O and organic compounds appear in the protoplanetary material and meteorites as
temperature decreases, hydrogen concentration increase, and carbon is reduced: CO, + H, + C + 2H,0
(AGggo k = —95.70 kJ/mol [Robie et al., 1978]).

Table
Composition of chondrites and the Ringwood’s pyrolite

Type H Type L Type LL Pyrolite
Component [Mason, 1962] [Mason, 1962] [Marakushev,1991] [Ringwood,
(53) (79) (17) 1979]
Sio, 47.0 45.2 42.8 45.1
Al,03 3.0 2.9 2.7 3.3
FeO 12.9 17.7 215 8.0
MgO 30.1 28.6 27.8 38.1
Ca0O 2.5 2.2 2.0 3.1
Na,O 11 1.0 0.9 0.4
FeS 5.6 5.8 5.3
Fe 17.3 6.7 1.3
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It follows that the Earth’s formation is finished by the formation of the outer layer enriched in
water and carbon with chondritic composition of its silicate component. Two processes may occur in
this layer at high temperature: (i) degassing of the outer layer, which gave rise to the atmosphere and
ocean formation and (ii) production of the large volume of dioritic and granitic melt, which are able to
be formed at the presence of water.

All stated above allows us to propose the hypothesis of the entire and upper mantle composi-
tion. The average mantle composition is most likely consistent with composition of olivine-pyroxene
chondrites without metallic Fe and FeS. Compared to the Ringwood’s pyrolite, it is enriched in FeO
and depleted in MgO. The material of carbonaceous chondrites exists in the upper mantle. Three types
of geochemical reservoirs may occur in the outer part of the upper mantle: primitive mantle consistent
with average mantle composition, partially depleted mantle consistent with the Ringwood’s pyrolite,
and depleted mantle. The latter composition is formed after basaltic magma smelted from the pyrolite.

Thus, the smelt iron core is formed at initial stage of the Earth’s formation by integration of the
smelt iron layers and collision of the primary embryos. The overwhelming bulk of the mantle made up
of chondrites, which composition is changed from H- to LL-chondrite. The carbonaceous chondrite
was involved only during formation of the outer part of the upper mantle. The activity of the water
during the differentiation produces the large volume of acid igneous rocks, which are known as Ar-
chean grey gneisses.

The work is supported by Russian Foundation for Basic Research (project no. 07-05-00395).
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GEOLOGY AND MINERALISATION
OF THE I0CG-TYPE OLYMPIC DAM DEPOSIT
(SOUTH AUSTRALIA)

PaccmoTpeno reonorudeckoe CTpoeHHUE M MUHEPATbHBIA COCTAB PYJ KPYIHEHIIIETO MECTOPO-
xaeHus 3omota U meau Onumiuk Jlam (ABctpanus). Pyl MecTOpOXKACHHS PEUMYIIECTBEHHO TPO-
JKUJIKOBBIC U COCTOAT U3 (hIIOOpPUTA, FeMaTHTa, CEPUIIMTA, XJIOpHUTa, OapuTa, CHJIIEpUTA, JIOJOMUTA,
KBapua u cyiabpuaoB Mmeau. OOCY)aar0Tcs MOoaeal (POPMUPOBAHUS U UCTOYHHUKH PYIHBIX KOMIIOHCH-
TOB, BKJIIOYAsi MAHTUMHBIE U CETUMEHTOT €HHEIE.

The supergiant polymetallic Olympic Dam (OD) deposit is the world’s largest uranium
deposit, and fourth largest gold and copper deposit with significant Ag quantities and a total resource
of about 9 Mt [BHP Billiton Annual Report, 2012].

The OD is located in South Australia and represents the type locality for Iron-Oxide-Copper-
Gold (I0CG) deposits [Hitzman et al., 1992]. It is hosted by the Olympic Dam Breccia Complex
(ODBC) that is situated within a Mesoproterozoic Roxby Downs Granite. This granite was intruded by
numerous ultramafic and mafic dykes [Johnson & McCulloch, 1995; Ehrig et al. 2013]. The ODBC is
covered by undeformed Late Proterozoic and Cambrian sedimentary rocks of the Stuart Shelf [John-
son & McCulloch, 1995].

According to Reeve et al. [1990], there are many types of different veins and veinlets in the
deposit. They can contain fluorite, hematite, sericite, chlorite, barite, siderite, dolomite, quartz that
may incorporate pitchblende and diverse copper sulphides. Some veins were precipitated within the
fault zones and show multiple phases of brecciation. The paragenetic sequence though is very complex
and multistage.

Geologists have been studying the genesis of the supergiant IOCG Olympic Dam deposit for
more than 30 years, including numerous analyses such as radiogenic isotopes (U-Pb, Pb-Pb, Sm-Nd,
Re-Os and Rb-Sr isotopes in various gangue and ore minerals), stable isotopes (C-O isotopes in
siderite, O isotopes in magnetite, hematite, quartz and whole rock samples), fluid inclusion studies
(siderite, quartz, fluorite), chemical composition (including REE) of some minerals and whole rock
samples etc. However, there still exist many issues regarding its formation and especially sources
of elements like U, Fe, Cu, REE, S and C. In addition, the ages of the multiple mineralisation events
at the OD are still enigma. The proposed models for formation of the ODBC range from the maar-
diatreme setting with a fluid mixing and mantle contribution to the mineralisation [e.g. Oreskes &
Enaudi, 1992] to sedimentary-dominated [e.g. McPhie et al., 2011].
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DEVONIAN Fe-Mn NODULES OF THE URALS PALEOOCEAN

Ha mapranneBbIx MecTopokaeHusIX Ypaina u3ydensl Fe-Mn xonkpennn pazHoit Gopmbl 1 Be-
JUYWHBI, XapaKTepU3YIOIMecs] MPUCYTCTBUEM CTPYKTYpP POCTa M OOJIEKaHHsI, HATMYMEM PEITMKTOBON
CIIOMCTOCTH B 3aKOHCEPBHPOBAHHOW BHYTPEHHEH 4YacTH W TMOBBIMICHHBIMU cojiepxanusmu Cu (46—
325 r/1), Ni (47-144 r/1), Co (36-184 1/1), Ba (37-6467 r/1), U (0.2-2.78 1/T), CONOCTaBUMBIE C *Ke-
JIe30MapraHileBbIMH KOHKPELUSIMH COBPEMEHHBIX OKEAHOB. PEMKTHI BYJIKAaHOKIACTHKH M OHOMOp(-
HBIX CTPYKTYp B KOHKPELHUSIX CBHICTENbCTBYIOT O BaKHOM POJM JINTOTEHHOI0 M OMOreHHOTo (pakTopa
B X ¢opmupoBanuu. Huskue conepxanus P30, HeOonpmue Bapuanuu B anomanuax Ce (ot —2.7 to
+0.28) u mosiBiieHne HEOONBIION MoNoXHUTENbHOH EU anomanuu B ciektpe P33 xoHkpenunit orpaxa-
10T TpaHcdopManuy, MPOUCXOAMUBIINE B AUAT€HETHIECKUX MPOIECCcax.

Introduction

Several metallogenic zones, including Sakmara, Magnitogorsk, and East Uralian zones, are
distinguished in the Urals foldbelt. They are considered to be the paleogeodynamic sectors, corre-
sponding to the marginal sea, island arc system, and uplift, respectively [Prokin, Buslaev, 1999]. Man-
ganiferous rocks in the Southern Urals are hosted in the basalt-rich volcano-sedimentary complex of
the Magnitogorsk paleoisland arc system, which consists of the West and East Magnitogorsk island
arcs and Sibai inter-arc basin [Gavrilov, 1972]. The manganiferous mineralization occurs in associa-
tion with the Middle Devonian stratabound hematite-quartz rocks and bedded red jaspers localized on
the foot or hanging walls of massive sulfide deposits [Maslennikov et al., 2012]. Fe-Mn nodules are
widespread in the jasper horizons, which occur at the flanks of manganese deposits. We have studied
Fe-Mn nodules from the Faizulino and Yanzigitovo Mn-deposits, which were formed in the Sibai in-
ter-arc basin, and compared them with well known Fe-Mn nodules from the modern oceans.

Methods

Identification of Fe-Mn nodules was based on their superficial color, external morphology and
size. Selected samples were cut vertically in two parts with respect to their position on the seafloor.
Individual nodules of special interest for mineralogical and geochemical determinations were first
thoroughly examined in reflected light and by SEM microscopy. The internal structure was described,
outlined and photographed. The chemical composition was analyzed with atomic absorption (AAS)
using a Perkin Elmer 3110. The trace elements and REE concentrations were determined using in-
duced coupled plasma mass spectrometry on a Agilent Technologies 7500 cx in the Center for Geo-
Environmental Science, Faculty of Engineering and Resource Science, Akita University.

Faizulino deposit

Manganese nodules 1.5 ? 2 cm in size and less occur in the top of the jasper horizon and are
hosted in the fine hyaloclastic siliceous rocks. Most of them have oval, lenticular, lens, and mush-
room-shaped morphology with columnar structure of prominent sinters and thin-laminate external lay-
ers. The well visible outer layering is caused by stratification of separate Mn and Fe layers with thick-
ness up to 1 mm. The layers differ by reflection resulted from enrichment in Mn or Fe. The nodular
cores have complicate structure with relict lamination in the internal part. The non-opaque fine vol-
canic glass is scattered inside the manganese minerals. All varieties of the nodules contain abundant
microfossil molds and silica filaments (Fig. a).

The Mn layers are composed of fine-grained K-psilomelane, which replaces jacobsite. The
composition of K-psilomelane is as follows (wt %): MnO* 71.70-89.44, FeO* 1.20-13.27, SiO, 0.83-
2.00, Al,0;3 0.44-3.52, TiO,, 0.42-0.59, K,0 0.96-1.22, CaO 0.89-1.17.

Jacobsite has gray color with a specific olive shade in the matrix of ferruginous layers. Its
composition varies relative to stoichiometric species (wt %): MnO* 48.51-58.88, FeO* 25.49-37.99,
SiO, 0.75-2.08, Al,05 1.81-2.87, TiO, 0.40-0.42, K,0 0.64-0.77, Ca0O 0.62-1.07.
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Numerous magnetite crystals with a good facet occur in the core and Fe-rich layers of the
nodules. Magnetite is enriched in MnO* (up to 3.73 wt %) and TiO, (up to 3.69 wt %) and, locally, it
has extraordinary high Mn and Ti contents (wt %): MnO* 12.35-17.25, FeO* 57.80-70.12, SiO,
0.58-1.87, Al,O; 1.08-2.09, TiO, 15.20-21.09 (pyrophanite?). The elevated Mn and Ti contents in
magnetite could possibly be related to the replacement of Ti-hematite. The replacement textures are
observed in the nuclear part of the nodules, where ferruginous minerals predominate above the man-
ganese ones. The cores of the nodules are enriched in volcanic glass identified by the higher Al, Mn,
Fe, and K contents and sporadic pyrite inclusions.

Yanzigitovo deposit

Manganese nodules are localized at the contact of the hematite-quartz lens and hanging wall
jaspers. Several horizons with manganese nodules indicate the discontinuous and periodical formation
of nodules. Nodules have slightly asymmetric structure, rough surface, and sharp contacts with overly-
ing rocks and are composed of Mn-oxides, clasts of felsic glass and microconcretions of Mn-biotite
filaments overgrown by Mn-oxides. Ba-psilomelane is the major manganese mineral of the nodules
(wt %: MnO* 76.73-78.33, BaO 12.57-14.69, K,0 0.54-0.72, CaO 0.70-0.97). Numerous inclusions
of radiolarian are widespread in the external layers of the nodules (Fig. b). Supergene processes
formed veins and nests with late Mn-oxide.

Chemical composition of nodules

Manganese (5-40 wt %), iron (1-15 wt %), and silica (14-40 wt %) are the principal compo-
nents of the nodules admixed with varying contents of (wt %) Al,O; (2-5), MgO (0.4-1.3),
Na,0+K,0 (0.7-2.2), CaO (2-3), and P,Os (0-0.07). The high concentrations of Zr, Ti, V and Al are
probably related to the relict volcanic glass. The variations of concentration (ppm) of Cu (46-325),
Ni (47-144), Co (36-184), Ba (37-6467), Sr (35-527), V (0.51-214), Zr (1-135) and U (0.2-2.78) are
the specific features of nodules.

The nodules show low REE contents (up to 155 ppm) and Ce/La ratio (0.42-1.73) compared to
the average content of the hydrogenous deep-seabed nodules from the oceanic areas and also exhibit a
negative Ce anomaly. Magnitude of the Ce anomaly, ranging from —2.7 to +0.28, was calculated using
the equation of log [3Ce/(2La+Nd)], where Ce, La, and Nd are the NASC normalized values [Elderfield
et al., 1981]. The positive Eu anomaly indicates the presence of hyloclastic detritus and mineral precipi-
tation from the fluids with a hydrothermal component under reduced conditions. The nodules are en-
riched in LREE that is evident from the La/Lu* ratio ([Lasample/ Lashate)/(LUsampie/ LUshate)]) OF 0.54—-1.85.

Discussion and conclusions

Fe-Mn nodules, which were formed in the Devonian Urals paleoocean, could be compared
with those from the modern oceans. Good preservation of delicate textures of the nodules is related to
their fast overlapping by the fine-grained sediments. The morphology and columnar structure of the
nodules are also typical of modern Fe-Mn nodules [Halbach et al., 1981; Baturin and Dubinchuk,
1989; Banerjee et al., 1999]. The nodules are diverse in shape and Fe and Mn contents. The external
zones of the nodules have layered structure. The growth structures are most typical for nodules in con-
trast to the corrosion, excluding dissolution of volcanic glass and its replacement by manganese minerals

Fig. Microfossils in the Fe-Mn nodules: a — Faizulino, and b — Yanzigitovo deposits.
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The common presence of radial cracks, cross-cutting the oxide layers, and the high porosity
and permeability of the nodules are evidences of somewhat open formation conditions. The primary
manganese minerals (probably, manganite and vernadite) of the nodules have not been found yet
and the occurrence of jacobsite in the Faizulino deposit points to some degree of postsedimentary al-
teration.

It is suggested that the volcanic glass is one of the main source of Fe and Mn owing to their
correlation with high Ti and Al content. The biogenic (mainly radiolarian, some individual filaments,
and spheroidal microforms) relics in the nodules are thought to play a vital role in the variation of
chemical composition (possibly including radionuclide) in the internal part of the nodules, since plank-
ton is known to scavenge the trace metals during the life cycles similar to the modern Fe-Mn nodules
[Ehrlich, 1980]. An accumulation of some amount of K* in the filaments may be also related to the or-
ganic matter [Harder and Dijkhuisen, 1983].

Thus, the studied nodules are comparable to the modern counterparts by high grades of Ni,
Co, Ba, Cu, and elevated of Fe contents. The depletion in ZREE in the nodules may reflect diagenetic
processes. The formation of Fe-Mn nodules could represent a combination of hydrogenetic and
diagenetic conditions under important role of biogenic factor.

The work is supported by the Russian Federal Program of Ministry of Science and Education
(no. 14.740.11.1048) and the Joint Program of Uralian and Siberian Branches of Russian Academy of
Science (no. 12-C-5-1010).
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BIOMORPHIC SIGNATURES OF METALLIFEROUS FERRUGINOUS AND
MANGANIFEROUS ROCKS FROM THE URALS VMS DEPOSITS

B okcuaHO-KeIe3uCThIX M MapraHLEBbIX MPOAYKTaX MPHIOHHBIX PeoOpa3oBaHUil H3BECTKO-
BHCTO-CYJIb(GUIHO-THATOKIACTHTOBBIX OCaJKOB KOTYEAaHHBIX MECTOPOXKISHHUN Ypasia oOHApY>KEHbBI
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OakTepuoMopHBIE CTPYKTYPHI, IPEACTaBICHHBIE HUTYATBIMU U MUKPOTPYOUYaThiMu (hopMaMu, U pe-
JUKTBl MEKpO(ayHbl — TpyO4aThIX OPraHU3MOB, TEHTAKYJIUTOB, paAHoisipuil u ¢popamunudep. B ac-
COIIMaNNK ¢ OMOTEHHBIMH O0pa30BaHMSIMH YCTaHOBJICHBI ayTUTCHHBIE JIEHKOKCEH, TUTAHUT, PYTHI,
XJIOPHT, WIJIHT, TEMATHUT, allaTUT U cylbduanbie Munepainsl. Pesynpratsl JIA-UCIT-MC ananu3oB mo-
Ka3pIBAIOT, 4TO B remartute Omomopdo3 Habmomaercs kouieHtpauus Mn (mo 9393 /1), Ti (mo
528 /1), As (mo 1872 r/1), V (779 /1), W (10 1091 r/T) 1 Mo (mo 40 1/T), a TakxKe MOBBIIIEHHBIE CO-
nepxanus Zn, Pb, Sb u U. Mzotonusiii coctaB yriepona 8-C B kapOGOHATaX BapbHpYeT oT —4 110
—11 %o B otmmune ot 3°C (ot 0 10 +2.64 %o) HAAPYAHBIX H3BECTHSKOB. [Ipeamonaraercs, uro GHOIO-
rHYecKasi akTHBHOCTD B COBOKYITHOCTH C DKCTPEMAaJIbHBIMH YCIIOBUSIMH CPEJIbI IPUBENU K YCKOPEHHOM
Tpanchopmannu ouorenHoro OB, cozgaBas yHUKaJIbHBIE BO3MOKHOCTH JUTSl TOCTCEIUMEHTAIIHOHHBIX
npeoOpa3oBaHMi UCXOJHBIX KOMITIOHEHTOB OCaJIKa.

The brecciated proximal ferruginous and manganiferous rocks related to the Urals VMS de-
posits include jasperites, gossanites, and umbers, in addition to thin-bedded jaspers and cherts
[Maslennikov et al., 2012]. An abundance of replacement textures of hyaloclastites and carbonates by
hematite and silica is the most important feature of jasperites and umbers. The replacement of clastic
sulfides by hematite and magnetite is characteristic of gossanites. These sedimentary rocks are accom-
panied by pseudomorphs of hematite and quartz after microplankton fossils and bacterial filaments
[Maslennikov et al., 2012; Ayupova and Maslennikov, 2012].

In gossanites from the Talgan and Imeni XIX Parts’ezda deposits, widespread carbonate-
hematite tube forms are hollow-centered or incrusted by concentric layers of microcrystalline hema-
tite. Locally, the cavities of these worms are mineralized with sulfide minerals. The tube forms can be
compared with the near vent tube worms discovered in the modern and ancient black smoker systems
but of smaller diameter [Little et al., 1999]. Typical tentaculates from the Talgan, XIX Parts’ezd,
Molodezhnoye, Alexandrinka, and Shemoor deposits have similar diameters of tube but are made up
of calcite partly replaced by hematite. The authigenic leucoxene, titanite, chlorite, hematite, and
apatite are often observed inside the shell of tentaculites. The spherical radiolarians of Astroentactinia
100-160 um in size with a number of short thin outer needles are recognized in ferruginous and man-
ganiferous rocks. Rare round or oval foraminifera shells are composed of quartz, albite, apatite,
chlorite, and carbonate-cemented ferruginous material.

All varieties of ferruginous and manganiferous rocks from the Urals VMS deposits contain
abundant silica-hematite filaments. Two types of filaments may be distinguished on the basis of their
dimensions. The filaments of the larger diameter (6—16 um) cross cut the clusters of filaments in cal-
careous gossanites from the Talgan VMS deposit. Much thinner (1-4 um in diameter) filaments were
found in hematite-chlorite gossanites from the Molodezhnoye and Alexandrinka deposits. The bulbous
swelling is a common feature of the filaments. The numerous thick (20-30 pum) and thin
(1-4 um) filaments were revealed in jasperites from the hanging wall of the Saf’yanovka VMS de-
posit. Cylindrical to elliptical filaments are up to 500 um long. They are coated by the red cryptocrys-
talline hematite and are filled with quartz. The network of numerous curved hematite filaments with
a 1-um axial hole is the most striking feature of jasperites from the Babaryk VMS deposit.

The inorganic self-organized processes may produce the patterns of silica and iron oxides that
resemble bacterial filament structures [Hopkinson et al., 1998]. Notwithstanding, the studied filaments
display no regular fractal or dendritic branches and may be found as a single fragment in the clastic
matrix of ferruginous rocks. In comparison with fractal structures, the coating and infilling are com-
mon that is attributed to the near vent fauna fossilization [Little et al., 1999].

The diameters of the filaments are comparable with some varieties of hemoautotrophic bacte-
ria found in the modern vent sites [Juniper and Fouquet, 1988]. More recent work on the ancient VMS
deposits indicates an important role of similar biogenic processes in formation of silica-ferruginous
rocks [Dubhig et al., 1992; Greene, Slack, 2003; Little et al., 1999].

The carbon isotopic composition of limestones closely related to the sulfide orebodies at the
Uzelga, Talgan, Yubileinoe, and Sibai VMS deposits varies from 0 up to + 2.64%. [Maslennikov,
1999; Ayupova, Sadykov, 2013]. The §"°C values of the authigenic carbonates from the metalliferous
sediments are low (-4 to —11%o) and similar to those measured in gossanites, jasperites, and umbers
[Ayupova, Sadykov, 2013]. In some cases, §°C values in carbonates from gossanites of the
Molodezhnoye and jasperites of the Sibai deposits are extremely low (-19.5 and —13.0 %o, respec-
tively) [Maslennikov, 1999].
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The average value is close to the 5°C values of the vestimentiferas from the rift zones of the
Pacific Ocean that in trophosome proved activity of chemoautotrophic bacterial-symbionts [Felbeck,
1983] and to the mean 5"°C value (-15.87 %o + 4.96%o) determined for the organic constituents of the
ferrihydrite samples from the Axial Volcano black-gray smoker hydrothermal field [Kennedy et al.,
2010]. The direct relationship between the carbon isotopic values and presence of iron-oxidizing bac-
teria from natural and laboratory samples shows the ability of these microorganisms to fractionate the
carbon [Kennedy et al., 2010; Konhaueser, 2006].

The results of LA-ICP-MS analyses show that the distribution of trace elements in hematite
pseudomorphs after the tube worms is relatively uniform and stable. The hematite biomorphic
structures concentrate Mn (up to 9393 ppm), Ti (up to 528 ppm), As (up to 1872 ppm), V (779 ppm),
W (to 1091 ppm), and Mo (up to 40 ppm), indicating the biological mechanisms of accumulation
and retention of these metals in the system. It should be emphasized that the elevated contents
of these elements are typical of the modern vestimentiferas and polychaetes [Juniper et al., 1992;
Demin et al, 2007], as well as mineralized fauna from the ancient hydrothermal systems
[Maslennikov, 2006].

The finding of the filaments in the ferruginous and manganiferous sedimentary rocks suggests
that they may be confirmed to the bacterial destruction of the volcanic glass [Thorseth et al., 1995]
and/or the oxidation of previously formed sulfides [Konhauser, 2006]. It is likely that microbial activ-
ity, evidenced by the relic biomorphic textures, leads iron, manganese precipitation, and silica nucleation
at sediment-water interface [Duhing et al., 1992]. Basically, bacteria and microorganisms create a local
microenvironment as a result of their metabolic products. The bacterial activity in submarine
transformations of initial sulfide, hyaloclastic, and carbonate sediments played a major role in the
development of microfossils. The microbial alteration also results in formation of authigenic minerals
and is accompanied by redistribution of elements. The chemical composition of biotic alteration prod-
ucts may strongly vary, indicating that different bacteria types should accumulate different elements.
The mobility of elements during biotic alteration also seems to be significantly different relative to
abiotic alteration. The accumulation of Mo, W, V, Mn, Ti and other elements and formation of titanite,
hematite, chlorite, apatite, and illite are the early low-temperature process produced by microbial ac-
tivity.

The work is supported by the Russian Federal Program of Ministry of Science and Education
(no. 14.740.11.1048) and the Joint Program of the Urals and Siberian Branches of Russian Academy
of Science (no. 12-C-5-1010).
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MINERALOGY OF OXIDIZED ORE OF IKRYANSKOYE GOLD DEPOSIT
(SVERDLOVSK DISTRICT, RUSSIA)

HxpstHCKOE MECTOPOXKAECHUS 30JI0Ta TPUYPOUEHO K 30HEe EropimmHCcKoro riryOMHHOTO pasioma
M JIOKaJN30BaHO B pAacCIaHIIOBAaHHBIX METaBYJIKaHUTaX M META0CaJOYHBIX IOpoJax — BIHJIOT-
AKTUHOJUT-XJIOPUTOBBIX, XJIOPUTOBBIX, KPEMHMCTBIX, TIJIMHUCTO-KPEMHUCTBIX U  YIJIEPOAUCTO-
[JIMHUCTO-KPEMHUCTBIX CJIaHLaX. Pysl BKparieHHbIe, MPOKUIKOBO-BKPAIJIEHHBIE. 30JI0TO CBSI3aHO C
MUPUTH3ANNECH, HAXOAUTCS MPEMMYIECTBEHHO B CaMOpPOIHOH (opmMe, 0OBIYHO COACPKUT MPUMECH
pTyTH. OKUCIIEHHbIE PYJbl [NIMHUCTBIE, IPU 3TOM METaBYJIKAHUTHI XapaKTePU3yIOTCS BBICOKUMH CO-
JepKaHUSIMH XJIOPHT-CMEKTHTA, B TO BPEMsI KaK METa0CaIKH 000TalleHbl CI0I0H U KaoiduHUTOM. Ha-
JUYWe TIMHUACTBIX MUPHEPAJOB C BBICOKOW COPOIMOHHOM EMKOCTBIO YXYALIA€T TEXHOJIOTMYeCKue
CBOMCTBa Py, IPEANoiIaraeMbIX Jjsi THAPOMETaILTYpriuecKoil mepepadoTKy.

Due to the depletion of gravel and large gold deposits in the Urals in the last decade a small
objects that are available for open-pit mining are involved to exploitation. As a rule, these deposits of
oxidized ore with low grade of gold. Gold from ore is extracted by heap leaching cyanidation. The
efficiency of this process is largely determined by the mineral composition of the ore: size and mor-
phology of gold, clay content, the presence of fresh sulphides and copper minerals. The study of the
mineral composition of oxidized ore was held in conjunction with the planned mining of the deposit
ZAO Aurum. Currently Ikryanskoye deposit is excavated by shallow pit.

Ikryanskoye deposit is a part of larger Fevralskoye deposit, which belongs to submeridional
Reft schist band of Sillurian—Lower Devonian volcanic-sedimantary rocks. Deposit locates in Yegor-
shinskiy regional fault. Ore zone is located within tectonic wedge, which contacts with Lower Carbon
carbon-bearing sedimentary rock and limestone in East. In West direction schist band boardered with
Low Carbon Reft gabbro-granite complex. Vein bodies of granite in schist band connect with this
complex. There is regional weathering crust above deposit. Its thickness at the plane area is about 25—
30 m. Linear weathering crust above tectonic zone spread deeper more, then 60 m [Koshkin et al.,
2009].

Host rocks because of tectonic influence are schistose. There are metavolcanites (basalt with
rare dacite), their clastic varieties, metasediments, and rare vein plagiogranite. Metavolcanic rocks
were metamorphosed under epidote-amphibolite subfacie of green-schist facie. In ore zone they al-
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tered to chlorite, epidote-chlorite, gauffering schists. Chert, quartz-sericite, clayey shists and rare black
shales are metasediments in ore zone. Gold concentration is connected with metasomatical processes
as disseminated pyrite and some quartz-carbonate veinlets [Sazonov et al., 1999].

Pyrite is the main ore mineral of fresh ore. Chalcopyrite, sphalerite, pyrrhotite, pentlandite are
secondary. Alloclasite, galena, altaite, cinnabar (?), and native gold are rare. Nickel and cobalt en-
richment of iron sulfides is typical for deposit. Main matrix minerals of metavolcanites are epidote
group, chlorite, actinolite, albite, quartz. In metasediments there are quartz, albite, sericite, carbon
matter.

Clayey eluvial weathering crust after schist with steep bedding is outcropped in open pit. The
separation of wheathered metasediments and metavolcanites in open pit is very difficult. But some
small lenses of black shale among brownish clayey oxidized chert and schist can be allocated in the
central part of open pit.

Ag Hg*10
Fig. 1. Composition of gold (mas.%).
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Ore bodies can be isolated only by sampling. Oxidized ore is clayey, ocher-cleyey with relic
schistosity. Gold content very varies, average 3.4 g/t with cut-off grade 1.4 g/t and reach more then
1 kg/t [Koshkin et al., 2009]. Au/Ag ratio also varies from 10 to 0.07, usually 1-3.

Goethite is prevailing ore mineral in heavy concentrate of ore independently of matrix. Rutile
and semioxidized pyrite and chalcopyrite are occasional. Gold forms free particles with complex mor-
phology up to 2 mm in size as well as micron-size inclusion in pyrite. Impurity of silver (10—
20 mas. %) and mercury (up to 3.9 mas.%) is characterized for chemical composition of gold (fig.1).
Impurity content is higher in free gold then inclusions.

Light fraction mineral composition depends of matrix. After XRD analysis (Shimadzu XRD-
6000, Cu-Ka) it have been obtained that layer silicate part is higher in metavilcanites then metasedi-
ments. Oxidized and hydrated chlorite (chlorite-smectite) prevails in metavolcanites (fig. 2). Hydrated
mica and kaolinite also presented in minor percentage. Layer silicates sum in this rock type is 60 % and
more. Secondary minerals are quartz, albite, relics of actinolite and epidite. In general, metasediments
consist of quartz and field spaar. The main layer silicate in chert is sericite and kaolinite. Carbon-bearing
shale is enriched by sericite. But chlorite-smectite is in both rock type (fig. 2).

Degree of supergene change of chlorite depends after depth. At the 0-10(12) m chlorite is
transformed into vermiculite-like mineral (“chlorite-smectite” with complete destroying of “brucite”
layer and its replacing by smectite layer. These features are good identified using thermogravimetric
analysis. After 10-12 m in depth the relics of chlorite structure became preserved. After 20 m chlorite
are not changed practically.

These features of the mineral composition of oxidized ores are the base for planning of hy-
drometallurgical processing of Ikryanskoye deposit.

We are sincerely grateful to the ZAO Aurum administration for permission to work on
deposit.
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MINERALOGY OF THE OXIDIZED ORES
FROM THE VERKHNYAYA ARSHA Pb-Zn DEPOSIT,
SOUTH URALS

B pabote npeacTaBieHsl nepBbie JaHHBIE 0 MUHEpaiax OypbIX JKEE3HSKOB U MOTYOKHCIEH-
HBIX pyn crpatudopmuoro Bepxue-ApumHckoro Ph-Zn mecropokaenus. Habop MuHepaibHbIX BU-
JI0B CXO0X ¢ AMypcKuM ZN-MEeCTOPOXKCHUEM, IIPEICTABIIEH 30JI0TOM, TaloreHuaaMu cepedpa, rae-
HUTOM, MUHEpaJlaMH ceMeiiCTBa alyHUTa U APYTUMHU.

The Verkhnyaya Arsha deposit is located 1.5 km to north from the village of Verkhnyaya Ar-
sha in the Republic of Bashkortostan. It belongs to the West Urals metallogenic zone and is hosted in
the Riphean dolomites. The deposit was exploited before 1958. The ores include sulfide (Fe and Pb-
Zn), semioxidized and oxidized types. The major minerals of the sulfide ores are pyrite, galena, and
sphalerite [Rotar et al., 1976]. Anglesite, cerussite, jarosite, and Pb-jarosite were identified in the oxi-
dized ores in addition to Fe-hydroxides [Shumikhin et al., 1956]. The technogene supergene minerali-
sation was previously described [Blinov et al., 2011].

The oxidized ores (or brown ore) are characterized by heterogeneous chemical composition
and contain up to 0.7 % Zn and Pb and up to 0.3-1.5 % Ag in some samples. The brown ore with high
amount of sulfides represent semioxidized ore with the higher Zn and Pb contents.
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The objective of the abstract is a characteristic of supergene minerals in the oxidized and
semioxidized ores from the Verkhnyaya Arsha deposit.

Native metals

Native gold was revealed in the massive geode part and in the brown ore with a box structure.
Gold contains up to 2 wt % Cu and 0.2 wt % Ag. Some grains of the pure gold contain less than 0.1 wt
% of admixtures.

One grain of native zinc 10 ?m in size was found in the brown ore at the contact of Fe-
hydroxides and quartz. The ED-spectrum is characterized by Fe and Al peaks.

Sulfides

Acanthite in the brown ore forms aggregates 3-5 ?m in size, intergrowing with iodargyrite. In
the semioxidized ores, acanthite grains up to 7 ?m in size were found as thin veinlets and rims around
pyrite.

The supergene chemically pure galena in the brown ore occurs as grains up to 15 ?m in size in
Fe-hydroxides. In semioxidized polymetallic ores, galena forms cubic and occasionally case-like crys-
tals 30 ?m in size, microdruses, rare framboids or rims around pyrite or Fe-hydroxides. The primary
and supergene galena in semioxidized polymetallic ores contains admixture of silver. In semioxidized
pyrite ores, supergene galena forms crystals, microveins 10-20 ?m thick or rims around pyrite crys-
tals. Some grains are also characterized by admixture of silver.

Oxides and hydroxides

Fe-hydroxides are widespread minerals of the brown ore and occur as massive, radial, box-like
or gel-like aggregates. Fe-hydroxides are characterized by Zn content up to 1.4 wt %, which is mostly
typical of box-like aggregates. Based on the correlation analysis of 35 SEM analyses of Fe-
hydroxides, zinc has positive correlation with lead (0.7) and negative, with sulfur (-0.8). In semioxi-
dized polymetallic ores, Fe-hydroxides form pseudomorphoses after sulfides or rims around them. The
concentration of admixtures is as follows (wt %): Zn 3, S 5, SiO2 4, Al203 0.5. In semioxidized pyrite
ores, Fe-hydroxides contain 0.2—2 wt % Zn and traces of S, Si, Al.

Sulfates

The jarosite group minerals were previously described by Zhumikhin et al. (1958). We have
found several grains of Ba-bearing mineral similar to Pb-jarosite in the brown ore.
Ag-bearing anglesite in semioxidized polymetallic ores forms the low-thick crusts.

Halogenides

lodargyrite in the brown ore forms the crystals 2030 ?m in size in geodes. lodargyrite was
also found in thin acanthite microveins in the semioxidized ores.

Conclusions

Thus, native zinc and gold, acanthite, iodargyrite and supergene galena were found for the first
time in the oxidation zone of the Verkhnyaya Arsha deposit. The joint occurrence of native zinc, su-
pergene galena and Fe-hydroxides indicates the repeatedly varieted conditions during formation of the
oxidation zone at the deposit.

Author is grateful to E.V. Belogub, K.A. Novoselov, V.A. Kotlyarov, and 1.Yu. Melekestseva for
consultations and help during the work. This research is supported by Program of Presidium of the
Russian Academy of Sciences (project no. 12-77-5-1003).
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AGE AND FORMATION CONDITION OF ORE-HOSTING SEQUENCE
OF THE SAFYANOVKA DEPOSIT, CENTRAL URALS: DATA ON FORAMINIFERS

PaxoBunbl dopamunudep sidens-xkusera Parathurammina aff. tamarae L. Petrova, 1981,
Parathurammina magna u ap. BCTpedaroTcs B TOpoaax pymoBmemniaromiei Toamu CadbiHOBCKOTO
MEIHOKOIYeIaHHOro MectopoxaeHus (Cpennuii Ypai) B untepBaie riyoun or 100 no 200 m. Xo-
porasi COXpaHHOCTh (opaMHHU(Ep, HepeaKoe OOBOJIAKUBAHUE PAKOBHH IETMTOBBIM MaTEpHAIIOM,
CIIeqbl TPOJIABJIMBAHUS OCAJKOB YKa3bIBAIOT Ha 3aXOPOHEHHE PAKOBHH B MEIIKOBOIHBIX MOPCKHX yC-
JIOBHSIX HEJAJIEKO OT MecTa oOuTanus. BumoBoe ogHO000pa3ue pakoBuH hopaMuHu(peEp CBUACTEIbCT-
BYeT 0 HEOJNArompHATHBIX YCIOBHSX OOMTaHUS M MEIKOBOTHOCTH OacceifHa ocagkoHakomieHus. Ha
OCHOBaHUH 3TOTO MOXHO CJeNaTh BBIBOA, YTO MOPOJALI pPyIOBMEMIAoNIel TOMMK GOPMUPOBAIHCE B
9 (perb-KUBETCKOM MEIKOBOJIHOM MOPCKOM OacceliHe MpH MPaKTHYECKH HEIPEePhIBHOM MPUBHOCE
BYJIKAHOI'CHHOT'O MaTepuara.

The Saf’yanovka massive sulfide deposit confined to the Eastern Uralian uplift is situated in
the south of the Rezh lithotectonic zone. It is localized in the altered Middle Devonian volcanic (rhyo-
lite-dacite) and volcano-sedimentary rocks [Korovko et al., 1991], which are exposed in the open pit
(10 km northeast of the town of Rezh). The thickness of the ore-hosting sequence is about 400 m. The
main body of massive sulfide ores is 400 m long and 140 m wide. The southern flank of the orebody is
strongly pinched out and the northern orebody transits into a series of apophyses, which represent
massive and stringer-disseminated sulfide ores. Massive chalcopyrite ores consist of pyrite, chalcopy-
rite, and sphalerite. Polymetallic ores present in subordinate amount include tennantite, tetrahedrite,
digenite, enargite, galena and famatinite and rare marcasite, pyrrhotite, arsenopyrite, and gold. Cop-
per-zinc ores contain high amounts of sphalerite and some galena [Yazeva et al., 1992]. The depth of
the open pit now is 170 m. After the depth will attain 200 m, the deposit will be operated by the mines.

A layer of Carboniferous limestones exposed by the open pit in the upper section of the ore-
hosting sequence (to a depth of 30 m) contains the Upper Tournaisian foraminifers identified in the core
of the wells of P-4, 3030 [Chuvashov et al., 2012]. The Upper Eifellian-Givetian [Chuvashov et al.,
2011] non-carbonate foraminifera shells of Parathurammina aff. tamarae L. Petrova, 1981 [Petrova,
1981] were found in the underlying carboniferous-siliceous sitly claystones (horizon of 187 m).

The members of carbonaceous-siliceous rocks 0.1 to 1.5 m thick are located at the depths
of 187-100 m both in the upper horizons exposed by the open pit and at the deeper levels exposed by
mines (southwest of the Saf’yanovka ore field, depth of 200 m). The rocks consist of quartz, plagio-
clase, chlorite, mica, kaolinite, barite, and pyrite. The organic matter is sapropelic of marine origin
[Yaroslavtseva et al., 2012].

The Parathurammina aff. tamarae L. Petrova, 1981 foraminifera shells composed of quartz or
apatite were found in several outcrops of the carbonaceous-siliceous rocks in the southeastern and
southern part of the open pit (horizons 187-100 m) (Fig. 1) [Chuvashov et al., 2011]. The shells have
three-layered wall, reduced size and mouths that may be attributed to unfavorable habitat conditions in
a shallow marine basin, where carbonate sedimentation was significantly suppressed by additional
supply of volcanic material.

An attachment disk found in one of the shell sections points to the attached way of life of fo-
raminifers (Fig. 2). Good preservation of the foraminifera shells, frequent enveloping by clay material,
and traces of punching precipitation indicate that the shells were buried in the shallow marine envi-
ronments near the habitat.

The study of shells on a JSM-6390LV (JEOL) electron microscope equipped with an Inca En-
ergy 450 EDS (Institute of Geology and Geochemistry UB RAS, Yekaterinburg, analyst S.P. Glavat-
skikh) has revealed that originally they were composed of aragonite, calcite, and organic matter (pseu-
dochitin) and later were replaced by apatite and quartz.

The calcareous Parathurammina magna Antropov, 1950 foraminifera shells were found in
mine in limestones on the southwest flank of the deposit in a fault zone at the contact with serpen-
tinites (sample SH10/12) at a depth of 200 m (Fig. 3). They also inhabited the Middle-Late Devonian
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Fig. 1. Non-carbonate (apatite-silicon) shell
of Foraminifera Parathurammina aff. tamarae L. Pet-
rova of carbonaceous-siliceous rocks of ore-hosting
strata of the Saf’yanovka deposit, horizon 187 m. One
can clearly see wellhead elevation and three-layer wall

Fig. 2. Non-carbonate shell of Foraminifera
Parathurammina aff. tamarae L. Petrova with attach-
ment disc, proving that it belongs to the attached ben-
thos. The Saf’yanovka deposit, horizon 187 m. Thin
section, transmitted light, magnification 140.

of the shell. The Late Eiffelian-Givetian age. Thin sec-
tion, transmitted light, magnification 140.

Fig. 3. Carbonate shells of Foraminifera
Parathurammina magna Antropov with attachment
disc in limestone, depth of 200 m, mine of the
Saf’yanovka deposit. The Middle-Late Devonian age.
Thin section, transmitted light, magnification 140.

shallow sea [Antropov, 1950]. Some specimens have an attachment disk (Fig. 3). Previously, the cal-
careous Auroria delineate L. Petr., Tamarina corpulenta L. Petr., Parathurammina aff. tamarae L.
Petr. foraminifers [Korovko et al., 1999] were found in limestone lenses in wells (M-23, 2142) drilled
through the serpentinite melange. The monotony of foraminifera species indicates unfavorable habitat
and shallow water basin of sedimentation. The presence of volcanic material in limestones favors for
its simultaneous formation with carbonaceous-siliceous rocks from the ore-hosting sequence.

Thus, the volcano-sedimentary rocks of the ore-hosting sequence of the Saf’yanovka deposit
were formed in the Eifellian-Givetian shallow marine basin with almost continuous gain of volcanic
material. The Eifelian-Givetian foraminifers were found in the ore-hosting rocks at a depth of 100 m
to 200 m. According to [Korovko et al., 1999], the Late Lochkovian conodonts were found in the well
2149 at a depth of 298.5-335 m. Consequently, we may expect to find the boundaries between the
Lochkovian, Pragian, Emsian, and Eifellian stages at the depths, ranging from 100 to 298.5 m, in case
of undisturbed rock bedding.

The work is supported by the Urals Branch of Russian Academy of Sciences (project no. 12-C-
1032).
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CONTRASTING CHARACTERISTICS OF URAL- AND BAIMAK-TYPE
VMS DEPOSITS IN THE URALS, RUSSIA

B crathe mpuBOIMTCS KpaTKas XapaKTEPUCTHKA T'€O0JMHAMUYECKOW IO3UIUH, CTPYKTYPHI,
BMEIIIAIOIIUX TTOPO/I, OKOJIOPYIHBIX METACOMATUTOB, TEOXUMHUH PYJ U M30TOIHOIO COCTaBa KUCIOPO-
Jla U3MEHEHHBIX BMEIIAIOIINX IMOPO MECTOPOXKICHUHN ypaiabCcKoro u OaiiMakckoro tuma. CenaH Bbi-
BOJI O TOM, YTO MECTOPOXKCHHSI YPAJILCKOTO THIA C MEIHO-IIMHKOBBIMU PYyJaMH, 00OTraieHHbIMU KO-
0aJbTOM M TEJUTYPOM, JIOKAJM3YIOTCSI B OUMOAANBHBIX CEPHUAX C MpeodialaHueM BYJIKAHUTOB OCHOB-
HOro cocraBa U (opmupyrorcs npu temmneparypax 220-320 °C. MecropoxeHus: 0aliMakcKoro THIa
CO CBHMHIIOBO-MEIHO-IIMHKOBBIMH PyJIaMU, 00OTallleHHbIMH OapUTOM, CBSI3aHbI ¢ OMMOJAJIEHBIMY BYJI-
KaHMYECKMMH KOMILIEKCAMU C MPeo0JiaJaHueM KUCIIBIX BYJIKAHUTOB B 33][yrOBOM 0OCTaHOBKE U (op-
MUPYIOTCS TIpU Oojiee HU3KUX Temriieparypax okoiio 200 °C. Dra pa3uuiia 00ycioBieHa pa3IuuusIMu
MarmMaTU4ecKol aKTUBHOCTH U Y/IaJCHHOCThIO OT MarMaTUYEeCKOr0 HCTOYHUKA.,

Introduction

The geology of the area studied is composed of the Silurian oceanic arc complex in the Sak-
mara allochthon zone, Devonian oceanic arc complex in the Magnitogorsk zone and the East Uralian
zone from west to east (Herrington et al., 2005). These areas host arc-related volcanogenic massive
sulfide deposits (VMS deposits) of Ural, Baimak, Cyprus and Bessi types. The deposits examined in
this study were Molodezhnoe deposit for Ural-type deposits and Alexandrinka and Saf’yanovka de-
posits for Baimak-type deposits (Fig. 1). The aim of this study was to clarify the geological and geo-
chemical features of ore formation of these VMS deposits in the southern and central parts of the Urals
based on geological and mineralogical data, hydrothermal alteration and oxygen isotopic ratios of host
rocks.

Geology and mineralization

The geology of the Molodezhnoe deposit is dominated by middle Devonian basalt to basaltic
andesite lava, altered massive dacite lava and massive basalt to basaltic andesite lava in ascending or-
der. The dacite lava unit hosts a Cu-Zn-rich orebody. The geology of the Alexandrinka deposit con-
sists of middle Devonian altered dacitic tuff and altered basalt to basaltic andesite lava in ascending
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Fig. 1. Simplified geological map of South and Middle Urals (modified from Herrington et al., 2005).

order. A Cu-Zn-Pb-rich orebody occurs in the dacitic tuff. The geology of the Saf’yanovka deposit
consists of late Devonian altered dacitic tuff and altered dacitic tuff in ascending order. A lenticular
Cu-Zn-Pb-rich orebody of the Saf’yanovka deposit occurs between the dacitic tuff units.

Mineralogical characteristics of ores

The mineral assemblage of ores of Ural-type VMS deposits from Molodezhnoe deposit is
characterized by large amounts of pyrite, chalcopyrite and sphalerite with trace amounts of galena and
barite. On the other hand, the mineral assemblages of ores of Baimak-type deposits from the Alexan-
drinka and Saf’yanovka deposits are characterized by large amounts of sphalerite, galena, chalcopyrite
and barite with lesser amounts of pyrite. The ores from Ural-type VMS deposits (Molodezhnoe de-
posit) are characterized by high Cu, Zn, Co and Te and contents low Pb and Ba contents (Fig. 2). The
characteristics of ores from Ural-type VMS deposits are similar to those of ores from Cyprus- and
Bessi-type VMS deposits, which are related to basaltic volcanic activity. On the other hand, the Bai-
mak-type VMS deposits (Alexandrinka and Saf’yanovka deposits) are characterized by high Cu, Zn,
Pb and Ba contents and low Co and Te contents in ores (Fig.2). Those characteristics are similar to
those of ores from Kuroko-type VMS deposits associated with felsic volcanic activity. Based on the
data of chemical compositions of heavy and rare metals in ores of the deposits examined, Ural-type
and Baimak-type VMS deposits are thought to have had a genetic relation with basaltic and dacitic
volcanic activities, respectively.

Hydrothermal alteration

Alteration of the Molodezhnoe deposit is divided into three types: quartz-illite-kaolinite,
quartz-chlorite-illite and quartz-chlorite alterations. The quartz-illite-kaolinite alteration is recognized
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Fig. 2. Characteristics of Co, Ni, Te, Bi, In, Ga and Au contents in ores from the Yaman-Kasy,
Molodezhnoe, Alexandrinka and Saf’yanovka deposits.

in a strongly altered zone located immediately below the orebody of the Molodezhnoe deposit. The
quartz-chlorite-illite alteration zone surrounds the quartz-illite-kaolinite alteration zone. The quartz-
chlorite alteration is the dominant alteration of the deposit and is widely distributed outside the quartz-
illite-kaolinite alteration and quartz-chlorite-illite alteration zones. Based on the stability of clay min-
erals [Inoue, 1995], the Molodezhnoe deposit was formed at a temperature of 220-350 °C. Alteration
of Alexandrinka deposit is divided into two types: quartz-illite/montmorillonite mixed layered min-
eral-chlorite and quartz-illite-chlorite alteration zones. The quartz-illite/montmorillonite mixed layered
mineral-chlorite alteration is distributed in the footwall of the orebody of the deposit. Alteration of the
Saf’yanovka deposit is divided into three types: quartz-illite-chlorite, quartz-illite-kaolinite and quartz-
illite/montmorillonite mixed layered mineral alteration zones. The alteration zones of the Alexan-
drinka and Saf’yanovka deposits are thought to have been formed at 220-250 °C on the basis of ther-
mal stability of clay minerals and the mineral assemblage.

Oxygen isotopes

The 50 values of footwall basalt, footwall dacite and hanging wall basalt of the
Molodezhnoe deposit range from +3.8 to +7.5 %o, +6.0 to +9.3 %o and +5.5 %o, respectively (Fig. 3).
Calculation based on an isotopic exchange model (Taylor, 1972) suggests that the Molodezhnoe de-
posit was formed at high temperatures of approximately 180-320 °C in seawater. The §'*0 values of
footwall dacite of the Alexandrinka and Saf’yanovka deposits range from +8.9 to +12.1 %o and +8.8 to
+12.9 %o, respectively (Fig. 3). The Alexandrinka and Saf’yanovka deposits were formed of low tem-
peratures of approximately 140-190 °C compared to the formation temperature of the Molodezhnoe
deposit in seawater. The temperatures estimated from O-isotopes are generally consistent with those
estimated from clay mineral stability for each deposit.
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Fig. 3. 5 80 values for volcanic rocks of Saf’yanovka, Alexandrina and Molodezhnoe VMS deposits
(this study) compared with &0 values of volcanic rocks for Kuroko VMS deposits [Green et al., 1983].
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Fig. 4. Schematic model for the Ural- and Baimak-type VMS deposits in the Urals, Russia.

Summary

Fig. 4 illustrates the formation environment of Ural-type VMS deposits (Molodezhnoe de-
posit) and Baimak-type VMS deposits (Alexandrinka and Saf’yanovka deposits) as proposed in this
study and is summarized as below.

The abundant Ural-type VMS deposits (e.g. Molodezhnoe) containing Cu and Zn (Co, Te)-
rich ores were formed at relatively high temperatures of 220-320 °C associated with large mafic-
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dominant bimodal volcanic activity close to the volcanic front of an oceanic volcanic arc setting. On
the other hand, the surbodinate Baimak-type VMS deposits (e.g. Alexandrinka and Saf’yanovka) asso-
ciated with Cu, Zn, Pb and Ba-rich ores were formed at relatively lower temperatures of approxi-
mately 200 °C associated with small felsic-dominant bimodal volcanic activity in a back arc environ-
ment of an oceanic volcanic arc setting. The difference between Ural- and Baimak-types is thought to
be caused by differences in magma activity or distance between magma and these ore deposits.
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GOLD-BEARING RODINGITES FROM THE KARABASH
ALPINE-TYPE ULTRABASIC MASSIF, SOUTH URALS, RUSSIA

OO6cyxmaloTcst BOMPOCHI COCTaBa M T€HE3Wca POJMHTUTOB MECTOPOXKIEHHS «30J0Tasi ropa»
B KapabamickoM maccuBe anblIWHOTHIIHBIX CEPIIEHTHHUTOB. M3ydeHbl merporpadusi, MHHEpAIOTHs
W TEOXHUMHS POJMHTUTOB MO OCHOBHBIM CTaIHsAM pynooOpasyromiero mnpoiecca. Ocoboe BHUMaHHE
yIENeHO BOMpocaM aHalli3a cocTaBa (PIIOMIHBIX BKIIOUYEHHH M 3aBHCUMOCTH COJIEHOCTH Iajeopac-
TBOPOB OT TEMIIEPATYPHI.

Rodingites occur as inclusions or dykes with serpentinite and are formed by Ca-rich me-
tasomatizm with replacement of primary minerals by zoisite, epidote, diopside, grossularite and vesu-
vianite. Most rodingites worldwide are barren rocks, but high contents of noble metals, primarily,
gold, were occasionally observed in them. Such dynamic transformations correspond generally to
(150-4507C) and are now largely ascribed to the hydrothermal circuration taking place at oceanic
spreading centers. The rodingite rocks have generally been thought to be derived from mafic igneous
rocks. It was also reported that, although in rare cases, some rodingites were metasomatized from in-
termediate to acidic igneous rocks and even from sedimentary rocks. The geotectonic setting of rod-
ingites occurrences may represent an ancient suture between an oceanic and a continental plate, lend-
ing support to the suggestion that serpentinization and rodingitization predate the uplifting of the ul-
tramafic bodies and that they take place in the deeper oceanic crust.

Gold-bearing rodingites in the Karabash alpine-type ultrabasic massif have been mined at the
Zolotaya Gora deposit in 1902-1946. Although a number of mineralogical and fluid inclusion studies
of the area have been taken in the previous researches, a genesis and a formation condition of cuprif-
erous gold characteristically observed in the deposit has not been clarified yet. In order to solve this
problem, chemical compositions of rodingite, rodingite-forming minerals and a placer gold, and fluid
inclusions in the rocks were analyzed in this study.

Geological setting the Karabash-alpine-type ultrabasic massif is located in the southern part of
the Main Ural Fault Zone, which separates the paleocontinental and paleooceanic segments of the
Urals. The massif is a part of a serpentinite diapir, which is confined to the central portion of the
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fault zone and represents the extruded melanocratic basement of the Silurian-Devonian volcano-
sedimentary complexes of the Magnitogorsk megasynclinorium. The detailed characteristic
geological position of the massif and condition of ores localization is provided earlier [Murzin, Shan-
ina, 2007].

Methods XRF qualitative analyses of elements and density measurements of the rodingite,
chlorite zone and host serpentinite at the both outcrops were carried out to characterize the composi-
tional changes during the rodingitization. Microscopic observations and EPMA analyses were carried
out to identify mineralogical sequences and to determine the chemical compositions of minerals.
Microthermometric examinations of fluid inclusions were carried out by using the LinkamL-600K and
L-600PM programmable heating-cooling stage.

The rodingites in the Karabash massif consist of garnet, clinopyroxene, chlorite, apatite,
sphene and calcite. Two types of diopside were recognized in back-scatter-electron images of the rod-
ingite in the southern outcrop. One is a primary diopside showing a clear and unsystematic chemical
zonation, while the other is a secondary one free of clear chemical zonation. Microscopic studies of
the rodingite in the southern outcrop have revealed a mineralogical sequence as, from early to late,
diopside-apatite-garnet-calcite. The chlorite zone is remarkably developed in the northern outcrop.
The rocks contain chlorite, clinopyroxene (diopside) and a small amount of Cr-spinel and magnetite.
A thin chlorite vein was also observed between the chlorite zone and the host serpentinite. The veins
are presented only by chlorite. Chlorite in the chlorite zone has an unsystematic chemical zonation. An
Fe-rich core and Fe-poor rim were observed in diopside in the chlorite zone. EPMA analyses revealed
the presence of heazlewoodite (NisS,), native cupper, anilite (Cu;S,), geerite (CugSs) and covellite
(CuS) in the chlorite zone. In the southern outcrops, a thin (1-3 cm) reaction zone composed of chlo-
rite, diopside and calcite was observed between rodingite and the host serpentinite. Serpentinite in the
northern outcrop is made up of serpentine, olivine, magnetite, chromite, Cr-spinel and small amount of
heazlewoodite, while serpentinite in the southern outcrop consist of serpentine, chlorite, magnetite,
chromite and Cr-spinel. EPMA analysis revealed the presence of Fe-rich Cr-spinel (picotite). Olivine
crystals are rich in forsterite. EPMA data on the placer gold are shown in Fig. 1. There are two types
of the placer gold, the first one contains Au and Ag, and the second one — Au, Ag, and Cu. Both types
show chemical zonations, where the core consists of Au-Ag or Au-Ag-Cu alloy, while the rim is al-
most pure. It is known that Ag solubility in Cu-Au alloys is low due to limited miscibility of compo-
nents in the Au-Ag-Cu system and increases only with rising temperature. Therefore, the chemical
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Fig. 1. EPMA analyses revealed the presence of heazlewoodite (NisS,), native Cu, ailite (Cu;Sy), geeQ '
rite (CugSs) and covellite (CuS) in the chlorite zone.
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Fig.2. The homogenization temperatures of fluid inclusions in calcite.

composition of the Au-Ag-Cu alloys may serve as a geothermometer. In this study, however the
estimation of the formation temperature of the alloys was impossible, because of the low Cu contents
in the studied samples.

Most of the fluid inclusions are primary or pseudosecondary and their diameter was less than
35 ?m (Fig. 2). All fluid inclusions were composed of two phases. The primary inclusions in diopside
sometimes are distributed along its growth planes. In calcite, several trails of the secondary inclusions
cutting the crystals were observed. Most of the fluid inclusions in the minerals were homogenized at
140-200 2C. The homogenization temperatures of fluid inclusions in calcite varied from 160 2C to
290 7C with a peak in the histogram at 270-290 7C. It should be emphasized that since there is no evi-
dence for leaking of the fluid inclusions in calcite, they may show the proper ones. The homogeniza-
tion temperatures of fluid inclusions in apatite show slightly higher values than those in diopside and
garnet. The ice melting temperatures of the fluid inclusions varied from -0.5 to —6.7 2C, hence
a salinity range was 0.8-10 wt. % NaCleq. The salinities of primary and pseudosecondary fluid inclu-
sions in diopside varied from 2 to 10 wt. % NaCleq. The high-salinity (7-10 wt. % NaCleqg.) inclu-
sions occurred in cores of the primary diopside. On the other hand, the low-salinity (2—4 wt. %
NaCleq.) inclusions occurred in the rims of the primary diopside and the secondary one. Some of the
high-salinity inclusions occurred in Fe-rich part of the primary diopside.

The protolith of rodingite could not been clarified in this study. Conditions of formation

of rodingites and fluid evolutions [Murzin, Shanina, 2007] estimated the pressure condition (2—
3 kbar) of the early mineralization of rodingite. Considering the pressure condition, the low
homogenization temperatures of the fluid inclusions in the early minerals may represent their high
formation pressures. On the contrary, the high homogenization temperatures of the fluid inclusions
in calcite may indicate alow pressure during its mineralization. The high-salinity inclusions in cores
of the primary diopside and the low-salinity inclusions in the rims of primary diopside and the secon-
dary one indicate the decrease of the salinities as the mineralization progresses. Low salinities of the
fluid inclusions in the other early minerals, garnet and apatite also imply that the salinity decreased
during the early mineralization from diopside to garnet. Based on the above, the salinities of the rod-
ingite-forming fluid(s) decreased during the early mineralization of rodingite. The rodingite-forming
metasomatism progressed probably at the stable P—T conditions, while at the last stage of metasoma-
tism where calcite mineralized, the pressure decreased.
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THE TRACE ELEMENT COMPOSITION OF SEDIMENTARY PYRITE
AND VARIATIONS IN TRACE ELEMENT CONTENT WITH PYRITE TEXTURES

Nzydenue 3eMEHTOB-TIpUMECE B MUPUTE OCAJ0YHBIX TOJII] BaXKHO JJIsl IOHUMAHUS COCTaBa
BOJI ITaJICOOKEaHa, 0COOCHHOCTEH COOCAXK/ICHHS U TUATCHETUYECKOTO MepepacipeesieHIs METalIOB 1
MOJIYMETAJJIOB B Pa3IMUHBIX YCIIOBUSX. B cTaTbe 0000IIAOTCS JaHHBIE 10 COCTABY NMPUMECEH B TH-
pute, nonydeHHsie merogoM JIA-UCII-MC mns 45 yriepoaucThixX CIIaHIIEB OT COBPEMEHHBIX IO ap-
xelickoro Bo3pacrta. [lokazaHo, 4TO MPUMECH MOTYT BXOJMTH B CTPYKTYpPYy NMHPUTA U 00pa30BLIBATh
MUKpOBKITIOUeHHs. OObIYHBIMU TipuMecsiMu ¢ coaepkanusmu 100—1000 ppm ssastorest As, Ni, Pb,
Cu, Co; pexxe n B Menbimx komuuectBax (10-100 ppm) Berpeuatorcs Mo, Sb, Zn u Se; penko u B
komuuectBax 10 10 ppm — Ag, Bi, Te, Cd, Au. [lenaeTcs BBIBOI O pa3iuyiy MHUKPOITPHUMECHOTO CO-
CTaBa JIMareHETHYECKUX, METaMOP(OTreHHBIX U THIPOTEPMAIIbHBIX TUPUTOB B OCAJIKAX.

The trace metal content of diagenetic pyrite is of interest for three main reasons: (1) it can be
used to determine the chemical conditions of ancient oceans [Large et al., in prep.; Gregory et al., in
prep.]; (2) it is a sink for metal and metalloid contamination in several environments [Huerta-Diaz and
Morse, 1992; Lowers et al., 2007] and, (3) the trace metals within diagenetic pyrite can be remobilized
to form ore deposits [Large et al., 2011; Large et al., 2009; Large et al., 2007; Thomas et al., 2011]. In
this study diagenetic pyrite of several different textures was selected from 45 carbonaceous shale units
of present to Archean age. These pyrites were then analyzed by LA-ICPMS to determine their trace
metal content. The abundance of the trace metals can be split into 3 groups: most abundant, moder-
ately abundant and least abundant. The most abundant elements are As, Ni, Pb, Cu and Co (median
values ranging from 100 to 1000 ppm), the moderately abundant are Mo, Sh, Zn and Se (median val-
ues ranging from 10 to 100 ppm) and the least abundant are Ag, Bi, Te, Cd and Au (median values
from 0.01 to 10 ppm) (Fig. 1). The data also showed that the trace metals are held within the pyrite in
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Fig. 1. Boxplot of trace metal content of pyrite in descending order of elemental abundance in pyrite:
As>Ni>Pb>Cu>Co>Mn>Sb>Zn>Se>Mo>Ag>Bi>Te>Cd> Au.
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Fig. 2. Trace metal content of pyrite with groupings based on pyrite texture (microcrystalline, framboi-

dal, small anhedral, small euhedral, nodule, large anhedral, large euhedral) for Mo, Ni, Co, As, Cu, Se, Ag,

and Au.

Te

36



Mean geochemical values for pyrite of different textures but from the same sample

Table

Mount Texture n Formation Co Ni Cu Zn As Se Mo Ag Sb Te Au
1 Microcrystalline 6 Jet Rock 75 401 103 122 328 9 100 2 7 15 0.04
1 Nodule 22 Jet Rock 48 238 61 51 272 7 108 1 3 1.2 0.02
2 Framboid 5 Que River Shale 297 511 252 128 764 77 20 17 85 - 0.20
2 Nodule 5 Que River Shale 100 287 221 46 304 118 1 8 43 0.7 0.10
3 Microcrystalline 14 McRea Formation 53 125 54 44 1194 21 8 0 18 0.9 0.03
3 Nodule 7 McRea Formation 2 21 212 3 338 3 1 1 22 0.7 0.04
4 Microcrystalline 5 McRea Formation 184 384 233 47 322 14 5 6 58 6.0 0.07
4 Small anhedral 3 McRea Formation 195 501 328 44 475 15 4 9 74 7.7 0.10
4 Large euhedral 10 McRea Formation 116 272 264 28 1111 17 4 3 36 4.3 0.05
5 Small euhedral 12 Alum Shale 137 2888 750 62 2204 | 205 | 332 55 123 3.0 0.08
5 Nodule 5 Alum Shale 88 2170 667 379 5696 | 405 | 200 323 228 5.8 0.43
6 Framboid 6 Canol Formation 77 1002 303 153 242 393 | 154 3 83 0.8 0.04
6 Nodule 8 Canol Formation 2 73 55 22 44 256 29 0 41 0.3 0.01
7 Small euhedral 6 Warrabarty 416 64 37 13 46 22 0 0 1 0.1 0.01
7 Nodule 10 Warrabarty 300 450 264 58 230 11 6 1 18 0.5 0.05
8 Small anhedral 9 Yul-12005 87 524 2066 | 1355 160 42 208 7 20 1.9 0.04
8 Large euhedral 12 Yul-12005 78 295 165 72 156 43 77 0 5 0.2 0.01
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two ways; as micro-inclusions and incorporated into the structure of the pyrite. The different trace
elements have thus been separated into 3 groups based on how the trace elements are incorporated into
diagenetic pyrite. The first group consists of As, Ni, Co, Sb, Se and Mo and is held predominantly
within the crystal structure of the pyrite. The second group consists of Ag, Au, Te and Cu, and is con-
tained within the crystal structure of the pyrite at low concentrations but in micro-inclusions at high
concentration. The final group is made up of Pb, Zn, Cd and Bi and is contained predominantly hosted
in micro-inclusions within the pyrite.

Diagenetic pyrite generally contains enrichment in trace elements in the following order of
abundance: As>Ni>Pb>Cu>Co>Mn>Sb>Z7Zn>Se>Mo > Ag>Bi>Te>Cd> Au. We have
found that sedimentary pyrite has characteristic trace metal composition as follows: 0.01 < Co/Ni < 2,
0.01 < Cu/Ni < 10, 0.01 < Zn/Ni < 10, 0.1 < As/Ni < 10, Ag/Au > 2, 1 < Te/Au < 1000, Bi/Au > 1,
Sb/Au > 100 and As/Au > 200. As hydrothermal and metamorphic pyrite have significantly different
trace element compositions (Bajwah et al., 1987; Large et al., 2007) these chemical criteria can be
used to determine whether pyrite is hydrothermal, metamorphic or sedimentary source when other
methods to determining the pyrites origin are ambiguous.

The texture of diagenetic pyrite changes based on the local chemical conditions in which it
forms, thus it is reasonable to expect that a difference in trace element concentrations in pyrite would
also be observed. However, when the data set is taken as a whole this is not what is observed (Fig. 2).
While there is some variation there is no systematic trend for higher or lower concentrations of pyrite
within a given textural type. This suggests that other factors, such as depositional setting or age of py-
rite, are more important controls in the trace element content of pyrite.

Although texture of diagenetic pyrite does not seem to be an important indicator of trace metal
content over the entire data set it may be important in individual samples. Table shows the mean trace
element content of pyrite of different textures for 8 samples that contain multiple pyrite textures. In the
majority of the pyrite that was interpreted to have formed earlier (framboidal, microcrystalline, small
anhedral and small euhedral) tends to have higher or equal trace metal content to the pyrite interpreted to
have formed later. This is true for all textures except the fine euhedral. There are two possible reasons for
this observation. First, the euhedral pyrite may have formed later than the nodules it is found with and
the older pyrite (in this case the euhedral) contains fewer trace elements, which is similar to the rest of
the data set. A second possibility is that the when the euhedral pyrite formed most of the trace elements
were still adsorbed onto organic matter and other phases and were not free to be incorporated into the
pyrite. Later during diagenesis the nodules formed by remobilizing sulphides in the surrounding shale
[Ono et al., 2003]; trace elements were also remobilized and incorporated into the pyrite nodules.

This research was supported by the projects CODES (Tasmania University, Australia) and
UB of RAS (no. 12-/7-5-1003).
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PETROLOGY AND GEOCHEMISTRY OF THE HALADALA PLUTON
AND ASSOCIATED Au-BEARING HYDROTHERMAL VEINS
IN SOUTHWESTERN TIAN SHAN, CHINA

[Tnyron Xananana (FOro-3amanueiii TsHb-11laHb) COCTOMT MPEMMYIIECTBEHHO M3 TPOKTOJH-
TOB, OJJMBUHOBOTO rab0po u radopo. [Morenenne P30 1 MajbIx 3JIEMEHTOB CBHJICTEILCTBYET O (hpak-
IUOHUPOBAHWM TEpBHYHONW Marmpl. HamOomee TO3AHMMH — SBISIOTCS — KHJIBI ~ MarHETHT-
KIIMHOIIUPOKCEHOBOT'0 Tab0p0. 30I0TOHOCHBIE KaJIbIIUT-MarHETUTOBBIE YKHJIIbI SABISIOTCS PE3YIbTATOM
MOCTMAarMaTH4ecKOro AMUTEPMAIILHOTO MPOoIlecca.

The Haladala basic-ultrabasic pluton in Southwestern Tian Shan Mountains mainly consists
of troctolite, olivine gabbro and gabbro [Zhang et al., 2000; Xue and Zhu., 2009]. After the fractional
crystallization of olivine and plagioclase from the Haladala primary magma, the rest of the magma
intruded and formed gabbro. The clinopyxene (Cpx-1) of the gabbro has the lowest concentration
of Rare Earth Elements (REEs), and doesn’t show Eu negative anomaly. The concentration of other
trace elements (Sc, Cr etc.) of Cpx-I varies largely with a wide range of the Mg# (80-95). The mag-
netite-clinopyroxene vein intruded into the gabbro, and the composition of the clinopyxene (Cpx-I1) in
the vein is relatively consistent. Compared to Cpx-I, Cpx-1l has a higher concentration of REEs with
distinct Eu negative anomaly. At least two stages of heterogeneous magmas contributed to the forma-
tion of the Haladala pluton. Distinct from the rapid intrusion of the later-stage Fe-riched basic magma
which formed the magnetite- clinopyxene vein, the early-stage magma went through a long period of
evolution before it finally cooled down and formed the gabbro. Besides, exsolution texture can be
found in both Cpx-I and Cpx-Il, which implies that the Haladala pluton experienced rapid uplift or
rapid cooling after the intrusion of the magnetite-clinopyroxene vein. Another auriferous calcite- mag-
netite vein came into being during the epithermal process after the magma process ended. The later
vein ranges from 1mm-10cm in size, and the magnetite in it was cut by the calcite, which indicates
that the magnetite formed earlier than the calcite in the same vein. There is also minor amount of py-
rite in the vein, and it is surrounded by magnetite. I1t’s worth noting that with the intrusion of the cal-
cite-magnetite vein, Au-mineralization has also developed. There are three kinds of circumstances
where native gold could be found: First, gold is located in the boundary of the calcite and magnetite;
second, gold is in the calcite; third, gold is enveloped in the pyrites. The gold is usually about 10um in
size Focus on this vein is of great significance to the gold exploration in this district.
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THE BIGGEST RARE-EARTH DEPOSITS IN TIEN SHAN
[IpuBonATCs JaHHBIE O TE€OJOTMYECKOM CTPOCHUM U MUHEPAJIOTUM KPYIMHEWUIIUX MECTOPOXK-

JIeHHI penko3emMelbHbIX aneMeHToB Kyrrecaii-11 (80% moobruu P33 B Coerckom Corose) u Capacaid.
MecTopOoKIeHHs TPENCTaBICHBI 30HAMHU THIPOTEPMATbHO-METACOMATHUYECKOH TPOpPabOTKH, CBS3aH-
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HOHM ¢ MarMaTU3MOM MEPMCKOro Bo3pacrta. JIokanu3amnus MeCTOPOXKICHUH ONpPe/eNseTcss TeKTOHNYe-
ckuM crpoerreM. OCHOBHBIMHU KOHIIeHTpaTopamu P33 MoryT ObITh cCOOCTBEHHBIE MUHEPAJIbl — KCEHO-
THUM, MOHAIIUT, OACTHE3UT U JIp. KapOOHATHI C ONpPENIEICHHON ponbio B Oanance P3D ¢uroopura u cu-
nukaToB nupkoHus u Topus (Kyrrecaii-1l), Ha mectopoxknennu Capebicail TTaBHast POJb TPUHAJICKUAT
MUPOXJIOPY C BKIIOYEHHUSMH COOCTBEHHBIX P3D-MuHepanos, a Takxke TUIEPreHHBIX OKCHIOB MapraH-
11a ¢ copoupoBaHHbIMU P30,

The Tien Shan fold system is the largest rare earth and rare metal province in the Central Asia.
A number of rare earths deposits and occurrences are concentrated in the territory of the Kyrgyz Re-
public. The most of them are related to the Permian intrusive magmatism.

The Kuttesai-11 deposit. About 80 % of rare-earth elements in the Soviet Union were mined
and extracted from this deposit, which has no analogues in the world. The deposit is composed of
gneisses of the Early Proterozoic (?) Aktuz Formation and amphibole schists of the Middle Riphean
(?) Kuperlisai Formation. The Riphean mafic and ultramafic rocks, Late Ordovician to Silurian grano-
diorites and leucocratic granites, Permian to Triassic monzodiorites, syenites, subalkali leucogranites,
granophyres, lamprophyres, diorites, and diabase porphyrites intrude the metamorphic rocks.

The rare-earth mineralization from the Kuttesai deposit is a result of intense metasomatic
processes associated with intrusion of the Permian granophyres (Fig. 1). The orebodies consist of me
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Fig. 2. The geologic map of the Sarysai deposit.

Quaternary sediments (1), Lower Permian shale, conglomerate, limestone, olistostromes (2), Upper Car-
boniferous to Lower Permian limestone, marble (3), Devonian siltstone, shale with interlayers of sandy lime-
stone (4), Late Permian intrusive rocks of the Surteke complex (5-7): carbonatite of third phase (5), fine- to me-
dium-grained alkali and nepheline syenite of the second phase (6), medium- and coarse-grained alkali syenite of
the Kaichin pluton and its apophysises of the first phase (7), Early Permian rapakivi granite and syenite of the
Dzhangar complex (8), glaciers (9), faults (10), ore zones (11), orebodies (12).

tasomatic rocks and eight zonal ore mineral types depend on metasomatic alterations: quartz-chlorite,
guartz-sericite, altered granophyres, biotite hornfelns, altered amphibole schists, metasomatites after
gneisses, and quartz-sericite-muscovite (greisen) and silicified rocks [Kim, 1965]. The carbonate-
phosphate, carbonate-silicate, and silicate rare-earth ores are dominant at the upper, intermediate, and
lower levels of the deposit, respectively.

Monazite, fluocerite, xenotime, yttroparisite, bastanaesite-(Y), cyrtolite, ferrithorite, and yttro-
fluorite, which are present in various proportions, are major minerals-concentrators of Y, La, Ce, Nd,
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Pr, Dy, Sm, and Gd in all ore types. In spite of considerable amount of cyrtolite, ferrithorite, and yttro-
fluorite, they are of secondary importance.

The Sarysai tantalum-niobium-rare-earth deposit is an example of ore mineralization hosted
in carbonatites related to syenites. The deposit is composed of the Devonian, Carboniferous, and Per-
mian terrigenous-carbonate sedimentary rocks. The intrusive rocks include Early Permian granites,
rapakivi granites, and Late Permian alkali rocks of the Kaichin intrusive pluton, whose satellite, the
Sarysai intrusive body, hosts Ta-Ni and rare-earth mineralization (Fig. 2). The latter is composed of
the rocks of three consecutive phases of alkali magmatism: lujavrites and pulaskites of the first phase,
leucocratic alkali syenites of the second phase, and intrusive aegirine-calcite carbonatites of the third
phase. The veins of metasomatic carbonatites branch from the Sarysai stock.

All three stages underwent ore-bearing metasomatism and autometasomatism, which led to
formation of fenites, albitites, and carbonate metasomatic rocks. The ore metasomatites of all stages
form the combined ore zones.

The content of rare earth elements in metasomatites are 0.01-0.05 % for Yb and about 0.05 %
for each of Ce, La, Y, and Nb. The Nb/Ta, ZREE/Y, and Y,0s/TR,Os ratios in different ore bodies are
approximately 10:1, 4:1, and up to 1:4, respectively.

The quartz-feldspar-aegirine ore veins are zonal: the central parts include leucocratic fenites,
rarely with aegirine, and the marginal parts are composed of carbonatites with variable content of cal-
cite. The aegirine-amphibole-feldspar metasomatites are the intermediate varieties. All of them are the
products of metasomatic facies of the carbonatite process. The radioactive pyrochlore (hatchettolite),
euxenite, xenotime, rare earth carbonates and products of their alteration, ilmenorutile, zircon, and
thorite are economically valuable minerals. Sulfides include galena, pyrite, pyrrhotite, and molyb-
denite. Supergene minerals are iron and manganese hydroxides.

According to the geologic position, ore-bearing metasomatites, and ore mineralization, the clos-
est analogues of the Sarysai deposit are the deposits of the carbonatite-related aegirine-albite type with
hatchettolite and zircon [Solodov, 1987]. The high content of Y group elements is untypical of this
type of the deposits. Probably, this is caused by involvement in ore formation both of carbonatites (in-
trusive and metasomatic), syenites, and derivatives of the granite magma.
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HYDROTHERMAL VENT FAUNA IN THE URALS VMS DEPOSITS:
CRITERIA FOR OCCURRENCE

PaccMoTpeHbl kpuTepuM MOSABICHUS, (POCCHIM3AIMU M COXPAaHHOCTH MPUTHIPOTEPMAIBHOM
(hayHBI B pyJlaX KOJTUEIAHHBIX MECTOPOXKACHUN Ypalla U JPYyruX KOA4eJaHOHOCHBIX pernoHos. [Toka-
3aHO, YTO JUIS TOSIBJICHUS (DayHbI OJIATONPUATHBIMU SBJISFOTCS KOJTUEIaHO00pa3yoIue CUCTEMbI Yep-
HBIX KypHJIBIIUKOB, (DOPMUPOBABIIUXCS Ha 0a3ajIbTOBOM M PHOJIMT-0a3aJIbTOBOM OCHOBaHUSX. Y CTa-
HOBJICHO, YTO YepHBbIC KypUJbIUKH, oboramieHHbie Fe, Sn, Te,CO ABIsAIOTCS CIIyTHUKaMU CyJIb(u/I-
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HBIX Ta(l)OHeHO?:OB. Menee MEPCICKTUBHBIMU ABJIAIOTCA THAPOTEPMAJIILHBIE CUCTCMBI CECPBIX KYPHIIb-
HIMKOB, (POPMHUPYIOLINE KOMYEIaHHO-TIOMUMETAIITHNYECKIE MECTOPOKACHUSI Ha cyOcTpare, CIOXKeH-
HOM KHUCJIBIMU BYJIKAHUTAMU. IToka3zano BIusIHHE MOAPYAHBIX YEPHBIX CJIAHICB HAa BEPOATHOCTD IMOSAB-
JICHUsl TIPUTHUAPOTEPMAabHON (ayHbl. PaccMOTpeHBI T€OXMMHYECKHE OCOOEHHOCTH MPUTHIPOTEP-
MajbHON OmoThl, BKItouaromue aanubie JIA-MCII-MC u u30TOIMHOrO cocTaBa Cephbl. Y CTAHOBJICHO,
YTO BEPOSITHOCTH COXPAHHOCTH OPYACHENOH (ayHbl YMEHbIIAETCS B Py OT CyJIb(UAHBIX XOJIMOB
K TIaCTOOOpa3HBIM MPOIYKTaM HX pa3pyLeHHsI.

The finding of very well preserved sulfidized fauna was one of the numerous surprises in the
Urals. Previously, the fauna was found in the Silurian Yaman-Kasy, Krasnogvardeyskoe and Middle
Devonian Sibai, Yubileinoe and Saf’yanovka VMS deposits [Ivanov et al., 1949, 1960; Maslennikov,
1991; Zaykov, 1991]. This fauna represents the most ancient known taxonomical hydrothermal vent
community [Buschmann, Maslennikov, 2006; Maslennikov, 2006; Zaykov, 2006; Maslennikov, 1991,
1999, 2006; Little et al., 1997, 1999]. The most samples of fossil hydrothermal fauna are stored in the
depository of the Institute of Mineralogy UB RAS in Miass and some samples were presented by au-
thors to the Vernadsky Geological Museum in Moscow, TU Bergakademie in Freiberg, and Natural
History Museum in London. The recent recognition of potentially vast, unexplored biomineralization
associated with modern and ancient VMS deposits yielded the new material for mineralogical and bio-
geographic investigation. In last years, the sulfidized vent fauna was revealed in the Blyava,
Molodezhnoye, and Valentorka VMS deposits. The recent study of new samples has given a novel
data on peculiarities of the unexplored sulfidized fauna from the Urals VMS deposits in comparison
with fauna from the modern and other ancient vent sites. The ore facies mapping, analyses of mineral
assemblages, LA-ICP-MS and sulfur isotope analyses, and fluid inclusion study are the main methods
of the research.

The oldest known and most taxonomically diverse hydrothermal fauna has been recovered
from the Early Paleozoic basalt-rhyolite-hosted Yaman-Kasy VMS deposit located in the central part
of Orenburg district, South Urals, and confined to the Sakmara marginal paleobasin. The sulfide body
has a mound shape. The vent chimney relics, sedimentary reworked sulfides, and ferruginous sedi-
ments (gossanites after Maslennikov et al., 2012) indicate a seafloor hydrothermal origin of massive
sulfides [Zaykov et al., 1995]. The sulfidized fauna is covered with colloform pyrite and the inners
walls of the moulds are incrusted with drusy marcasite, sphalerite, pyrite, chalcopyrite, quartz, and
barite. The fragments of sulfidized fauna in clastic sulfides are the signatures of the seafloor fossiliza-
tion processes similar to the modern vent sites [Avdonin, 1996, Maslennikov, 1999]. The pyrite tube
moulds both of the large tube worm Yamanlasia refeia, which is similar to the modern vestimentifera
Riftia pschiptilla, and small worm tube Eoalvinellodes annulatus display widespread entombment of
fossil filamentous and rod-like microorganism [Little et al., 1997; Maslennikov, 1999; Buschmann,
Maslennikov, 2006]. The most researchers have suggested that the trophic chain of the Yaman-Kasy
paleocommunity was obviously established by chemoautolithotrophic bacteria, which are the primary
producers in the modern hydrothermal vent community. The extremely large sizes of the thergomian
mollusk Termoconus shadlunae and giant lingulate brachiopod Pyrodiscus lorrainae are indicative of
more prolific nutritional source in ancient hydrothermal vent habitat [Little et al., 1999: Kuznetsov,
Maslennikov, 2000; Buschmann, Maslennikov, 2006].

The Silurian vent fauna is widespread in other Urals VMS deposits. Small pyrite tube worms
in clastic sulfides were found in the drill core from the Komsomolskoye VMS deposit located at the
same district, as well as Yaman-Kasy deposit [Pshenichny, 1981]. Similar well preserved tube worms
were found by authors in the damp of the Blyava VMS deposit and recently in the Valentorka VMS
deposit, North Urals. The latter is referred to the Baimak VMS type or is considered as intermediate
member in a range from the Baimak to the Urals type. Single sample of the pyrite tube worm was col-
lected by Goroch A.V. in the Krasnogvardeiskoe VMS deposit in the Central Urals [Ivanov, 1959]. All
deposits represent strongly degraded sulfide mounds and are similar to the Yaman-Kasy VMS deposit.

Diverse Devonian vent paleocommunity was found in the Sibai VMS deposit located in the in-
ter-arc paleobasin. The deposit consists of four stacked massive sulfide lenses (mounds) enclosed in
the bimodal mafic sequence. The fossils include the species of bivalvia (Sibaya ivanovi [Little et al.,
1999]) and flanged worm tubes were formally described as Tevidestus serriformos [Shpanskaya et al.,
1999], which are similar to the modern vestimentifera Tevnia. Much smaller annulated worm tubes
resemble the modern near-vent polyhaetes. The same polyhaetes and other unexplored tube forms
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were found in sulfide breccias around the sulfide mounds of the Molodezhnoe, Uzelga, and Talgan
VMS deposits located in the East Magnitogorsk arc paleobasin. All of these VMS deposits are accom-
panied by ferruginous sediments, indicating oxidation conditions. In other hand, the sulfidized fauna in
the Urals was also found in the Saf’yanovka deposit (East Uralian zone, Central Urals), which was
formed under anoxic conditions expressed in the black shale and felsic sequence. Numerous worm
tube samples were collected from the strongly destroyed sulfide mound and were formally described
as vestimentiferas or polyhaetes [Maslennikov, 1999]. The problematic tube fossils were found at the
Ishkinino, Oktyabr’skoe, Buribai, Barsuchiy Log, Levikha and other Urals VMS deposits, which merit
further research.

Thus, the vent fauna is widespread at some VMS deposits in the Urals, Pontides, Cyprus, and
California relative to other VMS districts in spite of the same degree of careful ore facies and minera-
logical mapping. The petrologic, ore facies, mineralogical, and geochemical criteria of the vent fauna
occurrences in the VMS deposits are reviewed herein.

The petrologic background includes the geological setting and composition of the host rocks.
The most of the cast fossilized vent fauna occurs in the VMS deposits associated with mafic (Cyprus
type) and bimodal mafic (Urals type) sequences. This is in agreement with an idea that hydrothermal
systems developed in these sequences are characterized by the highest reduction potentials. The high
reduction potential is a major factor for the development of the vent community based on chemosyn-
thesis during bacterial consumption of the reduced gases such as H,S, CH,4, and H, as a main source of
energy. In the other hand, VMS deposits located in bimodal felsic and felsic sequences are commonly
barren of sulfidized fauna. The most famous examples are Kuroko and Altai types of VMS deposits
devoid of obvious sulfidized vent fauna. It is suggested that the hydrothermal systems from these de-
posits were depleted in reduced gases but enriched in SO, and CO,, representing the higher state
of fluid oxidation and, therefore, the lower potential for the bacterial chemosynthesis. One of the
known exceptions is the Saf’yanovka VMS deposit, where oxidation of fluids was prevented by foot-
wall organic-rich sediments.

The interrelationship of ore facies may be an indicator of occurrence and preservation of the
vent fauna. Several ore facies (ore types) were recognized at the VMS deposits. The abundance of the
well preserved hydrothermal black smoker chimneys and diffusers, indicating the hydrothermal activ-
ity, is the most important factor for the vent fauna occurrence. However, the chimneys from the Ku-
roko, Altai and Baimak types of VMS deposits are not commonly associated with vent fauna. The vent
fauna is minor during the waning stage of the hydrothermal system, when the seafloor weathering and
reworking of sulfide mounds are the main processes of the clastic ore formation. Thus, the vent fauna
is unlikely to be preserved, where sulfide turbidites are the main ore facies. In addition to weathering
of the sulfide mounds, the hydrothermal alteration of the mound above the feeder zone play important
role in recrystallysation of biomorphic textures. The proportion of hydrothermal activity and alteration
periods depends on volcanic intensity. At intense volcanism, the catastrophic entombment of sulfide
mounds may be the main reason of preservation of primary vent fauna features.

The mineralogical criteria are also related to the assessment of the reduction potential of the
hydrothermal system. The best proxies for this research are the vent chimneys and diffusers as the best
mineralogical indicators of the hydrothermal physicochemical condition. The chimneys from most Cy-
prus VMS deposits comprises abundant pyrite, pyrrhotite, isocubanite, and chalcopyrite and display lack
of tellurides, arsenides and other rare mineral assemblages. The reason for that is low-S and low-Te con-
ditions, which led to substitution of metals (Au, Co, Ag, Ni) and semimetals (Te, As, Se, Sb) in the lat-
tice of main sulfides. These attributive features of the high reduction potential seem to be favorable for
the vent fauna occurrence in association with the modern and ancient black smokers. In the Urals types
of VMS deposits, the chimneys and diffusers display specific composition suggestive of low-S (low S
fugacity, ?S,) hydrothermal fluids. This means the low state of fluid oxidation or its high reduction po-
tential. The mineral assemblages related to the low-S conditions include pyrrhotite or pseudomorphic
pyrite after phyrrhotite, isocubanite, Fe-rich sphalerite, Fe-Co-arsenides, sulfoarsenides, and tellurides.
The best indicator of low-S conditions is altaite (PbTe), which is widespread in chimneys associated with
vent fauna. The chimneys and diffusers contain abundant colloform pyrite. In the other hand, the gray
smoker chimneys from the Kuroko and Altai deposits include mostly barite, sphalerite, and stochiomet-
ric chalcopyrite or bornite and galena. Native gold, galena, and fahlores are most important rare indica-
tive mineral of high-S conditions or high state of fluids oxidation. The low reduction potential of the
hydrothermal systems of the Kuroko and Altai deposits may be an important reason of vent fauna defi-
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ciency. The intermediate type between bimodal mafic and felsic types of VMS deposits are Pontide and
Baimak type, which is associated with bimodal felsic sequences. The vent fauna in these deposits is ab-
sent or extremely poorly preserved owing to the deficiency in colloform pyrite coating because of the
general lack of Fe-rich minerals. The best preserved samples of sulfidized vent fauna are commonly as-
sociated with colloform pyrite, which is abundant manly in the Cyprus and Urals types of VMS deposits.

The geochemical criteria are also consistent with maturation and reduction potential of the
hydrothermal systems. The Se, Te, Co-, and Fe-rich massive sulfide ore are indicative of immature
hydrothermal system with high reduction potentials. In opposite, the Zn-, Pb, Tl, Ba, and Sb-rich mas-
sive sulfide ores testify to the mature hydrothermal system with low reduction potential. The contents
of trace elements in hydrothermal sulfides are most important indicators of physicochemical parame-
ters of hydrothermal systems. The content of trace elements in sulfides may be high due to inclusions
of rare minerals or substitution in lattice of sulfide structures. In the first case, the Pb/Te and Ag/Te
ratios display telluride and fahlore-electrum-rich assemblages. The detection of second phenomena is
most important instrument for physicochemical reconstructions. The chemical peculiarities of the
hydrothermal chalcopyrite, which seals the conduits of the vent chimneys, are most interesting. The
Se-, Te-, Co-, and Sn-rich chalcopyrite, which is typical of the black smokers in the Cyprus and Urals
types of VMS deposits, is the best indicator of highly reduction potential. In the other hand, Se-poor
chalcopyrite enriched in Ag is suggestive of high state of fluid oxidation unfavorable for the vent
fauna occurrence. This chalcopyrite is characteristic of gray smokers in the Kuroko and Altai types of
VMS deposits. The same situation is observed for the Fe-, Co-, and Sn-rich sphalerite associated with
vent fauna. In contrast, Fe-, Co-, Sn-poor and Cd- and Mn-rich sphalerite is a constituent of the gray
smokers, which are less favorable for association with plentiful vent community. It is less known on
the relationship between vent fauna occurrence and substitution of trace elements in other sulfides. In
general, Co-rich pyrite is most important for fertile vent ecosystems relative to Ni-rich varieties, be-
cause the first one is characteristic of low-S conditionsin contrast to the second one. The sulfur iso-
topic composition of biomorphic sulfides may be indirect criteria to distinguish fertile and barren
VMS deposits in regard to vent fauna. The values of 5S* from -2 to +2 %o [Lein et al., 2004] are the
most common for the vent chimneys and near vent fauna formed in the black smoker systems of the
Urals VMS type. The 8S* for chimneys from the Kuroko deposits is somewhat higher (+2 to +6 %o)
that suggests involving of seawater sulfate into reduction of sulfur during sulfide formation. This
process may decrease the reduction potential of the hydrothermal system. The diagenetic sulfidized
fauna display much wider 8S* variation.

The promising data may be obtained by gas chromatography analyses of the fluid inclusions.
The first results display CH, enrichment of quartz and barite in chimneys associated with vents fauna.
However, we should be careful with these data, because influence of organic-rich sediments located in
the footwall of the hydrothermal system on composition of the hydrothermal fluids and vent fauna oc-
currences is an unresolved problem.

Thus, petrologic, ore facies, mineralogical, and geochemical research has shown that
Cyprus and Urals types of the VMS deposits display the highest reduction potential of the hydrothermal
fluids, yielding abundant vent community and, therefore, plentiful sulfidized fauna versus Altai and Ku-
roko deposits. We suggest that VMS deposits of Pontides and Baimak types occupy intermediate posi-
tion in a range of these bimodal mafic and bimodal felsic types of VMS deposits. The long-term research
of VMS deposits allows exploration of linkages between formation conditions and near vent biosphere.
Such approaches may provide significantly new information to resolve the problem of life origin.

The authors are grateful to Prof. V.V. Zaykov and Dr. R.J. Herrington for the prompt revision
and advices. This work is supported by the Joint project of Urals and Siberian Branches of Russian
Academy of Science (no. 12-C-5-1010) and CODES Visiting Program of Tasmania University.
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MINERALOGY AND CHEMISTRY OF MODERN AND ANCIENT BLACK AND
GRAY SMOKER CHIMNEYS AND DIFFUSERS

[NokazaHo MUHEPAIOrHYECKOE U TEOXUMHUYECKOE pazHooOpasne CyabPUIHBIX TPyO YEpHBIX
CCPBIX KYypPUJIIbLUIUKOB, q)OpMHpOBaBHH/IXCSI B COBPEMCHHBIX U JPEBHUX KOTUYCIAHOHOCHBIX T'MAPOTEP-
MaJbHBIX cucTeMax. [lepBbie cBsi3aHBI ¢ OQUOIUTOBBIMH M PHOINT-0a3aIbTOBBIMU (hOpMALIUSIMH, BTO-
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pble — ¢ 0a3abT-PHOIMTOBBIMU M aHJ/IE3UT-PHOIUTOBBIMU. BBISIBICHO, Y4TO B psijfly OT O(HOIUTOBBIX
KOMILIEKCOB K PHOJIMTOBBIM B Cylb(umax Tpyd ymeHbmiatorcs conepxkanus Co, Ni, Se, Te u yBenu-
guBarotTcs coxmepxkanus Pb, Bi, Tl, Hg, Au u Ag. YcTaHOBIEHBI MPH3HAKA THIAPOTEPMAITLHO-
ocaiouHoH JuddepeHuauy dIeMeHTOB-TIpuMeced pH GOPMHUPOBAHUN MUHEPATIBHON 30HaJIBHOCTH
THJIPOTEPMAIBHBIX TPYO, CBHICTENBCTBYIONINE O CAMHCTBE MPOIECCOB (POPMUPOBAHUS CYIbGUAHBIX
TpyO COBPEMEHHBIX M JIPEBHHX YEPHBIX KypHJIbIIMKOB. [Toka3zaHO BIHMSHHE MOAPYIHBIX YIIIEPOIH-
CTBIX OTJIOKEHUI Ha MOSIBJICHHE YEPHBIX KYPUIIBIIUKOB.

The study of rare mineral assemblages and trace elements in the hydrothermal chimneys
yields a lot of information to resolve genetic problems of ore-forming processes in modern and ancient
seafloor sulphide-bearing hydrothermal systems. Previous research has provided limited combined
data on mineralogy and chemistry of modern and ancient black smoker chimneys. The first semi-
guantitative data from Butler and Nesbitt (1999) illustrated the power of LA-ICPMS analysis by
documenting the non-random distribution of V, Ag, In, Te, Ba, Au, and Pd within the chalcopyrite
wall of an immature black smoker chimney from the Rainbow vent field (29° 10'N, MAR).
In previous paper, we focused on mineralogy and the LA-ICPMS investigation of diverse Silurian-
Devonian vent chimneys recently collected in the Urals VHMS deposit [Maslennikov et al., 2009;
2012]. Recently, we studied mineral assemblages and trace element concentrations in pyrite, chalcopy-
rite, and sphalerite of the chimneys from the Urals (Yaman-Kasy, Alexandrinskoye, Octyabrskoye,
Tash-Tau, Yubileynoye, Saphyanovskoye, Molodezhnoye, Uzelga, Valentorskoye), Rudny Altai (Za-
rechenskoye, Nikolayevskoye, Artemyevskoye), Pontides (Lakhanos, Killik, Kutlular, Chaely, Kizil-
kaya, Kure ), and Hokuroko (Mazumine, Mazuki, Ezury, Furutobe, Hanawa, Ainay, Kosaka Uchino-
tay and Kosaka Motoyama) VMS deposits in comparison with black, gray and white smoker chimneys
from hydrothermal fields of Atlantic (Rainbow, Broken Spur, TAG, Lucky Strike, Menez Gwen,
Snake Pit) and Pacific (EPR 9°N; Axial Seamount, Galapagos, North Manus, East Manus and Lau)
oceans.

A preliminary mineralogical study of the chimneys was followed by scanning electron micros-
copy (REMMA-2M SEM equipped with energy dispersive X-ray detector and JEOL JXA 733) at the
Institute of Mineralogy, Russian Academy of Sciences. Further mineral analyses were obtained in sev-
eral laboratories equipped with CAMEBAX SX-50 and JEOL-JXL-8600 (Natural History Museum,
London), Cameca SX-100 (University of Tasmania, Australia) and JEOL JXA 8900RL (Freiberg Min-
ing Academy, Germany).

Laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) offers enormous
potential in advancing trace element studies of sulfides through significantly improved detection limits
for in situ analysis [Norman et al., 1998]. Many important innovations, including preparation of new
glass standards, which enable improved quantitative LA-ICPMS analysis of sulfides, have been made
over the last ten years at the Centre for Ore Deposit Research, University of Tasmania [Danyushevsky
et al., 2003, 2010]. The LA-ICP MS is used for detection of trace elements substitution and rare min-
eral inclusions in sulfides.

In general, the chimneys show decreasing amount of Fe-rich sulfides and increment of barite-
galena-sphalerite-fahlore assemblages in the range from ophiolite to rhyolite-rich associations. Abun-
dant Ni-Co sulfides, rare Co-Fe arsenides and very rare tellurides are characteristic of mineral assem-
blages in modern black smokers formed on ultramafic basements. The deficient rare minerals are
found in modern and ancient chimneys situated on basalt units (Cyprus, MOR). The heighest contents
of Se and Te are substituted in chalcopyrite.

Tellurium-bearing minerals are generally rare in chimney material from mafic and bimodal
felsic volcanic hosted massive sulfide (VMS) deposits, but are abundant in chimneys of the Urals
VMS deposits located within Silurian and Devonian bimodal mafic sequences [Maslennikov et al.,
2013]. High physico-chemical gradients during chimney growth result in a wide range of telluride and
sulfoarsenide assemblages including a variety of Cu-Ag-Te-S and Ag-Pb-Bi-Te solid solution series
and tellurium sulfosalts. A change in chimney types from Fe-Cu to Cu-Zn-Fe to Zn-Cu is accompa-
nied by gradual replacement of abundant Fe-, Co-, Bi-, and Pb- tellurides by Hg-, Ag-, Au-Ag tellu-
ride and galena-fahlore with native gold assemblages. Decreasing amounts of pyrite, both colloform
and pseudomorphic after pyrrhotite, isocubanite (ISS), and chalcopyrite in the chimneys is coupled
with increasing amounts of sphalerite, quartz, barite or talc contents. This trend represents a transition
from low to high sulfur conditions, and it is observed across a range of the Urals deposits from bi-
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modal mafic- to bimodal felsic-hosted types: Yubileynoye — Yaman-Kasy — Molodezhnoye — Uzelga
— Valentorskoye — Oktyabrskoye — Alexandrinskoye — Tash-Tau — Jusa. Ag-, Au-, Bi- tellurides
are described in the rhyolite hosted chimneys from bimodal mafic sequences of Two Brothers seamount.
Tellurobismutite has been found by our research in dacite hosted chimneys from bimodal mafic base-
ment of Eastern Manus basin. In Pontides, chimneys contain rare inclusions of Ag-, Bi tellurides in asso-
ciation with native gold, galena and sulfosalts. This type can be considered as intermediate member in
the range between bimodal mafic and bimodal felsic VMS deposits. Gold-barite-galena-tetrahedrite as-
semblages are typical of bimodal felsic and felsic series in Paleozoic (Rudniy Altay) and Cenozoic (Ho-
kuroko, Okinawa) ensialic arc basins. In Hokuroko, the chimneys exhibit specific mineral and trace ele-
ment zonation which is broadly comparable with those studied in modern black or gray smokers with
exception lack of evidence for the former initial pyrrhotite, isocubanite and anhydrite. Several types of
zoned chimneys are subdivided into three varieties by different outer wall composition: 1) sphalerite-
galena-pyrite, 2) sphalerite-barite-galena and, 3) barite-hematite varieties. The inner walls of the chim-
neys are usually incrusted by drusy chalcopyrite or bornite, tennantite, galena which shows elongate
dendritic or bladded growth features. The axial conduit zones of the chimneys are often filled with
sphalerite, tennantite, galena and barite. Hokuroko chimneys show depletion in Fe-rich sulfides and ele-
vation in barite, galena and fahlores in comparison with typical black smokers from MOR but they are
very similar to black and gray smokers from the modern West Pacific, Paleozoic Uralian and Mesozoic
Pontides ensimatic arc basins. The major differences are the lack of tellurides and sulphoarsenides and
the predominance of fahlore-bornite-galena-electrum assemblage. This assemblage is typical of barite-
rich chimneys from the Paleozoic Rudniy Altay ensialic arc. The laser-ablation ICPMS study has shown
the systematic trace element distribution patterns across chimneys. In the outer wall, colloform and eu-
hedral pyrite has elevated concentrations of Mn, T, Ni, Mo, Se and Te. Coarse-grained chalcopyrite lay-
ers in the central conduits are relatively low in most of trace elements with exception of Bi and Sn.
Sphalerite is enriched in Au, Ag, As and Sh. In general, the grades of trace-elements in the Phanerozoic
black smokers depend on composition of host suites: ultramafic — high Se, Sn, Co, Ni, Au, and U, mafic
— high Co, Se and low Bi and Pb, bimodal mafic — high Te and Bi, Co, and moderate Se. The chimneys
associated with bimodal felsic suites, like Hokuroko and Rudniy Altay, are characterized by elevated
contents of As, Sh, Mo, Pb, Bi, Tl, Ag, W, and Hg and much lower grades of Co, Te, and Se.

The study has commonly shown systematic trace element distribution patterns across chim-
neys. Coarse-grained layers of chalcopyrite in the central conduits are relatively high in Se and Sn, but
are low in other elements. Chalcopyrite at the margins of such layers is enriched in Bi, Co, Au, Ag,
Pb, Mo, Te, and As which reside in microinclusions of tellurides and/or sulfoarsenides or sulphosalts
galena and native gold. Sphalerite in the conduits and the outer chimney wall contains elevated Sb, As,
Pb, Co, Mn, U, and V. Sh, As, and Pb reside in microinclusions of a galena-fahlore assemblage,
whereas Co and Mn likely substitute for Zn®* in the sphalerite structure. The highest concentrations of
most trace elements are characteristic for colloform pyrite within the outer wall of the chimneys, and
likely result from rapid precipitation in high temperature-gradient conditions. The trace element con-
centrations in the outer wall colloform pyrite decrease in the following order, from the outer wall in-
wards: TI> Ag> Ni> Mn> Co> As> Mo> Pb> Ba> V> Te> Sh> U> Au> Se> Sn> Bi, governed by the
strong temperature gradient. In contrast, pyrite in the high- to mid-temperature central conduits exhib-
its the concentration of Se, Sn, Bi, Te, and Au. The zone between the inner conduit and outer wall is
characterised by recrystallization of colloform pyrite to euhedral pyrite, which becomes depleted in all
trace elements except for Co, As, and Se. The iron hydrooxides covering outer wall of the chimneys
have elevated contents of U, V, Ba, and Mn.

The mineralogical and trace element variations between chimneys are likely due to increasing
fO, and decreasing temperature caused by mixing of hydrothermal fluids with cold oxygenated sea-
water. Average values of Se decrease in the order from black to gray and white smoker chimneys are
in correlation with general increase of barite and sphalerite. The medium-temperature association (Te,
Bi, Co, Mo, and Au) is typically present in the gray smoker chimneys. The Zn-rich chimneys are de-
pleted in most elements except for Ag, TI, Te, Sb and As, probably due to the dilution of the vent fluid
by seawater which penetrates into deeper parts of the hydrothermal system. U and V are concentrated
in the outer wall of most chimneys due to their extraction from seawater associated with the more re-
duced fluids of black and gray smokers.

48



The peculiarities in rare mineral assemblages and trace elements concentrations are consistent
with a mineralogical type of the chimneys and also depend on general composition of host rocks. The
hydrothermal chalcopyrite is the best subject for this research.

This study of trace element distribution in the chimneys has contributed to our understanding
of the wide range of physico-chemical processes and conditions of seafloor sulfide mineralization. The
trace element patterns described above are considered to result from temperature and redox gradients
across the section of the chimneys, and the variation in temperature associated with black, gray and
white smoker type chimneys.

The combination of data on chimneys from modern and ancient massive sulfide deposits al-
lows to understand general peculiarities of trace elements changes in the range from ultramafic to ba-
saltic and felsic sequences. In colloform pyrite, contents of As, Au, Sb, Tl, Pb, Bi, and Ni subse-
quently increase with growth of felsic volcanite amount. In euhedral pyrite, the contents of Co de-
crease, but the Ni and Se increase in the same range. In chimneys from felsic association, sphalerite
has elevated contents of Hg, Ag, and lower contents of Co and Fe. In the same range, chalcopyrite
loses Se and Co, Te with increase in Bi, Ag, As, Sbh, and Pb. Maximum concentrations of Te, Bi, and
Au have been detected in chalcopyrite of chimneys from ancient bimodal mafic sequences which oc-
cupy the middle part of the range. Nevertheless, the gold also displays concentration in chalcopyrite of
chimney from ultramafic sequences and in sphalerite of chimney from felsic bimodal sequences. The
high gold content is not typical of basalt hosted chimneys. However, in “mature” hydrothermal sys-
tems (TAG, Galapagos, Menez Gwen) gold can be occasionally found in concentration above
1-150 ppm. The gold is associated with barite- and bornite-rich chimneys similar to chimneys from
felsic bimodal sequences. The influence either of composition of volcanic rocks, maturation of hydro-
thermal system or magmatic contribution of the trace element concentration is considered as a cause of
trace elements concentrations.

The general trend encloses decreasing of Fe and Co and increasing of volatile elements such
as Sbh, As, Au, and Ag in the range of chimneys from ultramafic to felsic sequences. This is consistent
with increasing of magmatic contribution in the hydrothermal system with increase in amount of felsic
volcanic rocks. However, these data are not in contradiction with recycling seawater hydrothermal
system in terms of increase in this “maturity” independently of primary composition of the host rocks.
Some elements concentrations (Se and Te) are probably independent of composition of the host rocks,
but reflect fluid oxidation state. The high concentration of Ni in pyrite of chimneys associated with
felsic volcanic rocks depends on the fugacity of S, increase [Maslennikov, 2009].

Thus, the mineral and trace element patterns described herein are considered to result from
temperature and redox gradients across the section of the chimney, and the variation in temperature
associated with black, gray, and white smoker chimneys formed in different host rock environments.
The grades of trace elements in chalcopyrite of the Phanerozoic vent chimneys depend on composition
of host suites: ultramafic — high Se, Sn, Co, Ni, Au, and U, mafic — high Co, Se and low Bi, and Pb,
bimodal mafic — high Te and Bi, Co, and moderate Se, bimodal felsic — high As, Sh, Mo, Pb, Bi, ele-
vated Ag, W, and lower Co. In chalcopyrite of the chimneys studied, the contents of Ba, Bi, Pb, Ag,
Sh, Mo, W versus Se and Co increase in the range from ultramafic and mafic to bimodal felsic series.

This research was supported by the Program of Presidium RAS no. 23 (project 09-77-5-1023
Urals Branch of RAS). The mineralogical research was supported by several collaborative projects
with Natural History Museum (London) and Freiberg Academy, LA-ICPMS analyses were carried out
during a visiting program (2006, 2009) funded by the ARC Centre of Excellence grant to CODES,
University of Tasmania.
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TRACE ELEMENTS IN SULFIDES FROM THE SEMENOV
HYDROTHERMAL CLUSTER, 13°30?N, MID-ATLANTIC RIDGE:
LA-ICP-MS DATA

Y CTaHOBIICH TUIIOXUMU3M CYJIbPUI0B TUApOTEepMaibHOro y3ina Cemenos (132307 c.ur., CAX).
Pannme renepanuu nmupuTa 0o0OramieHbl OONBIIMHCTBOM 3JIEMEHTOB-TIpuMeceil (B TOM 4uclie, 30J10-
TOM) OTHOCHUTENBHO IMO3IHUX, YTO CBUAETENBCTBYET 00 MCTOIIEHHH TOCIEAHUX TOPLUH PacTBOPOB
MUKpodJieMeHTaMu. JIucynbhuapl xenesa, orjaraBiirecss Ha TTOBEPXHOCTH MOPCKOTO JHA, odorarie-
HBI 3JIEMEHTAMU-TIPUMECSIMUA 110 CPaBHEHHUIO C METACOMAaTUYECKUM IMHUPHUTOM, YTO TOBOPHUT O Oolee
3¢ GEKTUBHON HKCTPAKIMH DJIEMEHTOB-TIPUMECE B MOMEHT CMEIIeHHUS THAPOTEPMAITBHOIO PAcTBOpPa C
MOPCKOM BOION. ['JTaBHBIM KOHIIGHTPATOpOM HeBuaumoro 3oiora B Cu-Zn pynax mons CemeHOB-2
SIBIISIETCS] KOBEJUTHH.

It is well known that ores from the continental massive sulfide deposits contain a series
of economically important trace metals, including Au and Ag. Because of the future potential of the
modern massive sulfide fields, it is necessary to understand the distribution of trace elements in sul-
fides. In this work, we examine the trace element composition of sulfide minerals from the Semenov
hydrothermal cluster (13?31? N, MAR) using a LA-ICP-MS analysis, which became an effective in-
strument of mineral investigations during the recent years.

The Semenov hydrothermal cluster was discovered in 2007 by Russian R/V Professor Lo-
gatchev by Polar Marine Geosurvey Expedition and VNIIOkeangeologiya (St-Petersburg) [Beltenev et
al., 2007]. It is situated in the western slope of the rift valley at the depths of 2400-2950 m on a sea-
mount 10 km long and 4.5 km wide. The seamount is composed of basalts, gabbro, ultramafic rocks,
and plagiogranites [Ivanov et al., 2008]. The hydrothermal cluster consists of five hydrothermal fields.
Our study is based on the samples from the Semenov-1, -3, -2 and -4 fields directly obtained on board
of the research vessel in 2007.

The massive sulfides from the Semenov-1 (13°30.87? N, st. 186 and 292) and Semenov-4
(13°30.247 N, st. 145) fields are the products of low-temperature (<250 °C) diffuse venting on the
flanks of sulfide mounds and are characterized by fine-crystalline, nodule-like, porous, colloform,
zonal, framboidal, and coarse-grained structures. Barite, pyrite, marcasite are major minerals,
sphalerite, quartz and hematite are less abundant, and galena, chalcopyrite, pyrrhotite are minor. The
fine-grained, porous, and massive sulfides from the Semenov-2 field (13°31.13? N, st. 287) are re-
sulted from the high-temperature (>300 °C) venting inside the sulfide mound. Isocubanite, chalcopy-
rite, wurtzite, and opal are major minerals; sphalerite, marcasite, pyrite, covellite, and barite are wide-
spread; and galena, pyrrhotite, native gold, and silver telluride are occasional. The clastic sulfides from
the Semenov-3 field (13°30.70? N, st. 294) are composed of major marcasite, pyrite, barite, quartz,
abundant chalcopyrite and hematite, and accessory sphalerite, pyrrhotite, bornite, covellite, jarosite.
The stringer-disseminated massive sulfides in strongly altered basalts with major quartz and pyrite,
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widespread hematite, and occasional sphalerite, chalcopyrite, pyrrhotite were dredged from the Se-
menov-4 field (13°30.24?N, st. 153).

LA-ICP-MS data demonstrate that sulfides from different hydrothermal fields or different
generations in the same station accumulate various trace elements.

Semenov-1 field. The early disulfides are high in concentrations of most trace elements in
contrast to the late disulfides. The fine-grained pyrite-1 from st. 186 is enriched in most elements and
is depleted in Ti, Hg and TI relative the crystalline pyrite-2. The early iron disulfides from st. 292 are
also enriched in trace elements: framboidal pyrite-1 is enriched in Ti, V, Mn, As, Mo, Sh, Au, Hg and
Tl relative pyrite-2 and in most elements, except for Pb, relative pyrite-3. In turn, pyrite-2 is enriched
in Co, Cu, Cd, Sn, W, Pb and U relative framboidal pyrite and in most elements, except for Mn, Au,
Hg and TI, relative pyrite-3. The latter is depleted in most elements relative framboidal pyrite and
pyrite-2. Marcasite is depleted in most elements, except for Mn, Hg and Pb relative pyFr and for Mn,
Au, Hg and Tl relative pyrite-2 and is enriched in most elements in comparison to pyrite-3. All varie-
ties of iron disulfides from st. 292, except for the late pyrite, are enriched in trace elements compared
to those from st. 186.

Semenov-2 field. Sphalerite contains the higher amounts of Mn, Co, Se, and Cd, moderate
contents of Ga, Sn, and Te, and minor to trace amounts of Ni, As, Mo, Ag, In, Sb, Tl, Pb, and Bi.
Chalcopyrite is enriched in Co, As, Se, and Ag and has moderate amounts of Ni, Mo, Cd, Sn, Sb, Te,
and TI, and minor to trace contents of Mn, Ga, In, Pb and Bi. Isocubanite is characterized by negligi-
ble amounts of Ni, Ga, As, Mo, In, Sb, TI, Pb, and Bi, moderate contents of Mn, Cd, Sn, and Te, and
elevated contents of Co, Se, and Ag. In comparison to chalcopyrite, isocubanite is depleted in trace
elements.

LA-ICP-MS analysis has shown that covellite developed after sphalerite and chalcopyrite
is distinct in amount of trace elements similarly to Au contents. In the first case, covellite is strongly
enriched in most trace elements relative to sphalerite, both in “high-temperature” (Se, Mo, Sn, Te, Au,
Bi) and “low-temperature” (As, Ag, Sh, TI, Pb) elements. Some elements (Ga, Ni, In) show no signifi-
cant variations or are lower than in sphalerite (Mn, Co, Cd), being removed during the replacement.
This covellite is also strongly enriched in all trace elements relative to covellite, which replaces chal-
copyrite.

Covellite developed after chalcopyrite has lower contents of most trace elements in compari-
son to chalcopyrite but is enriched in Au and “low-temperature” elements (Ag, Cd, Sb, Pb) relative to
chalcopyrite. No considerable variations are observed for Mn, Ga, Se, In, Sn, and Te and contents of
Co, Ni, As, Mo, and T1 are lower in covellite relative to chalcopyrite.

Semenov-3 field. The pyrite-1 and pyrite-2 from the clasts in sulfide breccia are also enriched
in most trace elements (excluding Ti, Co, Ni, As and Se) in comparison to pyrite-3. In contrast, pyrite-
4 contains the higher amounts of most elements, excluding Co, Au and Hg, compared to pyrite-1 and -
2 and Co, As and Se compared to pyrite-3. Similarly to the Semenov-1 field, marcasite is depleted
in most elements (except for Ti, V, Cr, Mn, Mo, Sh, Tl and U) in comparison to the clastic pyrite-1
and -2 and is enriched in most elements relative to pyrite-3. The newly formed pyrite-4, in its turn, is
enriched in most elements in comparison to the earlier marcasite and has the highest Cu and Zn con-
tents in comparison to other varieties of iron disulfides.

Semenov-4 field. The tendencies of trace element enrichment or depletion in iron disulfides
of the Semenov-4 field are generally very similar to those from Semenov-1 and -3 fields with some
exceptions. The pyrite-1 from st. 286 is high in most trace elements except for the “high-temperature”
Co, Cu and Se in comparison to pyrite-2. Marcasite is enriched in trace elements compared to both
pyrites, excluding Co, Zn, As, Se and U for pyrite-1 and Co and Se for pyrite-2. The massive crystal-
line pyrite from st. 145 is enriched in V, Cu, Mo, Sn, Hg and TI in comparison to pyrite-1 from st. 286
and is depleted only in Co, Cu and Se relative to pyrite-2. The veined crystalline pyrite from st. 153
is depleted in all trace elements relative to massive crystalline pyrite from st. 145 and pyrite-1 and
-2 from st. 286. Slightly elevated average Co and Sn contents in pyrite from st. 153 relative to pyrite
from st. 145 and Sn and Ti contents relative to pyrite from st. 286 are insufficient and fall into
dispersion.

Conclusions. The same generations of pyrite from the different fields, which are formed un-
der similar formation conditions, are similar in enrichment in most trace elements relative to late py-
rite. This points to the input of most trace elements from the primary hydrothermal fluid. The late
crystalline pyrite was crystallized from the fluid depleted in most trace elements. The crystalline py-

51



rite, which deposited from the new fluid portions closely to chalcopyrite and sphalerite, are enriched in
Cu and Zn. The iron disulfides, which were formed on the seafloor, are strongly enriched in trace ele-
ments relative to the subseafloor crystalline pyrite that most likely is related to the effective accumula-
tion of trace elements, when the high-temperature hydrothermal fluid meets the cold seawater. Gold is
concentrated in the early generations of pyrite and marcasite.

The main carrier of the invisible gold in the Semenov-2 massive sulfides is covellite in con-
trast to traditional pyrite, chalcopyrite, bornite or isocubanite [e.g., Bortnikov et al., 2000]. Covellite
from the Semenov-2 massive sulfides contains 22.51-226.64 ppm Au that is much higher than Au
content in sphalerite (0.00-0.01 ppm), chalcopyrite (0.11-0.22 ppm), and isocubanite (0.03-0.06
ppm). Covellite, which replaces sphalerite, is characterized by the higher Au contents. We suggest that
gold in covellite is chemically bound because each of 11 analyses has stable gold content and Au and
Cu contents in covellite directly depend on each other.

Similarly to Au, all identified elements have more or less stable contents in all analyses that
does not favor microinclusions of minerals. However, direct correlation between Bi and Te may
probably indicate presence of microinclusions of Bi-telluride. The source of most trace elements
in covellite, which replace sphalerite, is problematic and the mechanism of their incorporation is
still unclear. Some of trace elements (Mn, Co, Ga, Cd) were inherited from the replaced sphalerite
and were removed during the replacement. In case of covellite, which is developed after chalcopyrite,
most trace elements (Mn, Co, Ni, Ga, As, Se, Mo, In, Sn, Te, T, and Bi) derive from the host chal-
copyrite.

The study is supported by the Program of Presidium RAS no. 23 (project no. 12-77-5-1003).
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THE ALDAN-MAADYR ZONE, WESTERN TUVA, RUSSIA:
FORMATION CONDITIONS OF GOLD-QUARTZ VEINS
IN LISTVENITES, CONGLOMERATES, AND BERESITES

Y CcTaHOBJIGHO TPpH CTaJuu 0Opa30BaHUS 30JI0TO-KBApIEBHIX KU Ha MECTOPOXKICHHSX AJIaH-
Maagpipckoit 30HbI B 3amamHod TyBe: BBICOKO-, cpelHe- W Hu3KoTemmepaTypHas (>350 °C, 270-
180 °C u <180 °C). OTMeuaercsi MOHMKEHHE TIPOOHOCTH 30JI0Ta OT BBICOKO- K HU3KOTEMIIepaTypHOI
craauu. Ha ocHOBaHMM OJM3KOTr0 M30TOMHOTO COCTaBa KHCIOpOJa B KBaplle UCCIEOBAHHBIX MECTOPO-
KJICHUI W BaJIOBOTO cocTaBa (UIIOMIHBIX BKIIOYEHHH C/eNaH BBIBOJ O €AWHOM THAPOTEPMAIBLHOM CHC-
Teme, 0Opa3oBaBIIeii MECTOPOXKIICHHUS B JINCTBEHUTAX, KOHTIIOMepaTax v Oepe3nuTax.

The gold-quartz deposits of the Aldan-Maadyr zone in the Western Tuva are worthy of interest
because they are located in the common geological structure but are hosted in different kinds of rocks
(listvenites, conglomerates, and beresites). Their formation is considered to be related to the Devonian
granitic magmatism [Zaykov et al., 1981]. The aim of the present work was an identification of
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Homogenization temperatures, salinity, salt composition of fluid inclusions and composition of gold for the studied deposits

Table 1

Deposit Homogenization | Salinity, wt % Major salts Statistical groups of val- Statistical groups of composition of gold Gold
temperature, °C NaCl-eq ues of Th and salinity fineness
Khaak-Sair, 248-211 (n 42) 7.5-14.2 (n 42) NaCl-KCI-H,0 1) 248-233, 14.2-12.9 1) Au 96.84-99.87, Ag 0.00-2.74, Cu 0.00-0.57 853-999
vein 7 231 (10) 11.0 (2.0) 2) 248-214,12.6-7.5 2) Au 91.98-95.08, Ag 4.46-7.81, Cu 0.00-1.30 941 (39)
3) 230-211, 13.1-11.7 | 3) Au 87.59-90.24, Ag 8.73-11.88, Cu 0.32-2.51
4) 229-214, 11.3-8.9 4) Au 85.30-87.00, Ag 12.59-13.94, Cu 0.00-1.38
Khaak-Sair, 188-124 (n 83) 4.0-8.2 (n 83) NaCl-H,0 + 1) 188-167, 7.54.9 1) Au 91.92-94.09, Ag 4.63-9.37, Cu 0.00-0.47 867-998
vein 2 152 (17) 59(1.1) NaCl-KCI-H,0 2) 168-147, 5.5-4.0 2) Au 90.03-91.94, Ag 5.61-9.64, Cu 0.00-0.61 925 (31)
3) 161-150, 7.8-7.3 3) Au 99.30-99.80, Ag 0.00-0.57
4) 151-129, 8.0-4.4
5) 137-124, 8.2-6.0
Khaak-Sair, 233-188 (n 31) 3.2-5.2 (n 31) NaCl-KCI-H,0 1) 233-200, 3.2-4.9 1) Au 86.04-90.58, Ag 8.97-13.15, Cu 0-0.65 687-906
vein 1 213 (12) 4.0 (0.6) 2) 231-210, 4.0-4.6 2) Au 68.67-74.64, Ag 24.83-30.97 832 (76)
3) 232-188, 3.5-5.2
Ulug-Sair, 357-295 (n 37) 6.0-9.6 (n 37) MgCl,-H,0 + 1) 357-299, 7.3-8.8 1) Au 93.82-96.44, Ag 3.31-5.33 909-964
vein 18 323 (15) 7.9(1.1) NaCl-KCI-H,0 2) 344-314, 6.0-6.6 2) Au 90.94-92.83, Ag 7.08-8.68 936(21)
3) 351-295, 7.3-9.6
Ulug-Sair, 237-200 (n 23) 4.5-6.8 (n 23) NaCl-KCI-H,0 + 1) 237-200, 4.5-5.1 1) Au 89.89-94.94, Ag 6.37-8.27 642-949
vein 4 220 (9) 5.4 (0.7) MgCl,—H,0 2) 231-226, 6.4-6.8 2) Au 86.96-91.27, 9.32-12.2, Cu 0.00-0.69, Fe 841(104)
3) 223-201, 5.4-6.0 0.00-0.34
3) Au 64.2-78.45, Ag 21.87-35.35, Cu 0.00-0.52,
Fe 0.00-0.61, Te 0.00-0.86
Ulug-Sair, 168-114 (n 51) 3.5-9.3 (n 51) NaCl-KCI-H,0 + 1) 168-148, 3.5-5.4 1) Au 93.49-91.71, Ag 7.70-5.99, Cu 0.37-0.19 828-945
vein 33 135 (13) 5.9(1.4) MgCl,—H,0 + 2) 152-114, 7.8-9.3 2) Au 85.76-82.83, Ag 16.96-14.13, Cu 0.30-0.08 | 893 (39)
NaCl-Na;Bs0g—H,0 3) 141-120, 6.5-7.4 3) Au 88.11-85.45, Ag 14.38-11.6, Cu 0.33-0.16
4) 140-115, 4.3-6.3 4) Au 94.5-94.01, Ag 5.76-5.3, Cu 0.26-0.19
Aryskan 272-201 (n 44) 3.8-8.2 (n 44) NaCl-KCI-H,0 1) 264-201, 5.4-6.8 1) Au 90.16-93.12, Ag 6.59-9.43, Cu 0.16-0.35 841-931
237 (18) 5.8 (1.0) 2) 272-205, 3.8-4.8 2) Au 88.63-92.44, Ag 7.21-10.89, Cu 0.26-0.40 | 907(21)
3) 257-210, 6.5-8.2 3) Au 84.05-87.22, Ag 12.59-15.66, Cu 0.15-0.31
Duushkunnug 158-116 (n 56) 4.1-7.5 (n 56) NaCl-KCI-H,0 + 1) 158-146, 5.7-6.5 1) Au 90.32-93.15, Ag 6.92-9.12, Cu 0.00-0.08, 866-932
139 (10) 5.5(0.8) FeCl,-H,0 2) 158-138, 4.1-5.4 Hg 0.00-0.08, Te 0.00-0.04 904 (16)

3) 142-128, 4.8-6.0
4) 145-116, 6.3-7.5

2) Au 89.44-91.95, Ag 7.59-10.28, Cu 0.16-0.30

3) Au 88.16-89.95, Ag 9.79-10.79, Cu 0.00-0.04,
Hg 0.00-0.11, Te 0.00-0.04

4) Au 86.64-88.67, Ag 11.09-12.90, Cu 0.18-0.28

The maximum and minimum values are given in the numerator and the average value and standard deviation are given in the denominator. Major salt composition based on

eutectic tempertaures is estimated after the method of Borisenko [1977].
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similar and distinct formation conditions of these deposits based on study of chemical composition of
gold, fluid inclusions and O isotopic analysis of gold-bearing quartz.

The Aldan-Maadyr zone 5-6 km wide extends up to 20 km in the east-northeastern direction
and is situated in a junction of the Western Sayan with Tuvinian trough [Zaykov et al., 1981]. The area
is hosted in Silurian and Ordovician sediments rumpled into the linear isoclinal folds, the cores of
which contain the wedges of Cambrian basalts and ultramafic rocks. The major gold-quartz deposits
are hosted in listvenites (Khaak-Sair), conglomerates (Ulug-Sair), beresites (Aryskan), and beresitized
rhyolites (Duushkunnug).

The composition and fineness of gold, homogenization temperatures, salinity, and major salt
composition of the primary fluid inclusions in gold-bearing quartz from the studied deposits are shown
in Table 1. The results of the gas chromatography and bulk (ICP MS) analysis of fluid inclusions are
given in Table 2. The oxygen isotopic composition was analyzed for the gold-bearing quartz from the
Khaak-Sair, Ulug-Sair, and Aryskan deposits. The 80 values range from +17.0 to +17.7 %o (up to
18.5 %o in a single analysis).

Based on the correlation of homogenization temperatures and salinity, we may conclude that
gold-quartz veins were formed in several stages. Their formation began from the crystallization of the
Ulug-Sair vein 18 from most high-temperature (> 350 °C) moderately saline (6.0-9.0 wt % NaCl-eq)
fluids and deposition of gold with the least dispersion of fineness. The following stage is characterized
by medium-temperature (272-188 °C) and moderately saline (3.2-8.2 wt % NaCl-eq) fluids, which
form gold-quartz veins at the Aryskan deposit, Ulug-Sair vein 4, and the Khaak-Sair vein 1. The ho-
mogenization temperatures of the fluid inclusions in quartz from the Khaak-Sair vein 7 may also belong
to this stage but the fluid inclusions demonstrate the highest salinity among the studied veins (Table 1).
The gold fineness from the medium-temperature veins is similar for the Khaak-Sair vein 7 and
Aryskan deposits and for the Khaak-Sair vein 1 and Ulug-Sair vein 4. The low-temperature
(188-114 °C) moderately saline (3.5-9.3 wt % NaCl-eq) stage of formation of gold-quartz veins was
manifested at the Ulug-Sair vein 33, Khaak-Sair vein 2, and Duushkunnug deposit. The gold fineness
of the low-temperature veins is similar (Table 1). As is seen from Table 1, in most cases, the number
of statistical groups of gold composition and fluid inclusion data coincide that reflects the pulsating
gold-quartz deposition while temperature decrease, which is also supported by gold grains zonal
by Ag and Cu.

The higher (up to 14 wt % NaCl-eq) salinity of the fluids identified in the Khaak-Sair quartz
and a wide development of tourmaline and auxinite both in the deposits and at the contacts with the
nearest intrusive bodies may indicate magmatic contribution to the mineral formation. This is compa-
rable to the Berezovskoe and Kochkar gold-quartz in the Urals associated with porphyry granites
[Baksheev et al., 1998; Prokof’ev and Spiridonov, 2005]. These deposits also show higher saline (up
17 and 15.7 wt % NaCl-eq, respectively) fluids with dominant NaCl composition and admixture of
MgCl, similar to the Tuvinian deposits.

The bulk composition of fluid inclusions has revealed the broad elements related to the ore-
forming fluid (Table 2). Only Zn, Bi, Sn, Hg u Tl shows minor contents. Three groups of elements
may be distinguished on the basis of the correlation analysis. The first group includes Cl and Na,
which have strong positive correlation with H,O content in quartz. The second group consists of B,
As, and Sh, which are negatively correlated with Cl and Na, that may probably reflect the mixing
of fluids of different composition. It is important all correlations are characteristic both of each deposit
and the entire Aldan-Maadyr zone that supports an idea on the same type of the hydrothermal system
for the reviewed deposits.

The third group includes K, Mg, Ca, and carbon-bearing gases. The contents of precious met-
als (Au and Ag) correlate precisely with elements of this group that may indicate their certain relation
to the ore formation. The correlation between Au and CO,/CHj, ratio (a degree of the fluid oxidation)
may testify to the fluid oxidation as one of the reasons of gold deposition.

The CO,/H,0 ratio (relative content of the gaseous phase), which indirectly reflects the pres-
sure and erosion level of the ore-forming system, respectively, increases towards the west and is
maximum at the westward Khaak-Sair deposit, which geological structure is mostly eroded. This de-
posit is also distinct by elevated contents of As, B, Sbh, Pb, Cd, W, Mo and presence of minor amounts
of Bi, Zn, Hg. This is in accordance with occurrence of different kinds of fahlores, tourmaline, aux-
inite, galena, arsenopyrite, gersdorffite, bismuthinite, cinnabar, and sheelite in veins and listvenites.
The high Cu contents in the fluid at the Ulug-Sair deposit may be correlated to the wide development

54



Table 2
Average contents of fluid components in quartz from the studied deposits

Component KS (4) Us (4) A1) Component KS (4) Us (4) A
Major components, mg/kg quartz Trace elements, mkg/kg quartz
H,O 871 1955 1544 Li 4.0 3.8 5.4
CO, 127.0 114.3 37.0 Rb 1.2 1.0 1.2
CH, 0.21 0.11 0.30 Cs 0.3 0.4 0.7
Cl 0.91 6.48 6.59 Sr 56.0 57.0 97.2
HCO3;~ 14.0 25.0 56.0 Sh 9352.7 18.2 0.0
Na 4.08 13.51 21.34 Ge 0.1 0.1 0.2
K 0.78 0.69 0.81 Cu 1.3 178.6 73.3
Ca 2.29 0.45 2.68 Cd 2.8 0.2 0.3
Mg 0.35 0.14 0.69 Pb 43.6 0.3 0.3
B 0.92 0.48 0.32 Au 0.08 0.07 0.16
Ba 1.13 0.37 0.54 Ag 2.8 0.1 4.8
As 0.69 0.16 0.16 Mo 8.2 3.1 4.5
Molar ratios W 19.4 1.9 0.0
CO,/H,0 0.06 0.02 0.01 Co 0.2 0.1 0.7
CO,/CH, 223 370 44 Ni 2.9 7.6 2.2
CI/HCO;~ 0.11 0.45 0.21 Cr 0.5 0.0 1.4
B/CI 3.22 0.24 0.15 Mn 9.5 16.9 54.2
Na/Cl 6.9 3.2 4.9 Fe 35.9 4.3 28.7

Gas chromatography and bulk analysis are carried out in TSNIGRI, Moscow, analyst Yu. V. Vasyuta.
Deposits: KS (Khaak-Sair), US (Ulug-Sair), A (Aryskan). The number of analyses is given in brackets.

of chalcopyrite in the quartz veins. The higher concentrations of HCO;', K, Ca, Mg, Mn, and Sr in
quartz from the Aryskan deposit probably reflect beresite-type of alteration.

The narrow range of the oxygen isotopic composition in quartz from the studied deposit,
which is similar to that from many world gold deposits, indicates (i) the common sources of the fluids,
(ii) no isotopic exchange with host rocks, (iii) homogeneous isotopic system, and (iv) similar forma-
tion temperatures [Kerrich, 1987; Goldfarb et al., 1991; Jia and Kerrich, 2001]. The latter conclusion
is well demonstrated by the overlapped homogenization temperatures at the studied deposits. The oxy-
gen isotopic composition of quartz from the Tuvinian deposit is close to that from the metamorphic or
sedimentary source [Taylor, 1974; Faure, 1989; Hoefs, 2009]. The 80,0 values of 10.02-11.51 %o
calculated from the equation 1000 In o = 3.38 (10° T %) — 3.40 at 300 °C [Clayton et al., 1972] corre-
spond to the metamorphic water. Similar §'°0p0 values of the fluids and their narrow variations are
typical of many gold deposits in sedimentary sequences [Goldfarb et al., 1991]. The origin of the flu-
ids at these deposits is considered to be related with progressive metamorphic dehydration and de-
gassing of the host rocks. In case of Tuvinian deposit, we may suggest that the source of Si-O com-
pounds in the fluids were the Precambrian metamorphic rocks presently occurred in the northern wall
of the Sayan-Tuva fault.

The work is supported by the RFBR (project no. 11-05-00187-a).
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GOLD MINERALISATION IN PIILOLA AREA (EAST FINLAND)

Paccmorpena reosorvueckasi MO3HMLUS U MUHEPANIOTUS PYJONPOSBICHUN 30JI0Ta IUIOLIANN
IMuunona (Bocrounas @uunsuaus). [Inomans HaxoquTes B npeaeax 3eleHOKaMeHHoro mosica Kyx-
MO B apxeiickoM qoMeHe DeHHOCKaHAMHABCKOTO muTa. MUHEpanorus pya XapakTepusyercs npeoo-
JajlaHueM MUPPOTHHA M apCEHOITMPHUTA; 30JI0TO BBISBJICHO B CaMOpOAHOW gopMme U B popMe MabI0-
HUTa. B accoumanuu ¢ 3010TOM 4acTo HaOIIOJaeTcsl CAMOPOIHBII BHCMYT.

Komatiite-hosted Ni, VMS, and orogenic gold are the most common metallogenic
components in Archaean greenstone belts. Canadian shield, Western Australia and other Archaean
areas have well-known examples of orogenic gold deposits.

The main Au provinces in Finland are the Archaean greenstones in the east of Finland, Palae-
oproterozoic greenstone belts in Lapland, and the Palaeoproterozoic Svecofennian schist belts in cen-
tral and southern Finland. About 200 hard-rock gold occurrences are presently known.

These are short results of investigations of the Piilola area which is located in the Kuhmo
greenstone belt in Eastern Finland. Works are carried out by Mineral Exploration Network (Finland)
Ltd. Geophysical, geochemical methods, and drilling have been used.

The Finnish part of the Fennoscandian shield comprises three major domains. There are the
Archaean cratonic nucleus (Karelian domain) and the Paleoproterozoic mobile belts of Kola-Lapland
and Svecofennia.

The Archaean bedrock can be subdivided into TTG-type complexes, and a few major su-
pracrustal belts: Oijarvi, Kuhmo-Suomussalmi and llomantsi. The Kuhmo-Suomussalmi volcano-
sedimentary complex (Kuhmo, Suomussalmi and Tipasjarvi greenstone belts combined) was probably
formed in an intra-plate, oceanic environment [Lahtinen et al., 2011]. Its central part (the Kuhmo
greenstone belt) has a symmetrical syncline structure with a submeridional trend. The most volumi-
nous rocks are mafic volcanic rocks [Papunen et al., 2009]. Several phases of the Archaean TTG
granitoids have intruded the greenstone belt.
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Fig. The map of magnetic field of studied area and boreholls position.

A number of drilling-indicated gold occurrences has been identified in the Kuhmo greenstone
belt. On the basis of mineral assemblages in the gold occurrences and their host and adjacent rocks, the
degree of regional metamorphism is from upper-greenschist to lower-amphibolites facies.

The Piilola area joins Piilola, Jousijarvi, Licasuo, Aittoranta, and some other occurrences.

Next greenstone rocks succession was observed in the Jousijarvi occurrence (from the west to
the east):

1. Ultramafic rocks transformed to serpentinites, talk-carbonate, tremolite rocks. Aittoranta oc-
currence is hosted by these rocks.

2. Biotite schists with pyrrhotite dissemination.

3. Quartz-plagioclase schists.

4. Gneissic biotite-quartz-plagioclase rocks.

5. Biotite schists with pyrrhotite and arsenopyrite dissemination. These schists are ore-hosted
for Piilola, Licasuo and Jousijarvi occurrences.

6. Gneissic biotite-quartz-plagioclase rocks.

Ore field structure has submeridional trend and subvertical dip. It is complicated by Palaeo-
proterozoic gabbro dykes with NW-trending. Magnetic and electric methods do show the structural
features of the area, including those which control gold mineralisation (fig.).

The main ore minerals are, in a decreasing order of abundance, pyrrhotite, arsenopyrite, and
pyrite. Only in a few locations, arsenopyrite forms visible grain aggregates. Chalcopyrite and pent-
landite commonly occur as intergrowths together. Native gold has been observed at Piilola, Jousijarvi,
and Mujesuo, and is predominantly associated with arsenopyrite. Native bismuth has been detected in
the ore at Piilola, Mujesuo, and Jousijarvi. Native gold forms inclusions in arsenopyrite and silicate
minerals. Inclusions in chalcopyrite or pyrrhotite are rare (e.g. Mujesuo). In spite of obvious structural
relation between gold and arsenopyrite the Au-As correlation is not strong.

Till geochemistry shows an As and Au dispersion halo in the area.

It is suggested that Intrusion related gold system (IRGS) in combination with the previously
applied orogenic shear zone hosted exploration model could be applied to the area of study.
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FLORENCITE FROM KOPYLOVSKOE AND KAVKAZ GOLD DEPOSITS
(BODAYBO ORE REGION, RUSSIA)

®dnopeHcHT — TIIaBHBIN MUHepan-KoHLeHTpatop P33 Ha 3010TOopynHbIX MecTopoxaeHusax Ko-
nbutoBckoe U Karkas (bomaliOuHCKUiT palioH), JIOKAJIM30BAHHBIX B YTJICPOIUCTBIX TEPPUTCHHBIX I10-
ponax. O6pa3yer uanomopdHbie kpuctamisl pazmepom 0.1-1 MM, XapakTepu3yercs ONTUYECKOW U
XUMHYECKON 30HATIBbHOCTHIO, 00YCIIOBJIICHHOM TIaBHBIM 00pa3om npumMeckio Ca u Fe. 1o cocraBy P30
¢opencut mecropoxaenus KonbuioBckoe orBeuaer cxeme Ce>La>Nd, KaBkaza — Ce>Nd>La. Ha-
OroatoTCst Bapualuy B copepkanuu Th., Criektpsl pacnpenencaus P33 Bo ¢uiopeHcHTe U BMEIao-
HIMX YTJIEPOAUCTHIX MOpoIax CXOAHbl. BeposTHO, (iopeHcHT oOpa3oBajcs B mpolecce KaTtareHesa
HAYaJIbHON cTaJuu MeTamMop(dr3Ma, TIPU 3TOM UCTOYHUKOM (hocopa MOTIIO CIYKHUTh PacCcestHHOE Op-
TaHUYECKOE BEIeCTBO, P30 — riIMHKUCTHIC MUHEPATBI.

Introduction and geological setting. The Bodaibo ore region is located in the Patom highland
and belongs to the northeastern part of Irkutsk administrative region, which is well-known as the larg-
est gold placer province in Russia. The gold deposits in the Bodaibo ore region are confined to two
main ore blocks: Kropotkin block with disseminated and veinlet deposits (e.g., Sukhoi Log deposit)
and Artemovsky block with quartz vein deposits. The Kopylovskoe and Kavkaz deposits are located in
the latter block and are confined to the near-latitudinal anticline fold composed of the rocks of the
Dogaldyn Formation [Bendyuk et al., 1984; Ivanov, 2008].

The host rocks of both deposits include arkose and graywacke-arkose metasandstones, meta-
siltstones, and carbonaceous-clayey and clayey shales. The host rocks were metamorphosed under
sericite-chlorite subfacies of green-schist facies and also are hydrothermally altered [Palenova et al.,
2011]. Quartz, feldspar, muscovite, illite, chlorite, paragonite, and carbonates (breinerite, siderite,
dolomite and rare calcite) are major minerals of the host rocks. Carbonates are observed as zonal eu-
hedral crystals and concretions, which indicate their postsedimentary origin. Pyrite is a major ore min-
eral. Chalcopyrite, pyrrhotite, galena, and sphalerite are minor ore minerals. Gold forms free grains
and inclusions in pyrite. Allotigenic tourmaline, apatite, zircon, monazite, and allanite form rounded or
clastic grains. Florencite occurs in all types of host rocks but its maximal concentration is typical
of the highly pyritized gold-bearing carbonaceous-clayey shales. In sandstones, florencite is found in
clasts of carbonaceous shales.

Florencite was described as a typical accessory mineral of gold-bearing black shales of the Pa-
tom plateau [Buryak, 1998]. The placer gold from the Predpatom Mountains contains inclusions
of florencite and monazite [Glushkova, Nikiforova, 2011]. However, in spite of numerous references,
florencite from the Bodaibo region has not characterized yet.

Results. Florencite is observed as zonal and sectorial light yellow to brown (rarely greenish)
sharp rhombohedral crystals 0.01-0.02 mm (up to 1 mm) in size or grains without crystal shape. The
pores and inclusions of carbonaceous matter trace the boundaries between the growth sectors. Floren-
cite hosts inclusions of monazite and zircon. Occasionally, goyazite SrAl3(PO,)(HPO4)(OH)s epitaxi-
ally grows on florencite.

The chemical composition of florencite was studied using a SEM equipped with EDA. Floren-
cite from both deposits have similar composition and belong to florensite (Ce,La,Nd)Al;(PO,4).(OH)—
crandallite CaAlz(PO4)(OH), isomorphic series. The optical and chemical zoning in mineral coincide
(Fig. 1). The zones enriched in Fe and Ca are porous. Florencite from the Kopylovskoe deposit is
characterized by a Ce>La>Nd trend, admixtures of Th, Sr, rarely Pb and As, and inclusions of mona-
zite in contrast to Ce>Nd>La trend and absence of Pb and As in florencite from the Kavkaz deposit.
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Fig. 1. Microgeochemical maps of florencite (SEM VEGA3 TESKAN, analyst I.A. Blinov).

The REE distribution in monazite (Ce>La>Nd>Pr) from the Kopylovskoe corresponds to
those of florencite. Monazite also has Sr admixture.

The significant positive correlation for Ce-La, Ca—Th, Fe—Ca, and Fe-Th and negative corre-
lation between Sr and REE (Ce, La, Pr) are typical of florencite from the Kopylovskoe deposit. Simi-
lar tendencies and negative correlation for Sm-Ce and Sm-La were found for florencite from the
Kavkaz deposit.

The chondrite-normalized REE patterns of florencite from both deposits and monazite inclu-
sion from florencite have similar configuration with a weak Pr maximum (Fig. 2). All rock types en-
riched in LREE. The maximum and minimum REE contents are characterized of the lamprophyre
dikes and quartz veins, respectively. The lowest LREE and HREE fractionation is characterized of the
clayey shales. The REE pattern of florencite is most similar with ones for the carbonaceous shales.

Discussion. Florencite is autigenic mineral in the carbonaceous shales that is evident from its
crystal shape and absence of crushed clasts, cutting of zoning, and carbonaceous inclusions.

The host shales are the probable source of elements for florencite. The P content in the
Dogaldyn Formation is ~0.05 %. All sedimentary rocks host apatite as the rolled grains and crystal
fragments. Thus, the source of phosphorous for florencite was an organic matter, which released this
element during transformation of carbonaceous shales. The exchange complex of clayey minerals is
most likely source of REE: the enrichment of clays in REE is well known [Yudovich, Ketris, 1994].
The catagenesis and early metamorphism result in transformation of clayey minerals into mica and
chlorite, involving of REE in porous solutions, and their further precipitation as proper minerals. The
REE are located in the large XlI-coordinated site that leads to the broad isomorphic ability. Similarity
of LREE chemical features allows their joint occupation of the appropriate crystal site. The REE ratio
in florencite completed correspond to the REE ratio of mineral-forming media.

Florencite contains Ca and Fe admixtures, which have negative correlation with REE. In gen-
eral isomorphism scheme, the cation sublattice of florencite is as follows [after Silaev et al., 2001]:

REE® « Ca* (Ar=1-5%; A = 11 %);

REE®" « Sr** (Ar = 14 — 18 %; A = 20 %);

AP — Fe* (Ar = 18 %; A = 7 %);
where Ar is the ion radius difference, and A is the difference of electronegativity.
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Fig. 2. REE spectra of various rocks from the studied region. Graphics are based on the chondrite-
normalized average contents.

Kopylovskoye (1-6, 9-10, 12) and Kavkaz (7, 8, 11) deposits. Black shale (1, 7); clay shale (2); sand-
stones (3, 8); stockwork (4); quartz veins (5); lamprophyre (6); carboniferous sandstone (9); florencite-(Ce) (10,
11); monazite (12).

The substitution in the cation sublattice is accompanied by anion substitution according to
[PO4]* — [POsOH]* scheme [Somina, Bulakh, 1966].

Ca, Sr and Fe enter the florencite lattice jointly. This association compensates the geometrical
deformation of the structure. Probably, the process begins owing to Al deficit in the mineral-forming
medium. Al presence in the 2M;-mica structure (muscovite and paragonite). At the same time, the Fe
content in the porous solution after sedimentation is enough to form the Fe-bearing carbonates (bren-
nerite, siderite) and pyrite. So, some part of iron may represent Fe** which may be included into flor-
encite. Fe*" comparatively expands the lattice, as well as Ca®* and Sr**. The local structural heterome-
try between REE- and Ca-enriched zones leads to formation of pores.

The Th enrichment of florencite should also be noted. The Th and U content in carbonaceous
clastic Dogaldyn Formation at the Kopylovskoe and Kavkaz deposits varies from 1.50 to 13.51 ppm
(6.37 ppm, on average) and from 0.30 to 10.89 ppm (1.69 ppm, on average), respectively. The Th/U
ratio is 0.70-8.82 (4.75, on average). Typically, the Th/U ratio for carbonaceous sediments (about 2.5)
is lower because of the U sorption by organic matter [Yudovich, Ketris, 1994]. The chemical proper-
ties of Th are similar to LREE, in particular, to Ce. Thus, the clayey minerals adsorb Th together with
REE [Yudovich, Ketris, 1994]. Th, as well as U, also forms water-insoluble complexes with organic
acids [A review..., 2008]. During catagenesis, Th is included into florencite along with LREE. During
metamorphism, U and Th are extracted from sediments, however, Th compounds are more stable than
U ones at green-schist facies [Ermolaev, Sozinov, 1986]. The Th-Si positive correlation may be re-
lated to the inclusions of thorite.

We are not able now to distinguish the influence of crystal-chemical and geological factors on
REE fractionation based on analysis of REE distribution in florencite and host rocks. However, we
may state that the REE composition of catagenic and low-grade metamorphic florencite is inherited
from that of primary sediments. Increase in temperature leads to the formation of anhydrous REE
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phosphates such as monazite and xenotime, which concentrate LREE and HREE, respectively. Thus,
no significant fractionation of LREE and HREE occur during initial metamorphism.

Conclusions. Florencite from the gold-enriched black shales of the Kopylovskoe and Kavkaz
deposits in the Bodaibo region belongs to Ce variety with Ce>La>Nd and Ce>Nd>La trends for the
Kopylovskoe and Kavkaz deposits, respectively. Florencite is enriched in Pr and Th. Florencite from
the studied deposits is optically and chemically heterogeneous. Postsedimentary formation of floren-
cite is confirmed by euhedral crystal shape and absence of cutting of zoning. The crystallization of
florencite occurred during catagenesis and initial metamorphism of sediments. The dispersed organic
matter was the source of phosphorous. The catagenic transformation of clayey minerals into mica and
chlorite leads to extraction of REE into porous solution and further to formation of florencite that was
expressed in similar REE spectrum of florencite and host rocks.
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STRUCTURAL GEOLOGY OF THE RIO BLANCO - LOS BRONCES DISTRICT,
CENTRAL CHILE: CONTROLS ON STRATIGRAPHY,
MAGMATISM AND MINERALIZATION

Ha ocHoBe reosnorudeckoro kaprtupoBaHus B Maciirade 1:25000 rHraHTCKOro MeETHO-
nop¢upoBoro ysna Puo-brmanko—Jloc Bponuec, nmokanu3oBanHoro B Uwmmuiickom jgoMeHe Bricokux
AH[[, npeaCTaBJICHHOM 30IICHOBBIMHA U ITNIMOLUCHOBLIMU BYJIKAHUTAMU, BOCCO3/JaHa UCTOPUSA I'COJIOTH-
YEeCKOr0 Pa3BUTHSA PErHOHA, BKIIOYAIOIIAS DBOJIOLUIO BHYTPHIYTOBOTO OacceiiHa C MepeXxoioM OT
peKUMa paCTAKCHUA K PCKUMY CKATUA. HpI/IBOILSITCSI PEIYILTATBI OIPEACICHUA OTHOCUTCIILHOIO U
a0COJIFOTHOTO BO3pacTa MHTPY3UBHBIX TOPOJ, TEKTOHHMUYECKUX PA3JIOMOB M aCCOI[MUPYIOIICH C HUMHU
MUHEpaTU3aI1H.
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Introduction

The high Andes of central Chile and Argentina (32—-35°S) can be divided into two major geo-
logical domains. The eastern domain exposed close to and to the east of the international border, is
composed of strongly deformed marine and continental sedimentary rocks of Jurassic to Early Creta-
ceous age which constitutes the Aconcagua fold and trust belt [Ramos, 1996]. The western (Chilean)
domain is composed of volcanic rocks of Eocene to Pliocene age which were erupted during the evo-
lution and inversion of an intra-arc volcano-tectonic basin. They have been grouped in the syn-
extensional Abanico Formation and the syn-inversion Farellones Formation [Charrier et al., 2002 and
references therein]. Our study has focused on the evolution of the western domain, with an emphasis
on the district of the giant Rio Blanco-Los Bronces porphyry Cu-Mo cluster, and is based on the re-
sults of a recently finished 1:25.000 geological mapping program [Piquer, 2010], which covers the
entire Rio Blanco-Los Bronces district. This new district-scale geological map was used to prepare
four E-W cross-sections, with the southernmost one passing through the mineral deposits. They pro-
vide the basis for a new model of the tectonic evolution of this part of the Andes that aims to clarify
the first-order controls on stratigraphic changes, magmatic activity and associated mineralization.

Tectonic evolution

Upper Eocene — Lower Miocene extension. This period is associated with the development of
an intra-arc volcanotectonic basin. The main basin-margin normal faults (Pocuro and Alto del Juncal —
El Fierro faults) are N-oriented, and the area within them was completely covered by the products of
the Abanico Formation, but our cross-sections show strong changes in thickness (from 2 to 5 km) and
volcano-sedimentary facies, both factors indicative of the presence of various sub-basins and depo-
centers, which are bounded by NNW and NE-oriented internal normal faults. The associated stress
field was that of an E-W extension and the ascent of magma to the surface was favoured by the exis-
tence of several deep-tapping extensional structures. From 34 to 22 Ma as much as 5 km of volcanic
rocks were deposited in the basin, with no coeval plutonic bodies recognized.

Tectonic inversion and plutonism since the Lower Miocene. During this period, the high angle
(~60-65°) NW-NNW and N-trending faults were reactivated in reverse-sinistral and reverse mode re-
spectively, with associated folding of the nearby Abanico and sometimes Farellones Formation. This
implies that, before their movement, supra-lithostatic pressures were achieved, as evidenced by abundant
dilatational, sub-horizontal sills of Miocene age cropping out in the study area. Under this compressional
tectonic regime, NE-trending faults were reactivated mainly as dextral strike-slip faults, with variable
although generally minor dip-slip reverse movements. This selective reactivation of pre-existing normal
faults with different orientations has produced the present-day structural architecture, whereby sub-
basins are bounded by high-angle faults, each one with its own thickness of local volcano-sedimentary
facies, intensity of folding and exhumation level. By correlating data from the Argentinean flank of the
Andes [Ramos, 1996; Giambiagi, 2003] with earthquakes hypocenters and the inferred location of
Mesozoic evaporites, the existence of three main Miocene detachment levels beneath the Rio Blanco-
Los Bronces district is proposed. Tectonic inversion was coeval with the deposition of the Farellones
Formation, which differs markedly from the Abanico Formation in that it is restricted to specific vol-
canic centres and reaches a maximum thickness of only 1.5 km. The basal units of the Farellones Forma-
tion were deposited in progressive unconformities over the Abanico Formation, and have been dated at
22.7+0.4 Ma (U-Pb SHRIMP age [Piquer, 2010]). Plutonic activity was contemporaneous with Farel-
lones Formation volcanism. The main intrusive complex in the area, the Rio Blanco-San Francisco Ba-
tholith, was emplaced between 20.1 and 4.69 Ma [Deckart et al., 2005, 2013]. The units dated between
20.1 and 8.16 Ma are coarse equigranular plutonic rocks, while those with ages between 7.12 and 4.69
Ma are subvolcanic rocks directly associated with hydrothermal activity and mineralisation. The host
rocks of these subvolcanic complexes are the older equigranular plutons. This implies that in the 1 Ma
period between 8.16 and 7.12 Ma this area was affected by a violent exhumation event, unroofing the
older, plutonic rocks and exposing them to the subvolcanic environment, with porphyries and breccias
being fed by a deeper, unexposed magma chamber. Given the characteristics and erosion level of the Rio
Blanco deposit, this magma chamber is inferred to have been localized between 5-7 km below the pre-
sent surface [e.g., Proffett, 2009; Sillitoe, 2010]. This depth coincides well with the uppermost of the
three detachment levels and also with a notable area of low Vp/Vs in seismic tomography, which we
speculate correlates with the very young (<4 Ma) crystalline rocks of the deep magma chamber that so-
lidified after volatile exsolution and formation of the Rio Blanco-Los Bronces deposit.
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Intrusive contacts, porphyry dikes, hydrothermal breccias and mineralized veins, all show
clear NNW and NE preferred orientations, indicating that pre-existing normal faults inherited from the
extensional period channelled the ascent and emplacement of magma and hydrothermal fluids during
the compressive stage. Statistically, there is an overwhelming predominance of NE and NNW-NW
fault planes; N-trending faults, parallel to the orogen, are statistically insignificant and restricted to the
eastern margin of the Abanico basin. The abundance of syn-tectonic hydrothermal minerals confirms
that fault inversion occurred under high fluid pressures, as it can be inferred by the slip plane infilling
of minerals such as epidote, chlorite, tourmaline, quartz, calcite and Cu-Fe sulphides. Given the high
dip angle of the faults (60-0°), the compressive tectonic regime and the presence of hydrothermal flu-
ids during faulting, the required conditions for reactivating severely disoriented faults, such as su-
pralithostatic fluid pressures, are met [Sibson, 1985].

This study is based on research done by CODELCO through its subsidiary Exploraciones
Mineras S.A. (EMSA), and both companies are thanked for allowing the dissemination of these results.
Most of the hypocenter location data used in this work was captured during the Ring Project ACT
N°18 carried out by the University of Chile and CODELCO.
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TWO STEP MICROBIAL FORMATION MODEL OF BLACK SHALE-HOSTED
MANGANESE CARBONATE DEPOSITS — CASE STUDY
OF THE URKUT DEPOSIT, HUNGARY

PaccmotpeHo ¢opMmupoBaHHE HU3KOTEMIIEPAaTYpPHBIX KapOOHAaTHO-MapraHIIEBBIX MECTOPOXK-
JIeHUH, TIPUYPOUYEHHBIX K YePHOCTAHIIEBBIM TOJIAM, B OKHCIHMTEIBHBIX YCIOBHSX Ha CTaauu OWO-
renHoro BoccraHosienus Mn®* u Mn* mpu nmaremese. IIpHBOZATCS NaHHBIE O T'EONOTHYECKOM
CTPOEHHH, MHHEPAIOTUU U T€OXUMHH THTAHTCKOI'O HEMeTaMOp(pU30BaHHOI'O MECTOPOXKICHHUS KapOo-
HATHBIX MapraHieBbIX pyA YPKYyT IOPCKOro Bo3pacta. M30TOmHBIA cOCTaB yriepoia KapOOHAaTOB
CBUJICTENIbCTBYET O €r0 OPraHON€HHOM MCTOYHHMKE, H30TOMHBIM COCTaB KUCIOpOJa — O TeMIepaTypax
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obpazoBanus 17-23 °C. VIcTOYHHKOM METAJUIOB CIY>KWJIH MPHAOHHBIE TUAPOTEPMAaIbHBIE (QIIOUABI, B
pe3ynbTaTe AesTeIbHOCTH KOTOPBIX ()OPMHPOBAJIKCH THIPOKCHIHO-MapTaHIeBbIe pyabl ¢ Ipeodiaga-
HreM Mn**. PasHoo6pasie OKCHIHBIX MUHEPATIOB MapraHIa B PyAaX OOBACHSIETCS ¢ TePMOIHHAMMUIC-
CKMX TIO3HMLHUII KHCIOTHO-OCHOBHBIMH CBOWCTBAMH pACTBOPOB M HAJIMYMEM OKHCIHTEIBHO-
BOCCTaHOBHUTEIBHOTO Oaphepa. bakrepuanbHOe OKHCIIEHHE OPraHMYECcKOro yriepoja sBisierTcsi HeoO-
XOIMMBIM YCITIOBHEM JUIS 00pa30BaHMs KPYIHBIX 3aexeil kapOOHATOB MapraHila B YepHOCTAHIIEBBIX
TOJIIIAX.
Introduction

To start any consideration concerning manganese we have to be aware of the sneaky (tricky)
behavior of this element. Tracing the source of metals is very important, but enrichment effects, the
way of accumulation of Mn (ore) are also important, and these two together let to propose a genetic
picture.

The role of microorganisms in sedimentary and low temperature hydrothermal ore deposits is
being increasingly appreciated, among them chemolithotrophs. Formation of black-shale hosted man-
ganese-carbonate ores is an example of a low-temperature bacterial system characteristic of non-
sulphidic, oxic environments.

Early diagenetic bacterially mediated Mn(1V) and Mn(l11) reduction processes via organic
matter oxidation and Mn-carbonate mineralization are well established [Polgari et al., 1991]. However,
the fundamental processes of formation of these huge black-shale hosted accumulations of manganese
was still poorly understood.

To address these issues, the well preserved, unmetamorphosed, black shale-hosted manga-
nese-carbonate deposit of the Urkut Basin, Hungary offers an excellent case study for detailed petro-
graphic, mineralogical, geochemical, and textural analyses. These early diagenetic Mn carbonates and
primary Mn oxides are of Jurassic (Lias-Toarcian) age [Polgari et al. (eds.), 2000 and references
therein]. This important deposit is among the 10 largest Mn deposits with current reserves of 80 mil-
lion tons of Mn-carbonate ore (24 weight percent average Mn and 10 weight percent Fe).

Here, we review the main characteristics of the black shale-hosted Urkut Mn deposit, provide
additional geochemical and geomicrobiological evidence for the chemolithoautothroph bacterial activ-
ity as a fundamental process of manganese-ore formation, discuss the importance of such deposits as
paleoenvironmental indicators, provide a new general model for the origin of this type of deposits.

Geological setting and characteristics of the ore deposit at Urkut

The black shale-hosted Mn-carbonate ore bed is about 40 m thick. The ore deposit of eco-
nomic importance now covers an area of 8 km’. The ore deposit occurs in a limestone section and con-
sists of three ore beds (10-, 3-, and 1 m thick), separated by a 20- and 4 m-thick black shale. The
rhodochrosite ore is composed of laminated, alternating grey, green, brown, and black sections com-
posed of mixtures of very fine-grained (1-2 um) carbonate minerals and clay [Polgari et al., 2000].

The bulk XRD mineralogical composition of the Mn-carbonate ore beds shows rhodochrosite
(Ca-, Mg-bearing), siderite, kutnohorite, 10A-phyllosilicate (celadonite), smectite (nontronite), goe-
thite, quartz, Ca-apatite (phosphorite), and pyrite, with traces of chlorite, zeolite, feldspar, and man-
ganite. The host black-shale consists of quartz, calcite, pyrite, smectite, 10A-phyllosilicate (illite, cela-
donite), goethite, and chlorite, with traces of zeolite, and feldspar. Manganite is the only Mn-oxide
phase in the carbonate ore bed.

Mn-carbonate ore samples have average 5'°C value —16.8 %o PDB. These values reflect a sig-
nificant input to the carbon reservoir from which the MnCO; formed from the degradation of organic
matter via bacterially mediated early diagenetic processes [Polgari et al., 1991, second microbial cy-
cle]. The §'0 isotope values vary between —5.84 and +1.61 %o PDB, which reflect temperatures of
precipitation between 17 and 23°C [Polgari et al., 2012].

Biomineralization — general aspect

Microbial geochemistry the development of research methods has allowed investigations
of extant biogeochemical systems, which has produced considerable new insights into bacterially medi-
ated Mn mineralization [Mandernack and Tebo, 1993; Mandernack et al., 1995; Moffett and Ho, 1996;
Bargar et al., 2005; Webb et al., 2005]. Morgan [2005] provided a thermodynamic analysis of microbial
Mn(ll) oxidation in low temperature aquatic systems, giving a kinetic model of oxidation pathways for
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Mn(I1). Bacterial oxidation of Mn(lIl) to Mn(1V) is thought to drive the oxidative segment of the global
biogeochemical Mn cycle [Krumbein, 1983; Ehrlich, 1990]. This important redox system is believed to
be driven by an enzyme or enzyme complex involving a multicopper oxidase [Tebo et al., 1997].

Proximal environment

At Urkut-Csardahegy, a large Fe-Mn-oxide chimney system containing fluid-flow microchan-
nels characterized the basin. Stromatolitic mounds grew at the sediment/water interface, which buried the
chimneys. These prove the local hydrothermal metal source for mineralization. [Polgari et al., 2012].

Distal environment

It is difficult to decipher the original aerobic microbial cycle because the whole deposit was
overprinted by anaerobic heterotrroph secondary microbial processes. But some remnants produced
during the original processes are preserved in the Urkut Mn carbonate deposit, among which most im-
portantly is the presence of manganite (MnO(OH)). To understand this so-called long-standing min-
eral phase, a detailed explanation is needed. During development of the Mn-oxide proto-ore, the first
product of microbial Mn(Il) oxidation probably was a bio-oxide based on the experimental studies of
Villalobos et al. [2003], Bodet et al. [2007], and others. This bio-oxide is an X-ray amorphous oxide
similar to 8-MnQO,, which is thought to be a disordered thermodynamically unstable 7A-vernadite
(hexagonal phyllomanganate) containing Mn(IV) vacancy defects, having very small particle size
(< 20 nm lateral dimensions), and having only two or three MnO; layers (Mn is in octahedral coordi-
nation) stacked along the ¢ axis [Villalobos et al., 2003]. A structural model for the initial amorphous
bio-oxides indicates that bacterial processes oxidize Mn(l11) to (1V) via an enzymatic pathway [Bargar
et al., 2005]. Based on the their results, it is assumed that Mn(IV) polymerization leads to sheet poly-
mers or nanoparticles with a general structural formula of Mn,0,** (x < 1) that exhibit the basic
hexagonal phyllomanganate structure, but contain numerous vacancy defects and other structural de-
fects [Bargar et al., 2005]. Reaction of Mn(lI1) with the primary biogenic oxide results in the produc-
tion of abiotic secondary products, feitknechtite or a 10A Na-phyllomanganate [Bargar et al., 2005].
The identity of the secondary product depends upon the Mn(ll) concentration as described by thermo-
dynamic relations [Mandernack et al., 1995]. A decrease in the dissolved Mn(ll) appears to act as
a reductant for the biogenic oxide and to control the stability of secondary abiotic reaction products.
The stability of Mn(lll)-bearing phases such as MnO(OH) and Mns;O, increases relative to that of
Mn(1V)-bearing phases such as MnO; as pH and Mn(Il) concentration increase. This behaviour can be
seen from the reaction for MnO(OH) transformation to MnO, in aqueous solution: 2H" + 2MnO(OH)
= MnO, + Mn** + 2H,0.

In ancient Mn-ore beds manganite is the common Mn(l11) oxide phase and it is widely thought
to reflect oxygen-deficient conditions [Roy, 1981]. Taking into consideration recent research, the exis-
tence of manganite may reflect high Mn(lI1) concentrations rather than an indicator of a suboxic envi-
ronment. Giovanoli R. [1980] reported that the rate-determining step in y-MnO(OH) (manganite) for-
mation is the transformation of the rapidly formed initial products, such as feitnechtite, to manganite.

On the other hand, if the Mn(Il) concentration is less than that in 7A-vernadite, then 10A (Na,
Mg) phyllomanganate forms and during Mg** uptake Mg todorokite forms while the phyllomanganate
transforms to tectomanganate. Interlayer Mg serves as a template for the transformation of
10A-vernadite to todorokite. The abundance of Mg in seawater and its key role in converting phyllo-
manganate to tectomanganate explain why todorokite is common in marine diagenetic and hydrother-
mal ferromanganese oxides [Bodei et al., 2007], but does not explain its near absence in marine hy-
drogenous deposits. Experimental studies showed that extracellular polymers from bacteria catalyze
the adsorption of Mg on the surface of the cells [Mandernack et al., 1995]. The Mg uptake can be re-
sponsible for the elevated Mg content in black shale-hosted Mn-carbonate deposits. So the bacterial
cells not only directly oxidize Mn(ll) to Mn(IV) but also, in the early stages of oxidation, influence the
cation composition of the Mn-oxide mineral being produced. Later chemical processes start to obscure
the biological signal [Tebo et al., 1988].

The high Mg content of the black shale-hosted Mn-carbonate deposits might provide a geo-
chemical proxy for early-stage aerobic chemolithoautotroph processes in the formation of huge Mn
deposits. Previous chemical investigations showed high Mg contents in black shale-hosted Mn-
carbonate deposits from Urkut (2.5-8 wt. % MgO). High Mg contents were reported without any ex-
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planation for similar Mn deposits from Molango, Mexico [Okita et al., 1988] and Chinese deposits
[Hein and Fan, 1999].

Microbial evidences and their palaeoenvironmental interpretation

Black shale-hosted manganese deposits contain a huge mass of mineralized bacteria that are
at least in part responsible for major accumulations of metals in sediments by sequestering them from
hydrothermal sources and seawater. Positive Ce anomalies are further evidence of oxidic conditions.

Aerobic chemolithoautotroph microbial model

Marine Mn-bearing deposits are generally classified as three types: hydrogenetic, diagenetic,
and hydrothermal [Bolton et al., 1988; Hein et al., 1997]. The first type is represented by ferromanga-
nese crusts, which slowly precipitate from seawater at the seafloor on to hard-rock substrate.
Diagenetic deposits result from direct precipitation of Mn during early diagenesis at/or below the sea-
floor, which is usually related to changing redox conditions, where Mn-rich sediments accumulate
where oxygenated water mixes with oxygen-deficient water (bath-tub-ring redox-interface model)
[Force and Cannon, 1988; Frakes and Bolton, 1992]. These diagenitic deposits may be composed
of Mn carbonates or oxides. Manganese deposits related to submarine hydrothermal system belong to
the third type. It is evident that formation of huge black shale-hosted Mn-carbonate deposits cannot be
explained solely by these three deep-ocean processes. For diagenetic-type redox-interface models into
which these depsosits are placed, additional mechanisms are required. Mn-carbonate formation took
place via bacterially mediated Mn(lV, IlI) reduction through C,4 oxidation, and not from direct
precipitation as carbonates from seawater. Under these circumstances, ore-deposit formation was
the primary process that resulted from Mn (I, 1V) oxide proto-ore accumulation. Thus, a fourth
type of genetic model is required for these deposits, that is a model in which an aerobic, chemolitho-
autotroph microbial cycle (cycle 1) are followed by an anaerobic heterotroph bacterial cycle
(cycle 11).

The study was supported by Hungarian Science Foundation (OTKA-NKTH No. K 68992).
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UPPER CRETACEOUS HYDROTHERMAL CHIMNEY FRAGMENTS
FROM THE EASTERN PONTIDE BELT, NE TURKEY:
IMPLICATIONS FOR PONTIDE VMS DEPOSITS

Uzyuenbl TpyObl «4epHBIX KYPHIIBLIUKOBY», OOHAPYKEHHBIE B KOTUEAAHHBIX MECTOPOXKICHUSX
MO3THEMEIOBOI'0 Bo3pacta B 3anajgHoi yactu [lontun. [IpucyrcTBre MuUHEpaIn30BaHHBIX (pparMeH-
TOB TPyO B KOJNYENAHHBIX MECTOPOXACHMIX 3amaaHod wacTh [IoHTMA W copepKaHHs pacCesTHHBIX
AJIEMEHTOB B HUX TPENCTABISIOT COOO0M 3HAUNMBbIE JaHHBIC [UIs TOHUMAaHUS (GU3UKO-XUMHYECKHX yC-
JIOBUH ¥ UICTOPUH OTJIOXKEHUS KOIMUEIAHHOW MUHEPAIN3aLMU HA OKEAHUYECKOM JHE.

Introduction

The fossil hydrothermal chimney fragments which have been documented to date in the vol-
canogenic massive sulfide (VMS) districts are quite limited and specific to very few districts (Urals,
Cyprus and Japan). The relics of paleo-sulfide chimney fragments were first described in the Kuroko
type VMS deposits of Japan, by Scott [1981]. Later, well preserved paleo-sulfide chimneys were de-
scribed in the VMS deposits in Urals [Herrington et al., 1998; Maslennikov, 1991, 1999, 2006], Cy-
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prus [Qudin and Constantinou, 1984] and recently in the eastern Pontide VMS deposits [Maslennikov
et al., 2009; Revan, 2010]. The fossil chimney fragments in these regions were revealed in clastic sul-
fide ores. The Late Cretaceous VMS deposits in the eastern Pontides can be added to these limited
chimney-bearing VMS districts with their well preserved chimney relics. The purpose of this study is
to describe mineralogical and geochemical characteristics of paeo-hydrothermal chimneys of the Pon-
tide VMS deposits and from this to make some interpretations on the environment in which the VMS
deposits formed.

Geology of Pontide VMS deposits

The bimodal-felsic VMS deposits are located on the eastern Pontide belt which forms moun-
tain range 500 km long by 100 km wide that lie in the eastern coast of Black Sea. The basement of the
eastern Pontides is formed by the Paleozoic metamorphics and the granitoidic rocks that intersect these
metamorphics. A thick volcano-sedimentary sequence ranging in ages from Paleozoic to Quaternary
overlies these basement rocks. The Late Cretaceous volcanic rocks, in which the massive sulfide de-
posits occurred, lie along the eastern Black Sea coast. It is generally agreed that the Late Cretaceous to
Paleocene volcanic rocks derived from a north-trending subduction zone which is closed today. The
eastern Pontide belt is defined as one of the well preserved paleo-island arc samples formed on the
ocean floor that has subducted to the north during the Senonian [Sengér and Yilmaz, 1981, Okay and
Sahintiirk, 1997].

The majority of the VMS deposits in the district relate to circular structures and fault-
controlled subsidences (?) which developed on island-arc setting. These structural-controlled VMS
deposits formed proximal to rhyolitic/dacitic domes. All known VMS deposits in the eastern Pontide
belt occur in dacitic/rhyolitic rocks, not too thick (300-500 meters) and which comprise of lavas, hya-
loclastites and sub-volcanic intrusions. They are overlain by a sequence comprising of dacite, andesite,
basalt and volcano-sedimentary unit. Some of these are either deep marine cherts or chemical sedi-
ments (“exhalites” or “halmyrolytites”). The ore deposits are commonly located at the uppermost con-
tact of the dacitic/rhyolitic pile or within the lowermost part of the overlying sequences
[Revan, 2010].

Characteristics of paleo-hydrothermal vent chimneys

All of the fragments of paleo-hydrothermal chimneys in massive sulfide deposits (Cayeli, Kil-
lik, Lahanos, Kz7kaya and Kutlular) are found in the clastic sulfide ores. The major constituents of
clastic sulfide ores which includes chimney fragments compose mainly of pyrite, chalcopyrite,
sphalerite, galena and bornite.The diameters of the well-preserved chimney fragments range from
a few millimeters to ~6 cm, with one reaching ~10 cm. The well preserved chimney fragments typi-
cally have distinct concentric zones (Fig. 1). Numerous examples of what appeared to be chimney wall
fragments have porous and laminated textures and some of which are displaying a thin alteration rim,
indicative of oxidizing conditions on the sea floor. Chimney fragments are associated with vent-related
fauna.

The presence of a zoning mostly consist of three layers from exterior to interior is clearly ob-
served in chimney samples (Fig. 2). The zones of the chimney samples mainly comprise of sulfide and
sulfate minerals. However, each zone is characterized with the predominant mineral abundance. Table
1 lists the minerals that were found in the chimney samples of the VMS deposits in the eastern Pon-
tides. By using microprobe, some rare minerals such as kawazulite (Bi,Te,Se) mixed with chalcopyrite
matrix, hessite (Ag,Te) and wittichenite (CusBiS;) were detected (Fig. 3).

LA-ICP MS analysis

Two chimney samples collected from Cayeli ore body were analysed for their geochemical
signatures. Each sample was analysed from the chimney interior to its exterior wall. Systematic trace
element distribution across chimney zones is notable. As the result of the analysis performed using
LA-ICP-MS, the chimney samples may be broadly divided into to three zones from external to internal
considering the changes in the element values.
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Fig.1. Photographs of paleo-chimney fragments. (A) The mineralogical zoning in the chimney sample
of Killik mine. (B) Well preserved chimney from Lahanos mine. a — outer wall: b — inner zone: ¢ — central zone.

The scale bar is 2.0 cm.

Table.

The mineral associations in sulfides of chimney zones from the eastern Pontide VMS deposits

Analytical

Mineral Method Deposit
TS | PS | MP | Cayeli | Kutlular | Lahanos | Killik | KZ1kaya

Barite (BaSOy,) X | X N N N N N
Bornite (CusFeS,), X N N N
Chalcopyrite (FeCus,) X N N N N N
Covellite (CuS) X N N N
Chalcocite (Cu,S) N
Electrume X N
Fahlore X N
Galena (PbS), X \ \ \ \ \
Gold (Au) X N N N N
Hessite (Ag,Te) X | X N
Kawazulite Bi, (TeSeS); X N
Marcasite (FeS;) X N N N
Pyrite (FeS;) X V \ \ V d
Pyrrhotite (FeS) X \
Quartz (Si0O,) X ~ N N N
Silver-sulfosalt X N
Sphalerite (ZnS) X N N N N N
Tellurobismuthite (Bi,Tes) X | X N
Tetrahedrite X N
Tennantite X N N N
Wittichenite (Cu3BiSs) X | X N

Analytical method being used to detect minerals are indicated. TS: thin section, PS: polished section,

MP: microprobe.
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A . outer wall with sphalerite and pyrite
B : inner wall with chalcopyrite
C . inner wall with sphalerite

D:

axial conduit infilling with barite

B

Fig.2. The mineralogical zoning in the chimney sample collected from Cayeli mine and their minera-
logical contents (above). Close-up of the chimney walls shown above throught ore microscopy (below). See Fig.
1B for location of this chimney fragment.

A B

\“ ._-“\ V28 ~ B|2
Bi,Te i - :
| e NS '-5\-.

Fig.3. The rare minerals identified in the mineralized hydrothermal chimneys in Lahanos massive sul-
fide deposit. (A) Wittichenite (grey CuzBiS3) — hessite (brown-grey Ag,Te) in the inner zone. (B) Gold-
wittichenite-tellurobismuthite (Bi,Tes) in chalcopyrite in the inner zone.

Some elements such as Ni, Co, Ag, Au, Mn, As, V and U are concentrated in the outer chim-
ney wall (zone A). Co, Mn, Ag, V and U elements decrease through the zone B to the central zone C
and Co, Ni and U elements remarkably decrease in the zone C. The high values of Sn (up to 760 ppm),
Se (up to 407 ppm) and Te (up to 434 ppm) in the Zone B draw attention, especially where Cu concen-
trations exceed ~ 8 %. Gold is found in all chimney zones but has its highest concentrations (25 ppm)
in zone A of chalcopyrite.

Se, Sn and Te elements enrich more than the other elements in the chalcopyrites in all zones.
Average Se contents up to 39 ppm are present in the zone A, up to 236 ppm in the zone B, up to
188 ppm in the zone C. Average Te values up to 347 ppm are present in the zone A, up to 45 ppm in
the zone B and up to 44 ppm in the zone C. When average Sn values are considered, it reaches up to
16 ppm in the zone A, to 48 ppm in the zone B and to 30 ppm in the zone C.
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Fig.4. Chalcopyrite LA-ICPMS trace element correlations for Se-Sn, Bi-Te, Au-Te, Au-Ag, Ag-Te and
Ni-Mn for the Cayeli chimney samples. Diamonds are analytical data points for chimneys.

Se contents reach up to 407 ppm in chalcopyrite. High level of Se in the inner zones of chim-
ney supports the model of precipitation from a high temperature hydrothermal fluid. Tellurium con-
tents (up to 1840 ppm) are also high in chalcopyrites from all zones, especially in zone A. Tin concen-
trations are high in chalcopyrite (Fig. 4a) and sphalerite compared with pyrite and reach
760 ppm in zone B. High Sn content is among the typical features of medium to high temperature sul-
fides from VMS deposits [Hannington et al., 1999].

The maximum Bi values, up to 1000 ppm, are noted in chalcopyrites of zone A. Elevated Bi
concentrations also occur in sphalerite (up to 253 ppm) and pyrite (up to 729 ppm) of other zones.
Bismuth is usually present in the high-temperature VMS assemblage while Te is typical in medium
temperatures and Pb is common in the lower temperature assemblage [Hannington et al., 1999; Hal-
bach et al., 2003]. Despite being characteristic of different temperature association there is a good cor-
relation among these elements (Fig. 4b).

High Au and Ag concentrations occur in chalcopyrite and pyrite of zone A. It is observed that
there is a positive correlation among Au, Ag and Te (Fig. 4c, 4d, 4e). This may be derived from the
presence of hessite (Ag,Te), electrum and other Ag-Te-Au bearing micro inclusions in chalcopyrites.
When plotted of Mn against Ni, these element show positive correlations (Fig. 4f) and infer similar
low-temperature and redox conditions [Maslennikov et al., 2009].

Discussion and conclusions

The sulfide chimney fragments exhibit a marked concentric mineral zoning. In the outer zone,
main sulfides are pyrite and sphalerite with lesser amount of chalchopyrite. Sulfides within the inner
zone consist predominantly of chalchopyrite with lesser pyrite and sphalerite. Axial conduit is com-
monly filled by barite gangue and with lesser amount of fahlore, sphalerite, chalchopyrite and galena.
The chimney fragments are characterized by high metal content. Average Cu, Zn and Fe contents are
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25.3 %, 20.7 % and 27.9 % respectively. Au concentrations in the zones of chimneys range from
~1 ppb to 25 ppm. Systematic trace element distribution across chimney zones is also notable. In gen-
eral, Mn, Co, Ni, Tl, U and V are enriched in the outermost zones of chimneys and decrease towards
interior zones. Elements indicative of high temperature conditions include Mo, Se, Sn and Cu and are
generally enriched in the inner zones of chimneys.

Hydrothermal vent chimneys provide diagnostic evidence for sulfide accumulation at the sea
floor and are of the products of rift (extensional) settings. They also provides strong evidence that
VMS deposits formed on a deep-sea floor setting. Considering that present-day massive sulfides are
situated near extentional zones [Francheteau et al., 1979; Hekinian et al., 1980; Haymon, 1983; Gold-
farb et al., 1983; Qudin and Constantinou, 1984; Hannington et al., 2005] at depths >2500 m [Spiess et
al., 1980; Qudin and Constantinou, 1984], it is essential that the depths in which hydrothermal black
smoker chimneys formed should also be highly much. The same is true of ancient deposits. From this
we may conclude that the VMS deposits of the eastern Pontide belt formed on a highly deep-sea floor
and are attributed to extensional settings.

VMS deposits of the eastern Pontide belt are associated with rhyolitic to dacitic domes and
show clear evidence of having formed on the seafloor. The presence of chimney fragments, fossil tube
worms, sedimentary structures, exhalites and clastic nature of massive ores have provided distinctive
evidence in support of a sea-floor origin for VMS deposits. Some chimney fragments display altera-
tion rim indicating sea-floor oxidation. Alteration of these fragments implies that they laid on the sea
floor for a long period and subjected to oxidation. Such an oxidation around chimney fragments and
post-depositional modifications can be attributed to submarine alteration (halmyrolysis). It is clear that
halmyrolitic processes such as oxidation, dissolution, hydration and resedimentation
of disintegrated material [Maslennikov et al., 2012] were highly effective on Pontide paleo-oceans
floor.
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FOSSIL FAUNA FINDINGS IN THE MASSIVE SULFIDE DEPOSITS
OF THE EASTERN PONTIDE BELT, NORTHEAST TURKEY

B KomyenaHHBIX MECTOPOXKACHUAX 3amafgHoi yacTu [IOHTHI W3ydeHBI PENUKTHI MPHIOHHBIX
Maxeocoo0IIeCTB MEIOBOI'0 Bo3pacTa. DTH uepBeoOpasHbie POpMBI OPraHU3MOB MOTYT paccMaTpH-
BaThCs KaK MPEAKOBbIe ()OPMBI HEOOBIYHBIX MPUAOHHBIX COOOIIECTB, 0OHAPYKEHHBIX B COBPEMEHHBIX
ruaporepManbHbix nossax BTIL INamanaroca u Xyan e @yka.

Introduction

Discovery of the communities living around the hydrothermal sulfur vents on the sea floor
drew the interest of the researchers. Some of the most impressive of the unusual organisms are the
tube worms which live in a symbiotic relationship with bacteria. Traces of these unique organisms liv-
ing at present-day sea floor hydrothermal vents are rarely encountered in the massive sulfide paleo-
hydrothermal fields. Since the discovery of hydrothermal venting along spreading centers, much has
been learned about vent communites and associated sulfur deposits. But the findings and detailed stud-
ies on fossil fauna [Haymon et al. 1984; Banks, 1986; Kuznetzov et al. 1988; Little et al. 1997] are
generally lacking. The possible ancient analogues of these fossil fauna living at present-day sea floor
hydrothermal vents were described in the massive sulfide deposits in Cyprus, Urals, Oman and Ireland
to date. Apart from above-mentioned VMS districs, Late Cretaceous Pontide massive sulfide deposits
(Lahanos, Killik, Cayeli and Kutlular) are host to vent fossils (Fig. 1).

In the context of this study, VMS deposits in the eastern Black Sea region are included in
massive sulfide districts in which findings of this unique fauna are found. The fossil fauna fragments
(possibly fossil vestimentiferan tube worms) in the Pontide deposits are well-preserved in comparision
to similar ones in the other massive sulfide districts.
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Fig. 1. Site location and simplified regional geologic maps of fossil fauna-bearing VMS deposits in the
eastern Black Sea region.

Geologic features of VMS deposits

A large number of bimodal felsic VMS deposits and prospects are located in the northeastern
part of the Pontide belt. The basement rocks of the Pontides consist of Devonian to Carboniferous
metamorphic rocks such as gneiss and schist, and Paleozoic intrusive granitic rocks. The predomi-
nantly volcanic rocks with various age overlie the basement rocks. The coastal area of the eastern
Black Sea is overwhelmingly composed of Upper Cretaceous to Paleocene volcanic and volcaniclastic
rocks. Upper Cretaceous volcano-sedimentary sequences host volcanogenic massive sulfides, whereas
Eocene volcanics host vein type deposits in the district.

Pontide VMS deposits are formed within volcanic-dominated sequences in deep seawater set-
ting and hosted in a thick dacitic/rhylolite succession containing lavas, hyaloclastites and sub-
intrusions. These deposits are commonly overlain by andesite, basalt, dacite and volcano-sedimentary
sequence and located at the top contact of the dacitic/rhyolite successions or within the lower part of
overlying sequence. Associated sediments are composed of deep seawater cherts, some of which are
chemical sediments/exhalites and fossiliferous mudstones [Revan, 2010]. All the known VMS type
deposit are hosted by Upper Cretaceous KZzdkaya formation which is characterized by predominant
dacitic volcanics.

Sample descriptions

All of the fossil fauna fragments described in massive sulfide deposits (Cayeli, Killik, La-
hanos and Kutlular) are found in the clastic (brecciated) sulfide ores together with black smoker chim-
ney fragments. The dimentions of the fossil tube worm traces defined in the Lahanos, Killik, Kutlular
and Cayeli deposits reach up to 25 mm in diameter and 8 cm long (Fig. 2). The well preserved fossil
fragments typically have distinct mineralogical zoning. Fossil tube worms were usually replaced by
opaque and gang mineral (mostly barite) from the exterior to the interior while inside of which are
filled with sulfide clasts such as pyrite, sphalerite, chalcopyrite and galena.

Mineralized fossil tubes are abundant in Lahanos mine and were preserved in a brecciated sul-
fide matrix consisting mainly of pyrite and sphalerite. In a sample from Lahanos, much of tube worm
is infilled with barite (Fig. 3, Fig. 5a). Another sample contains only barite in the outer sections while
the inner sides contain sulfide minerals (pyrite, chalcopyrite, covellite, sphalerite) as well as barite.
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Fig. 2. A well preserved form of tube fossil in the eastern Pontide belt. Sample from the Killik deposit
with clastic sulfide ore. Scale bar is 2 cm.
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Fig. 3. SEM image of barite minerals from fossil tube worm replaced by sulfate and sulfide minerals.
Sample is from clastic sulfide ore zone of Lahanos deposit.

In some samples from Lahanos mine, the existence of secondary minerals such as goethite
[FEO(OH)], serpierite [Ca(Cu,Zn)4(SO4),(OH)6.3(H,0)], native sulfur [S] and jarosite
[KFe;3(SO4),(0OH)e] and dolomite [CaMg(COs)] in amounts that cannot be differentiated by micro-
scope, has been detected by Raman Spectrometry.

In Killik mine, some tube walls are formed of predominantly silica and have infillings of bar-
ite and silica (Fig. 4, Fig. 5b). The restricted number of samples which appeared to be fossil fauna
fragments were preserved in clastic sulfide ore of Kutlular and Cayeli deposits.

Discussion

Modern hydrothermal vent fields leading to massive sulfide accumulations are favorable sites
for unusual vent faunas that depend on the vent fluid for their energy [Tunnicliffe et al. 1998]. In this
complex environment, hydrosulfiric conditions which are inconvenient for the survival of many other
organisms are dominant. The organisms that survive in such a environment have such special living
conditions that is almost impossible for them to maintain their lives in other environments. Some of
the unique fauna that survive in such a environment are tube worms which live in a symbiotic relation-
ship with bacteria. The possible ancient analogues represented by tubular worm relics of this unique
fauna living at present-day sea floor hydrothermal vents were discovered for the first time in the Sibay
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Fig. 4. A tube worm relic, having infillings of barite and silica in clastic sulfide ore of Killik deposit
(py — pyrite; cpy — chalcopyrite; qrz — quartz; ba — barite).
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Fig. 5. Photographs representative of the various tube worm traces. Fossil tube worm trace replaced by
the various sulfide minerals within the clastic sulfide ore of Killik deposit (A) and Lahanos mine (B).

deposit by Ivanov [1947]. Later, the similar fossil findings were defined in VMS deposits of Oman,
Cyprus, Ireland, Alaska and Urals [Haymon et al., 1984; Qudin and Constantinou, 1984; Banks, 1985;
Moore et al. 1986; Maslennikov, 1991; Kuznetzov et al., 1993; Zaykov et al., 1995]. Traces of fossil
tube worms are also present in Late Cretaceous Pontide VMS deposits. The fossil fauna fragments de-
scribed in Pontide deposits are well-preserved in comparision to similar ones in the other massive sul-
fide districts and associated with hydrothermal sulfide chimney fragments.

The fossil tube worms are diagnostic of sea-floor sulfide accumulation and their existence in sul-
fide ore bodies suggest that Pontide VMS deposits are remnants of Cretaceous sea-floor hydrothermal
vent fields. The fossil fauna findings have not received systematic treatment because there are only 4
known fossilliferous VMS deposits in Pontide belt. The massive sulfide deposits probably host diverse
fossil vent assembledge. Thus, much more detailed studies should be done in the belt.

This research was supported by the Joint projects Program of Uralian and Siberian Branches
of Russian Academy of Science (no. 12-C-5-1010)
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MAGNETIC FIELD EFFECT ON FRACTIONATION OF CARBON ISOTOPES IN
THE REACTION OF Ca(OH), WITH AIR CARBON DIOXIDE

HpOBeZ{eHa CCpus SKCIICPUMEHTOB MO0 U3YUYCHUIO BIIMAHNUA MAarHUTHOI'O I1OJIA Ha HU30TONHEIN CO-
CTaB yrijiepojia B kKapOoHaTe Kayblius, o0pasyromiemcs rnpu B3aunmoneiicteuu Ca(OH), ¢ yriekucnoroii
Bo3ayxa. M3yueHue M30TonmHOro cocrapa yriepoja oopasioB CaCQOsz, CHHTE3MPOBAHHBIX B MArHHUT-
HOM I10JI€ U BHE I10JId, ITOKa3aJ10, 4YTO 1101 BO3ﬂeﬁCTBHCM MAaramMTHOr'O MoJjsd MmpoucxoauT 060FaIlIeHI/Ie
KapOOHaTa KaJIbI[US U30TOIIOM BC. Pasnuuus B Bemuumnax 8°C  jmocturaer 14 %o, PDB. OGnactsb
MaKCHMAaJILHOTO 00O0TaIlEeHHs TSHKETBIM H30TOIIOM YTJIepo/ia Paciojaraercsi TaM, Te MarHuTHOE Mojie
HUMECT MAKCUMAJIbHYIO HAITPAKECHHOCTD. BHe 3aBUCUMOCTH OT BEIHMYHUHEI HaIMpsa>KEHHOCTU MarHuTHO-
T'O MOJIsl BCE U3y4YEHHBIE 00pa3Iibl UMEIOT CYIIECTBEHHO 00JIerdeHHbIH N30TOMHBINA COCTaB MO cpaBHe-
HHIO C U30TOITHBIM COCTABOM YTJIEPO/Ia B YIJICKHCIIOM ra3e aTMOChepHI.

The nuclear spin (magnetic) isotope effect was discovered by A.L. Buchachenko and coworkers
in 1976 [Buchachenko et al, 1976]. In the present work, we revealed for the first time the magnetic
field effect on the carbon isotope composition in the course of formation of an inorganic compound,
calcite CaCO;. The experiments on studying the magnetic field effect on the carbon isotope fractiona-
tion during formation of calcite were carried out by the following scheme.

CaCO3; — CaO+CO», 11— CaO+H,0— Ca(OH)2+ COz(air) — CaCOas.
In all experiments, two plates with calcium hydroxide were used simultaneously. One of them was
placed in the magnetic field, another, control one, was out of the field. The plates were disposed per-
pendicular to Earth’s magnetic field.

In the first run, the plate with Ca(OH), was placed in the field of a permanent magnet, which
was located on the edge of the plate. The isotopic compositions at different distances from the magnet
were determined in 500 h. The 8**Cvalues at distances equal to 0.5, 1, and 2 cm from the magnet were
—22, =26, and —27%o, respectively. The isotopic composition of Ca(OH), on the control plate was
8"°C = — 26.65%0, PDB. A similar result was obtained when Ca(OH), was applied to a steel plate not
exposed to the magnetic field.
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Fig. 1. The scheme of the experiment in the coil. Direc-
tions of the magnetic field strength are shown by arrows. Des-
ignations: (1) coil rings, (2) Ca(OH), layer; (3) glassplate.

In the second run, a glass plate with dimensions of
90 ? 15 mm uniformly covered with Ca(OH), obtained
from the limestone was placed inside a DC coil 70 mm in
length and 15 mm in inner diameter (Fig. 1). The plate
with a sample was arranged along the coil axis and paral-
lel to the solenoid magnetic field. The magnetic field
strength inside the coil was 8700 A/m (110 Oe). The
sample was kept in the solenoid field for 500 h. The iso-
topic composition of carbon on this plate was determined
in 5 mm increments in the direction parallel to the coil magnetic field. The average values 8*°C, PDB,
obtained at the plate edge (coil south pole) and at a distance of 50-60 mm from the plate edge were —
29.18 and —21.33 %o, PDB, respectively; and the isotopic compositions at the points to the right and to
the left from the latter point changed in favor of “C (Fig.2, curve 1). At the opposite edge (North
Pole), 8°C = —26.24%,, PDB. In the control experiment, at the plate without the magnetic field, 5°C =
—26.55%o0, PDB.

To exclude the influence of admixtures, which can be present in limestone, all further experi-
ments were carried out with calcium carbonate of reagent grade.

A sample of calcium hydroxide prepared from CaCO; of reagent grade was kept in the coil (the
magnetic field strength of 8700A/m) for 500 h. The value of §"3C for the control plate was —35.22 %o,
PDB. The isotopic compositions (5'°C) determined at the plate placed in the magnetic field were as
follows: —28.47 and —28.73%o, PDB, at the edges of the plate, and —17.62 %o, PDB, at a distance of
40 mm from the south pole of the coil. In the opposite directions from this point, an increase in the **C
concentration was observed. The maximum difference between the ratios *C/**C at the plate edge and
at the points distant from the edges amounts to 11%o at a distance of 50 mm. The carbon isotopic com-
positions along the profile of sampling are shown in Fig. 2, curve 1. The **C value in the control ex-
periment was —35.64 %o, PDB.

In the third run, the sample was kept in the magnetic field with the magnetic field strength
of 4350 A/m for 770 h. After this exposure, 18 probes 5?15 mm in size were sampled. The plate was
arranged parallel to the solenoid axis. The carbon isotopic compositions along the profile of sampling
are shown in Fig. 2, curve 2. The §"°C value in the middle of the plate was —20.69 %o, PDB. In the
control run, in the absence of a magnetic field, the value was equal to — 35.61 %o, PDB. The different
8"°C values in the second and third runs were due to different degrees of conversion of calcium hy-
droxide into CaCOj3 over the experiment time. The conversion was no more than 30% for experiment
durations within 500-700 h.

The formation of calcite in all experiments is accompanied by an increase in the **C content
compared with the isotopic composition of air carbon dioxide. However, the enrichment of CaCO;
with **C isotope in the magnetic field is larger by 14% than in the runs without magnetic field.

In the fourth run, the sample was kept in the magnetic field with the magnetic field strength
of 1750 A/m for 672 h. The carbon isotopic compositions along the profile of sampling are shown in
Fig. 2. The 8'°C value have 2 minimum (- 29.60 and — 29.77 %o; PDB). A distance is between mini-
mums 45 mm (Fig. 2, curve 3). A deployment don’t have well-marked from sampling points. The dif-
ference is between the values equal to 2.7 %o; PDB. This is a heavy isotope **C enrichment is not lo-
cated in the middle of the coil with a current. In this case, the magnetic field has a limit, at which there
are noticeable changes in the isotopic composition of carbon. On further reduction of the strength of
the current in the coil already practically there will be no nuclear isotope effect. But, and this value of
the magnetic field there is still enrichment isotope *C of the newly formed CaCO;. The 3**C value in
the control experiment was — 36.00 %o, PDB.

In 5-th experiment study the formation of calcite occurred in the coil without input (0 A). The
experiment was run for 1008 h. In the control experiment value is 8°C = — 35.54 %o; PDB. Control
plate was located in another room. Profile isotopic composition is presented in Fig. 3, curve 4. This
experiment was conducted to determine the additional factors that could change the isotopic composi-
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Fig. 2. Profiles of the isotopic composition of carbon in CaCO; formed in the solenoid magnetic field:
1 — the value of 8**C in 2 experiment; 2 — value 8"C in 3 experiment; 3 — the value 8'*C in 4 experiment; 4 — the
value 8°C in 5 experiment.

tion of carbon. There are two areas which were enriched with the heavy isotope **C, on the profile of
the isotopic composition of carbon, as in previous experience. The distance between these points is
equal to 50 mm, This distance is approximately equal to the length between the entries in the coil. Be-
tween are the terminals of the coil, the distance is 52 mm. They are made of steel, which is in the
process of the electric current passing is magnetized. Accordingly, there is residual magnetic field,
which affects the carbon isotope composition in 4 and 5 experiments. Where residual magnetic field
has almost no effect, carbon isotopic compositions do not differ by more than 1 %o; PDB.

The main difference is in the reaction of CaCOj at the interaction of Ca(OH), with carbon diox-
ide air that no radical groups that are present in the photochemical reaction collapse of the dibenzylke-
tone and subsequent recombination [Buchachenko, 2007; Galimov,1979]. It is known that two stable
carbon isotope *2C and **C have respectively zero and is half-integer spin. The oxygen isotopes °O
and 0O have zero spin, and isotope 'O has spin equal to the 5/2 [Galimov,1979]. If to consider op-
tions for CO, molecule with different isotopes of carbon, the molecules **0**C*0, **0**C*®0 and
BO®C™®0 have is half-integer spin. In these molecules electrons are paired, and the electron spins are
compensated, i.e. the total electronic spin is zero.

In the magnetic field of a molecule with half-integer spin behave as paramagnetic with the pas-
sage of the reaction, i.e. they have an additional component of the velocity in the thermal motion,
which makes them move along the field lines. The direction of movement of molecules with half-
integer spin along the lines of the magnetic field affects the probability of reaction of CaCO3 with iso-
tope *C. Maximum enrichment isotope **C is located in the middle of the coil with a current density
of the magnetic field lines greatest experiments approximately.

Enrichment of the heavy isotope **C at the formation of CaCO; in a magnetic field is another
factor that affects the isotopic composition of natural carbonates. In particular, in natural systems have
magnetic minerals. Pyrrhotite and magnetite have its own magnetic field. Weakly magnetic minerals,
acquire magnetic properties under the action of electric field. These minerals can change the isotopic
composition of carbon in carbonates in sequential education. These changes will be localized around
the magnetic minerals.

Another aspect of the manifestations of nuclear-magnetic effect may be holding paleomagnetic
studies. You can imagine the Earth's magnetic field present in the form of a coil with electric shock.
Proceeding from the above experiments, it is possible to change attitudes of stable isotopes of carbon
B¢C/*C, spend paleomagnetic reconstructions. To conduct reconstruction requires a large amount of
data on isotopic composition and careful selection of samples that should be strictly oriented.
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BARITE FROM THE ANCIENT VMS-DEPOSIT AND MODERN HYDROTHERMAL
SULFIDE FIELDS: A COMPARISON OF FORMATION CONDITIONS

B pabore wu3mOXKEHBI pPE3yJAbTAThl M3YYCHHS MUHEPAIBHBIX AaCCOLMAIMA, XUMHYECKOTrO
Y WU30TOIMHOIO COCTABOB, TEPMOOAPOre€OXMMHUYCCKIX XapaKTEPUCTHK (Diroraa, o0pa3oBaBIliero 0apur u3
CEPHOKOJTYCIIAHHBIX KOJUIOMOP(HBIX U 00JIOMOYHBIX Py Tasico30ickoro CagbsSHOBCKOrO MECTOPOXK/Ie-
Hust (Cpenauii Ypai) v KallHO30MCKIX THApoTepMabHbIX moseil Cemenos-1 u Cemenos-3 (CAX).

B PE3YIbTATE MPOBEACHHBIX I/ICCHG[{OBBHI/Iﬁ YCTAaHOBJICHBI Y€PThHI CXOJACTBA U OTJIMYUA IIPO-
IIECCOB 00pa30BaHMs OAPUTCOACPKAIMX MUHEPATBHBIX ACCOIUAIUI B PAa3JIMYHBIX TEKCTYPHBIX THUIAX
Py U3 Pa3HOBO3PACTHBIX KOMUYEIAHHBIX MOCTPOEK. B Opekuusx, B OTINYKE OT KOJUIOMOP(HBIX U TOH-
KO3CPHUCTBIX pyd, OTMCUACTCA CXOACTBO MHUHCPAJIbHBIX aCCOHI/IaHI/Iﬁ 6apI/ITOB. OTnn4ust BBISIBIIEHEI B
coZiep’)KaHUHM MUKPOIIPUMECEH, H30TOITHOM COCTaBe U MapameTpax (uironaa, 00pa3oBaBIIero Oapur.

Barite is one of the widespread gangue minerals both in on-land volcanogenic-hosted massive
sulfide deposits and submarine hydrothermal sulfide vent systems. The different formation conditions
of barite are recorded in its morphology, chemical and isotopic composition, and fluid inclusions [Pay-
tan et al., 2002], thus it may serve as an indicator of formation conditions of accompanying massive
sulfides. This work presents the comparative study of barite from low-metamorphoused Devonian
Saf’yanovka VMS-deposit in the Central Urals and Cenozoic Semenov-1 and Semenov-3 hydrother-
mal sulfide fields in the Mid-Atlantic Ridge. The mineral assemblage, chemical and isotopic composi-
tion, and fluid inclusions were analyzed in barite from colloform, fine-crystalline and clastic sulfides.

The barite-bearing ore samples from the Saf’yanovka deposit were collected from the main
orebody in the operating open pit. The deposit hosted by rhyolitic—dacitic-andesitic—basaltic volcanic
complex [Yazeva et al., 1991]. Based on the detail ore-facial mapping, the major subvertical triangle-
shaped ore lens was reconstructed as a destroyed sulfide mound [Maslennikov, 2006]. The colloform
pyrite ores with barite and quartz in the top of the sulfide body represent the fragments of seafloor
hydrothermal slabs. The sulfide breccias and sandstones with clasts of massive and colloform ores and
black smoker chimneys cemented by barite, quartz and, locally, by C-bearing silty sandstones are lo-
cated in the southern flank of the main orebody.

Massive sulfides from the Semenov-1 and -3 hydrothermal fields were collected in the 30"
cruise of the R/V Professor Logachev in 2007. The hydrothermal fields are the part of the large Se-
menov massive sulfide cluster [Beltenev et al., 2007]. The Semenov-1 field (13°30.87? N, 44°59.24?
W) is situated near the seamount foot at a depth of 2570-2620 m. It represents a single mound or,
more probably, a series of coalescent sulfide mounds and their destruction products [lvanov et al.,
2008]. The dredged samples included serpentinized ultramafic rocks, altered basalts, and massive sul-
fides, containing up to 20 vol % of barite. The Semenov-3 field (13°30.70? N, 44°55.00?W) is located
on the northeastern slope of the seamount at a depth of 24002600 m and is associated with altered
basalts [Beltenev et al., 2007]. Sulfide breccias with marcasite—pyrite clasts enclosed in the fine-
grained sulfide—quartz cement were recovered from the seafloor.
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The abundance of fine-crystalline, porous, nodular, banded, and colloform textures, predomi-
nant iron disulfides over Cu-Fe-Zn-sulfides and presence of barite and less abundant quartz bring to-
gether the Saf’yanovka and Semenov-1 colloform sulfides, indicating similar way of their formation.
Barite crystals from both objects are large, tabular and form rosettes that is typical of hydrothermal
barites [Paytan et al., 2002]. Barite from the Saf’yanovka colloform ores is associated with late quartz
and was formed after major sulfides. The most part of barite from the Semenov-1 fine-crystalline mas-
sive sulfides is the earliest mineral precipitated before the sulfides. Less amount of barite was formed
at the final stage of mineral deposition.

Barite from the Saf’yanovka and Semenov-3 pyrite breccias is a late mineral formed after de-
struction of the early colloform sulfides and their cementation by newly formed sulfides. Barite from
the Saf’yanovka clastic ores is most likely postdiagenetic, because it develops after diagenetic pyrite
framboids and metacrystals. Barite crystals, locally with stylilote boundaries, are deformed as
a result of increasing pressure. The compact barite aggregates owing to the straitened crystallization
conditions are similar in morphology with diagenetic barite from ocean sediments [Paytan et al.,
2002]. Barite from the Semenov-3 field is a product of late hydrothermal input. It grew in the large
cavities in clasts and cement, forming the typical radial aggregates of large tabular crystals and, lo-
cally, associating with late chalcopyrite.

Based on microprobe analysis, Sr is a major admixture in barite. Sr contents in barite from the
Saf’yanovka deposit (0.00-0.83 wt %), Semenov-1 (0.31-4.45 wt %) and Semenov-3 (0.50-2.84 wt
%) fields are typical of barite from many ancient VMS-deposits and modern hydrothermal sulfide
fields. So, Sr content by itself could not be the reliable genetic indicator.

Different trace element distribution based on ICM-MS analysis is caused by different reasons.
The increased Zn contents in barite from the Semenov-1 field and elevated Zn, Pb, As, Te, Hg and Bi
contents in barite from the Saf’aynovka clastic ores reflect microinclusions of sphalerite (Semenov-1)
and sphalerite, galena and various sulfosalts (Saf’aynovka). The elevated Co, Ni, Mn, and U contents
in barite from the Semenov-1 field derived from seawater. The higher Cu, Ga, Ge, and Sb contents in
barite from the Semenov-3 field may be attributed to the contribution of high-temperature hydrother-
mal fluid during coeval precipitation of barite and Cu-Fe-sulfides.

Increase in 8*'S values in barite from the Saf’yanovka colloform (+25.5 %) and clastic (+27.0 %o)
ores relative to the *S values of the Silurian-Devonian seawater (+23...+24 %o) [Claypool et al., 1980]
is a result of bacterial activity that agrees with numerous relics of sulfidized near-hydrothermal fauna in
colloform ores and their clasts in breccias. This fact also corroborates the presence of N,, CO, and CH,4
in gaseous mixture from fluid inclusions. Sulfur isotopic composition of the Semenov-1 barite (+21.0
and +21.3 %0) completely corresponds to that of the contemporary seawater (+21.2 %o) [Rees et al.,
1978]. Little decrease in *S values in barite from the Semenov-3 breccia (+20.6 %o) may indicate con-
tribution of some portion of light sulfur isotope from the high-temperature hydrothermal fluid.

Barite in the Saf’yanovka colloform ores and Semenov-1 fine-crystalline sulfides was crystal-
lized from relatively low- to medium-temperature and low-salinity fluids of compound composition:
182-204 °C, 1.5-4.5 wt % NaCl-eq., NaCIl-Na,SO,~H,0 and NaCl—NaHCOs;-H,0 (Saf’yanovka)
and 83-224 °C, 0.6-3.8 wt % NaCl-eg., Na,SO,~K;SO,~H,0 and Na,SO,~NaHCO5;-H,0 (Semenov-1).
The hydrothermal fluid most likely underwent phase separation that is evident from low salinities. The
presence of SO, and CO, in fluid inclusions in barite from the Semenov-1 field may indicate the
magmatic contribution. Barite from clastic ores was formed from medium-temperature (150-190 °C),
low-salinity (1.0-5.5 wt % NaCl-eq.) NaCl-dominant fluid at the Saf’yanovka deposit and high-
temperature (270-340 °C), medium- to high-salinity (4.5-9.5 wt% NaCl-eq.) Na,SO,~NaCIl-H,0 fluid
at the Semenov-3 field.

The results of our study have revealed similar formation conditions of hydrothermal barite from
the ancient massive sulfide deposit and modern hydrothermal sulfide fields. Barite from the colloform
ores was formed from the low-temperature low-saline fluid of compound composition in contrast barite
from clastic ores, which was crystallized from moderate- to high-temperature higher saline NaCl-
dominant fluid. Phase separation of the fluids played important role in formation of barites from collo-
form ores that may be deduced from one- and two-phase fluid inclusions and low salinity relative that of
seawater. Some discrepancies in chemical composition, sulfur isotopic composition or fluid inclusion
data reflect specific geological-mineralogical environments of barite formation. The high-temperature
barite from the Semenov-3 clastic ores could incorporate some portion of light sulfur isotopes from the
high-temperature hydrothermal fluid that was resulted in slightly decreased *'S values. Increased sulfur
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isotopic composition of barite from the Saf’yanovka ores is a consequence of bacterial reduction that is
in accordance with abundant fauna relics in the deposit. Barite from the Saf’yanovka ores was formed
under more reducing conditions that is evident from the higher CO and CH, contents in gaseous compo-
sition of fluid inclusions. High Cu content, higher homogenization temperatures of fluid inclusions and
higher salinity of the fluid in barite from the Semenov-3 clastic ores are related to its precipitation from
the high-temperature hydrothermal fluid in assemblage with late Cu-Fe-sulfides.

Authors thanks Dar’ya Kiseleva (IGG UB RAS, Yekaterinburg, Russia) for ICP-MS analy-
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FORMATION CONDITIONS OF THE RIDDER-SOKOLNOE DEPOSIT,
RUDNYI ALTAI, KAZAKHSTAN

Punnep-CokonbHOE 30710TO-TI0JIMMETANINYECKOE MECTOPOXKICHHE SIBJIAETCA KPYIHEUIINM Ha
Pymaom Antae. ®opMupoBaHue OpyACHEHHS CBS3aHO C PAHHEAEBOHCKUM (dMc) BylKaHU3MOM. Opy-
JEHECHHE JIOKAJIM30BaHO B JENPECCHOHHON MAJIEOCTPYKTYypE, BOSHHKIIEH HA CKIOHE WIIM IOAHOXKBE
IIOIBOJIHOM BYJIKAHUYECKOW Ipsnbl. Ero pasmelneHne KOHTPOJIUPOBAIOCH 30HAMU TPEIUHOBATOCTH,
CILy’KMBIIMMU IIPOBOAHUKAMH TUIPOTEPMAIIBHBIX PYAOHOCHBIX PAaCTBOPOB, OTJIAraBIIMX OPYACHEHHE
B MPHUIOHHON YacTH MOPCKOro OacceifHa M Ha MyTsaX uX ciaenoBaHus. OTYETIMBO MPOSBICHBI IPH3HA-
KM BBIHOCA PYAHOI'0 MaTepuaia u3 MOAPYAHBIX IIOPOJ MECTOPOKICHUS.

The Ridder-Sokolnoe gold-polymetallic deposit is the largest deposit in the Rudny Altai. It is
located in the Leninogorsk-Zyryanovsk subzone of the Rudny Altai metallogenic zone within the
Leninogorsk graben bounded by the Ivanovsky (Obruchevsky) reversed fault in the south and Severny
thrust in the west, north and northeast, which is alternated by the Bosyakovsky reversed fault in the
southeast. The territory of the graben hosts the Leninogorsk ore field with Ridder-Sokolnoe and simi-
lar Kryukovskoe, Novo-Leninogorskoe, Obruchevskoe, and Dolinnoe deposits.

82



The polymetallic massive sulfide volcano-sedimentary deposits of the Rudny Altai are related
to the Emsian-Frasnian basalt-rhyolite volcanism. The mineralization in the ore zones is concentrated
at the different stratigraphic levels. In particularly, mineralization of the reviewed ore field is hosted in
the Emsian rocks including Leninogorsk, Kryukovskaya, and II’inskaya formations and Eifel
Sokolnaya Formation.

The lower part of the volcanic-sedimentary Leninogorsk Formation consists of hydrothermally
altered rhyolite and dacite lavas and lavabreccias and the upper part is composed of various kinds of tuffs,
volcanomictic gravelstones, sandstones, and siltstones. The thickness of the formation is 50-350 m.

The Kryukovskaya Formation is subdivided into three members. In the northern part of the de-
posit, the lower member is composed of sedimentary breccias with angular and semirounded fragments
of felsic volcanic rocks, rarely, sedimentary and metamorphic rocks and granites, which are cemented by
aleuropelitic material. Occasional pyrite and pyrite-polymetallic ore clasts and interlayers of sandstones
and siltstones may be found in the lower member. The thickness of the lower member reaches up to 350
m. These rocks facially transit to siltstones and silty sandstones with rare sandstones 120 m thick.

The intermediate member is composed of siliceous, carbonaceous-clayey, and calcareous
claystones and siltstones with interlayers of sandstones. The siliceous rocks are often transformed into
microquartzites and sericite microquartzites. The sericite-chlorite-quartz rocks are probably volcanic
in origin. The thickness of members varies from 300-400 m in the western part of the ore field up to
50 m and complete pinching out at the northeastern part. In area of the Kryukovkoe orebody, this
member is completely replaced by lava-extrusive bodies transformed into quartzites and sericite-
quartz altered rocks. Some areas (Ridder, Central, and Northeastern orebodies) host andesitic sills.

The upper member with thickness varying from 10 m up to the first hundred meters includes
calcareous siltstones (shists of the hanging wall). The member completely pinches out in the arches of
some cupola structures and in these areas the rocks of the II’inskaya Formation lie over this intermedi-
ate member of the Kruykovskaya Formation.

The boundary with II’inskaya Formation is characterized by appearance of the mafic and inter-
mediate volcanic rocks. The formation is composed of tuffs, tuffaceous and volcanomictic gravelstones
and sandstones with interlayers of lavas of andesites, basaltic andesites, and basalts. The red and lilac
colors of the rocks are the typical features of the II’inskaya Formation. The thickness of the formation
varies from 20-30 m in the northern part of the ore field up to 200-250 m in its southern part.

The Late Devonian dolerite dikes crosscut the entire Devonian structure of the deposit.

The Ridder-Sokolnoe deposit is located within the Severnaya (North) anticline, the near-
latitudinal axis of which is close to the Severny thrust in the northern part of the deposit. Within the
deposit, the Severnaya anticline is complicated by the Ridder-Sokolnaya and Kryukovskaya brachian-
ticlines. The Ridder-Sokolnaya brachyanticline, hosting the major orebodies, is transversely oriented
to the axis of the Severnaya anticline, is 2.5-3 km wide, and is traced for 50 m. The dip angles of its
wings are usually 3-5?to 10-15?, locally, up to 60?in the western wing with flexural folds (the west-
ern flank of the Rudder orebody and Zavodskaya orebody). The wings are gradually flattened and be-
yond its limits become slightly inclined or horizontal. Uplifting again, the northeastern wing forms the
Kryukovskaya brachianticline.

In addition to the above-mentioned Severny thrust and Ivanovsky (Obruchevsky) reversed
faults, the ore field is cut through by NW- and NE-trending faults, which displace the structure for
more than tens and hundreds of meters. These displacements probably reflect the weakened fracture
zones resulted from the scattered spreading that is confirmed by the coinciding orientation of fractures
developed in the rocks and above mentioned faults.

The polymetallic massive sulfide ores from the Ridder-Sokolnoe deposit are characterized by
increased Au and Ag contents. Currently, it is accepted that formation of precious metal mineralization
is closely related to that of polymetallic massive sulfide ores in contrast to the previous point of view.

The total area of sulfide mineralization exceeds 20 km?. The mineralization occurs in the rocks
from the upper member of the Kryukovskaya Formation up to the green shists of the Zavodskaya Forma-
tion and is traced for 800 m to the depth. It is subdivided into four horizons. The main volume of eco-
nomic mineralization is concentrated in the intermediate member of the Kryukovskaya Formation.

Gold-polymetallic mineralization is related to the first horizon and concentrated in the interme-
diate member of the Kryukovskaya Formation under the hanging wall shists of the upper member. Be-
low, in microquartzite, it is replaced by network stockwork, transiting into the vein bodies to the depth,
which host gold-polymetallic mineralization in the transiting and upper parts and copper-zinc ores in the

83



deeper levels. The layered polymetallic ores of the second Ridder orebody are also related to the first
horizon. These ores are hosted by the member of intercalating carbonaceous siltstones and claystones.

The second horizon includes the mineralization at the contact zone of intermediate siltstone
and lower gravelite-agglomerate member of the Kryukovskaya Formation. The roots of the above
mentioned veins with zinc-copper and copper ores are also related to this horizon. The boundary be-
tween the first and second horizons is either conditional or clear in different areas. For example,
quartz-sulfide veins of the second horizon in the Central orebody forms subconformable body of cop-
per ores, which are separated by the barren sericitized quartzites and sericite-quartz rocks from the
overlying ores of the first horizon. In some areas, the mineralization of the second horizon is charac-
terized by the absence of ores of the first horizon. The Au content of ores from the second horizon is
lower in contrast to the first one.

The third ore horizon is confined to the contact of the Kryukovskaya and Leninogorsk forma-
tions and represents the pocket and stringer-disseminated polymetallic mineralization. It is possible
that Zavodskaya orebody is located at this level.

The fourth ore horizon is hosted in the green shists of the Zavodskaya Formation at the contact
with the Leninogorsk Formation. The mineralization represents the subconformable lens-shaped bodies
of stringer-disseminated polymetallic and copper-zinc ores combined in the footwall with crosscutting
bodies, intruding the green schists to the depth of 100 m and more. The content of precious metals is the
lowest. At present, it is not mined. The relation of this mineralization and mineralization at other hori-
zons is not identified. Probably, this mineralization is early, because ore clasts similar in composition
were found in the clastic sediments of the lower member of the Kryukovskaya Formation.

On the basis of the above mentioned data, the generalized geological-genetic model of the
formation of the deposit (mineralization of the first and second horizons) is as follows.

The Emsian depression on the slope or at the foot of the submarine volcanic ridge characterized
by the high degree of fracturing of the seafloor was a place of discharge of the hydrothermal fluids, as-
cending through the fracture zones. The latters were probably related to the magma chamber, which has
produced the volcanic rocks of the bottoms of the ore-bearing section. In the initial stages, the fluids
were relatively low-temperature, depleted in metals, and enriched in Si. Mixing with cold bottom waters,
they deposited siliceous hydrogel admixed with dispersed sulfides. The rate of accumulation of these
sediments exceeded the rate of sedimentation outside the fracture zones that caused the formation of
arched uplifts composed mostly of siliceous sediments along the fracture zones.

The main stage of ore formation is related to the high-temperature fluids enriched in metals,
which were the products of the developed hydrothermal system affected deeper zones. At this stage,
the hydrothermal vents were concentrated at the local areas of fracture zones, leading to the formation
of the cupola structures.

The mineralization of the first and second horizons was deposited simultaneously that is evi-
dent from zonation typical of sulfide deposits. We suppose that copper and copper-zinc ores were de-
posited at the depth of 150-400 m from the seafloor surface and polymetallic veins were formed at the
depth of 150 m under the boundary between the rocks and unlithified sediments. In initial stages, the
polymetallic massive sulfide bodies were separated by areas of hydrothermal-sedimentary rocks with
disseminated ore mineralization. In some areas, the formation of such orebodies is ended by formation
of quartz-barite cupolas with size of 500 ? 200 m in the lower part of the cupola and more than 100 m
along the vertical from the base. The basement and periphery of the cupolas contain individual mas-
sive sulfide bodies, locally, with clastic structure and cemented by quartz-barite or carbonate-quartz
aggregates with disseminated sulfides. In the top areas of the cupolas, quartz-barite rocks may be al-
ternated by hematite-barite-quartz rocks. The boulders and blocks of ores and quartz-barite rock buried
in the sedimentary rocks of the hanging wall are often found in the cupola slopes. The quartz-barite
bodies in the lower part of the cupolas transit into the underlying microquartzites through the stock-
work zone, where the brecciated microquarzites are cemented by barite. The hematite-bearing rocks
in the top of the cupolas indicate change of the reduced conditions into the oxidized ones.

At the final stages, the hydrothermal activity exhausted and orebodies were buried by the
sediments. However, some areas show the traces of the late hydrothermal activity, manifesting in the
small zones of hydrothermally altered rocks with stringer-disseminated polymetallic mineralization
in the schists of the hanging wall.
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TYPES OF VHMS DEPOSITS
OF THE URALS AND THEIR GEODYNAMIC SETTING

Paccmotpens! komuenanubie MectopoxaeHust (KM) KOxknoro Ypana B cpaBHEHUH ¢ MUPOBBI-
MU THIIAMH U WX TeofanHamudueckas mosuius. Bee tunet KM (uBanosckuii (Ni)-Co-Cu, mombapos-
ckuii (C0)-Cu, ypanbsckuii Zn-Cu u Cu-Zn u Gaiimakckuii Au-Ba-Pb-Cu-Zn) ¢opmupoBanuce B pas-
JUYHBIX OOCTaHOBKAaX JEBOHCKOM OCTPOBOIYXKHOH cucTeMbl. JIoKanbHbIe KOMYeIaHOHOCHBIE MOsca
00JIaJIat0T MOMEPEUHOM U MPOJOILHON 30HATLHOCTHIO. [1oCenHss 3aKI0YaeTcs B CMEHE 0 MPOCTH-
PaHUIO TOsCa CYIIECTBEHHO MEIHBIX Py MEIHO-LUWHKOBBIMH U MOIMMETANINYECKUMHU.

The Urals is a classical province of the development of volcanogenic-hosted massive sulfide
deposits. The South Urals VHMS deposits are less metamorphosed and retain the original features.
The Magnitogorsk zone is most productive for sulfide mineralization in the South Urals and contains
seven of eight large (100 000 t and more of ore) deposits in the Urals such as Uchaly, Novo-Uchaly,
Uzelga, Sibai, Yubileinoe, Podolsk, and Gai [Prokin et al., 2011]. This gives a reason to examine in
detail VHMS deposits from the Magnitogorsk zone as an example.

Based on the ore composition, the author distinguishes four main types of VHMS deposits: 1)
Ivanovka (Ni)-Co-Cu, 2) Dombarovka (Co)-Cu, 3) Urals Cu-Zn and 4) Baimak Au-Ba-Pb-Cu-Zn. All
types are characterized by certain correlations with ore-hosting complexes, such as basalt-ultramafic
rocks, basalt, basalt-rhyolite, and basalt-andesite-rhyolite, which were formed in different geodynamic
settings of the Devonian island arc system in the South Urals. The most common types were compared
to the world known Noranda, Cyprus, and Kuroko types. The Zimnee deposit in the South Urals close
to the other deposits of the Dombarovka ore region, however, may be referred to the Besshi type. The
geological models of the VHMS deposits of the South Urals are shown in figure.

The Ivanovka type includes lvanovka, Dergamysh, Ishkinino, South Voznesenka, and
Yuldashevo deposits, which are hosted in the melange zone of the Main Ural Fault (MUF) in associa-
tion with basalts and ultramafic rocks. Massive sulfide bodies occur at the top of ultramafic blocks and
sheets in association with serpentinite conglobreccia. The ore clasts incorporated into serpentinite
sandstones that overlap massive sulfide lenses indicate that sulfide ores were formed on a seafloor
(Fig.). Later, the ores, serpentinites, and sandstones with ore clasts were probably overlain by basalts.
Pyrrhotite is the major ore mineral of these deposits. The pyrite-pyrrhotite, chalcopyrite-pyrite-
pyrrhotite, and cobaltite-arsenopyrite-chalcopyrite-pyrite-pyrrhotite ore types were recognized among
massive ores [Melekestseva, 2007]. It is considered that the deposits were formed under conditions of
the accretionary prism at the front of the Early Devonian island arc.

The Dombarovka type in the South Urals includes Letnee, Osennee, and Levoberezhnoe cop-
per massive sulfide deposits in the same named ore district on the eastern limb of the Magnitogorsk
zone. Mostly copper ore and host basalts are the specific features of these deposits. The sheetlike bodies
of sulfide and magnetite ores are hosted in the Early Devonian pillow lavas and hyaloclastites of the
Kiembaevo Formation (Fig). The magnetite, magnetite-chalcopyrite-pyrite, chalcopyrite-pyrite, and
sphalerite-chalcopyrite-pyrite ore types were distinguished at the Letnee deposit [Ismagilov, 1978]. The
magnetite ores also contain pyrite (~5%), rare chalcopyrite, sphalerite, molybdenite, hematite, and
gangue minerals. This ore is localized at the basement and inside of sulfide bodies and also form indi-
vidual bodies. The magnetite ores are often lenticular-banded. The host basalts at the Dombarovka type
were formed in the inter-arc spreading basin, which was developed after the rift structure.

The well-known South Urals medium to large deposits (Uchaly, Sibai, Yubileinoe, Podolsk,
etc.) and the giant Gai deposit belong to the Urals type. The Cu-Zn ores and host basalt-rhyolite and
basalt-andesite-rhyolite complexes are their specific features. Based on the ore composition and geo-
logical setting, the deposits are subdivided into three subtypes: Urals | (copper massive sulfide ore
with Cu > Zn hosted in basalt of bimodal complex or at their top); Urals Il (copper-zinc massive sul-
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Fig. Geological models of different types of VHMS deposits in the South Urals [Seravkin, 2007]: a -
Ivanovka, b — Dombarovka, ¢ — Urals, d — Baimak types.

| — early stages of formation, Il — late stages of formation; I-1, conceptual model of ore-generating vol-
canic edifice; 1-2, model of Cu-Zn massive sulfide body of the Urals type; numerals in circles: 1, zone of feeder
channels; (2-4) region of ore deposition: 2, zone of fractured volcanic rocks replaced by sulfides; 3, local de-
pression of the sea floor filled with sulfide and terrigenous muds; 4, zone of deposition of bedded volcanosedi-
mentary ore; (d) Baimak type: I, early Cu—Zn stage; 11, late gold—barite—base-metal stage.

(1) Seawater; (2) serpentinite; (3) Ordovician—Silurian basalts; (4) Devonian basalts; (5) andesite and
andesitic dacite; (6) felsic volcanics: dacite, rhyodacite, rhyolite; (7) late subvolcanic bodies of rhyodacite with
quartz phenocrysts; (8, 9) magma chambers: (8) mafic and (9) felsic; (10) volcanosedimentary and sedimentary
rocks; (11) serpentinite breccia, conglomerate, and sandstone; (12—-14) metasomatic and partly altered rocks: (12)
chlorite-talc, (13) chlorite—sericite—quartz and sericite—quartz; (14) chloritized, sericitized and propilitic rocks;
(15-20) ores: (15) Cu and Cu-Zn massive, (16) impregnated, stringer—disseminated, and stockwork, (17) ore
clasts in sedimentary rocks, (18) magnetite, (19) base-metal massive; (20) bedded volcanosedimentary sulfide;
(21) paths of hydrothermal solutions.

fide ore with Cu < Zn hosted in felsic rocks of bimodal complex or at their top); and Urals III (copper-
zinc massive sulfide ore hosted in basalt-andesite-rhyolite complex).

The deposits of the Urals | subtype (Yubileinoe and Buribai) are hosted in the lower part of
the Lower Devonian Baimak-Buribai Formation in the western part of the Buribai-Makan ore district.
The deposits of the Urals | subtype are characterized by association of ore with pillow basalts. For ex-
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ample, at the Yubileinoe deposit, the large lenticular orebodies occur at the top of volcanic structures
composed of pillow-lavas and pinch out beyond them [Seravkin, 1986]. The copper (chalcopyrite-
pyrite) ore is dominant, however, pyrite and sphalerite-chalcopyrite-pyrite ores are recorded as
well. The deposits of the Urals | subtype were formed in a trough on the front of an embryonic island
arc (D.e).

The Urals 11 subtype includes the large and well explored Sibai, Uchaly, and New Uchaly
deposits, which are situated in the Sibai and Uchaly ore districts. This subtype is distinguished by the
prevalence of Zn over Cu (threefold at the Uchaly deposit) and by ore localization in felsic rocks or at
their tops in bimodal complexes of the Eifelian Karamalytash Formation. The ore-bearing Karamaly-
tash Formation was formed as a result of dispersed spreading in the inter-arc basin. The ore-bearing
paleovolcanoes with increased volume of felsic igneous rocks such as Sibai and Uchaly were formed
in the spreading centers.

The Urals 111 subtype includes the medium-sized Molodezhnoe, Imeni XIX Parts’ezda, and
Oktyabr’skoe deposits, the large Uzelga and Podolsk deposits, and the giant Gai deposit. These depos-
its are hosted in basalt-andesite-dacite complex of the Lower Devonian Baimak-Buribai Formation
(Makan ore field, Gai deposit), basalt-basaltic andesite-andesite-rhyodacite complex of the Lower-
Middle Devonian Irendyk Formation (Podol deposit), and basalt-basaltic andesite-rhyodacite complex
of the Eifelian Karamalytash Formation (deposits of the Verkhneuralsk ore district). The deposits of
the Urals 111 subtype are characterized by stratiform orebodies at several closely located stratigraphic
levels, for example, at three levels at the giant Gai deposit. The two lower levels consist, in turn, of
several orebodies. The ore layers and lenses at each level end the local rhythms of felsic volcanics.
The deposits of the Urals 111 subtype were formed under conditions of the early island arc on a thick
basaltic basement, in the large volcanic centers that underwent caldera collapse [Seravkin, 1986,
2007].

The Baimak type of gold-barite-base metal massive sulfide deposits is widespread in the
Baimak, Alexandrinka, and Terensai (Dzhusa and Barsuchii Log deposits) ore districts (Fig.). In the
first district, the deposits are hosted in volcanic rocks of the Baimak-Buribai Formation, partly associ-
ated with its lower basalt-rhyolite complex but largely with the overlying continuous basalt-andesite—
rhyolite complex. The early copper massive sulfide and late gold-barite-base metal stages of minerali-
zation were distinguished in the Baimak district (Fig.). The second stage of mineralization followed
emplacement of rhyodacite subvolcanic bodies with large quartz phenocrysts, which ends the continu-
ous volcanic series. Most of numerous small base metal massive sulfide, gold-barite, and gold-pyrite
deposits were formed at the late stage, emphasizing the zonal ore field structure. In addition to com-
mon sulfides, the ore minerals of the Baimak type deposits include barite, tennantite, galena, bornite,
native gold, and silver minerals (argentite, stromeyerite, jalpaite). The sphalerite-galena and galena
ores occur in the upper part of orebodies at the Bakr-Tau, Balta-Tau and other Baimak type deposits.
The deposits of the Baimak type were formed under conditions of the young island arc with sialic
basement, which caused a large amount of felsic volcanic rocks of different effusive, pyroclastic, ex-
trusive and sub-volcanic facies.

The studied types of VHMS deposits consistently correspond to the Tubinsk-Gai, Uchaly-
Alexandrinka and Dzhusa-Dombarovka local volcanic belts. The metallogenic zoning of these belts
(cross and lateral) is manifested by change of copper ores by the copper-zinc and further by polymetal-
lic ores. Lateral zoning is accompanied by the dispersed mineralization and decrease in ultimate re-
serves of ores and trace elements.
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COLORADOITE FROM THE SILICIFICATION ZONES
OF THE UCHASTOK KRUTOY GOLD OCURRENCE, PAY-KHOY, RUSSIA

ITpuBOAATCS JAaHHBIE O KOJOPAIOMTE, KOTOPBIN OBLI BIEPBHIC YCTAHOBIEH (HA OCHOBE 3JIEK-
TPOHHO-MUKPOCKOITUYECKUX HCCIEIOBAHMH) B OONACTSIX OKBaplEBAaHUS M KBapLEBBIX MPOXKHIIKaX
HHU3KO- CPeIHETEMITEPaTyPHOr0 THAPOTEPMAIBHOTO PYAONPOSBICHUS «ydacTok KpyToi» B mpemenax
XEHT'YPCKOro rab0po-moeputoBoro komruiekca [laii-Xos.

The Uchastok Krutoy ore occurrence is located in the central part of the Hengur [Zaborin,
1972] (Central Pay-Khoy [Ostaschenko, 1979; Yushkin et al., 1972]) complex, on the right bank of the
Hengur-Yu River, 500 m southeast of the Krutoy stream mouth. It was distinguished in 1969 during
the geological exploration of the Nyalpey geological party [Zhukov et al., 1969]. The occurrence
represents a NW-elongated bedded gabbro-dolerite body concordant to the Middle Ordovician clay
shales. The length of the deposits is about 1.5 km, in a plan the body is characterized by number of
swells and pinches, so its visible thickness ranges from 60 to 200 m. The intrusion dips to the south-
east at an angle of 60—70° and have a zonal structure. Its periphery is composed of crystalline pale-
greenish-gray glomerogranular dolerites, which, toward to the central part, transits into the porphyry
varieties replaced by coarse-grained quartz-amphibole gabbro-dolerites. The latter rocks are spatially
and genetically related to a zone of evenly disseminated (1-2 mm) magmatic chalcopyrite-pyrite-
pyrrhotite mineralization formed at the final stages of intrusion crystallization.

The vermiform sulfide ingrowths are associated with interstitial quartz-albite myrmekite ag-
gregates between randomly distributed prismatic grains of plagioclase and, locally, form a discontinu-
ous margin along their boundaries. An accessory apatite is often intergrown with sulfides; tourmaline
and zircon are rare. The amount of sulfide varies from 5 to 20 vol % (7-10%, on average). Chalcopy-
rite is extremely rare (less than 0.5-1.0 vol %) and is locally associated with quartz in the thin cross-
cutting veins.

As a result of mining activities, ore zone 2-20 m wide has been traced for 1.2 km by trenches
at a distance from each other of about 80-120 m [Zhukov et al, 1969].

Previously, gold-telluride mineralization in the gabbro-dolerite bodies of the Hengur complex
of the Pay-Khoy was observed only at the Pervyi and Savabey areas as a part of copper-nickel sulfide
ores (Shaybekov, 2011). The Te mineralization has not been found yet at the Uchastok Krutoy occur-
rence [Yushkin et al., 2007] and its first description is given below.

Coloradoite as isometric inclusions up to 1 pm in size was found in a close assemblage with
chalcopyrite for the fist time in the Pay-Khoy (Fig.). The composition of mineral is significantly
distinct from the stoichiometry that is related to the admixtures of Ag (up to 25.35 wt %), Ni (up to
2.06 wt %), and Pb (up to 17.96 wt %) (Table). The Ag and Ni admixtures may be related to the
specific regional mineralogy (copper-nickel ores, quartz veins and areas of silicification of mafic
rocks, etc.).

The quartz veinlets also contains chalcopyrite, CuggsFe1.00S,, grains 1-4 mm to 2 cm in size,
covellite, (CugesFeo.06)07S, grains 20?100 mm in size often replaced by native silver, rare wurtzite
grain up to 1 mm in size associated with gold, and Ag-bearing (up to 17.60 wt %) gold 0.1-0.5 um in
size. Angular grains of native lead up to 1.5 um in size (Sn up to 14.50 wt %) and native tin up
to 3 um in size are found in the cataclastic areas.

Table
Chemical composition of coloradoite (wt %)
- Elements, wt% Total Formula
Ni Ag Te Hg Pb
1.59 522 | 3142 | 4587 | 13.88 | 97.97 Hgo.92Pbo 27AGo 10 TE
n/d 19.46 | 33.23 | 46.67 n/d 99.36 HJo.s0AJoso TE

n/d — not detected.
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Fig. SEM image of coloradoite in chalcopyrite.

Thus, the chemical composition of coloradoite reflects the specific formation conditions under
low- and medium-hydrothermal process in the quartz-chalcopyrite veinlets.

The author thanks 1.S. Astakhova and S.S. Shevchuk for their consultations during the work.
The work is supported by the program of Presidium of RAS no. 27 (project no. 12-P-5-1027), and pro-
ject 12-5-6-016-ARCTIC.
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FORMATION CONDITIONS AND DYNAMIC OF THE DEVELOPMENT
OF THE OROGENIC ORE-FORMING SYSTEM OF THE KUMTOR GOLD DEPOSIT,
CENTRAL TIEN SHAN

Mectopoxneane KymTop siBisiercss OMHHM M3 KPYMHBIX 30J0TOPYAHBIX O0BEKTOB TsHB-
ans. PynHble 30HBI IOKAIM30BaHbI B TOPOAAX YEPHOCIAHIIEBOW (OPMALIMK B aMarMaTH4YHON IOJI0-
rozajeramoomuei cTpykrype. OTINYUTENBHBIME OCOOEHHOCTSIMH MECTOPOXKAEHUS B Psiy 30JI0TOPYA-
HBIX 00OBEKTOB, JIOKAJTM30BAHHBIX B YEPHOCIAHIIEBBIX TOJIIAX, SBISIOTCSA MpeoOiiafaHue pyJ MUPHT-
(moneBommnar)-kapOOHATHOTO COCTaBa M MPAKTHYECKOE OTCYTCTBUE B PYyAax MbIIIbsika. MecTopoxke-
Hue KymMTop — THIHYHBINA TpecTaBUTENb MECTOPOXKIECHUH OPOreHHOTO THIIA.
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The Kumtor deposit situated in the Republic of Kyrgyzstan is one of the large gold deposits of
the Tien Shan. The deposit is located in the Kumtor fold zone (flat (25°-45°) amagmatic tectonic
structure) and is hosted in phyllites of the Vendian Dzhetymtau Group [Bogdetskiy et al., 1981]. The
origin of gold mineralization of the Kumtor deposit is related to the metamorphic-hydrothermal-
metasomatic activity occurred in the lens of metamorphic rocks (chlorite-sericite subfacies of the
greenschist facies). The Kumtor deposit is an example of As-free gold deposits of the black shale type.
Native gold, Au-Ag tellurides, scheelite, hematite and pyrite are typical ore minerals of the deposit.
The main three groups of pyrite may be distinguished: sedimentary (PY1), metamorphic (PY2), and so
called ore pyrite (PY3). Up to 90% of all Au-bearing minerals and mineral assemblages are related to
PY3 [Anikin, 1992]. The sedimentary and metamorphic pyrite is broadly developed at the deposit
without economic value.

The ore-bearing zones at the Kumtor deposit represent an alternation of intense stockwork
zones in various phyllites and altered phyllites. The stockworks usually compose the peripheral parts
of theorebodies. They consist of compact veinlets subconformable with foliation, crosscutting along
the fracture cleavage system, and making the breccia-like structures. The various kinds of metasoma-
tites compose the cores of orebodies.

The sericitolite haloes and quartz-potash-feldspar metasomatites were formed at the initial
stage of the ore-forming process during alteration (bleaching) of phyllites, burning-out of the organic
matter, and corrosion of primary pyrite. The pyrite-carbonate-albite stockworks and metasomatic bod-
ies were formed after in more local zones. The pyrite-carbonate veinlets and microbrecciated-banded
pyrite-carbonate (pyrite-dolomite or pyrite-ankerite-calcite) metasomatites (milonites, cataclasites) are
overprinted on potassic-feldspar and albite metasomatites. The host rocks also bear the traces of dy-
namometamorphic transformations of the great depths with typical microtextures and structures of
blastocataclasites, blastomilonites, and phyllonites. The thickness of pyrite-carbonate ores is up to
10 m and more. The orebodies usually have tectonic boundaries. Locally, they are banded pyrite-
carbonate bodies similar to pyritized sedimentary calcarenites with fine dissemination of the rounded
scheelite grains and metasomatic pyrite (Fig.). They are gradually replaced by carbonaceous carbonate
phyllites and both form the mesofolds.

The ore-bearing zones are accompanied by Au, W, Te, Hg, Sb, Sr, Ag, Ba, and Pb endogenic
haloes. As, Cu and Zn form the removal haloes. In the ore-bearing zones, Au has a significant positive
correlation with Te, Ag, Cu, Hg, Sb, As, Sr and Zn, and weak correlation with Bi, Pb, and W. The Au
+ Te + Hg + Ag + W group is a root geochemical association of gold ores. All these elements form
their proper minerals and occur as traces in other minerals. Arsenic forms no significant contents (<50
ppm) and occurs as admixture in tennantite and tetrahedrite or some pyrite types. The microinclusions
of arsenopyrite rarely occur in grains of arsenic pyrite.

The ore pyrite (PY3) is characterized by anomalous contents of Au and is strongly distinct in
geochemistry. It has high and intermediate contents of Au, Ag, Te, W, Cu, Zn, Sh, Hg, and Se. The
broad dispersion of their contents and ore study indicate that these elements occurs as microinclusions
of ore minerals, whereas Se is incorporated into a crystal lattice. The scanning of the PY3 surface has
shown that Au, Ag, and Mn are evenly dispersed in the grains.

Among the sedimentary pyrite, the framboidal pyrite (PY1f) is characterized by the highest
contents of Au, Ni, Co, As, Mn, Pb, Sb, Ba, Mo, Ag, Cu, Te, Se, Bi, Cd, T, and Hg. The formation of
this pyrite was related, in a certain degree, to the biogenic sedimentation processes and we may suggest
that the high content of these elements is a result of biochemical processes.

The subsequent transformation of the rocks leads to recrystallization of the primary pyrite, re-
construction of the internal structure, and strong decrease of the contents almost of all trace elements
[Maslennikov et al., 2011].

The thick intervals (>100 m) of microcrystalline pyrrhotite-bearing schists of chlorite-biotite
subfacies are found in the hanging wall of the ore-bearing Central area at the deposit. Pyrrhotite has
replaced the early sedimentary, diagenetic and metamorphic pyrite that typically occurs at intensifica-
tion of the metamorphic degree. At temperature higher than 400 °C, pyrrhotite replaces PY1 that is
accompanied by release of S, As and other elements: FeS, — Fey S + Syx.

The late metamorphic pyrite (PY2mt) is formed at the expense of the released sulfur in assem-
blage with pyrrhotite. The latter hosts the most part of Ni, while PY2mt contains almost all released
As, which does not participate in the further migration. Thus, S, Au, Ag, Te, Pb, Sh, Mn, Mo, and Tl
should easily migrate from the composition of PY1 owing to the intensification of the metamorphic
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Fig. Banded calcite rock (limestone-calcarenite?) with interlayers of carbonaceous phyllite and dis-
semination of metasomatic pyrite (top photo, core fragment, actual size); transverse cross-section of this core
fragment (bottom left photo) and the same under UV-rays (right photo; white is scheelite). Kumtor deposit, Cen-
tral area, Stockwork ore body.

degree from the greenschist up to biotite facies. Most of these elements govern the ore geochemistry
of the deposit.

However, this model characterizes only processes occurred in the rocks of the hanging wall, at
a distance of 100-200 m and more from the ore-bearing structure. No pyrrhotite is observed closely to
the ore-bearing structure. Two points of view on the pyrrhotite occurrence at the deposit are known: (i)
continuous sequence of rocks in the overturned bedding and (ii) pinching out of the thrust sheet of
more metamorphosed and pyrrhotitized rocks from the deeper parts of the deposit. At the current stage
of research, both models are acceptable.

Two evolution ranges of metamorphic and hydrothermal-metasomatic alterations of the pri-
mary pyrite and position of ore pyrite are clearly evident from the geological evolution of the Kumtor
structure. One of them is traced in the rocks of the hanging wall of the ore-bearing structure (1) and the
second one is typical of the ore-bearing structure (I1):

[(PY1s+PY1f+PY1sf) — PYlsfp — PY1mt] <> [POmt + PY2mt] < [PY3]  (I)
[(PY1s+PY1f+PY1sf) — PYlsfp — PY1mt] < [PY3] (1)

The first range may serve as a part of the model of formation of the primary ore-bearing fluid
composition because of the fragment of the deeper parts in the section of the deposit. The second
range shows the model of the transformation of the primary pyrite in the major ore-bearing structure
and probability of additional enrichment of the intruded fluid in ore trace elements from the primary
pyrite.

The endogenic high-temperature fluid has gained CaO, MnO, SrO, CO,, CO, S, Au, W, and
Te from the ultra-metamorphic zone into the ore-locating structure. The main stages of ore deposition
occurred under conditions of thrust stress deformations without visible intrusive rocks and are mostly
related to the mobilization of water and rock-forming components (Na,O, SiO,, MgO, BaO, Fe**, Fe**)
from the host rocks.

All above mentioned geological-structural features allow us to refer the Kumtor deposit to the
orogenic gold deposits. The location of the Kumtor deposit well corresponds to the certain part of
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formation model of the deposits during the convergence of the plate margins [Groves et al., 2007].
According to this model, the ore-forming structure of the Kumtor deposit is confined to a continent-
continent collision zone and was formed in the Late Paleozoic (Upper Carboniferous to Early Per-
mian) orogenic stage of the evolution of the region. That period was characterized by the renewal
of the movements of the Ishim-Central Tien Shan microcontinent toward the Kyrgyz-Kazakh conti-
nent. At the same time, the crust of the Paleoturkestan Ocean was actively subducted under Ishim-
Central Tien Shan microcontinent and the latter was compressed from the south.

This model assumes the ultra-metamorphic transformations of the rocks at the depth. Under
conditions of the pressed wedge and bilateral pressure, the melting of the lithospheric fragments at the
depth and uplift of the asthenospheric boundary in this place are suggested. All these may explain the
peculiarities of ore composition of the Kumtor deposit, in particular, abundant newly formed carbon-
ates. According to the model, ore-forming components originate from a zone of reworking of the
lithosphere blocks and significant amounts of CaO and CO, are resulted from the thermal dissociation
of sedimentary carbonates.

In accordance with a model of Groves et al. [2007], the small multiphase intrusive bodies were
intruded at initial collision stage along the suture zone at the boundary of two continents. In our case,
this is the Nikolaev Line and monzonite, monzogranite and monzogabbro intrusions of the Middle to
Late Carboniferous Songkul-Kensoo complex. The skarn and porphyry Cu-Bi-Au-Mo-W occurrences
and deposits (Kumbel, Kensu, etc.) are known to be related to these intrusions. They were described in
a structure of the Au-Cu-Mo-W Songkel-Kensoo ore belt [Kudrin et al., 1990]. Many geologists relate
the formation of the Kumtor deposit to the intrusions of this complex.

In our opinion, the Kumtor deposit was formed far southward this belt. The major ore-forming
processes occurred at the depth in the central part of the Central Tien Shan structure under conditions
of the Late Paleozoic thrusts system, dynamothermal metamorphism, and multistage hydrothermal
activity. The close modern location of the deposit from the Nikolaev Line (~5 km) is related to the
moving up of the ore-bearing zones along the thrusts to the north and northwest during the Alpine tec-
tonic stage. The Alpine deformations have complicated the postorogenic structure of the region and,
probably, significantly displaced it relative to the primary position.
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PHYSICO-CHEMICAL CONDITIONS OF MAGMATIC AND HYDROTHERMAL
SYSTEMS OF THE PALEOZOIC “BLACK SMOKERS”
FROM THE RUDNY ALTAI, NORTHEAST KAZAKHSTAN

HCCHCZ{OBBHI/I)I paciiaBHBIX U q)HIOI/I[[HI)IX BKJIIOUCHHMI IIO3BOJIMIM BBISICHHUTH (1)I/I3I/IKO-

XMUMUYECKHE YCIOBHS MPOLIECCOB MHUHEPAI000pa30BaHMsl, CBSI3aHHBIX C MarMaTH3MOM W TIOCTMarma-
THYECKUMH (IIOMIHBIMA M PYA000pa3yIOUIMMH THUAPOTEPMAaJIbHBIMA CHCTEMaMH TATe030HCKHX
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«4epHBIX KypuiblrKkoB» CeBepo-Bocrounoro Kazaxcrana. Y cTaHOBIIEHO, YTO KUCIIbIE pacijiaBbl 00-
Jajiany MoBbIIeHHBIME cofiepkanusaMu CuO (mo 430 1/1) u Boasl (10 5.7 %). BesicueHo, 4ro mo-
CTMarMaTH4eCKue (IIFOH]IbI UMENU 00Jiee BEICOKKE 3HaUeHHsI colieHOCTH (110 8.8 %) u Temnepatyp (110
288 °C) o cpaBHEHHIO ¢ PyA000pa3yImMMHu pactBopamu — 10 5.8 % u 10 160 °C.

The representative samples of sulfide ores and host rocks from the massive sulfide deposits of
the Rudny Altai (northeast Kazakhstan) were collected during the joint field works of specialists from
the Urals and Siberian Branches of Russian Academy of Sciences. The analysis of morphology of ore-
bodies and distribution and correlation of ore facies allowed construction of the morphogenetic range
of the deposits from the sulfide mounds to the bedded massive sulfide deposits. A finding of fragments
of the Paleozoic black smoker chimneys was the major achievement of the field works. This finding
unequivocally indicates that deposits were formed in a similar manner to the modern black smokers
with related abundant biota [Maslennikov et al., 2007; Maslennikov, Simonov, 2012].

Here, we report on new results of formation conditions of the Paleozoic black smokers in the
northeast Kazakhstan based on melt and fluid inclusion study. The study of melt inclusions allows us
to find out the features of the magmatic systems directly affected the hydrothermal ore-forming proc-
esses at the massive sulfide deposits from the Rudny Altai. The investigation of the fluid inclusions
makes possible to identify the physical and chemical parameters of postmagmatic fluids and hydro-
thermal systems, which produced the sulfide mounds at the same deposits of the northeast Kazakhstan.
The melt and fluid inclusions were studied on the specially designed devices at the Institute of Geol-
ogy and Mineralogy SB RAS (Novosibirsk) [Simonov, 1993; Sobolev, Danyushevsky, 1994].

The melt inclusions, reflecting the magmatic system, were studied in quartz from the fine-grained
quartz porphyric rocks of the Nikolaevskoe massive sulfide deposit. The samples were taken from the in-
trusive body 5-10 m thick at the bottom of the open pit in the immediate vicinity of the sulfide ore. The
primary melt inclusions 10-50 um in size are regularly distributed in the quartz phenocrysts. The one-phase
inclusions filled with a pure homogeneous glass are dominant. Some inclusions contain the gas bubble, ore
phases, and light crystals or a great amount of small dark phases in a glass. The majority of melt inclusions
is depressurized during the high-temperature heating stage that indicates significant fluid pressure. The
temperatures of homogenization of stable inclusions were ~1080 °C.

According to the chemical composition of glass, the melt inclusions (with alkali contents up to
5.3 wt %) correspond to the rocks of normal alkalinity and belong to the low-alkali rhyodacites. On
the FeO/MgO-SiO, diagram, the data points of composition of melt inclusions fall to the area of the
tholleiitic rocks. The decrease in TiO, (from 0.27 to 0.09 wt %), Al,O3 (from 11.8 to 9.9 wt %), Fe,O3
(from 2.1 to 1.6 wt %), and CaO (from 1.43 to 1.1 wt %) with simultaneous increase in Cl (from 0.11
to 0.23 wt %) is registered during the evolution of the acid melts (with increase of SiO, content). The
characteristic decrease in Al,O3 content points to the fractionation of plagioclase during the differen-
tiation of the magmatic systems.

Comparing these results with our data on melt inclusions in quartz from effusive rocks
of other massive sulfide deposits, we can conclude that these melts are similar to acid magmas from
the Yubileinoe deposit in the Rudny Altai and Yaman-Kasy deposit in the South Urals in TiO,, Al,Os,
MgO, CaO, and Na,O contents. The content of the majority of oxides from our study also shows simi-
larity with previously published data on melt inclusions in quartz of porphyry rocks from the Pamyat-
nik hill directly associated with the Nikolaevskoe deposit [Mergenov, 1987].

The microprobe analysis has shown the notable CuO content (up to 430 ppm and up to
640 ppm in single analyses) in melt inclusions from the Nikolaevskoe deposit. The copper accumu-
lates during the fractionation of acid melts with increase in FeO/MgO ratio and chlorine content.

The ion microbe analyses of melt inclusion in quartz have revealed the increased H,O contents
(2.4-5.7 wt %) in magma of the Nikolaevskoe deposit comparable with those from the Yubileinoe (up
to 4.30 wt %) and Yaman-Kasy (2.7-5.2 wt %) deposits. Based on ion microbe analyses, the REE dis-
tribution in the studied melt inclusions is similar to that from the felsic volcanic rocks of island arcs. In
the LREE area, they coincide with data on melt inclusions from the Yubileinoe deposit and rhyolites
of the Kuril-Kamchatka island arc. The acid melts from the Yaman-Kasy deposit with typically lower
REE contents are obviously distinct. All REE spectra are characterized by the clear Eu minimum,
which indicates the magma differentiation during the fractionation of plagioclase.

The physical and chemical parameters of postmagmatic fluids are based on the fluid inclusion
study of melt-bearing quartz phenocrysts from quartz-feldspar porphyry rock closely associated with

93



sulfide ores of the Kamyshenskoe massive sulfide deposit. The fluid inclusions 3—15 pum in size are
located as chains in quartz. The two-phase (light transparent liquid and gas bubble) inclusions are
dominant.

The freezing temperature of the fluid inclusions is —35 — —40 °C. The eutectic temperatures
vary from —-23 to —26 °C, indicating dominant NaCl admixed with KCI. The final melting temperature
includes two groups of values (-0.9 —-2.5 °C and —3.2 — -5.8 °C) that indicates two groups of salinity:
1.4-3.8 wt % and dominant 5.0-8.8 wt % NaCl-equiv. (up to 13 wt % in some cases). Three tempera-
ture ranges are typical of the studied fluid inclusions: 134-190, 204-250 and 272-288 °C.

The correlation of homogenization temperatures and salinity gives two groups of inclusions,
which are overlapped with those from the Yaman-Kasy porphyry rocks. The low-temperature
(to 190 °C) group is characterized by considerable salinity (up to 13 wt % NaCl-equiv.) that is compa-
rable with data on quartz from the porphyry rocks of the Kyzyl-Tashtyg deposit. At the same time,
inclusions with elevated temperature (up to 288 °C) are characterized by the lower salinity (up to
8.8 wt % NaCl-equiv.). It should be noted that homogenization temperature and salinity directly corre-
late in both groups of inclusions.

The formation conditions of the ore-forming hydrothermal system from the feeder channels to
the top of the sulfide mound were studied in fluid inclusions in barite from sulfide ores of the Ar-
tem’evskoe massive sulfide deposit.

The fluid inclusions in barite from the feeder channels are 3—15 pum in size. They are mostly
regular distributed in the crystals or confined to the numerous intercrossed healed fractures. Three
types of co-existing fluid inclusions may be distinguished: (I) dominant one-phase liquid inclusions,
(11) abundant two-phase inclusions with a light liquid and round gas bubble, and (I11) vapor inclusions.
This is similar to the fluid inclusions from the feeder channels of the Valentorka massive sulfide de-
posit in the North Urals.

The freezing temperature of the two-phase inclusions ranges from —35 to —40 °C. The eutectic
temperatures vary from —24.5 to —26 °C that points to the presence of NaCl and KCI in the fluids.
The final melting temperature of -0.15 — -3.7 °C corresponds to the salinity of 0.2-5.8 wt %
NaCl-equiv. In most cases, the salinity is below that of seawater. The homogenization temperatures
vary from 114 to 160 °C.

The homogenization temperatures and salinity of the studied fluid inclusions are similar to the
low-temperature group of inclusions in barite from the Yaman-Kasy deposit. It should be noted that
studied fluid inclusions are characterized by significant range of salinity at narrow temperature range.
At the same time, fluid inclusions in barite from the Yaman-Kasy deposit and sulfide mounds from the
Manus back-arc basin are characterized by the higher homogenization temperatures.

Thus, out studies of melt and fluid inclusions allowed us to identify the physical and chemical
conditions of related processes of mineral formation at massive sulfide deposits of the Rudny Altai
(northeast Kazakhstan) similar to the modern black smokers and to find the consecutive change of the
magmatic systems by postmagmatic fluids and ore-forming hydrothermal systems. It was established
that acid melts of normal alkalinity, corresponding to low-alkali rhyodacites in composition, have in-
creased CuO (to 430 ppm) and H,O (to 5.7 wt %) contents. The postmagmatic fluids are characterized
by higher salinity (up to 8.8 wt % (rarely up to 13 wt %) NaCl-equiv) and elevated temperatures (up to
288 °C) in comparison with those of ore-forming hydrothermal solutions (up to 5.8 wt % NaCl-equiv
and up to 160 °C).

The work is supported by the project of joint researches of the Siberian and Urals (no. 12-C-
5-1010) Branches of the Russian Academy of Science.
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GEODYNAMIC TYPES
OF THE PYROPHYLLITE DEPOSITS

[MupodummToBOE CHIPbE OTHOCHUTCS K CPaBHUTEIBHO PEAKHM BHIaM HEPYIHBIX MOJIE3HBIX
uckomnaeMbix. [1o reonoruveckol MO3UIKHK U YCIOBHSIM 00pa30BaHUSI MECTOPOXKICHHUS TIOPa3 eI CHbI
Ha 5 tunoB. [lepBbie nBa CBsI3aHBI C THAPOTEPMATHHO M3MEHEHHBIMH MOPOJAMH B BYJIKaHOTE€HHBIX
TOJIIAX KHCIOro U CpeHero coctaBoB. K TpeTbeMy THIy OTHOCSTCS MECTOPOXKICHUS MeTaMopdo-
TeHHO-METacOMaTH4eCKOro reuesuca. IlposBienrs 4eTBepToro THIA MPUYPOUYEHBI K HU3KO- U CpeliHe-
TEeMIIepaTypHBIM CTaJusiM 00pa30BaHUsl THIPOTEPMATBHBIX XU CPEAN BYJIKaHUYECKUX M METaMmop-
¢udeckux Tomul. [IaTeIil TUN - 3TO MUPOGMILIMTCOAEPIKALIHE KOPHI BHIBETPUBAHHUS [10 METaMopQurye-
CKUM TOJIIAM M METacoMaTHTaM. Y CIOBHs 0Opa30BaHMs U Pa3MEIICHHs] MECTOPOXKACHUIN MUPOpUII-
JUTOBOTO CBHIPbS B CKIQA4aThIX I0SICax OMNPEACNAIOTCS TeOoJMHAMHUYeCKOH 00CTaHOBKOH Qop-
MHUPOBaHUS.

Pyrophyllite is a comparatively rare economic mineral. Basic consumers of raw pyrophyllite are
ceramic and fire-resistant industries. It is also used for manufacture of fillers for paper, cardboard,
rubbers, plastic, insecticides, technical ceramics, and in the electro technical industry. Monomineral
pyrophyllite is used in high-pressure apparatus to manufacture synthetic diamonds and also as a mate-
rial for stone culling (agalmatolite). Zaykov et al. [1988] proposed typification of the deposits. We
adopt the scheme and relate it to a modern geodynamic scheme (table).

Deposits in metasomatic rocks of intra-continental and marginal-continental volcanic
zones (Type ). Host rocks of this type deposit are typically calc-alkaline andesitic to rhyolitic lavas,
which are enriched in potassium or sodium and potassium. The pyrophyllite deposits are associated
with volcanogenic metasomatic rocks of the "secondary quartzites - pyrophyllites™ series, and they are
commonly found in ancient rifling zones on platforms and on active continental margins. Pyrophyllite
deposits on Precambrian platforms are found in Ukraine, Sweden, South Africa, USA, Canada and
Brazil. In contrast, pyrophyllite deposits in Middle Asia, Kazakhstan and Australia are distributed in
Paleozoic active continental margins. Pyrophyllite deposits occur at Mesozoic-Cenozoic active conti-
nental margins in USA, Canada, Morocco, China, New Zealand, Korea, Japan, Vietnam, Georgia and
Azerbaijan.

Pyrophyllite deposits in metasomatic rocks in island arcs and Paleozoic and Cenozoic
marginal seas (Type I1). In folded Paleozoic island-arc system there are pyrophyllite deposits, which
occur in bimodal volcanogenic series. This type of deposit is widespread in the Ural folded Paleozoic
island-arc system, where pyrophyllite-bearing metasomatic rocks of sericite-quatrz formations accom-
pany massive sulfide mineralization [Udachin, Zaykov, 1994]. Pyrophyllite mineralizalion in folded
structures of Cenozoic age is known in "green tuff" region of Japan, the Bolnis area of Southeast
Georgia and the Panagursko zone in Bulgaria.

Pyrophyllite deposits in metamorphosed terrigenous-argillaceous strata of Paleozoic and
Mesozoic age, containing pyroclastic material and coals seams (Type I11). Pyrophyllite deposits in
Paleozoic beds in passive continental margins and interior seas and coal-bearing depressions occur in
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Types of pyrophyllite deposits [Sinyakovskaya et al., 2005]

Table

Type, geody-
namic situation

Ore-hosted forma-
tion age

Lode structure and
parameters
(thickness, m)

Mineralogy of raw
material

Examples

|. Metasomatic rocks in intra-continental and continental
margin volcanic zones

Trachyandesitic,
trachyrhyolitic in
Precambrian plat-
forms

Linear zones, lens (n *
10) along faults at
contacts with plutons;
layers (n « 1) in tuf-
faceous-sedimentary
packets

Pyrophyllite, pyro-
phyllite-quartz, seric-
ite- pyrophyllite

East-Europe plat-
form; North-
American plat-
form; South-
American plat-
form; African

platform
Dacite-rhyolite, rhy- | Lenses, strips Pyrophyllite, diaspore | Ural-Mongolian
olite at Paleozoic (n +10), bodies of ir- and kaolinite- pyro- belt; East-

continental margins

regular form in sec-
ondary quartzite mas-
sifs and in faults

phyllite, chlorite- py-
rophyllite

Australian belt,
East-Atlantic belt

Andesite-dacite-
rhyolite in Meso-
zoic-Cenozoic conti-
nental margins

Bodies of stratal and
lens-shaped form (n o
10), irregular form
(30-60x300-800),
steeply-dipping zones
in tectonic disloca-
tions

(n«10)

Quartz-pyrophyillite,
diaspore- pyrophyllite,
pyrophyillite, kaolin-
ite- pyrophyllite,
sericite- pyrophyllite

West-Pacific belt;
East-Pacific belt,
Mediterranean belt

Massive sulphide-
bearing rhyolite-

Strips (n « 10) extent
up to 1500 m on

Quartz-pyrophyllite,
pyrophyllite-quartz,

Ural-Mongolian
belt

% 5 basalt in Paleozoic strike of massive sul- | sericite- pyrophyllite-
3 g continental margin fide-bearing zones quartz, diaspore- py-
= g 2 rophyllite, pyrophyl-
Eo g lite
2 8 g “Green tuffs” in Irregular in form Pyrophyllite- kaolin- West-Pacific belt
§ g S Mesozoic island arcs (I00-300_ X 300-600), | ite- senut_e-chlorlte,
- steeply-dipping zones | pyrophyllite- quartz-

along contact with | sericite- diaspore-

plutons alunite
LL=ET o, Terrigenous-clay in | Strata and intercala- Quartz-chlorite- pyro- | East-Europe plat-
g E& .8 = | Paleozoic and Meso- | tions (interlayers, phyllite- sericite, kao- | form; South-

SO c X . . . . L . .

S5 & S E 5| 2oicpassive conti- interbeds) (10) among !ln_lte- pyr(_)p_hylllte- American plat-
s § § g S 8| nental margins, in- metamorphosed terri- | illite, kaolinite- pyro- | form, East-
=555 gE ternal seas and coal genous and clay strata | phyllite Australian belt,
- hollows East-Pacific belt
& = g s 8 Quartz veins ir_l Pre- | Zones (0.01-1) para_l- P_yrophyllite, _musco- Indian plat_form;
1; L Sacl cambrian grz_inlt0|ds lel to contacts of veins | vite-pyrophyllite, _d|- Ural-Mongolian
TSS8E23 and Paleozoic aspore- pyrophyllite, | belt
> % = S R metamorphic rocks kaolinite-  pyrophyl-
E=F s lite- muscovite

V. Weathering
crusts metamor-
phites and me-
tasomatites in
folded belts

Weathering crusts in
slates formed by
metasomatism of
Paleozoic and Meso-
zoic rocks

Linear weathering
crusts (15-20), extent
ne100

Ilite-montmorillonite-

pyrophyillite,
ite- pyrophyllite

kaolin-

East-Pacific  belt;
Ural-Mongolian
belt

Germany, Argentina and Spain. Mesozoic terrigenous-argillaceous strata with pyrophyllite are known
in Australia and the Carpathians.

Pyrophyllite occurrences in quartz veins in hydrothermal systems (Type 1V). Pyrophyllite
deposits in India at the margins of large vertical quartz bodies (so-called “quartz reefs”) are connected
with a Precambrian granitoid complex. In Russia pyrophyllite connected with hydrothermal veins is
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found in Paleozoic metamorphic rocks. Pyrophyllite was identified as a mineral species in gold-quartz
veins at Berezovsk (the Urals, in 1929).

Weathering crust containing pyrophyllite mineralization on the metamorphic and me-
tasomatic rocks (Type V). Pyrophyllitic clays in weathering crusts formed by metasomatism of Pa-
leozoic and Mesozoic rocks are found in the USA, Spain, Ural and Altai.

Analysis of formation conditions of raw pyrophyllite deposits shows that the geodynamic situation
is a determining factor. Geodynamics influences composition of magma at depth of magmatic centers,
character of volcanic structures, and their position in continental and oceanic crust, and in sea basins.
These factors influence the composition of hydrothermal solutions, their dynamics, and the character of
metasomatic reactions. At cessation of' volcanism, geodynamic situations govern the character of subse-
quent tectonic dislocations and fabrics, which then control the distribution of ore bodies.

The work is supported by the Russian Federal Program of Ministry of Science and Education
(no. 14.740.11.1048).
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TIMING AND SOURCE OF METALS OF URALS VHMS DEPOSITS:
BIOSTRATIGRAPHY VERSUS RADIOGENIC ISOTOPES

dopmupoBaHUE I0)KHO-YPAILCKUX KOTYENAHHBIX MECTOPOXKIACHUH CUMTACTCSI CBSI3AHHBIM C
BHYTPUOKEAHUYECKOM cTajuell pa3BuTusi MarHuToropckoi octpoBHoi ayru [Herrington et al., 2001]
B cuilype-cpenHeM neBoHe (444-385 Ma). B craTbe npuBoOIsTCS JaHHBIE ONpEAeneHus] abCOMOTHOT O
Bo3pacta 1o cooTHorieHuto Re-OS cynbhuaHol MuHepaau3aluu KOMYCSTaHHBIX MECTOPOXKICHUI
SAman-Kace! u Kyns-lOpt-Tay, koTopsie cxonHbl U cocTaBisioT 36219 Ma u 36311 Ma. Otu 1aHHBIE
COTJIacyloTCsl C MOJMYYEHHBIM paHee aHaJOTHMYHBIM METOOM a0CONIOTHBIM BO3PACTOM MECTOPOXKIIe-
Huil [leprameliil 1 AnekcaHJpuHKa. BepxHeneBOHCKU BO3pacT HECKOIBKO OoJiee MO3AHUHN, YeM BO3-
pact koyum3uu «MaruuToropcekas 1yra — KoutuHeHt JlaBpyccusi» [Brown et al., 2011]. Yuactue cy6-
JOyLIMPOBAaHHOTO KOHTHHEHTA W/WIM OCAaJIKOB MOATBEP)KAAETCA TaKKe pe3yibTaTaMH W3y4eHHs H30-
TOIHOI'O COCTaBa CBUHIA 14-TH KOM4YeTaHHBIX MecTopokaeHui Ypana. ConepkaHue APEBHEro CBUH-
1a TOHMXAeTcs OT MPEAIyroBOi 0OCTAHOBKH K IyTOBOM U CTPEMHUTCS K HYJIO Ha (PpOHTE CYOIyKIIHH.
[MosTopstomuiics «momonoi» Re-OS BO3pacT COBMECTHO C JaHHBIMH W30TOIWW CBUHIIA MO3BOJIET
MPEATNONOKHUTh, UYTO «3aKkpbiTue» Re-Os paanoreHHBIX coObITHH Ha FOkHOM Ypaje mpouzonuio He
MO3/IHEE, YeM B BepXHeM JieBoHe (~360 Ma), HECKOJIbKO T103Ke Hadajda KOJLTu3uu «MarHutoropckas
Iyra — KOHTUHEHT JlaBpyccusi».

The tectonic setting and sampling

In the Southern Urals, the intra-oceanic subduction has triggered the volcanism leading to the
Magnitogorsk island arc development starting from the Early Devonian time ~400 Ma ago (Fig. 1). The
timing of collision of this volcanic arc with adjacent Laurussia continent was established at 380-372 Ma
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Fig. 1. Simplified geological map of the Southern Urals showing main regions of arc volcanic se-
quences and location of studied VMS deposits. The following subdivisions are shown: (1) Main Urals Fault
(MUF) suture zone with relics of ophiolite in a tectonic melange containing blocks with ages ranging from Or-
dovician up to Late Devonian; (2) Magnitogorsk island arc zone, consisting of volcanics and sediments of Devo-
nian age. An intermediate “intra-arc” basin, filled by Late Devonian-Lower Carboniferous volcanics and sedi-
ments, divides the Magnitogorsk structure into the West and East-Magnitogorsk zones; (3) Sakmara allochthon,
whose origin is not clear. Massive sulphide deposits: 1 — Bakal, 2 — Yaman-Kasy, 3 — Oktyabrskoe, 4 — Bakr-
Tau, 5 — Balta-Tau, 6 — Tash-Tau, 7 — Gay, 8 — Podolskoe, 9 — Sibay, 10 —Molodezhnoe, 11 — Uchaly, 12 — Al-
exandrinka and Babarik, 13 — Djusa, 14 — Barsuchi Log, 15 — Dergamish, 16 — 50 let October.

based on Ar-Ar, U-Pb and Sm-Nd dating of high-pressure metamorphic rocks and sediments belong-
ing to the continental margin [Beane and Connelly, 2000]. The formation of Southern Urals Volcano-
genic Massive Sulphide deposits was restricted to the intra-oceanic stage [Herrington et al., 2011],
with the youngest age of 385 Ma, based on biostratigraphic studies of ore-hosting volcanic and sedi-
mentary rocks [Artyuszkova and Maslov, 2008].

In this study, sulphide samples were collected from two VMS deposits occurring in distinct
geodynamic settings. The studied Yaman-Kasy deposit [Maslennikov et al., 2009] is restricted to the
Sakmara allochton and is hosted by an early Silurian volcano-sedimentary bimodal sequence. The
mound-like Yaman-Kasy orebody consists of massive and clastic ore facies, with preserved fragments
of sulphide chimneys and vent fauna. This is one of the best preserved Palaeozoic sulphide mound-like
VMS deposits, analogous to the modern black-smoker VMS deposits. The hydrothermal chimney
fragments were collected, including 4 pyrite-marcasite samples from the outer wall, 2 chalcopyrite
samples from the inner wall, and 1 pyrite-marcasite-sphalerite sample from the chimney core.

The studied Kul-Yurt-Tau deposit is situated within West-Magnitogorsk island arc and re-
stricted to the middle part of Baimak-Buribai formation. This mound-like ore body occurs on the flank
of a rhyolite-dacite dome within the volcanoclastic horizon. The felsic volcanic host rocks at the top
and flanks of ore body are transformed into sericite-pyrophyllite-quartz metasomatic rocks. The stud-
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ied molybdenite samples form 0.1-2 mm thick coat-like aggregates in association with pyrophillite
within these metasomatic rocks.

For Pb isotopic studies, we collected various types of galena samples from 14 VMS deposits
across the Urals paleo-island arc system (Fig. 1), covering the range from fore-arc, arc and back-arc
settings. Most galena samples were obtained from massive ores and footwall stockwork zones of the
deposits.

The Results
Re-Os Systematics

The Rhenium-Osmium isotope systematics is used for accurate isotopic dating and finger-
printing the source of metals. Both the parent (**’Re) and daughter (**'Os) are chalcophile and sidero-
phile in character, leading to their enrichment in sulphide minerals relative to silicates. This is a unique
combination of chemical and isotopic features which allows the direct dating of sulphide mineralisa-
tion. The common sulphide mineral molybdenite is particularly useful in this regard, because it often
contains high concentrations of Re, but virtually excludes Os during crystallisation. Thus, no correc-
tion is required for the presence of initial Os.

The plot of the isotope data for the Yaman-Kasy ores on the Re-Os isochron diagram (Fig. 2)
defines a best-fit line with the age of 361.7 + 9.0 Ma (MSWD = 3.4), which is much younger than the
biostratigraphic Silurian age (ca. 443-419 Ma) of ore hosting rocks. In addition to that, the isotope
data of the molybdenite samples from the Kul-Yurt-Tau deposit gave a model age of 363.4+1.1 Ma
(Late Devonian) which is similar to the preceding dating of the Yaman-Kasy deposit, and it is ~40 Ma
younger than the biostratigraphic Early Devonian age (ca. 400 Ma) of host rocks of the Kul-Yurt-Tau
deposit [Artyuszkova and Maslov, 2008].

Source of metals defined by Pb-Pb isotope systematics

Galena is virtually free of U and records the initial composition of lead at the time of ore for-
mation. For this reason, the lead isotopic composition in galena is an ideal indicator for the sources of
lead and other metals.

The lead isotope data from 14 VMS deposits (Fig. 1) display a systematic increase in lead iso-
topic ratios across the Urals paleo-island arc zone, from fore-arc with the least radiogenic lead compo-
sitions to back-arc with the most radiogenic lead (Fig. 3). The latter shows Pb model ages close to the
age of the arc volcanics (~400 Ma). The less radiogenic lead from fore-arc settings is indicative of a
source older than the volcanics and implies a contribution of lead from older subducted material. The
Pb isotopic composition of subducted Proterozoic rocks may be inferred from the analysis of lead oc-
currences from the Proterozoic rocks of Bashkirian anticlinorium (Bakal deposit). According to Fig. 3,
the contribution of lead from these Proterozoic rocks can account for the composition of less radio-
genic lead from VHMS deposits in fore-arc settings.
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Fig. 2. Re-Os isochron diagram for Yaman-Kasy deposit.
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Fig. 3. “°Pb/**Pb vs. “"Pb/***Pb diagram showing average composition of studied VHMS deposits.
Ordovician Mantle field was delineated using Ordovician MORB hosted VHMS deposits from the Caledonides
of Norway (Bjorlykke et al. 1993). The Ordovician sediments field corresponds to the galena from the Ordovi-
cian sediments-hosted Saureyskoe Zn-Pb deposit, Polar Urals. The lead isotope composition of Precambrian
sediments (ca. 1.3 Ga) from Bakal stratiform Pb-Zn deposit (Bashkirian anticlinorium) is shown.

Timing of VMS formation

Previously published Re-Os isotope data for two other Urals VMS deposits, namely Alexan-
drinka [Tessalina et al., 2008] and Dergamish [Gannoun et al., 2003], defines similar Late Devonian
ages of 355+15 Ma and 366+2 Ma, respectively, post-dating the presumed biostratigraphic age of ore
hosting volcanics.

The K-Ar ages for sericites from 8 Urals VMS deposits [Buslaev and Kaleganov, 1992] show
the range from 390 to 301 Ma, with an average value of 348+27 Ma. The K-Ar ages in sericites often
show a range spanning the whole life of a hydrothermal system. This range includes the age of the end
of the hydrothermal activity, which can be few Ma younger than the age of the ore formation itself
[Hu et al., 2012]. The average K-Ar age is consistent with the Sm-Nd and Rb-Sr ages of 347+12 Ma
for the Berezovskoe Au deposit formation from the Middle Urals [Baksheev and Beliatsky, 2011],
marking the end of intense hydrothermal activity.

The repetitive Late Devonian Re-Os model ages for sulphides for four studied Urals VMS de-
posits are younger than their respective host rocks and overlaying sediments based on biostratigraphy
[Artyuszkova and Maslov, 2008]. Even though the additional chronological constraints for host vol-
canic rocks and sediments are needed to better constrain the geochronology of the Urals VMS depos-
its, the Re-Os model age would need to be much older to explain the formation of the Silurian Yaman-
Kasy deposit, with perfectly preserved initial seafloor hydrothermal facies such as chimneys and
fauna. However, this Late Devonian age may correspond to the later hydrothermal overprint for the
Devonian Kul-Yurt-Tau deposit. In what follows, we examine several possible mechanisms for the
Re-Os system re-setting.

Re-setting of the Re-Os isotopic system could occur under the following circumstances: (A)
metamorphic overprint; (B) incomplete homogenisation of two or more components with different
initial Os ratios during ore deposition; (C) open behaviour of hydrothermal system. These possibilities
are examined in detail:

(A) In the history of the Urals development, the Late Devonian (385-359 Ma) corresponds to
the *Arc-Continent’ collision, which was associated with exhumation of high-pressure metamorphic
complexes [Beane and Connelly, 2000]. However, the good state of preservation of initial ore textures
for the studied deposit Yaman-Kasy (colloform structures, relics of hydrothermal chimneys and fauna)
does not favour the metamorphic overprint.
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Fig. 4. Summary of available dating for Urals VMS using Re-Os and K-Ar systems (see references in
the text), along with contemporaneous magmatic [Fershtater et al., 2007] and tectonic events [Beane and Con-
nelly, 2000].

(B) The formation of VHMS deposits is due to the mixture of at least two components repre-
sented by seawater and hydrothermal fluid, which may have different isotopic composition at the time
of ore formation, with osmium in the hydrothermal fluid coming mostly from the leaching of host vol-
canic and sedimentary rocks. Mixture of hydrothermal fluid with seawater during ore formation could
produce mixed isotopic characteristics at the time of ore formation, which subsequently evolved to
yield linear data arrays of questionable age significance. However, the similarity of model ages for the
four deposits makes this possibility very unlikely.

(C) Open behaviour of the ore system is the most plausible scenario to explain the younger
age of studied deposits. In this case, the gain of Re is the most possible explanation for the younger
ages, which is estimated to be between 10 and 20%. The gain of Re could be related with interaction
between sulphide ore and seawater, the latter having the Re/Os ratio of ~820. However we can argue
that the closure of Re-Os systems for four studied Urals VMS deposits has happened no later than
~360 Ma.

Implication for tectonic setting

The evidence of continental crust/metals recycling from Proterozoic Laurussia craton into the
mantle comes from the presence of zircons of crustal origin in subduction-related dunite-
clinopyroxenite-gabbro massif of the Middle Urals [Bea et al., 2001]. These zircon ages of 370-
350 Ma correspond to the beginning of Arc-Continent collision in the Southern Urals. Moreover, the
presence of zircons of crustal origin in subduction-related mafic-ultramafic complexes suggest contri-
bution of melt directly from melting of subducted crust/sediments of Laurussia craton, which entrained
restitic zircons.

The Pb isotope data in galena from 14 Urals VMS deposits suggests that the contribution of
fluids from subducted continental crust/sediments progressively diminish with increasing distance
from the subduction front, becoming almost nil in some of the mature arc and back-arc settings.

This dataset is rather consistent with ensialic origin of the Northern part of the Uralian island
arc structure, inferred from geophysical data of the basement (continental crust) and geochemistry of
volcanics [Yazeva and Bochkarev, 1996; Smirnov et al., 2008].

In the Southern Urals, this stage of island arc development has been identified as hydrous su-
prasubduction melting during the mantle-crustal interaction [Fershtater et al., 2007] with large-scale
granitoid magmatism. These intrusions provide necessary heat to promote the hydrothermal circulation
along the existing tectonic faults.

Viewed on a larger scale, the Devonian episode of volcanic and hydrothermal activity corre-
sponds to the beginning of the Pangea supercontinent assembly by amalgamation of Laurussia, Siberia
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Fig. 5. Schematic model for arc-continent collision in Southern Urals (modified after Brown and
Spadea, 1999). Entering of Proterozoic rocks into subduction zone caused high-pressure metamorphism accom-
panied by release of fluid. This fluid provoked hydrous melting in overlying mantle wedge. The lead isotopic
composition of Proterozoic rocks is characterised by low u-value of 8.8. In fore-arc setting, the p-value of VMS
deposits is close to that of Proterozoic rocks. Farther to the mature arc setting, the p-value progressively in-
creases, with maximum value of ~9.4. In back arc setting, the anhydrous decompressional melting of oceanic
crust prevails, with highest p-values corresponding to that of Ordovician crust (Fig. 3).

and China-Korea continental blocks. At that time, numerous microcontinents and volcanic arcs di-
vided by basins of different character were present.

The fundamental plate boundary re-arrangements in Late Devonian, on a planetary scale, ap-
pear to be marked by intense magmatism under tectonic activation. This is manifested in island arc
volcanism paired with episodic continental rifting, as well as hydrothermal activity on rifted or faulted
outer continental margins, comprising large clusters of VHMS deposits in Spain, Portugal (Iberian
Pyrite Belt province), Rudny Altai (Siberia), and the North American margin (Alaska). These deposits
formed in local extensional volcanic basins within an overall contractional geodynamic environment
during or after termination of convergence by accretion of an island arc or crustal block [Huston et al.
2010] throughout the Devonian until Early Carboniferous time.

Conclusions

Thus, these two radiogenic datasets (Re-Os and Pb-Pb), together with previous K-Ar dating,
point out that the hydrothermal circulation was still active at the final stage of the island arc develop-
ment after the collision initiation with an adjacent continent. The Re-Os model ages of hydrothermal
system ‘closure’ correspond to the granitoid magmatism, initiated after the ‘Arc-Continent’ collision.
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PRELIMINARY THERMODYNAMIC MODEL FOR Bi-MINERALS
IN THE SAN FRANCISCO DE LOS ANDES Bi-Cu-Au BRECCIA PIPE,
SAN JUAN, ARGENTINA

Kommuiekcnoe mecropoxaenue Bi-Cu-Pb-Zn-Mo-As-Fe-Ag-Au Can @paniucko e Jloc Al-
Jiec pacrniojaraercs Ha BoctouHoM (ianre [lepenoBoro XpeOra u mpencTaBisier co00i Tenmo Opexyuii
C TYPMAJIMHOBBIM IIEMEHTOM, BO3pPAacT KOTOPOIO ONpPENeNsieTcss IEPMCKUM MM OoJiee MOJIO/IBIM Mar-
Matu3MoM. [IpogyKTHBHAs MUHEpaTU3alus NpeIcTaBiIeHa CyabpuaaMu, CyIb(OCONIMH, TeILTYpHU/a-
MH U CaMOPOJIHBIMHU 3JIEMECHTAMU U PA3JINYACTCA IJId Pa3HbIX Y4aCTKOB MECTOPOXKACHNA, B OCHOBHOM
COACPKaHUAMU T'aJICHUTA U XaJIbKOIIUPUTA U COOTBETCTBYIOIIUM YPOBHEM HpHMeCGﬁ MEIU U CBHHIIA B
BHUCMYTOBBIX MHUHEpaAJIaX, CPCaAN KOTOPLIX YCTAaHOBJICHbBI BUCMYTHH, TECTPAJUMHUT, NPOMEKYTOUYHBLIC
YIIeHbI PSZIOB BUCMYTHH-aiKHHUT, KPYNKauT-IaapuT, 3aabl0ypuT-TaeauT. Ha ocHOBe TepMoanHaMu-
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YeCKOro aHajM3a AeNaeTcsl BBIBOJ O TOM, YTO Pa3/IMuus B MUHEpAIU3alluy Ha y4acTKaxX MECTOPOXKe-
HUSI 3aBUCST B OOJIBILICH CTEIIEHN OT aKTHBHOCTH pacTBopeHHbIX Ph u Cu, uem ot ¢yrutuBHOCTEH Ce-
pBI U TEILTypa.

Introduction

San Francisco de los Andes mine (30?507087%S — 69735%87AV) is located on the eastern flank
of the Cordillera Frontal, San Juan province, Argentina. The Cordillera Frontal is a geological prov-
ince on the eastern flank of Cordillera de los Andes that extends from northern San Juan to southern
Mendoza. The orebody is hosted by a tourmaline-cemented breccia pipe that has cut carboniferous
sedimentary rocks [Llambias et al., 1969]. The sedimentary rocks have been intruded by the Tocota
Pluton, a Permian intrusive complex that ranges from tonalite to granite in composition. Geochro-
nological studies are currently being conducted in order to determine whether the breccia pipe is re-
lated to Permian or younger magmatism.

San Francisco de los Andes is characterized by complex Bi-Cu-Pb-Zn-Mo-As-Fe-Ag-Au min-
eralization, including native elements, sulfides, and sulfosalts. This article reports the occurrence of
two different Bi-Cu-Pb mineral assemblages at opposite sides of the NW-SE trending elliptical brec-
cias pipe. By means of detailed analytical studies and the available fluid inclusion data a preliminary
thermodynamic model was developed for both assembles at a minimum temperature of 230 °C and a
maximum temperature of 400 °C. It was aimed to constrain tentative fS, and fTe, values for the hydro-
thermal solutions using the previously determined sulfide and telluride assemblages.

Bi-Pb-(Cu) and Bi-Cu-(Pb) assemblages

Backscattered electron images (BSEI) were used to detect different mineral species, electron
microprobe analyses (EMPA) to determine the major chemical compositions of each phase and laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to characterize their trace ele-
ment geochemistry and mineral inclusion compositions.

Two apparently homogeneous bismuthinite crystals were chosen from each area. In both
cases, a spot profile was drawn perpendicular to the main cleavage direction (010). Consecutive analy-
ses were performed at 500 ?m intervals along the profile. The polished blocks were prepared from a
sample of bismuthinite-cosalite cemented breccia (NW area) and bismuthinite-chalcopyrite cemented
breccia (SE area).

Two distinct mineral species were identified from the 26 spots analyzed In the NW polished
sample (Table). Fifteen out of the twenty six analyses correspond to bismuthinite (Biygss SDo.040)
(Pbo_ozs) (CUo_ozg Ago_001) (Sz_gge Seg012 Teo_ooz) No apparent chemical variations within the bismuthinite-
aikinite solid solution series were detected. Bi contents are two orders of magnitude higher than Pb
and Sb, three times higher than Cu and four orders of magnitude higher than Se and Te. Silver tellu-
ride inclusions are regularly spread within bismuthinite crystal. Argentocuprocosalite (Pb; g3 CUo 326
Ao240) (Bizos7 SDo.092) (Sa.976 S€0.013 T€0011) Was detected from nine EMPA analyses along the twenty-
six-spot-profile. The term argentocuprocosalite is applied here to Ag- + Cu-bearing cosalite in order to
explain the shift away from pure end-member cosalite as plotted on Fig. 1. The Bi and Pb signals from
an LA-ICPMS analysis of argentocuprocosalite are two orders of magnitude higher than Ag, Sb and
Cu and four to five times higher than Cd, Te, In, Se, Tl and Mn. No silver telluride inclusion was de-
tected in this mineral. The two remaining analysis out of the 26 spots revealed two unclassified spe-
cies.

Two recurrent mineral phases were found from the 35 spots analyzed In the SE polished sam-
ple (Table). Twenty four analyses determined that the species correspond to bismuthinite (Bi2.023
Sb0_024) (Pbo_ozz) (CUo_oze Ago_001) (82_972 Seq.o1s Teo_012) No apparent chemical variations within the bismu-
thinite-aikinite solid solution series were detected. Seven out of thirty five EMPA analyses match with
tetradymite inclusions (Bi2_037 Sbo_()le) (Pb0_001) (CUo_oog Ag0_011) (Tel_g76 Si1096 Seo_ozg). The remaining four
spots belong to four different members within the bismuthinite-aikinite solid solution series: Frie-
drichite (Pb4_goz) (CU4_939 Ago_ogz) (Bi7_166 Sbo_gos) (817_961 Seg.026 Teo_013), two SpeCieS between the krup-
kaite-paarite members with the following chemical composition (Pbpg11) (CUiiss Agoois) (Bisoss
Sbo.012) (S5.9695€0.025 T€0.006) aNd (PDo.go1) (CUo.gos Ado) (Biz.121 SPo.o4s) (Ss.975 S€0.010 T€0.006) and a min-
eral phase within SﬂleUfgite-gladite members (Pb1_482) (CU1_475 Ago) (Bi6_624 Sbo_oge) (811_945 Sep.047
Teo.008)-
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Table
EMPA mean chemical composition of each species

NW Area SE Area
Bismuthinite-aikinite solid solution series
n=4
Bism uthinite Ag-C.u Unknown | Unknown |Bismuthinite| Tetradymite Gladite- Paarite-
n=15 °"'f;';te n=01 n=01 n=24 n=07 salzburgite | krupkaite | Friedrichite
n= member member n=01
n=01 n=01 | n=01
Bi 79.31 4333 47 56 4049 7946 60 .81 6304 5963 5852 4362
Sh 093 1.13 0.55 1.68 0.55 027 053 0.50 0.14 1.08
Pb 099 3474 2085 26.09 084 003 1368 1688 1708 2808
Cu 0.34 2.09 6.71 7.53 0.31 0.08 427 520 653 9.14
Ag 0.01 261 758 656 002 017 0.00 000 013 010
S 18.34 16.08 16.74 16.62 17 .91 502 1744 1752 1732 16.78
Se 018 011 019 018 023 0.31 017 014 018 0.08
Te 0.06 0.14 0.18 0.21 0.30 3418 0.04 0.07 007 0.05
)2 10016 100.23 10046 99 37 99 62 100.89 9948 9993 9998 98 81
Bi+Sb

Bismuthinite -
Stibnite Series

Bismuthinite (n=15)

Ag-Cu Cosalite (n=09)

Unknown (n=02)

Bismuthinite (n=24)

Galenobismutite Bismuthinite-aikinite

series (n=04)

< &4 O 0 B

Cannizzarite
Cosalite

Lillianite
\Pb

Fig. 1. (Cu+Ag)-(Bi+Sb)-Pb ternary diagram. Only sulfides and sulfosalts analyses are plotted.

CutAg
Pl -

Fluid inclusions

Little has been published on the conditions of formation of the San Francisco de los Andes
deposit. The only data available are provided in a report by Cardo et. al [2008]. They estimated tem-
peratures between 227 °C to 229 °C and a salinity of 14.6 wt % NaCl equiv for the two-phase, liquid-
rich fluid inclusions found in quartz samples. Temperatures as high as 367 °C to 388 °C and salinities
up to 45 wt % NaCl equiv were reported for the three—phase (liquid+vapor +halite) quartz-hosted fluid
inclusions.

These temperatures are comparable with well documented tourmaline-breccia hosted Cu-Mo
deposits such as Rio Blanco-Los Bronces [Frikken et al., 2005]. Measured homogenization tempera-
ture for Type ia (two-phase, liquid-rich fluid inclusions) and type iia (three-phases, salt saturated, hal-
ite-bearing fluid inclusions) range between less than 200 °C and more than 400 °C.

A thorough fluid inclusion study in the quartz and tourmaline hydrothermal cement from San
Francisco de los Andes breccias will be conducted in the near future.
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Fig. 2. fS,-fTe, diagrams calculated at 230 °C (left) and 400 °C (right).

Preliminary thermodynamic model

Both mineral assemblages stability limits were calculated using thermochemical data from
Afifi, Kelly and Essene [1988], Barton and Skinner [1967, 1979], Craig and Barton [1973], Garrels
and Christ [1965], Krauskopf and Bird [1995] and Robie and Waldbaum [1968]. Each linear equation
was calculated at two extreme temperatures (230 °C and 400 °C) and was plotted in fS,-fTe, diagrams
as it can be seen in Figure 2.

The stability field for the bismuthinite (Bi,S3) — hessite (Ag,Te) — cosalite (Pb,Bi,Ss) assem-
blage is shown as diagonal lines. Given the fact that there is minor chalcopyrite and no bornite, as well
as an uncertainty about the equilibrium of the Cu-minerals, we cannot precisely state an exact limit at
higher values of fS,. This is the reason why we continue the stability field with diagonal dashed lines
further away.

Since there is no available thermochemical data for tetradymite (Bi,Te,S) we assumed that it
could have formed from tellurobismuthite (Bi,Tes) according to the reaction: 2Bi,Tes; + S, = 2Bi,Te,S
+ Te,. Tetradymite could be formed at small fluctuations in fS; and fTe;, as a slight S, fugacity in-
crease or a subtle Te, fugacity decrease. It is our understanding that tetradymite stability space should
be close to that of tellurobismuthite. According to previously made assumptions the stability field for
the bismuthinite (Bi,S3) — tetradymite (Bi,Te,S) assemblage is approximately located along the fol-
lowing equilibrium line Bi,S; + 3/2Te, = Bi,Te; + 3/2S, and within pyrite chalcopyrite stability space.

Discussion and conclusions

At a minimum temperature of 230 °C, crystallization of bismuthinite, silver tellurides inclu-
sions and argentocuprocosalite took place under minimum log fTe, = log fS, — 3.59 and maximum log
fTe, = log fS, + 0.93 between log S, values of —13.92 and —11.97. At higher temperatures (400 °C)
the minimum Te, fugacity limit is given by the equation log fTe, = log fS, — 2.69 and the maximum
boundary by log fTe, = log fS; + 0.68 between log fS, values of -8 and -3.86. Te, fugacity limits were
constrained by the bismuthinite-hessite stability field. Although the lowest log fS, values are well de-
fine by cosalite appearance (-13.92 at 230 °C and -8 at 400 °C), the highest values are not. They are
constrained by log fS, values of —11.97 at 230 °C and —3.86 at 400 °C.

The bismuthinite-tellurobismutite monovariant line has a fixed position and does not show
significant changes with temperature variations. As a result, the bismuthinite-tradymite-chalcopyrite
stability space is a straight forward function of the Po/Py and Cp/Bn+Py monovariant lines at high
temperature and Biw/Bi,S; and Cp/Bn+Py lines at low temperatures. Note that at 230 °C the stability
field lower limit is given by the Biy /Bi,S; line as Po/Py monovariant line would be drawn within the
Biy space. At 230 °C and assuming that Bi-minerals crystallization took place within pyrite-
chalcopyrite stability space, Bismuthinite and tellurobismutite (and probably tetradymite) log fS, val-
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ues range between —14.63 and —11.97 while log fTe, values fluctuate between —13.70 and —11.04. At
temperatures as high as 400 °C an increase in fS, (between —7.85 and —5.00) and an increase in Te,
fugacity (between —7.17 and —4.31) is required.

The bismuth telluride inclusions trapped within bismuthinite may have formed in equilibrium
with the Bi-sulfide. It is also possible that bismuthinite was the first mineral to crystallize followed by
the bismuth telluride inclusions formation that may have been triggered by a slight S, fugacity de-
crease or even more likely by a Te, fugacity increase, possibly as a result of tellurium-rich magmatic
vapor plumes.

The above data indicate that the stability fields for both mineral assemblages at a given tem-
perature are rather similar, specially the log fS, values. The main difference between the NW area and
SE area may not be a change in S, and Te, fugacity but a function of Pb and Cu concentration in the
hydrothermal fluid. This hypothesis is consistent with the fact that galena was only found in the NW
area along with cosalite but only minor chalcopyrite. On the other hand, chalcopyrite is abundant in
the SE area while cosalite is rarely found and galena is absent.

It is necessary to conduct a detailed fluid inclusion study in order to constrain the temperature
of formation and consequently improve the thermodynamic model. By the end of this project we hope
to include all other minerals in order to make a detailed thermodynamic modeling for San Francisco de
los Andes ore deposit.
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EXTRACTION OF METALS FROM THE SEDIMENT BY THE HEATED SEAWATER:
A PHYSICAL-CHEMICAL MODELING

BeimonHeHo (pU3HKO-XMMHYECKOE MOJSTUPOBAHNE B3aMMOJICHCTBUSI HAarpeToil MOPCKOM BO-
Ibl, ocajka BHaauHbl ['yaiiMac m oKkeaHH4ecKoro rab0po Mpu COOTHOLIEHHUSAX MOpOoAa—MopcKas BoJa
(R/ISW) ot 1?10° 1o 10. YcraHOBIEHO, YTO MaKCHMAIBHAS SKCTPAKIIHS JKenesa u3 rabopo IpoHCcXo-
JUT 1pr MUHUMaIbHOM PH 1 cootHomennun R/ISW=0.007, a mequ u Hukens npu 0.03. KonayktuBHoe
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OXJIaKJICHWEe pacTBopa, oTAenuBiierocs or rabopo (R/SW=0.03), B 30He pa3rpy3ku MPUBOINT K OCa-
KICHHIO PyA, OOraThIX XaJdbKOMMPUTOM, a MPOPEarupoBaBIIEr0 C OCAJAKOM — MUPPOTHHOM. [lpm
R/SW=0.007 B ocamo4HO#l cucTeMe OTaraercsi TUPUT B 3THX YCIOBHSIX.

The physical-chemical and experimental modeling of the sediment-related hydrothermal sys-
tems is dedicated to the various problems of interaction of the heated seawater and organic-rich sedi-
ments. The interest to such studies is caused by discovery of the hot vents located on the sediment-
covered ridges like Guayamas basin, Escanaba and Okinawa troughs or Middle Valley in Juan de
Fuca ridge [Gieskes et al., 1988; Koski et al., 1988; et al.]. The massive sulfides from these systems
are characterized by abundant pyrrhotite and hydrothermal vents contain oil distillates. However, the
former works give the contradictory data on the extractive ability of the fluid and the metal source for
the sediment-hosted sulfide edifices. Some researchers consider that metals were extracted from
the sediments [Thornton and Seyfried, 1987; Seewald et al., 1990; Cruse, Seawald, 2001] in contrast
to the metal extraction from the underlying basalts [Goodfellow and Franklin, 1993, Butterfield
et al., 1994].

In order to estimate the extraction ability of the sediments, we model the interaction between
the heated seawater, bottom diatomaceous sediments from the Guaymas basin in the Gulf of Califor-
nia, and oceanic gabbro, which average composition (n 250) was taken from the PetDB
(http://www.petdb.org). The modeling was implemented in the Selector computer program and was
based on a multisystem formed and debugged previously [Tret’yakov and Melekestseva, 2008]. The
primary composition of sediment was taken from [Thornton and Seyfried, 1987, p. 1998, table 1] and
seawater, from [Encyclopedia..., 2008].

Preliminary, Ba, Sr, and Cr contents in the composition of sediment were recalculated into ox-
ides, Fe,O3; was converted to FeO (because the sediment is reduced), an organic carbon and a part of
H,O were recalculated into fulvic acid (C13sH13,045N5S,), O, N, and S were added in accordance to the
formula, and contents of all elements were reduced to 1 kg. First, the gabbro-seawater interaction was
modeled for the various rock-seawater (R/SW) ratios in order to reveal the maximum of extraction of
Ba, Co, Cu, Fe, Ni, Pb, Si, and Zn (Fig. 1). Further, the mineral precipitation from the fluid was mod-
eled at a temperature decrease based on the subsequent reactor method for the R/SW ratios of 0.007
and 0.03 (Fig. 2). The parameters of temperature and pressure for calculations were based on P-T-
conditions of the hydrothermal systems from the Guaymas basin and Mid-Atlantic Ridge. Seawater
reacted with gabbro or sediment at 350 °C and 250 bars and then the equilibriums were calculated
with a step of 20 °C at decreasing temperature. The solution was separated from the solid phases at
each step and moved into the following reservoir that corresponds to the conductive cooling of the
fluid and mineral precipitation and imitates, with some assumptions, the growth of the sulfide mound
on the sea floor.

It was found that R/SW interaction at 350 °C and 250 bars leads to the onset of mineral as-
semblages, which are similar to those from natural hydrothermally altered rocks. At low R/SW ratios
(<0.0001) under oxidized conditions, the solid phases include hematite, anhydrite, chlorite, chrysotile,
and brucite in contrast to quartz, talc, montmorillonite, seladonite, amesite, pyrrhotite, cubanite, mil-
lerite, pyrite, and jaipurite under reduced conditions and R/SW ratio of >0.0001. Additionally, miner-
als typical of the altered sediments in the hydrothermal fields (clinoamphibole, actinolite, albite, illite,
sphalerite, and galena) are formed at R/SW of >0.06.

It was established that cooling of the solutions produces the ore mineral assemblages. No min-
eral precipitation occurs at the gabbro/seawater ratio of 0.007 (maximum of Fe extraction from the
seawater) in the high-temperature area (>250 °C, Fig. 2c). The quartz + pyrite + chalcopyrite + fahlore
assemblage is deposited at temperature of <250 °C and chalcocite and barite, at temperature of
<100 °C. In the sediment, pyrite and a few amount of vaesite precipitate at the same ratio and tempera-
ture of <250 °C (Fig. 2a) admixed by quartz, covellite, cattierite, barite, galena, and sphalerite at de-
creasing temperature. The greater diversity of minerals is observed at R/SW ratio of 0.03. At high
temperature, gabbro contains chalcopyrite and small amount of minerals of the linnaeite-polydimite
group; the decrease in temperature leads to the formation of major quartz and pyrite and occasional
greenockite, vaesite, and chalcopyrite. Sphalerite, galena, and barite appear at low temperatures. Pyr-
rhotite is the major mineral of the sediment at high temperature and minerals of the linnaeite-
polydimite group, chalcopyrite, and millerite are secondary in abundance. At lower temperatures,
pyrite alternates pyr-
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Fig. 1. Plots of Eh, pH, and total contents of metals extracted from the sediment (a) and gabbro (b) with
the heated seawater at different R/SW ratios. The mineral assemblages precipitated from the fluid at decreasing
temperature are calculated for the R/SW ratio of 0.007 and 0.03 (vertical dotted lines) (see Fig. 2).

rhotite and Ni-minerals disappear. Quartz with subordinate pyrite, sphalerite, and galena dominate in a
range of 270-150 °C.

The modeling has shown that the maximum amount of Fe is extracted at minimum pH (see
Fig. 1) that completely corresponds to the chemical direction of the R/SW interaction. Our estimations
of R/SW ratios for the extractive fluid ability are somewhat lower than experimental sediment-
seawater ratios of 0.25 [Seewald et al., 1990] and 0.625-1 [Cruse and Seewald, 2001].

Thus, our calculations are in agreement with suggestion that sediments, serving as a basement
for the massive sulfide mounds on the seafloor, could be the source of metals. The composition of
massive sulfides mostly depends on the rock-seawater ratio in the interaction zone and also on the
style of discharge of the hydrothermal fluid on a seafloor.

The work is supported by the program of Presidium of Russian Academy of Science no. 23
(project no. 12-77-5-1003).
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Fig. 2. Mineral assemblages precipitated from the fluid at its cooling from 350 to 2 °C at R/SW ratios of
0.007 and 0.03. These ratios were chosen owing to the maximum extraction of Fe (0.007), Cu, and Ni (0.03) at
gabbro-seawater interaction (see Fig. 1).
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ISOTOPIC GEOCHEMISTRY OF TRACERS
FOR MINING AND SMELTING ACTIVITIES IN LANDSCAPE ENVIRONMENT
IN THE SOUTHERN URALS

[IpuBeneHbl pe3ynbTaThl UCIOIB30BAHHS PATUOMETPUUYCCKHX TPACCEPOB I XapaKTepH-
CTHKH TOPHOIPOMBIIIIEHHOTO TexHoreHe3a lOxuoro Ypana. C npuMeHEHHEM U30TOIOB 20y ¥ Cs
OLICHEHBI CKOPOCTH O03€PHOM CEIMMEHTAIlMM B YCIOBUSAX MPUPOAHBIX M HPUPOIHO-TEXHOT'CHHBIX
JaHAMAPTOB TOJA30HKI FOKHOW Taiiru. [Ipu mupoMerauTypruy MeIy BaKHBIM WHIIMKATOPHBIM TIPH-
3HAKOM SIBJIIFOTCS HU3KHE OTHOIIEHHS CTAaOMIBHBIX M30TOMOB cBUHIA ~°Pb/*Y’Pb st 06bEKTOB OK-
pyxaroriei cpenbl (MeTauTypriudeckue mbui, aTMoc(epHBIN a3p030Jib, JOHHBIC OTIIOKEHHUS 03€p JI0-
MHJYCTPUATIBHOTO TIEPHOJIa U BEPXHUE MHTEPBAJIBI TYMYCOBO-aKKyMYJISTUBHBIX TOPH30HTOB I10YB).

The South Ural area has been heavily affected by mining activities, which include mining,
transportation, storage, beneficiation and smelting of metaliferous ores. These cause the atmospheric and
aqueous transport accumulation, transformation and reactions of trace — toxic elements in this area.
These cause a perturbation of the major environmental systems: atmosphere — soil, atmosphere — water
surface, water — lake sediments. The most common effects of mining activity and ore processing of mas-
sive sulphide deposits are the dispersion and accumulation of chalcophile elements. In this areas, the
technogenic industrial elements are added to the already high natural background levels of trace elements
in rocks, soils and plants. This enrichment in technogenic constituent elements is largely caused by at-
mospheric transport of fine particles from the locations of exploitation, wastes, tailings and copper
smelters, in particular of copper ores. Native landscapes are modified to natural-industrial landscapes
with formation of geotechnogenic systems in and around the locations of mining and ore processing.

A series of geochemical isotopic methods was used to identify the effects of mining and
processing. This series of methods includes the use **'Cs and ?°Pb as chronological indicators for the
dating of lake sediments and the determination of their sedimentation rate. It includes also the
2%%pp/*°’Ph isotopic ratio for the evaluation of chalcophile elements transport and cycling in these
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natural-industrial landscapes. One of the isotopic geochemical markers for the evaluation of sedimen-
tation conditions and rate in continental lakes and costal areas is *°Pb [Krishnaswami et al., 1971]
during 55 years and **'Cs [Pennington et al., 1973] during for 40 years. So far, to our knowledge, no
such research was published. These methods have not been used for decoding of ecological processes
in lake-ecosystems, that occur as a result of mining and ore processing. This seems to be the reason
for the lack of information on geochronological reconstruction of changes in the landscape during the
period of most intensive copper mining and smelting activity in the Southern Urals. Previous studies
used palinological and radiocarbon methods for dating the effects on lake sediments at the South
Urals. These studies showed the changes in the ecosystems in longer geological time scale of the
Holocene.

Evaluation of **'Cs in the sediments of 8 lakes makes it possible to identify two types of ra-
dionuclide distribution depending on the water surface area. The vertical distribution of radioactive
cesium in the euthrophic lakes with the water surface area of approximately 1-2 km? has a natural
character with a “stretched” peaks in the ranges of 0-22 cm and with the lack of a pronounced contrast
of individual peak, which corresponds to the maximum of radiocesium deposition from the atmos-
phere or troposphere in 1963—-1964.

At the same time two peaks of radiocesium can be identified in the oligothrophic lakes with
the water surface area of 28-54 km?: peaks of 1963 and 1986 were identified indicating the event of
the Chernobyl disaster. The associated geochemical landscapes confirmed the picture of so-called
primary mosaic **'Cs distribution. This mosaic distribution depends on the sources features, fractiona-
tion processes during atmospheric radionuclide transport, relief conditions and the atmospheric the
conditions.

The comparative analysis of sedimentation rates for **'Cs and *°Pb helped the asses-
sment of sedimentation rates with a minimum of 1.5 mm/year (Lake Svetloe) and a maximum of
2.4 mm/ year (Lake Alabuga). The sedimentation rates of these two oligothrophic lakes are similar.
These results are consistent with the data obtained for the lakes of the foothill-Siberian taiga land-
scapes: 1.5-2.0 mm/year. The sedimentation rate for the lakes near copper smelters increased
2-2.5 times and is 4.8 mm/year. This is due to high level of erosion in the catchment area, increase in
terrigenous input and significant contribution of air dust components from copper smelters.

The application of Pb isotopic ratios was first proposed in the 1970-s to assess the antropo-
genic impact on the environment. Since then, nearly two hundred publications about Pb isotopic re-
ported the data one human influence on atmosphere, hydrosphere, soil, and lakes sediments. The
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Fig. Isotopic ratio 2°°Pb/*’Pb (left) and correlation rations from Pb concentration (right) in “back-
ground” environment and smelting area (1 — background lake sediments (depth 1 m), 2 — mineral horizons of
soils (depth 30 cm), 3 — metallurgical dust, sulfide ores, slags, 4 — top soil horizons (0-8 cm), 5 — lake sediments
smelting industry period (interval 0-20 cm), 6 — snow dust “background” environment, 7 — snow dust in smelt-
ing and mining area, 8 — atmospheric dust wet summer precipitation.
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general observation is that the most contrast “*Pb/?’Pb ratios for the background samples are at the
level of 1.18-1.35, and reflects the original Pb isotope ratio. In contrast, alkyllead gasoline, atmos-
pheric aerosoils, smelting dust have low *°Pb/*°’Pb in the range of 1.04-1.15. As the difference in iso-
topic ratios of 2°Pb/*’Pb is approximately 2%, it seems to be sufficient to distinguish between the
natural and the anthropogenic components, and even to assess their relative contribution to the overall
balance of the substances in the environment [Ettler et al., 2004]. Therefore the Pb isotope method is
widely used in geochemical studies.

Figure 1 illustrates the Pb isotopic ratios of the major components in the natural environ-
ment of the Southern Urals. We can clearly see the contrast in ?®Pb/*°’Pb isotope ratios for the two
main components of the natural environment — lake sediments and soils of the pre-industrial period
with average ratios of 1.210 and 1.198, respectively. In contrast industrial pollution has an “°Pb/**’Pb
average value of 1.152. The upper intervals, the humic part of soils and lake sediments under the in-
fluence of mining and smelting impact have similar relationships (Fig.). The Pb isotope ratio is a good
indicator of anthropogenic impact on the snow dust composition, its “background” landscapes have
an average ratio of 1.174 and atmospheric dust, which comes with rains in the summer has an average
value of 1.154. These low values of isotopic ratios demonstrate regional scale of mining and smelting
impact on the South Ural environment [Weiss et al., 2004; Spiro et al., 2013].

We thank to Martin Blunt, Andy Fleet and Terry Williams (ICL/NHM, London), Dariya
Kiseleva (IGG UB RAS, Ekaterinburg) for access to analytical facilities. VU and PA gratefully ac-
knowledges UB RAS Funds grant (projects no. 12-C-5-1037, 12-M-45-2051 and 12-M-45-2072).
This study formed part of the 3 year European Union FP5 INCO-Copernicus 2, MINURALS Project
(contract ICA2-CT-2000-10011). Follow-up work was funded by a 3 year (2010-2012) EU FP7 con-
tract “Impact Monitoring of Mineral Resources Exploitation” (ImpactMin, Contract: 244166).
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CHARACTERISTICS OF PRIMARY ORE AND FORMATION CONDITIONS OF
KONTROL’NOE GOLD DEPOSIT (UCHALY REGION, RUSSIA)

KoHTpobHOE MECTOPOXK/ICHUE MPHYPOUCHO K CEPHIIMT-KBAPIIEBHIM MEeTacOMaTHTaM, 00pa3o-
BaHHBIM 110 BYJIKAHOI'CHHBIM TOpOJaM Kapamaibitamickoid cButhl (Doef-zvkr). [lns onpenenenus du-
3UKO-XMMHUYECKHX MTapaMeTpoB HaMH ObLIM M3Yy4EHbI MepBUUHbIC (DIIFOUIHBIC BKIIOYCHHS U3 KBapla 1
OapuTa U3 Cyab(pHUICOACPIKAIINX KU B PYIHOH 30HE. M3MepeHus MepBUYHBIX (IIFOMIHBIX BKIFOUE-
HUW MMOKa3aJii CICMYIOIMe MHTEPBAIbI TEMIIepaTyp roMoreHusanuu: juist kBapia 160-320 °C, mns
6apurta 160-250 °C. Temnepatypa 3BTEKTHKH BKJIIOUEHHH B OapuTe BapbupyeT B mpeaenax ot —20.5
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10 —22 °C u 6mmska k conepoit cucteMe NaCl-H,O. Temmeparyps! miaBieHust OCIEAHEr0 KPUCTAI-
nuka coctaBisiioT oT —0.5 10 —0.9 °C, 9To COOTBETCTBYET KOHIIEHTpAIUsIM coyied B pactBope 0.7—
1.5 mac. %. Pe3ynbrathl Mccae0BaHMiA MOKAa3aIM, YTO KBapIl B Kmiax KOHTPOIBHOrO MECTOPOXKIe-
HUst 00pa3oBaJics B 00JIee BEICOKOTEMITEPATYPHYIO CTa/INI0, a 0apuT — B 00Jiee HU3KOTEMIIEPaTYPHYIO.
TemmepaTypbl 00pa3oBaHHs KBapl-0apUTOBBIX XHJ B PyAax W BMEMIAIOIIUX MOpOAax ONM3KH ApYT
apyry. Coneoii coctaB ¢uronna coorBerctByer cucreme NaCl-H,O u 61130k k cocraBy, ycTaHOB-
JICHHOMY Ha MHOT'HMX KOJYCAAHHBIX MECTOPOXKICHUAX. Huskas KOHICHTpal i coJjiel BO q)HIOI/I[[e MO-
KeT OBITh CBSI3aHO C sBJICHHEM (pa3oBoii cenaparmu.

Introduction

Our research is aimed to the determination of formation conditions of the Kontrol’noe gold
deposit based on the fluid inclusions study. The deposit is hosted in the sericite-quartz metasomatic
rocks, which were formed after basalts, andesibasalts, and dacites of the Middle Devonian Karamaly-
tash Formation. The longitudinal steeply dipping structure of the deposit corresponds to the regional
geological structure [Krylatov et al., 2006]. The ores include disseminated pyrite and rich stringer-
disseminated and massive barite-polymetallic types. The quartz and quartz-barite veins devoid of ore
minerals are widespread in host dacites and andesites. The sulfide-bearing quartz and quartz-barite
veins occur in the axial part of the ore zone, which completely coincides with metasomatic rocks.

The major ore minerals are pyrite in pyrite ores and sphalerite, galena, and fahlore in polymet-
allic type. Chalcopyrite is a minor mineral in both ore types. Pyrite is observed as cubic euhedral crys-
tals, framboids, and concretions. Sphalerite, galena, and fahlore form complicate aggregates. Gold 3—
50 um in size was found as inclusions in pyrite, sphalerite, galena, and fahlore and grains in fractures
in quartz and barite. The composition of gold corresponds to Augss_0.62A00.36-0.42CUo02-0.00 (inclusions
in tennantite) and Aug.46-0.67A00.30-0.40CUo 01-0.14 (g0Id in fractures in quartz and barite) [Belogub, 2009].

Results

We have studied primary fluid inclusions in quartz and barite from sulfide-bearing veins from
the ore zone. The two- and three-phase fluid inclusions are 3-10 um in size. The homogenization tem-
peratures of fluid inclusions vary from 320 to 160 °C in quartz (fig. a) and from 250 to 160°C in barite
(fig. b). The eutectic temperatures determined for the fluid inclusions in barite range from -20.5 to
—22 °C (fig. c) that correspond to NaCI-H,O system [Borisenko, 1977]. The temperatures of the final
ice melting (0.5 to —0.9 °C) indicate the salinity of the fluids of 0.7-1.5 wt. % NaCl-equiv. (fig. d).

Discussion

The genesis of the gold-sulfide ores from the Kontrol’noe deposit is a matter of debate. From
the one hand, the deposit is similar to the Baimak (Kuroko) type of VMS deposits by geological set-
ting, mineral compositions of ores, and gold content. From the other hand, no typical lithologically
controlled massive sulfide ores were found at the deposit. So, the deposit may be similar to the intru-
sion-related gold-sulfide-quartz deposits.

We have compared our results to the fluid inclusion data on the Balta-Tau, Tash-Tau, and
Vishnevka VMS deposits from the Baimak ore region. The homogenization temperatures of fluid in-
clusions are as follows: 240-100 °C (barite, Balta-Tau deposit), 280-120 °C (quartz, Vishnevka and
Tash-Tau deposits) [Holland et al., 2003; Zaykov et al., 2010]. The fluid salinity is 4.5-8 wt. % NaCl-
equiv (quartz, Tash-Tau) and 2-8 wt. % NaCl-equiv [Zaykov et al., 2010]. At the same time, the fluid
salinity and homogenization temperatures at the Degtyarskoe VMS deposit, Central Urals, are signifi-
cantly higher relative to the Baimak type deposits (7.7-16.2 wt. % NaCl-equiv and 465-210 °C, re-
spectively) [Vikent’ev, 2004].

The homogenization temperatures in quartz and barite from the Kontrol’noe deposit are similar
to those from the Baimak type deposits. The homogenization temperatures of quart from the VMS de-
posits are higher in comparison with barite that is observed at the Kontrol’noe deposit.

The fluid salinity of at the Kontrol’noe deposit is significantly lower compared both to above
mentioned VMS or typical gold-sulfide-quartz deposits [Baksheev et al., 1998]. The lower salinity
(0.7-2.1 wt. % NaCl-equiv) was determined for barite from the Semenov hydrothermal field in the
Mid-Atlantic Ridge [Melekestseva et al., 2010]. Similar lower salinity (0.2-4.5 wt. % NaCl-equiv)
at medium temperatures of 290-170 °C was identified for the Lepanto epithermal gold-sulfide deposit,
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Fig. Histograms of homogenization temperatures of fluid inclusions in quartz (a) and barite (b), eutectic
temperature of inclusions in barite (c), and salinity of fluid inclusions in barite (d).

Philippines. The low salinity of the fluid may be explained by phase separation of the homogenous
fluid [Hedenquist, Arribas, 1999]. This is in accordance with presence of two- and three-phase fluid
inclusions in gangue minerals from the Kontrol’noe deposit.

The one of the main differences between VMS and gold-sulfide-quartz deposits is different
composition and salinity of the fluids: NaCl-dominated (+ Na,SO,4 and K,SO,) fluids with salinity
similar to seawater at VMS deposits vs. compound and more saline fluids at intrusion-related gold-
quartz deposits.

Conclusions

Thus, quartz from the veins of the Kontrol’noe deposit was formed slightly at higher tempera-
tures relative to barite. The formation temperatures of quartz-barite veins in ore zone and host rocks
are similar. The composition of salt (NaCl-H,0) is similar to that observed at many VMS deposits.
The salinity of the fluid is low (0.7-1.5 wt. % NaCl-equiv) that may indicate the phase separation of
the fluid.

The authors are sincerely thankful to K. A. Novoselov and E. E. Palenova for useful advices.
We also thank I. B. Fadina and G. N. Drokina for a chance to work at the deposit.
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ORE GEOARCHAEOLOGY OF THE URALS METALLOGENIC ZONES

PynHas reoapxeosyiorusi ucciieyeT MUHEPAIbHO-ChIPhEBYIO 0a3y JAPEBHUX OOIIECTB C MTOMO-
IIbI0 PA3JIMYHLIX I'€OJOTHYCCKUX JUCHUILINH. Hcnonb30BaHbI JaHHBIC I10 3 MeTaJlNIOTEHUYECKUM 30-
Ham: [Ipuypansckoit, 'maBHoro ¥Ypansckoro pasnoma u Marauroropckoi. Ilo cocraBy XpoMUTOB o11-
peacICHbl UCTOYHUKU CBIPbA JJId psAda MCTAJUTYPrUu4C€CKUX LCHTPOB. BrisiBiaeHbl pacijiaBHbIC BKJIIO-
YeHUS MENU, XaJbKO3MHA U OJIOBOCoIepkanmx ¢a3. s onpenesieHuss NCTOYHUKOB 30JI0Ta BaXKHO
HU3YyUCHHUEC MMCIOIHNXCA B HEM BKJIIOUEHH I MHHCPAJIOB I'PyHIibl OCMUS. HaHI)I 3aJa4u [[aHLHefImHX uc-
CJI€I0BaHUU.

The ore geoarchaeology studies the mineral base and metallurgical products (slags, bars, and
metallic items) of ancient societies, using various geological disciplines and methods: economic geol-
ogy, mining, ore mineralogy and petrography, geochemistry (including isotope geology), analytical
researches, ore geophysics, and paleometallurgy. Our geoarchaeological research is based on proper
geological and geoarchaeological data (slags, copper, bronze and gold items) from 30 archaeological
monuments of the South Urals and those provided by colleagues from industrial and scientific organi-
zations and universities.

The main objects (ancient mines) are located in the Cis-Urals, Main Urals Fault and Magni-
togorsk metallogenic zones of the South Urals (Vorovskaya Yama, Ishkinino, Dergamish, and
Ivanovka) and some of them were found by authors. The mines and ore-bearing areas were mapped
and studied using geological, geochemical and micromagnetic surveys. We took part in excavations of
the Arkaim, Alandskoye, Sintashta, and Kuysak ancient settlements and Bolshe-Karagansky, Alexan-
drovsky, and Kamenny Ambar burial mounds.

The mineral composition of the artifacts was studied on an Olympus BX-51 and Axiolab, Carl
Zeiss optical microscopes and the chemical composition was analyzed on a REMMA 202M electron
microscope and JEOL-733 microprobe, Perkin-Elmer 3110 atomic adsorption and INNOV-4000
X-ray fluorescent analyzers. The using of the compact non-destructive INNOV analyzer is very impor-
tant for archaeological studies. The results of these works with descriptions of ancient mines, concen-
trating mills, and metallurgical kiln relics were included into geoarchaeological database. The compo-
sition of ores, mineral and melt inclusions in slags, and metallic items are shown in tables. These data
show the distribution of the base metals in the ancient society at the studied territory.

Mining and extraction of copper ores. The ancient copper mines represent the open pits
80 m in diameter with vertical and inclined mines. The oxidized ores with malachite, azurite, bornite,
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Table 1

Type of inclusions in slags and ores from the settlement the South Urals

Type Malachite ores in ul- Chalcocite ores in sulfide Sn-bearing ores
tramac rocks deposits
Mineral inclusions Chromite in slags and Chalcocite and clasts of -
clasts of ultramafic rock covellite
Melt inclusions As- and Ni-bearing bronze Chalcocite-bearing Sn-bearing regulus
regulus regulus

Compositions of ore

Azurite-malachite: Cu 3-

Chalcocite Cu 5-20 %

Sn mixtures

8 %; Ni 0.1 %; Co 0.1%;
As 1-3%

tenorite and other minerals were mostly exploited. The sulfide ores were rare that is concluded from
the compositions of the melt drops in the slags and mineral inclusions (covellite). Three main types of
copper objects distinct in geological setting, structures of the orebodies, mineral and chemical compo-
sition, and mineral resources are distinguished in the South Urals:

1. Mines in the ultramafic rocks with Cu-, Ni-, Co- and As-bearing ores (Vorovskaya Yama,
Ishkinino, Dergamish, Ivanovka);2. Mines in the rhyolite-basalt complexes of the VMS deposits and
destroyed by the modern mining (e.g., Bakr-Usyak deposit); and

3. Mines at the contacts with granite intrusions (Elenovka tourmaline-malachite deposit).

Based on the composition of ore, mineral and melt inclusions, we can distinguish three main
copper types, which were used during the Bronze Age at the South Urals: malachite ores in ultramafic
rocks, chalcocite ores in sulfide deposits, and tin-bearing ores (table 1). The copper-tourmaline ores is
a rare ore type.

The estimated resources of copper in the South Urals ancient mines are 70 thousand tons
[Yuminov and Zaykov, 2010]. The Cu contents in ores (3-5 % for different mines) and coefficient of
metallurgical extraction (min 50 %) are important for approximate estimation of the metal production
[Kozlovsky, 1987]. Using these parameters, we may conclude that 1400 tons of copper were extracted
from ores.

Ancient metallurgical slags and metallic items. We have studied the compositions of slags
from 16 South Urals settlements. Several groups of slags are distinguished on the basis of composi-
tion, mineral and melt inclusions. According to XRF data, the main types are Cu-, Cr-, Co-, and Sn-
bearing slags.

Chromite, chalcocite and covellite compose the major mineral inclusions in slags. A refractory
mineral chromite (the melting temperature is 2180 °C) poorly reacts with a melting slag. The composi-
tion of chromite allows determination the source of the ore, which was used in different metallurgical
centers. Chalcocite and covellite were found in slags from the Arkaim, Kamennyi Ambar and Kono-
plyanka settlements.

A few amounts of copper and As- and Sn-bronze melt inclusions were found. The first one is
related to arsenide ores from the ultramafic-hosted Co-Cu-VMS and fahlore-bearing deposits (table 1).
The Sn-bronze occurs as drops in the slags. Previously, these inclusions have not been revealed in the
Urals metal-working products and their presence indicates exploitation of the Sn-bearing ores. Ac-
cording to geological data, Sn deposits of Kazakhstan could be the possible sources for Sn-bearing
ores.

Mining of gold ores and jewel industry. The evidences for exploration of gold-quartz depos-
its and placers in the ancient mines are observed in the Kyzyl and Sakmara river basins in the Baymak
ore region, Republic of Bashkortostan. The small ancient pits are characterized by the soot on walls.
The stone stamps and mortars (stone plates 30 cm in diameter with a hollow in the centre) were found
near the pits. The findings of the bronze and stone picks in the gold-bearing sands of the Miass,
Kochkar and Berezovsk ore regions point to the exploration of placers.

The ancient jewelry was found in the Urals archaeological monuments in Orenburg and
Chelyabinsk districts and Republic of Bashkortostan. The Filippovka, Perevolochan 1, Magnitnyi, and
Kichigino are the richest burial mounds. The gold deer and jewelry collection from the Filippovka bur-
ial mound, storing in the museums of Ufa and Orenburg, are most expressive [Yablonsky, 2008]. All
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items were made with a “Siberian animal style”. Various jewelry pieces and wire balls were found in
the Middle Age workshop at the Ufa Il settlement.
The composition of the archaeological gold is different. Three groups of gold fineness (high
980-860 %o, intermediate 840—-600 %o, and low 550-370 %o0) are distinguished that may indicates the

Table 2
Composition of inclusions of osmium minerals in ancient gold products (South Urals)
Average
N Place pf No. of No. of Artifacts content (wt %) Formula
sampling samples | analyses
Os Ir Ru
1. Ne 7-1 6 4576 | 36.10 | 17.45 | Osg4olrg31RUg 29
2. Ne 7-2 10 34.54 29.30 27.66 Rug 42050 28110 24Pt 06
3. Ne 7-3 7 35.28 29.20 27.63 RU0_42050_29|r0_23Pt0_06
4, No 7-4 1 57.58 | 14.82 | 27.02 | Osg.7RUg1lrg12
5. Ne 7-5 8 56.88 17.04 25.57 050_47RU0_39|r0_14
6. Ne 7-6 7 55.07 8.97 35.42 RU0_51050_42|r0_07
7. Ne 7-7 5 32.67 53.85 3.43 11953050 32Ptg 09R U0 06
8. No 7-8 6 45.03 | 20.56 | 33.93 | Rug49Osp35lro16
9. | Filippovka Ne 7-9 7 37.23 | 29.91 | 26.88 | Rug.410S0301rg24Pty 05
10. | II, burial Ne 7-10 5 Cover plates | 35.12 | 58.52 | 2.26 I10.57080 35RUg 04Pto.04
11. | mound Ne 4 Ne 7-11 5 56.53 | 10.16 | 32.78 | Rug.40Sg 44108
12. No 7-12 5 37,74 56,05 5,87 |r0_55050_37 RUo_og
13. No 7-13 3 79.45 | 12.64 | 7.58 | Osg75RUg13lro12
14, Ne 7-14 2 73.36 | 16.17 | 10.09 | OsgesRUg 171015
15. No 7-15 3 72.60 | 16.83 | 10.29 | Osps7Rug1g Irg 15
16. Ne 7-16 6 40.32 38.13 17.28 050_35 |r0_33 RUo_zgpto_og
17. No 7—17 5 35.83 53.34 2.85 l|Drt0_52 05536 Rug o5
0.07
18. Ne 7-18 8 38.99 42.80 17,71 |r0_37050_34RU0_29
19. 103ab 2 13.56 81.25 412 |r0_78050_13RU0_07Rh0_02
20. FlllppOVka 103de 2 22.93 72.68 2.90 |r0_70050_23RU0_05Rh0_02
21. | 1, burial 103]'( 2 Cover plates 58.65 35.02 5.45 | Osgys6lrg33Rug.10RNg 01
22 mound Ne 1 73 4 38.92 50.23 2.39 |r0_50050_3gpt0_05Rh0_03
Rug .02
23, Eﬁ;ﬁ"f'o 11.5.8 4 Cover plate | 71,86 | 21,15 | 6,81 | OsoeslfozoRUo 12
24, :;TIOV'EV' -3 6 Pendant | 71 g5 | 24,21 | 3.71 | OsgrolfozsRUogr
25. M2-1 2 40.06 | 50.27 | 7.34 I10.45050.36RU0.12F€0 06
RhO.Ol
26, M2-1-1 4 Hemisphe- | 32.89 | 30.06 | 20.87 | FtssOoaslrasRNosPo
Magnitny, rical plaques z 01
27. | burial M2-A 5 46.55 | 39.29 | 12.26 g§°-41'r°-34R“°-21Fe°-°3
o 0.01
28. g‘l"“”d N 5 73.62 | 14.47 | 10.41 | Osp67RUp1slr015RN0 0
29. M3-1 5 59.86 37.05 2.39 Oso.50110.36RU0.04F€0.01
Triangle Rug 5,080 3210.10RNg 04
30. M3-1-1 5 olaques 42.74 | 13.01 | 37.80 Ptoos
31. M-111 6 28.82 60.97 5.68 11953050 25F€0.13RU0 09
Ushkata,
32, | burial VK7 3 Pendant | 64.82 | 34.11 | 0.47 | OspeslrossRU
* | mound Ne K : . . 0.65110.34RUp 01
12
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Low contents of Rh, Pt, and Fe are shown only in formulas. The analyzes were carried out on a
REMMA 202 M electron microscope (analyst V.A. Kotlyarov) at the South Urals Center for Collective Use
(IMin UB RAS, Miass). The artifacts were provided by L.T. Yablonsky (1-22, Orenburg, temporary storage
419, under restoration in State NIIR), S.V. Sirotina (23, 24), A.D. Tairov (25-31), and V.V. Tkachev (32)




different metal sources. According to the chemical composition, the most gold items from Chelyab-
insk and Orenburg districts and Republic of Bashkortostan contain 82—87 wt % Au (rare 61-67 wt %).

The wire with 97 wt % Au content was found in the jewel workshop of the Ufa Il settlement.
The Cu contents less than 3 wt % in the gold items is an alloying result. The items with higher (up to
9 wt %) Cu contents were produced with an artificial addition to the copper melt.

The finding of PGE minerals in the items from several archaeological monuments is the most
important result of our study (table 2). The PGE minerals were identified in three groups of monu-
ments: (i) Filippovka | and Ufa Il mounds (western group of the South Urals), (ii) Perevolochan I and
Yakovlevka Il mounds (central group adjacent to the Main Urals Fault zone), and (iii) Kichigino I,
Bolshoy Klimovsky, Stepnoy, and Ushkatta mounds (eastern group confined to the East Urals Fault
zone in the area of the interfluves of the Ural and Taobol rivers). Three groups of chemical composition
of 34 PGE mineral grains were distinguished on the basis of various contents of Os, Ru and Ir [Zaykov
et al., 2011]. The most data points on the Os-Ru-Ir plot belong to the field of osmium from the Urals
placers. Some compositions of PGE minerals from the studied mounds have no analogues in the corre-
sponding deposits.

We have estimated the possible sources of gold and PGE minerals of the ancient jewelry. Ac-
cording to the round morphology and heterogeneous composition of the inclusions, they were ex-
tracted from the gold placers located in the Main Urals and East Urals Fault zones. These tectonic
structures host Au-bearing ultramafic bodies with osmium mineralization and related placers. The
composition of native osmium from the Urals placers and gold jewelry from all studied objects will be
compared in order to identify the areas of extraction of gold for the jewelry.

Problems need to be solved in the future: (i) analysis of the metal resources of the ancient
societies of various ages, (ii) study of structure of mines and ore composition from new mines; (iii)
searching for the metallurgical workshops, which were operated in the Bronze and Early Iron Age; (iv)
finding of mineral and geochemical indicators of sources of mineral deposits in the Urals and adjacent
territories; and (v) identification of the boundaries of areas of mineral extraction, mining, and pale-
ometallurgical production.

The work is supported by UB RAS project no. 12-M-456-2024, Russian Humanitarian Scien-
tific Foundation (project no. 12-01-00293), and Russian Foundation for Basic Researches (project no.
13-06-12006). The authors are grateful to A.D. Tairov, D.G. Zdanovich, V.A. Kotlyarov, E.I. Churin,
and E.V. Belogub for their assistance during the study.
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