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ïðåïàðèðîâàëñÿ è èññëåäîâàëñÿ [5], âêëþ÷àÿ èñïîëü-

çîâàíèå êîìïîíåíòîâ äîëãîæäàííîé ñòàòèñòè÷åñ-

êîé òåîðèè èçîìîðôèçìà (ÑÒÈ). Âïåðâûå î íåé îï-

ðåäåëåííî âûñêàçàëñÿ Ã. Á. Áîêèé â 1940 ãîäó [6].

Í. Ï. Þøêèí è åãî ìèíåðàëîãè÷åñêàÿ øêîëà (êîë-

ëåêòèâ ñîòðóäíèêîâ) ñîçäàëè óñëîâèÿ äëÿ ïðîðàñ-

òàíèÿ ýòîé íîâîé, åùå ìàëîïîíÿòíîé, âêëþ÷àÿ àâ-

òîðà (äîêòîðàíòóðà 2004–2007), òåîðèè, çåðíà êîòî-

ðîé ïîÿâèëèñü íà ëåêöèÿõ Â. Ì. Âèíîêóðîâà (1921–

2010), ãåîôàêå ÊÃÓ [7].

×òî äàëà íîâàÿ òåîðèÿ ïðèìåíèòåëüíî ê ïèðè-

òó? 1) ïðè îòêðûòèè ïðîÿâëåíèÿ êîðåííîãî çîëîòà

ïîìîãëà îïðåäåëèòü ãåíåçèñ íà ñåâåðå Î÷üïàðìèíñ-

êîâîëüñêîãî âàëà, ð. Äèìòåìüåëü [3]; 2) ïîäòâåðäèòü

âûñîêóþ ïåðñïåêòèâíîñòü îòêðûòèÿ ìåäíûõ ìåñòî-

ðîæäåíèé, âïëîòü äî êðóïíûõ; 3) óòâåðäèòåëüíî âûñ-

êàçàòüñÿ î êîðåííîé ïðèíàäëåæíîñòè ïëàòèíîèäîâ

âåðõíåãî äîêåìáðèÿ Òèìàíà. è ìíîãîå äðóãîå.
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Introduction

Yushkinite is an extremely rare vanadium sulfide

(V1"xS·n(Mg, Al)(OH)2); so far, it has been found only in

one outcrop of sediment-hosted occurrences of vanadium

sulfides found in the Pay-Khoy ridge, at the northern end

of the Urals [1]. This area lies within the Nenets

Autonomous Okrug (District), about 500 km NW of

Syktyvkar, Russia. Some recent publications provide new

data on the crystalline structure of yushkinite [2];

however, the conditions and environment of formation

of this mineral and those of the other vanadium sulphides
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are poorly known. Most of the occurrences of V minerals,

and in particular those of V sulphides, are related to

organic matter. V may be enriched in some black shales,

exceeding 300 ppm (1500 ppm in average), whereas in

these black shales Fe and Mn can be very low, all

suggesting low pH and possible methanogenesis at low

pH  [3]. Moreover, V can be transported by oil-rich fluids:

significative amounts of vanadium occur in fossil fuels

from Venezuela, Angola, California, Iran, Iraq, and

Kuwait (> 0.1 % up to 1 % V), although Indonesian,

Libyan and West African oils contain lesser amounts of
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vanadium [4]. Patronite V4+(S2
2–)2) has been described

in asphalt veins in Minas Ragra (Perú). Hence, the V

mineralogy can provide indirect information on the

conditions of the oil formation and migration and

probably on its trapping conditions.

The V mineralization of Pay-Khoy may be an

excellent natural laboratory to study these processes. In a

previous contribution we provided some data on stable

isotopes (C and O in carbonates, S in sulphides [5]. In this

paper we enlarge the data on the above isotopes, and we

supply new data on the D and O isotopes in yushkinite.

Hence, the aim of this contribution is to provide genetic

information on these mineral associations, using samples

obtained during an expedition to the Pay-Khoy area along

with Dr. Yushkin, and some samples provided by the

Institute of Geology of the Komi Science Center. This

contribution aims to be a tribute to Dr. Yushkin’s memory.

Geological setting

The Pay-Khoy ridge is a NW-SE mountain range

located at the northernmost end of the Ural Mountains

[6], and forms a curved orogen along with the Northern

Ural Mountains, the Vaygach Island and the Novaya

Zemlya archipelago. However, the Pay-Khoy ridge and

Novaya Zemlya were deformed during the Cimmerian

Orogeny, between the Late Triassic and Early Jurassic

[7], whereas the Urals were formed during the Uralian

Orogeny, during the Late Carboniferous-Permian [8].

The Pay-Khoy ridge comprises a Late Proterozoic

basement composed of metamorphosed volcanic-

sedimentary rocks (Upper Riphean to Vendian),

unconformably covered by Paleozoic sedimentary series

up to 5.5 km thick [9, 10]. The Paleozoic series has been

synthetized in [11]. The basal unit of the Paleozoic series

has a possible Upper Cambrian age, and consists of

polymictic conglomerate, sandstone and calcarenites,

followed by 2500 m of Ordovician detrital sediments, with

minor chert and limestones at the top. Silurian and Lower

Devonian sediments are represented by chert, shales and

nodular limestones that at the top give rise to quartz

sandstones, chert and carbonated shales. The range of

time between Early Carboniferous (Visean) to Lower

Permian is represented by 700 m of carbonaceous shales,

chert, calcarenites and limestone breccias with graded

bedding. Besides pyrite, barite occurs as beds interlayered

within sedimentary rocks.

The Paleozoic series were deformed during the

Cimmerian orogeny, producing a system of folds and

thrusts trending NW-SE [12]. The deformation was

produced in the epizone, and the metamorphism is

anchyzonal.

Sediment-hosted vanadium
mineralizations: modes of occurrence

Vanadium sulfides in the Pay-Khoy show three

different modes of occurrence [6]: a) syngenetic or

diagenetic in the black shales (b) Syn-tectonic veinlets

developed the necking zones of boudinage structures; and

(c) late, undeformed veins.

Patronite (V4+(S2
2–)2) has been described to occur

as fine-grained disseminations in the Serpukhovian black

shales interbedded with black calc-schists and limestones,

and should represent a primary (syngenetic or early

diagenetic) V mineralization [6]. Scarce fine-grained

pyrite may also be present in the association.

Syn-tectonic veinlets are found in the flanks of

Cimmerian folds, particularly, where less-competent

organic calc-schist beds are interbedded with the

patronite-bearing black shales. In this situation,

boudinage structures formed in the less-competent beds,

developing necking zones that are the loci of syn-tectonic

veinlet mineralizations. Veinlets attain up to 4 cm in

width, and their length is restricted by the thickness of

the less-competent bed, usually not exceeding 1 m. These

veinlets are filled by fibrous crystals developed

perpendicularly to the vein walls, and consist largely of white

calcite, with subordinate yushkinite (V1–xS•n(Mg, Al)

(OH)2) and Cd-rich (4.42–5.47 % wt Cd), Fe- and Mn-

poor yellow sphalerite [6]; although much scarcer,

sulvanite (Cu3VS4), chlorite and fluorite also occur. All

these crystals are below 1 mm in width, but may achieve

up to 4 cm in length. In many cases they are bent.

Late, undeformed veins occur either in the flanks

and in the hinge lines of folds, attaining up to 20 cm in

width. Vein infilling consists of randomly oriented coarse

crystals (up to 5 cm across), without geodical porosity.

Calcite, in the form of anhedral, white crystals, is the

dominant mineral, and is accompanied by lesser anhedral

milky quartz, euhedral {100}crystals of sulvanite and

lesser amounts of Mn-rich reddish sphalerite and Fe-rich

black sphalerite. Galena is very rare, and small contents

of fine-grained pyrite may also be present.

Methodology

Sulfides (yushkinite, pyrite, sulvanite and

sphalerite) and carbonates (calcite) from the two

recognized modes of occurrence were carefully separated

by handpicking under a binocular microscope. In

addition, sulfur isotopic analyses were obtained from

pyrite grains from the hosting sedimentary rocks.

CO2 extraction was done in a Thermo Finnigan

Carbonate Kiel Device III, which reproduces in an

automated way the McCrea (1950) method. Calcite was

reacted with phosphoric (100 %) acid at a 70 °C. The

reaction time was 3 minutes for each sample. The

Carbonate Device is coupled to an isotope ratio mass

spectrometer Thermo Finnigan MAT-252, in which the

produced CO2 is analysed. Results were calibrated with

NBS-18 and NBS-19 international standards. The

analytical error was less than 0.02 for δ13C and 0.06 for

δ18O.

Isotopic analyses for sulfides were done in a

Finnigan CHN Elemental Analyser, where sulfide sulfur

was transformed into SO2 at 1030 °C.  The Elemental
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Analyser is coupled online with an Isotopic Relation Mass

Spectrometer Thermo Delta Plus XP, in which the

produced SO2 is analyzed. Results were calibrated with

IAEA S1, IAEA S2, IAEA S3 and NBS-123 international

standards. The analytical error was less than 1.5.

In addition, D and O analyses were done in

yushkinite. The samples were introduced in siulver

capsules, adding graphite as a catalyst, and the oxygen

present in the sample is transformed in CO by pyrolisis at

1450 °C in a Thermo TC/EA (High Temperature

Conversion Elemental Analyser). The TC/EA is connected

online with the same spectrometer as above, where the CO

resulting from the pyrolisis is analysed. The results were

calibrated with the international standard NBS-127. The

D analyses are prepared as those of O. Results were

calibrated with the standard IAEA CH7, as well as with

reference materials provided by the Indiana University.

Results

Stable isotope analyses revealed significant

differences between the two styles of vanadium vein

mineralization. Unfortunately, the extremely fine grain

of patronite in the black shales did not allow us to obtain

isotope data for this mineral, and therefore, we do not

have data about the primary V mineralization.

Stable isotope analysis of calcite from the syn-

tectonic veinlets yield a narrow range of variation for both

δ13C and δ18O, with values around +1 ‰ and +29 ‰,

respectively (fig. 1). In contrast, δ13C and δ18O values in

calcite from late, undeformed veinlets show a wide range

of variation. The dominant group have δ13C values

between –3.3 ‰ and –1.5 ‰ and δ18O values 29.0 ‰

and 22.8 ‰; however, a sample yielded very low δ13C

values (–9.4 ‰), and δ18O values of 28.5 ‰ (fig. 1).

Pyrite layers from the host sedimentary rocks

returns δ34S values distributed in an extremely wide range,

from +28 ‰ to –74 ‰ (fig. 2). Yushkinite and yellow

sphalerite from the syntectonic veinlets returned values

in a narrow range around +4 ‰, and sulvanite and

sphalerite from the late, undeformed veins have values

between +5 ‰ and –20 ‰.

Discussion

In absence of S data from the primary V sulphides,

a detailed and systematic sampling of pyrite along the

geological profile of the Upper Paleozoic of Pay-Khoy

should be welcome. Unfortunately, we have only some

data from some pyrite outcrops from the area. The marine

sulphate during the Middle Carboniferous had a δ34S

around 15 ‰ [13,14]. The wide range of variation of δ34S

in pyrite from the Paleozoic series suggests that pyrite

could be produced by bacterial reduction of marine sulfate

in a closed system. This could explain the occurrence of

extreme negative values and some positive values of δ34S

in pyrite.

On the other hand, the narrow range of δ13C and

δ18O in calcite from the syn-tectonic veins, and its

similarity with the typical values for marine carbonates

in the Serpukhovian-Bashkirian period in the Urals

domain [15], suggest that the calcite in the veins was

extracted without significative fractionation from the host

rocks during the thrusting. The pore-fluids, saturated in

HCO3, could migrate without fractionation towards the

necking domains of the boudinage areas in the flanks of

the folds. Under these conditions, one expects only a few

fractionation between the primary carbonates and the

cements filling the veinlets. However, the slight depletion

of δ13C and δ18O respect to the marine carbonate values

can also be produced by diagenetic processes, as are an

increase of temperature in the case of the O and a supply

of organogenic carbon to the system in the case of C. The

last explanation could be invoked, in particular, in the case

Fig. 1. δ13C vs. δ18O binary plot of calcite analyses from the sediment-hosted vanadium occurrences of Pay-Khoy, compared
with the stable isotopic composition of the hosting carbonates (from [10, 13])
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Fig. 2. Histogram of δ34S of sulfides (yushkinite, sulvanite and sphalerite) from the sediment-hosted vanadium occurrences
of Pay-Khoy. In addition, sulfur isotopic analyses from pyrite grains from the hosting sedimentary rocks are included

Fig. 3. Diagram of δD and δ18O of yushkinite from the sediment-hosted vanadium occurrences of Pay-Khoy. In addition,
the domains of metamorphic waters and primary magmatic waters are indicated
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of the calcite with lowest δ13C values, close to –10 ‰.

However, in most of the cases the δ13C values are quite

close to the PDB values.

Despite the fractionation mechanisms between

water and yushkinite are not studied, the resulting δD

and δ18O values in yushkinite could be compatible with a

precipitation of this mineral from metamorphic waters.

As can be seen in fig. 3, the δ18D and δ18O values for

yushkinite plot over the kaolinite line. In absence of data

about the behaviour of D and O in sulphides, these results

suggest that the mechanism proposed in [6] for the genesis

of yushkinite, involving reaction of sheet silicates with

patronite, cannot be ruled out. Hence, it is not necessary

to invoke a movement of oil for the transport and

deposition of V sulphides.

The narrow range of δ34S from the syn-tectonic veins

suggests that these carbonates and S were produced by

remobilization of sulfides from the immediate hosting

beds of sedimentary rocks. The population of δ34S values

close to 0 ‰ cannot be interpretated as produced in

connexion with magmatic fluids, since igneous rocks are

lacking in the area, with the exception of some dikes of

Devonian age. A thermochemical marine sulphate

reduction (TSR) could produce these values taking into

account the initial values of 15 ‰ in the marine sulphate.

The moderate temperatures (up to 200 °C) obtained in

some fluid inclusions in the yushkinite veins [6] could

give support to this hypothesis. Although Fe is usually

involved in the process of thermogenic reduction because

remove the excess of H2S by precipitating pyrite, in these

black shales the Fe content is slow. However, V contents

are high and perhaps V can be in these environments the

alternative to Fe.

By the contrast, the wide variations in the post-

tectonic veins suggest that S and carbonate suffered a large

transport, and could be obtained by leaching of pyrite

scattered in the sediments of the series.
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