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Formation of the Urals Volcanic-Hosted Massive Sulphide (VHMS) deposits is considered to be related with the
intra-oceanic stage of the island arc(s) development in Late Ordovician – Middle Devonian time (ca. 460–
385Ma) based on the biostratigraphic record of ore-hosting sedimentary rocks. However, the known radiometric
ages of ore hosting volcanics are very limited. Here we present direct dating results of sulphide mineralisation
from the Yaman-Kasy and Kul-Yurt-Tau VHMS deposits using Re-Os isotope systematics showing similar
mineralisation ages of 362 ± 9 Ma and 363 ± 1 Ma. These ages coincide with the previous Re-Os dating of the
Alexandrinskoe (355 ± 15Ma) and Dergamysh (366 ± 2 Ma) VHMS deposits. This Late Devonian (Famennian)
age corresponds to the late stage of the ‘Magnitogorsk arc – Laurussia continent’ collision event and coincides
with a beginning of large scale subduction-related granitoidmagmatism. The youngermineralisation age relative
to the biostratigraphic ages of host rocks is interpreted as one of the latest episodes of the multi-stage history of
VHMS deposits development. Ar-Ar ages of sericites from metasomatic rocks of Barsuchi Log and Babaryk de-
posits show even younger ages clustering around 345Ma, and testify another late hydrothermal event in the his-
tory of the Urals VHMS deposits.

© 2016 Elsevier B.V. All rights reserved.
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The Urals is considered to be one of the world's largest Volcanic-
Hosted Massive Sulphide (VHMS) deposits provinces, trailing only the
Iberian Pyrite Belt VHMS Province (Spain-Portugal) in term of ore re-
serves. The VHMS deposits in the Urals are considered to be formed
within an intra-oceanic arc setting in Late Ordovician – Early Devonian
time (e.g., Herrington and Brown, 2011; Prokin and Buslaev, 1999)
based on biostratigraphy of ore-hosting sedimentary rocks (e.g.,
Herrington et al., 2005; Artyushkova andMaslov, 2008; Puchkov, 2010).

Radiochronological U-Pb dating of zircons in the Urals is limited to
intrusive magmatism (mainly granites and diorites; e.g., Fershtater et
al., 2007), whereas the massive sulphide deposits are related with
Ordovician to Middle Devonian magmatism mainly developed in the
form of volcanic eruptions (e.g., Puchkov, 2010). The comagmatic
plagiogranite intrusions, which were penetrated by some drill holes at
deep levels of massive sulphide deposits, have not been studied. The
Rassypnyansky tonalite-trondhjemite pluton is the only large intrusive
body which has been dated, with U–Pb zircon ages from 411 ± 9
. Tessalina).

., Significance of Late Devonia
Rev. (2016), http://dx.doi.org
(inherited xenocryst) to 393 ± 6 Ma (Early Devonian; interpreted as
crystallisation age).

Moreover, some direct Re-Os dating of sulphide ores from two
VHMS deposits (Dergamysh and Alexandrinskoe) shows Late Devonian
age of 366± 2Ma (Gannoun et al., 2003), and Lower Carboniferous age
of 355 ± 15 Ma (Tessalina et al., 2008), respectively, which are at least
25 Ma younger than the expected Early Devonian biostratigraphic ages
of their hosting volcano-sedimentary sequence (Tesalina et al., 2003;
Artyushkova and Maslov, 2008).

The Re-Os ages of two studied deposits (Gannoun et al., 2003;
Tessalina et al., 2008) coincide with Famennian intrusive complexes
that complete the island-arc evolution of the Magnitogorsk Megazone
with zircon ages in a range from 360 to 368 Ma (Fershtater et al.,
2007). The emplacement of these plutons marked the beginning of
large-scale granitoid magmatism of the Paleozoic Ural Orogen, and
was accompanied by deposition of the thick flyschoid sequence of the
Zilair Formation. Interestingly, the U-Pb dating of gabbroic rocks from
the Magnitogorsk megazone (38 grains) doesn't show ages older than
360 Ma (Fig. 4 in Fershtater et al., 2007).

Previous K-Ar ages for ore-related alteration sericites from nine
Urals VHMS deposits are summarised by Buslaev and Kaleganov
(1992) and show a range of apparent ages of 390 to 301 Ma,
n – Lower Carboniferous ages of hydrothermal sulphides and sericites
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corresponding to Middle Devonian-Upper Carboniferous (Gzhelian)
time interval, although K-Ar data must be considered with caution
since one cannot evaluate the veracity of any given date.

These consistently younger Re-Os and K-Ar ages contradict the as-
sumption that the VHMS ore deposits are formed in close temporal re-
lationship with spatially associated submarine volcanism (e.g., Huston
et al., 2010) and argue for either some kind of resetting/perturbation
of the Re-Os and K-Ar isotopic systems, or that multiple hydrothermal
events affected the VHMS deposits. However, the published Re-Os iso-
chron ages from only two VHMS deposits do not allow a reliable test
of a possible younger overprint. Similarly, the available K-Ar ages
were determined N20 years ago and are not considered reliable com-
pared to the more robust and self-assessing technique like 40Ar/39Ar.
To redress this problem, we studied two Urals VHMS deposits
(Yaman-Kasy and Kul-Yurt-Tau) using Re-Os isotope systematics or
ore sulphides, togetherwith 40Ar/39Ar analysis of sericite fromore-bear-
ingmetasomatic rocks located at theBabaryk (Alexandrinskoe ore field)
and Barsuchi Log deposits, using up-to-date analytical techniques.

2. Model of the Urals VHMS deposits formation

The formation of the Urals VHMS deposits is currently though to
occur in Late Ordovician to early Devonian time in intra-oceanic arc set-
ting (e.g., Herrington et al., 2005; Prokin and Buslaev, 1999), synchro-
nous to the formation of ore-bearing volcano-sedimentary rocks
which have been dated using biostratigraphy (e.g., Artyushkova and
Maslov, 2008; Puchkov, 2010). According to current model, the forma-
tion of the Urals VHMS deposits spent a period of time of ca. 80 Ma
(461–385 Ma) starting from Late Ordovician to Late Devonian, separat-
ed into several metallogenic epochs. The oldest one is related with the
Ordovician Guberlya arc (Dubinina and Ryazantsev, 2008; Puchkov,
2010, 2016), hosting several VHMS deposits in Sakmara zone, including
the Yaman-Kasy deposit. Next stage of the VHMS deposits formation is
relatedwith the Tagil arc, which occurs in theNorthern part of Urals and
not considered in this study (see Prokin and Buslaev (1999) for more
details). The latest Devonian (407–392 Ma) epoch is linked to
the Magnitigorsk arc and host several VHMS deposits including Kul-
Yurt-Tau, Babaryk and Barsuchi Log. The geological history and
chronostratigraphy of the Devonian mineralisation and related sedi-
mentation in the Southern Urals was characterized in detail using the
conodont scale (Artyushkova and Maslov, 2008), giving constrains on
the age of volcanics and associated VHMS deposits, and is briefly
outlined below.

During the serotinus Zone (Emsian, Lower Devonian; 397–407 Ma),
relatively vigorous volcanism begins in the submarine extensional
structures (rifts). Rhyolite-basaltic volcanogenic sequences of this age
(Baimak-Buribai and Kiembai formations in the Magnitogorsk
Megazone) formed and host numerous polymetallic deposits of Kuroko
type (e.g., Balta-Tau, Kul-Yurt-Tau, Barsuchi Log).

A significant deepening of the basin was associated with rhyolite-
basaltic volcanism in extensional settings (rifts) at the end of the
costatus Conodont Zone and continued through the australis and
kockelianus zones (Eifelian, Middle Devonian: 392–397 Ma), giving
rise to the Karamalytash Formation, which hosts a large number of
large and giant VHMS deposits of Uralian type within theMagnitogorsk
zone (e.g., Uchali, Sibai, Alexandrinskoe).

No VHMS deposit formation is reported in rocks deposited in the pe-
riod from the end of the Givetian to the early Frasnian (ca. 385 Ma),
whereas the intense island-arc volcanismwas still active on the territo-
ry of the East-Magnitigorsk Zone. The longest time span without any
volcanic activity falls within the punctata – rhenana zones (Frasnian,
Upper Devonian: 385–374 Ma), when the relatively shallow-water re-
gime abruptly changed to a deep-water one. After a long dormant volca-
nic period and sedimentation the next extensive outbreak in volcanic
activity falls within the Frasnian/Famennian boundary interval (ca.
374 Ma). The beginning of collision caused the accumulation of the
Please cite this article as: Tessalina, S.G., et al., Significance of Late Devonia
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Zilair flysch Formation in the West-Magnitogorsk zone, with volcano-
clastic sediments supply frompersistent volcanism in the East-Magnito-
gorsk Zone.

3. Geological setting and sampling

In this study, sulphide and sericite samples were collected for Re-Os
and 40Ar/39Ar study from four VHMS deposits occurring in distinct
geodynamic settings (Fig. 1).

3.1. Yaman-Kasy deposit

The Yaman-Kasy deposit is situated in the Orenburg district, South-
ern Urals (Fig. 1, location 4; Maslennikov et al., 2009) and restricted to
the Sakmara zone's volcano-sedimentary bimodal sequence, which
was previously interpreted as Silurian in age. Its tectonic structure how-
ever is not clear and was variously interpreted as: (a) an allochthon
(e.g., Herrington et al., 2005); (b) back-arc basin (e.g., Zonenshain et
al., 1990); (c) the Southern end of the Tagyl volcanic arc (Northern
part of the Urals metallogenic structure; e.g. Prokin and Buslaev,
1999). Recent fauna dating (Dubinina and Ryazantsev, 2008;
Ryazantsev et al., 2008) points to the Late Ordovician age and indicates
that these volcanics are linked to the Ordovician Guberlya arc (Puchkov,
2010, 2016).

The mound-like Yaman-Kasy orebody (Fig. 2) 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 VHMS deposits, analogous to the modern black-smoker
VHMS deposits. The hydrothermal chimney fragments were collected
for this study, including 4 pyrite-marcasite samples from the outer
wall, 2 chalcopyrite samples from the inner wall, and 1 pyrite-marca-
site-sphalerite sample from the chimney core.

3.2. Kul-Yurt-Tau deposit

The studied Kul-Yurt-Tau deposit (Zaykov et al., 1988) is situated
within the West-Magnitogorsk island arc (Fig. 1, location 2) and re-
stricted to themiddle part of Baimak-Buribai formation (Lower Devoni-
an, Emsian: 397–407Ma). Thismound-like ore body occurs on the flank
of a rhyolite-dacite dome within the volcaniclastic horizon. The felsic
volcanic host rocks at the top and flanks of the ore body are transformed
into sericite-pyrophyllite-quartz metasomatic rocks. The studied mo-
lybdenite samples form 0.1–2 mm thick coat-like aggregates in associa-
tion with pyrophyllite within these metasomatic rocks (Zaykov et al.,
1988).

3.3. Barsuchi log deposit

The Barsuchi Log VMS deposit is located in the Orenburg region east
of the city of Orsk (Glasby et al., 2006), in the southern part of the Jusa
ore field (Fig. 1, location 5). It occurs within a basalt – andesite – dacite
– rhyolitic complex and is confined to the caldera of the Barsuchi Log
stratovolcano, which is a part of the Karabutak Formation (ca.
395 Ma). The nucleus of the sulphide mound consists of homogenous
massive copper ores surrounded by pyritized quartz – sericite – chlorite
metasomatites. Banded ores are characterized by the interstratification
of chalcopyrite – pyrite and sphalerite – galena layers. Sulphide ores
from this deposit are generallywell preserved,with relics of sulphidized
fauna. Samples 9042A and B for this study were collected from sericite-
bearing metasomatic rocks with sulphide veins (pyrite and minor
covellite).

3.4. Babaryk deposit

The Babaryk deposit (Novoselov et al., 2006) is situated within the
Alexandrinskoe ore field (Fig. 1, location 1) and considered to be the
n – Lower Carboniferous ages of hydrothermal sulphides and sericites
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polymetallic sphalerite-barite mineral occurrence has a subvertical
structure and has undergone significant tectonic deformation. The
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Fig. 1. Simplified geological map of the Southern Urals showing the main regions of arc
volcanic sequences and the location of studied VHMS 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 Ordovician up to Late
Devonian; (2) Magnitogorsk island arc zone, consisting of volcanics and sediments of
Devonian age. An intermediate “intra-arc” basin, filled by Late Devonian-Lower
Carboniferous volcanics and sediments, divides the Magnitogorsk structure into the
West and East-Magnitogorsk zones; (3) Sakmara zone, whose origin is not clear.
Massive sulphide deposits: 1 – Alexandrinskoe and Babaryk, 2 – Kul-Yurt-Tau, 3 –
Dergamysh, 4 - Yaman-Kasy, 5 – Barsuchi Log.
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from the Urals Volcanic-Hosted ..., Ore Geol. Rev. (2016), http://dx.doi.org
E
D
 P

R
O

O
F

ore-bearing metasomatic rocks and ores occur at the structural bound-
ary between two lava flows.

The sample 5864/110.9 was collected from the ore horizon
intersected by drill core and represents relatively fresh metasomatic
rocks after breccia with clasts of sulphides and barites.

4. Analytical methods

4.1. Re-Os systematics

The Re and Os concentrations and the Os isotopic composition of
pure sulphide samples were determined by negative thermal ionisation
mass spectrometry (N-TIMS) using a Finnigan MAT-262 at the Institut
de Physique du Globe de Paris. The analytical procedure was described
by Birck et al. (1997). Approximately 0.1 to 0.15 g of sulphide samples
were used for the analyses. Sample powders were spiked with a
mixed 190Os–185Re spike. The sulphide samples were then dissolved in
a HNO3/CrO3 solution. Os was extracted in liquid bromine and purified
by microdistillation. The supernate was reduced by ethanol and Re
was extracted and purified by liquid/liquid extractionwith isoamylic al-
cohol and 2 N HNO3. Total procedural blanks for Os ranged between
0.05 and 0.27 pg/g; 187Os/188Os values for the blanks ranged between
0.15 and 0.45. The Re blanks ranged between 5 and 10 pg/g with a
mean value of 7 pg/g. Since total blank for both Re and Os was run as
part of each batch of dissolutions, the appropriate blank correction for
each batch was applied. For molybdenite, the same dissolution method
was employed, with the only difference being a more enriched compo-
sition of mixed 185Re-190Os spike.

4.2. 40Ar/39Ar

We selected 3 samples for 40Ar/39Ar dating and separated homoge-
nous, 250–300 μm-size grains of sericite. These minerals were carefully
hand-picked under a binocular microscope. The selected sericite min-
erals were thoroughly rinsed with distilled water in an ultrasonic
cleaner.

Samples were loaded into three small wells of one 1.9 cm diameter
and 0.3 cm depth aluminum disc. These wells were bracketed by small
wells that included Fish Canyon sanidine (FCs) used as a neutron
fluence monitor for which an age of 28.294 ± 0.036 Ma (1σ) was
adopted (Renne et al., 2011). The discs were Cd-shielded (to minimize
undesirable nuclear interference reactions) and irradiated for 40 h in
the US Geological Survey nuclear reactor (Denver, USA) in central posi-
tion. Themean J-value computed from standard grains within the small
pits is 0.008215 ± 0.00001561 (0.19%) determined as the average and
standard deviation of J-values of the small wells for each irradiation
disc.Mass discriminationwasmonitored using an automated air pipette
and provided a mean value of 1.006299 (±0.34%) per dalton (atomic
mass unit) relative to an air ratio of 298.56 ± 0.31 (Lee et al., 2006).
The correction factors for interfering isotopes were (39Ar/37Ar)Ca =
7.30 × 10−4 (±11%), (36Ar/37Ar)Ca = 2.82 × 10−4 (±1%) and
(40Ar/39Ar)K = 6.76 × 10−4 (±32%).

The 40Ar/39Ar analyses were performed at the Western Australian
Argon Isotope Facility at Curtin University. The sampleswere step-heat-
ed using a 110 W Spectron Laser Systems, with a continuous Nd-YAG
(IR; 1064 nm) laser rastered over the sample during 1 min to ensure a
n – Lower Carboniferous ages of hydrothermal sulphides and sericites
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Maslennikov et al., 2009). The fragment of hydrothermal chimney, vent fauna and
clastic ore breccia with surrounding gossans are shown. Chimney consists of: A - outer
pyrite-marcasite wall; B - inner chalcopyrite wall; C – pyrite-marcasite-sphalerite core.
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Fig. 3. Re-Os isochron diagram for the Yaman-Kasy deposit (see Table 1 for analytical
dataset).
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homogenously distributed temperature. The gaswas purified in a stain-
less steel extraction line using two SAES AP10 getters, a GP50 getter. Ar
isotopes weremeasured in static mode using aMAP 215–50mass spec-
trometer (resolution of ~450; sensitivity of 4 × 10−14 mol/V) with a
Balzers SEV 217 electron multiplier using 9 to 10 cycles of peak-hop-
ping. The data acquisition was performedwith the Argus programwrit-
ten byM.O.McWilliams and ranunder a LabView environment. The raw
data were processed using the ArArCALC software (Koppers, 2002) and
the ages have been calculated using the decay constants recommended
by Renne et al. (2011). Blanks were monitored every 3 to 4 steps and
typical 40Ar blanks range from 1 × 10−16 to 2 × 10−16 mol. Ar isotopic
data corrected for blank, mass discrimination and radioactive decay
are given in Electronic Annex. Individual errors in Annex are given at
the 1σ level. Our criteria for the determination of plateau are as follows:
plateaus must include at least 70% of 39Ar released. The plateau should
be distributed over a minimum of 3 consecutive steps agreeing at 95%
confidence level and satisfying a probability offit (P) of at least 0.05. Pla-
teau ages are given at the 2σ level and are calculated using the mean of
all the plateau steps, each weighted by the inverse variance of their in-
dividual analytical error. All sources of uncertainties are included in the
calculation.

5. Results

5.1. Re-Os in sulphides

The plot of the isotope data for the Yaman-Kasy ores on the Re-Os
isochron diagram (Fig. 3; Table 1) defines a best-fit line with an age of
362 ± 9 Ma (MSWD = 3.4) and an initial 187Os/188Os ratio of
0.106 ± 0.016. The data indicate that scatter is present in the system,
probably due to variable initial 187Os/188Os ratios in a seawater and hy-
drothermal fluid mixture (e.g., Brügmann et al., 1998), or/and to post-
depositional hydrothermal fluid flow (see Discussion).

To complement the Re-Os age of sulphide ores by the isochron
method, we analysed a molybdenite sample from the Kul-Yurt-Tau de-
posit. The absence of Os in molybdenite structure allows the direct dat-
ing because all measured Os can be ascribed to the radioactive decay of
187Re isotope. The molybdenite age of 363.4 ± 1.1 Ma (Upper Devoni-
an) for Kul-Yurt-Tau is identical within analytical error to isochron
date for Yaman-Kasy (Table 2).

5.2. Ar-Ar in sericite

Two analysed sericite grains from the Barsuchi Log deposit (Fig. 4, A
and B) yield two relatively precise plateau ages of 344.7 ± 2.0 Ma
(MSWD = 1.6; P = 0.14) and 344.8 ± 2.9 Ma (MSWD = 1.3; P =
0.23), which include 76% and 100% of the total 39Ar released,
Please cite this article as: Tessalina, S.G., et al., Significance of Late Devonia
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E
D
 P

Rrespectively. The third sample from the Babaryk deposit (Fig. 4, C) also
yields a plateau age of 340 ± 7 Ma (MSWD = 0.89; P = 0.54), from
100% of the total 39Ar released, but with a poorer precision compared
to the other two samples, due to the small size of the grain investigated.
No isochron could be calculated due to the clustering of the data near
the radiogenic axis, which indicate the absence of a trapped (initial)
component, and that all the 40Ar released is radiogenic. All three ages
agree within error.

6. Discussion

The discrepancy between the age of ore-bearing volcano-sedimen-
tary rocks and sulphide ores is rather puzzling giving that in most of
the cases theRe-Os geochronology coincideswith the age of ore-hosting
rocks (e.g., Mathur et al., 1999), although inmany cases showing scatter
on Re-Os isochron diagram, and, in some cases, showing two types of
fluids based on initial 187Os/188Os values (e.g., Lobanov et al., 2014).
For example, Tharsis deposit from the Iberian Pyrite Belt was dated at
346 ± 26 (Mathur et al., 1999), which coincides with the age of ore-
hosting black shales. The Altai VHMS deposits show more scatter on
Re-Os isochron diagram with two possible model ages, one of which is
significantly older than that of ore-hosting volcanics. The younger age
was explained as metamorphic overprint (Lobanov et al., 2014).

To resolve this discrepancy between biostratigraphy and available
Re-Os and K-Ar ages, and more fully understand the timeframe of
volcanism versus ore formation, the application of modern
radiochronological techniques for dating of ore-bearing volcanics and
sulphide ores is required.

6.1. Re-Os geochronology of sulphides in geological context

The Re-Os isotope systematics are used for accurate isotopic dating
and fingerprinting the source of metals. Both the parent (187Re) and
daughter (187Os) are chalcophile and siderophile 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 sulphidemineralisation. The common sulphidemin-
eral molybdenite is particularly useful in this regard, because it often
contains high concentrations of Re, but virtually excludes Os during
crystallisation. Thus, no correction is required for the presence of initial
Os.

The Re-Os isochron age for Yaman-Kasy deposit (362 ± 9 Ma) is
identical to that of molybdenite dating from the Kul-Yurt-Tau deposit
(363.4 ± 1.1 Ma) and is similar to the previous Re-Os isochron dating
n – Lower Carboniferous ages of hydrothermal sulphides and sericites
/10.1016/j.oregeorev.2016.08.005
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t1:1 Table 1
t1:2 Re and Os concentrations and Os isotopic composition of hydrothermal chimney and clastic sulphides from the Yaman-Kasy deposit.

t1:3 Ore facies Sample # Ore texture/
location

Mineral
composition

Re (ppb) Total Os (ppt) 187Os/188Os 187Re/188Os

t1:4 Chimney 5A Outer wall Py-Mc 0.92 21.2 4.105 ± 0.110 659.36
t1:5 4A Outer wall Py-Mc 0.83 259.4 0.361 ± 0.013 43.58
t1:6 1A Outer wall Py 7.47 370.3 1.553 ± 0.065 245.24
t1:7 1A-2 Outer wall Py 7.56 120.5 9.823 ± 0.207 1595.84
t1:8 1B Inner wall Chp 0.72 2134.5 0.137 ± 0.006 2.80
t1:9 4B Inner wall Chp 0.77 129.5 0.274 ± 0.011 29.31
t1:10 1C Core Py-Mc-Sph 0.38 15.5 1.101 ± 0.055 162.27

t1:11 Note. Abbreviation used: Py – pyrite, Mc - marcasite, Sph sphalerite, Chp – chalcopyrite.

t2:1

t2:2

t2:3

t2:4

t2:5
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of the Dergamysh (366 ± 2 Ma; Gannoun et al., 2003) and
Alexandrinskoe (355±15Ma; Tessalina et al., 2008) deposits (Table 3).

The Os isotopic composition can be used as evidence for the source
of metals using the initial 187Os/188Os ratio from the isochron (e.g.,
Tessalina et al., 2008). As it was shown for the TAG hydrothermal sys-
tem (Brügmann et al., 1998), the Os isotopic composition of the hydro-
thermal fluid approximates the Os isotopic composition of the rocks
hosting the ore. The initial 187Os/188Os ratio of 0.106 ± 0.016 (Fig. 3)
is close to that of Mid Ocean Ridge basalts (MORB; 187Os/188Os ~ 0.12),
and indicate predominantlymantle source of Os.Moreover, the lead iso-
topic compositions of the Yaman-Kasy deposit (Tessalina et al., 2016) is
comparable to that of the local Ordovician MORBs from the Urals
(Spadea and d'Antonio, 2006), derived from highly depleted mantle
metasomatized during dehydrational partial melting of subducted slab
and oceanic sediments (see discussion in Tessalina et al., 2016). The
Yaman-Kasy ores two-stage model ages (Stacey and Kramers, 1975)
range from 400 up to 450 Ma and do not contradict to the Late Ordovi-
cian age for the ore hosting volcano-sedimentary rocks.

The Re-Os ages of ores are much younger than the biostratigraphic
Late Ordovician age (ca. 461–444 Ma, Table 3) of the Yaman-Kasy
hosting rocks, and ca. 40Ma younger than the biostratigraphic Early De-
vonian age (ca. 400 Ma) of host rocks of the Kul-Yurt-Tau deposit
(Artyushkova and Maslov, 2008; Table 3). Previously published Re-Os
isotope data for the Alexandrinskoe (Tessalina et al., 2008) and
Dergamysh (Gannoun et al., 2003) deposits also post-date the pre-
sumed biostratigraphic age of ore hosting volcanics by ca. 30 Ma
(Table 3).

Thus, the repetitive Late Devonian Re-Os ages of sulphides for four
studied Urals VHMS deposits are all younger than their respective host
rocks based on biostratigraphy (Artyushkova and Maslov, 2008;
Dubinina and Ryazantsev, 2008; Puchkov, 2010). This difference contra-
dicts the assumption that the VHMS ore deposits are formed in a close
temporal relationship with spatially associated submarine volcanism
(e.g., Huston et al., 2010) and argue for a single event as responsible
for the closure of the Re\\Os ‘clock’within these four Urals massive sul-
phide deposits. However, the Late OrdovicianYaman-Kasy deposit, with
perfectly preserved initial seafloor hydrothermal facies such as chim-
neys and fauna, is clearly “syn-volcanic” and raises a question about
what the Re-Os age actuallymeans. Inwhat follows,we examine several
possible alternativemodels of the Urals VHMS systems formation to ex-
plain the meaning of the Re-Os ages.

The possible scenarios of the Urals VHMS systems formation include
but not limited to: (A) deposits were formed on a seafloor of late Ordo-
vician to early Devonian age with resetting of Re-Os and Ar-Ar by later
hydrothermal activity or metamorphism; (B) the Re-Os ages reflect
the true age of VHMS deposits formation, calling into question the
Table 2
Re-Os data for molybdenite from Kul-Yurt-Tay deposit, Urals. Note: all errors are 2δ
absolute; decay constant uncertainty (±0.31) is included in age.

Sample 187Re, ppm 187Os, ppb Re-Os age, Ma

625 KYT 6327.7 38,425 ± 106 363.4 ± 1.1
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reliability of biostratigraphic dating. However, the absence of absolute
geochronological constrains for ore-hosting volcanics make us cautious
while interpreting the Re-Os dating results. Resetting of Re-Os and Ar-
Ar geochronometers would explain the age discrepancy between the
ore-hosting rocks and mineralisation and discussed in more details
below.

6.2. Resetting of Ar-Ar and Re-Os systems

6.2.1. 40Ar/39Ar system
The radioactive decay of 40K to 40Ar and its application in the

40Ar/39Ar datingmethod, is the basis of isotope age determination ofmi-
caceous clay minerals formed during diagenesis and hydrothermal al-
teration (e.g., Tessalina et al., 2015). As described in Verati and
Jourdan (2014), sericite is a replacement mineral, commonly after feld-
spars, which yields its formation age when dated by 40Ar/39Ar, if the re-
placement level is at least 65% of the original plagioclase crystal, or date
its formation age if sericite is precipitated as a hydrothermalmineral in-
dependent of feldspar replacement. The 40Ar/39Ar 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. Such a
phenomenon has been observed for example in the Xihuashan tungsten
deposit in China (Hu et al., 2012).

The sericites selected for this study were all solid competent grains,
suggesting that they formed from direct phase replacement. Further, in
all cases, theflat age spectrum(Fig. 4) does not indicate any sign of post-
crystallisation diffusion loss, nor recoil loss or redistribution (cf. Jourdan
and Renne, 2014).

Our precise new 40Ar/39Ar ages from two studied deposits are ca.
20 Ma younger than Re-Os ages of sulphide ores from four VHMS de-
posits, clustering around 345 Ma (Fig. 4). One possible explanation for
age discrepancies of ca. 20 Ma between Re-Os ages for sulphide ores
and 40Ar/39Ar Ar ages for the metasomatised wallrocks, observed in
the studied deposits, is that later phase of crystallisation of the sericite
is due to relatively low-temperature (up to 150 °C) hydrothermal fluids,
which precipitate the sericite that was dated in this study. Overprinting
hydrothermal alteration might have occurred to alter earlier sericite in
metasomatised wallrocks and form younger sericite at ca. 345 Ma
(Verati and Jourdan, 2014). The relatively low temperature of the fluid
required to form sericite would be too low to reset the Re-Os system
in sulphides (closure temperatures in excess of 300 °C; Brenan et al.,
2000), as has been proposed for some of the Japan ore deposits based
on 3–12 Ma difference between Re-Os dating in molybdenite and K-Ar
dating of whole rocks (Suzuki et al., 1996).

6.2.2. Re-Os system
The resetting of the Re-Os ‘clock’ could occur under the following cir-

cumstances: (A) post-ore re-homogenisation of Re-Os isotope system
due to a metamorphic overprint; (B) incomplete homogenisation of
two or more components with different initial Os ratios during ore de-
position; and (C) later hydrothermal overprint leading to remobilisation
of Os and/or Re.
n – Lower Carboniferous ages of hydrothermal sulphides and sericites
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Fig. 4. 40Ar-39Ar age spectra on sericite from the Barsuchi Log (A and B) and Babaryk (C)
deposits. The uncertainty is reported as 2σ and includes all sources of errors. The mean
square weighted deviation (MSWD) and P values (probability) indicate that the
reported ages are statistically valid.
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(A) In the history of the Urals development, the Late Devonian (385–
359 Ma) corresponds to the ‘Arc-Continent’ collision, which was
associatedwith exhumation of high-pressuremetamorphic com-
plexes. This reason was recognised by Gannoun et al. (2003) as a
possible cause for the young Re-Os age of theDergamysh deposit.
However, the good state of preservation of initial ore textures for
Please cite this article as: Tessalina, S.G., et al., Significance of Late Devonia
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the studied deposits (colloform structures, relics of hydrothermal
chimneys and fauna) does not favour the metamorphic over-
print.

(B) The formation of VHMS deposits is due to the mixture of at least
two components represented by seawater and hydrothermal
fluid, which may have different isotopic composition at the
time of ore formation, with Os in hydrothermal fluids coming
mostly from the leaching of host volcanic and sedimentary
rocks (e.g., Brügmann et al., 1998; Tessalina et al., 2008). Mixture
of hydrothermal fluid with seawater during ore formation could
produce mixed isotopic characteristics at the time of ore forma-
tion, which subsequently evolved to yield linear data arrays of
questionable age significance. However, the similarity of Re-Os
ages for four VHMS deposits (Gannoun et al., 2003; Tessalina et
al., 2008 and this study) makes this possibility very unlikely.

(C) Considering that the Re-Os ‘clock’ record the separate pulses of
multi-stage, long-lasting hydrothermal activity, we have to con-
clude the existence of successive hydrothermal events which
may re-mobilise Re and/or Os. This possibility is discussed
below in the context of Urals development.
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R6.3. Implications for history of VHMS formation

Even though the rejuvenation of Re-Os ages may be due to some
kind of re-setting or perturbation of the radioactive ‘clock’, a more likely
explanation is that the four concordant Late Devonian Re-Os ages of ca.
365 Ma reflect a definitive closure of the Re-Os system and may have
geological significance. According to accepted model, the formation of
Southern Urals Volcanogenic Massive Sulphide deposits predates the
collision event and spans a period of time from ca. 460 to 385 Ma,
based on biostratigraphic studies of ore-hosting volcanic and sedimen-
tary rocks (e.g., Herrington et al., 2005; Puchkov, 2010; Artyushkova
and Maslov, 2008).

The Re-Os ages suggest that the formation of four Urals VHMS (this
work; Tessalina et al., 2008; Gannoun et al., 2003) ended after the en-
trance of East-European (Laurussia) continent into the subduction
zone, during the final stage of “Continent – Island Arc” collision. To de-
termine the possible influences of these geological events, we summa-
rise below the main stages of Urals island arc development in the
Devonian – Lower Carboniferous period which is mainly concerned by
our dating (Fig. 5).

In the Southern Urals, the initiation of intra-oceanic subduction dur-
ing the Early Devonian (ca. 400 Ma) triggered the volcanism leading to
the Magnitogorsk island arc development. By the Late Devonian, the
young volcanic arc began to collide with the margin of the adjacent
Laurussia continent. The timing of this collision event was established
at 380–355 Ma, based on 40Ar/39Ar, U-Pb and Sm-Nd dating of high-
pressure metamorphic rocks and sediments belonging to the continen-
tal margin (Beane and Connelly, 2000; Brown et al., 2006; Puchkov,
2010). The entrance of cooler and less dense continental crust into the
subduction zone caused the cessation of magmatic activity for ~10 Ma
(375–365 Ma; Fershtater et al., 2007) and decreased the angle of sub-
duction slab, which in turn initiated the generation of shallow vola-
tile-rich felsic magmas.

Felsic magma could also be formed as a result of melting of cumu-
lates remaining from previous melting events in the mantle wedge
(Nadeau et al., 2010). These cumulates may be enriched in some of
the Highly Siderophile Elements (HSE: PGE, Au, Re; Nadeau et al.,
2010). Metal-rich magmatic fluids released from volatile-rich felsic
magmas, which are prevalent at convergent margins setting, may
have contributed to the ore deposits formation (e.g., Huston et al.,
2011), overprinting the previously formed sulphide edifices. The pres-
ence of magmatic aqueous-carbonic fluid with significant contents of
H2S has been detected in the Alexandrinskoe VHMS deposit (Bailly et
n – Lower Carboniferous ages of hydrothermal sulphides and sericites
/10.1016/j.oregeorev.2016.08.005
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t3:1 Table 3
t3:2 Re-Os dating of selected Urals VMS deposits. Stratigraphic ages of ore hosting rocks are shown for comparison.

t3:3 Deposit Geological setting Stratigraphic age, Ma Re-Os age

t3:4 Yaman-Kasy Sakmara zone Late Ordovician: 461–444 361.7 ± 9.0 Maa

t3:5 Dergamysh Suture zone, tectonic melange Early Devonian: 416–397 366 ± 2 Mab

t3:6 Kul-Yurt-Tau West-Magnitogorsk island arc Early Devonian-
Emsian: 407–397

363.4 ± 1.1 Maa

t3:7 Alexandrinskoe East-Magnitogorsk island arc Middle Devonian-
Eifelian: 392–397

355 ± 15 Mac

t3:8 a Reference - this work.
t3:9 b Reference - Gannoun et al. (2003).
t3:10 c Reference - Tessalina et al. (2008).
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al., 1999). This fluid is typically associatedwith felsic magmas and capa-
ble to carry significant amounts of metals. For comparison, the Os con-
tents of magmatic fluids from modern volcanoes (e.g., Yudovskaya et
al., 2008) exceed the modern hydrothermal fluid contents (e.g.,
Sharma et al., 2000) by 4 orders of magnitude. It is evident that even
tiny amounts of this metals-rich magmatic fluid will influence the Os
(and Pb) budgets in the magmatic-hydrothermal system.

The recorded Re-Os ages for mineralisation fell into the late stage of
the ‘Urals island Arc – Continent’ collision (380–355 Ma), which has
been identified as melting of the mantle wedge and subducted crust
in water-saturated conditions (Fershtater et al., 2007; Bea et al., 2002)
and corresponded to large-scale granitoid magmatism. For example,
the age of suprasubductional Akhunovo granites is the Mid-Famennian
(365Ma after Bea et al., 2002) and exactly coincideswith the Re-Os ages
of the deposits.

These intrusions would create a necessary heat source from the
magma reservoir, which could promote the circulation of hydrothermal
fluid in the order of a few millions years (von Quadt et al., 2011). The
widespread spatial association between large subseafloor intrusions
and massive sulphide deposits have been recognised for many massive
sulphide districts around the world which range in age from Archaean
to Cretaceous, as well as on the modern seafloor through deep-sea dril-
ling (e.g. Galley, 2003). Only in the Precambrian, the VHMS camps spa-
tially associated with felsic intrusions account for N90% of the aggregate
sulphide tonnage (Galley, 2003). This association may be indicative for
‘Mantle – Continental Crust’ interaction which usually post-date the
‘Arc – Continent’ collision, and may be attributed to the similar tectonic
processeswithin convergent continentalmarginswhich are responsible
for ore deposit formation.Moreover, amagmaticfluid contribution from
felsic intrusions has been suggested for a number of VHMS deposits
(Huston et al., 2011). The magmatic-hydrothermal activity related to
post-collisional magmatic processes could release HSE-rich fluids
U
N
C
O

Fig. 5. Summary of available dating for theUrals VHMSdeposits using the Re-Os and Ar-Ar
isotopic systems (see references in the text), along with contemporaneous magmatic
(Fershtater et al., 2007) and tectonic events (Beane and Connelly, 2000). Note that the
time scale starts at 400 Ma, whereas the biostratigraphic ages starts at ca. 460 Ma.
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which could overprint and modify the original Re\\Os isotope
signature.

However, the VHMS deposits are related to volcanic rocks, and no
connection was established between Famennian intrusive complexes
(mainly granites) and the VHMS deposits. Most of the VHMS deposits
are cut by the gabbroic dykes. The gabbro-granite series magmatism
in Magnitogorsk megazone (n = 38, Fershtater et al., 2007) was
established in a period of time from 360 Ma to 320 Ma, with numerous
intrusions including gabbroic one dated at 345–330 Ma (Fershtater et
al., 2007; Fershtater, 2013a, 2013b). This age corresponds to the Ar-Ar
age of studied deposits.

The geochemical signatures of the rocks belonging to the gabbro-
granite series within the Magnitogorsk zone combine themarks of sub-
duction- and rift-related origins. The initial basic magmawas generated
under the effect of the fluid thatwas released by dehydration in the sub-
duction zone, as evidenced from distinct negative Nb and Zr anomalies
and a positive Sr anomaly in gabbro (Fershtater et al., 2007). Themagma
crystallized with segregation of granitoid derivatives under extensional
conditions of rifting that left amark on the rock composition and caused
the formation of eruptive breccia. Granitoids are characterized by ele-
vated alkalinity and are enriched in HFSE and depleted in Sr, as is typical
of rift-related igneous rocks (Fershtater et al., 2007).

More advanced studies are required to identify the exact location of
VHMS deposits formation in a collisional geodynamic scenario.
6.4. Urals in a global geodynamic context

Viewed on a larger scale, the Devonian episode of volcanic and hy-
drothermal activity corresponds to the beginning of the Pangea super-
continent assembly by amalgamation of continental blocks. At that
time, numerous microcontinents and volcanic arcs divided by basins
of different character were present.

The closure of Uralian paleo-ocean corresponds to the amalgamation
of Laurussia, Siberia and China-Korea paleocontinents. The fundamental
plate boundary re-arrangements in the Late Devonian appears to be
marked by intense magmatism under tectonic activation, manifested
in island arc volcanism paired with episodic continental rifting, as well
as hydrothermal activity on rifted or faulted outer continental margins,
comprising large cluster of VHMS deposits in Spain and Portugal (Iberi-
an Pyrite Belt province), Rudny Altai (Siberia), and the North American
margin (Alaska) (e.g., Tornos et al., 2005; Chiaradia et al., 2006;
Dusel-Bacon et al., 2004). These deposits are formed in local extension-
al, volcanic basins within an overall contractional geodynamic environ-
ment during or after termination of convergence by accretion of an
island arc or crustal block (Huston et al., 2010), and are characterized
by metal contributions from the continental crust.

The largest Iberian Pyrite Belt province was formed as a result of ex-
tension induced by oblique collision of tectonic blocks (Tornos et al.,
2005), represented by an island arc and continental blocks (Gondwana
and Laurentia plates) in the Late Devonian (ca. 355 Ma), about 10 Ma
after the beginning of High-Pressure eclogite-facies metamorphism
(365–370 Ma; Rodriguez et al., 2003).
n – Lower Carboniferous ages of hydrothermal sulphides and sericites
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The Devonian Rudny Altai Province (Siberia) is a host of several
VHMS deposits. This terrain is a part of the Altaid orogen which formed
by aggregation of Paleozoic subduction–accretion complexes and Pre-
cambrian basement blocks (e.g., Chiaradia et al., 2006).

The Zn-Pb-Ag mineralization along the ancient Pacific margin of
North America (Alaska) was formed in the Late Devonian (ca. 370 Ma;
Dusel-Bacon et al., 2004) in awithin-plate (extensional) tectonic setting
resulted from attenuation of the ancient continental margin of western
North America, or as a result of development of an arc (Dusel-Bacon et
al., 2004 and references therein).

Thus, the Urals represent only one example of large Devonian
metallogenic province interpreted to be entirely formed within the
intra-oceanic arc setting. This fact is rather ambiguous given that the
modern deposits in intra-oceanic arcs tend to be small and form at
low temperatures (Hannington et al., 2005). Further geochronological-
field studies are needed to elucidate the place of VHMS deposits in the
Urals history.

7. Conclusions

Direct dating results of sulphide mineralisation from the Yaman-
Kasy and Kul-Yurt-Tau VHMS deposits using Re-Os isotope systematics
show similar mineralisation ages of 362 ± 9Ma and 363± 1Ma. These
ages coincide with the previous Re-Os dating of the Alexandrinskoe
(355 ± 15 Ma; Tessalina et al., 2008) and Dergamysh (366 ± 2 Ma;
Gannoun et al., 2003) VHMS deposits. In the history of the Urals devel-
opment, the Late Devonian (ca. 385–359 Ma) corresponds to the ‘Urali-
an island arc – Continent’ collision stage, which was associated with
exhumation of high-pressure metamorphic complexes. The good pres-
ervation of initial ore textures for the studied deposits (colloform struc-
tures, well preserved relics of hydrothermal chimneys and fauna) do
not favour the metamorphic overprint as was proposed previously
(Gannoun et al., 2003).

The recorded Re-Os and Ar-Ar ages may reflect the multi-stage hy-
drothermal activity in the area. The similarity of Re-Os ages for four de-
posits may be related with the re-activation of the hydrothermal
systems at Middle Devonian time, which was synchronous across the
Southern Urals island arc structure. In the Southern Urals, this stage of
island arc development has been identified as hydrous suprasubduction
melting during the mantle-crustal interaction (Fershtater et al., 2007)
with large-scale granitoid magmatism. These intrusions could provide
necessary heat to promote the hydrothermal circulation along the
existing tectonic faults. The Ar-Ar ages are ca. 20 Ma younger and may
reflect the lower temperature hydrothermal event which may corre-
spond to the emplacement of gabbroic intrusions in the area.

The Urals VHMS Province development in the Late Devonian was a
part of global process on a planetary scale related to the fundamental
plate boundary re-arrangements, marked by intense magmatism
under tectonic activation. This is manifested in island arc volcanism
pairedwith episodic continental rifting, aswell 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 Lower Carboniferous time.
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