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The Muruntau gold deposit in the Central Kyzylkum, Uzbekistan is one of the largest single gold deposits
worldwide. Data available from the literature are reviewed with the aim to (1) integrate the present
knowledge on this unique deposit from Russian and English literature; (2) show the considerable
progress made in the understanding of the genesis of the Muruntau deposit during the last decades; and
(3) point to problems still open for future research. Deposit formation occurred through a multi-stage
process involving sedimentation, regional metamorphism including thrusting, magmatism with for-
mation of hornfels aureoles and several stages of hydrothermal activity. According to recent knowledge,
synsedimentary or pure metamorphic formation of gold mineralization seems unlikely. The role of
granite magmatism occurring roughly within the same time interval as the main hydrothermal gold
precipitation remains uncertain. There are no signs of interaction of matter between the magma(s) and
the hydrothermal system(s). On the other hand, there was an intense, high-temperature (above 400 °C)
fluid — wall rock interaction resulting in the formation of gold-bearing, cone-like stockworks with veins,
veinlets and gold-bearing metasomatites. Several chemical and isotope indicators hint at an involvement
of lower-crustal or mantle-related sources as well as of surface waters in ore formation. Deposit for-
mation through brecciation involving explosion, hydrothermal or tectonic breccias might explain these
data. Further investigations on breccia formation as well as on the exact timing of relevant sedimentary,

metamorphic, magmatic and hydrothermal events are recommended.
© 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

Interestingly, the discovery of a significant gold mineralization in
that area was in contrast with generally accepted models for gold

The Muruntau gold deposit in western Uzbekistan is one of the
largest individual gold deposits worldwide with resources in excess
of 5000 mt (metric tons) of gold. It was discovered in 1958 by
Mordvintsev Y.N., Khamyshkin P.V. and Luk’yanov S.I. by verifica-
tion of an arsenic geochemical anomaly (Konstantinov et al., 2000).
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deposits at that time (Petrovskaya, 1968).

The history of scientific work on Muruntau may be subdivided
into two main periods. In Soviet times, the area was closed to
foreign visitors and few publications appeared in the Russian
literature, sometimes even without providing the name and loca-
tion of the deposit, or printed in local journals and books. At that
time, extensive work had been performed by Soviet geologists from
Uzbekistan and leading research institutes and universities in
Moscow and Leningrad (now St. Petersburg) including field work,
thin section studies by optical methods, chemical whole rock an-
alyses (mostly focused on main compounds and gold contents),
studies on heavy mineral fractions and fluid inclusions (including
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decrepitation and homogenization methods) and first isotope
research. The main objectives of those studies were (1) character-
ization of magmatic and metamorphic host rocks, (2) clarification
of the age relationships (according to paleontological and first K-Ar
and Rb-Sr isotope data), (3) study of gold types and distribution and
(4) understanding of tectonic controls of gold mineralization. The
relationship of hydrothermal activity to granite magmatism and
related contact metamorphism was also investigated to some
extent. A comprehensive overview on the results and outcomes of
this period is given in Shayakubov (1998). This review paper will
therefore repeatedly refer to Shayakubov’s book.

The first research period ended with a cooperative scientific
agreement between the U.S. Geological Survey and the Ministry of
Geology of the Soviet Union in 1989 (Drew et al., 1996). Since that
time, working groups from the US.A., Canada, Germany and
Australia used modern methods of research to contribute to a
better understanding of the genesis of this unique deposit along
with the continuing studies by Uzbekian and Russian scientists. The
knowledge on the genesis of the Muruntau deposit was reviewed to
various extents and at various times by Kremenetsky et al. (1990),
Kotov and Poritskaya (1991), Berger et al. (1994), Drew et al.
(1996), Konstantinov et al. (2000) and others.

As will be demonstrated below, there is not a lot of controversy
about the principal facts observed (while, of course, still ambiguity
remains in the details), but there is much less agreement in data
interpretations concerning the genesis and even the timing of gold
mineralization at Muruntau. Naturally, works focused on one
particular aspect of the problem stress this particular point not
considering results obtained in other fields. It is therefore the aim of
the present work to critically review results of previous studies on
Muruntau with a focus on more recent research to demonstrate the
progress and limitations in our recent understanding of the for-
mation history of one of the most important gold deposit world-
wide. A major point of our work is also to constrain unresolved
problems open for future research.

2. Economic geology

With more than 5300 mt Uzbekistan hosts the fourth largest
known gold reserves on earth (Safirova, 2014). The Muruntau de-
posit, exploited by the state-owned Navoi Mining and Metallurgical
Combinat (NMMC), is one of the world’s largest open-pit gold
mines. The deposit accounts for a total resource (past production,
reserves and resources) in excess of 170 Moz (million oz) of gold
(5246 mt; Goldfarb et al., 2014). It has produced over 50 Moz of gold
(1600 mt) since the beginning of production in 1967 (Toovey, 2011).

Estimated annual production of gold from the open-pit mine
over the past decades was 1.8—2.0 Moz. Based on available pro-
duction data, the mining complex, comprising the open pit, un-
derground mining and heap leach operations, is believed to have
had in 2014 about 2.6 Moz of gold production, which would be the
first rank in the 2014 list of the world’s top ten gold operations
(Basov, 2015).

Presently, the fourth stage of mining from the Muruntau open
pit with a surface size of 3.35 km x 2.5 km and a depth of 560 m is
active (extension of mining depth planned to >1000 m; combining
open pit and underground mining). Joining up of the Muruntau and
Myutenbai open pits is planned in 2015, and the length of the open
pit will increase to 4.27 km (NGMK, 2015). Due to depletion of re-
serves, NMMC has recently commissioned the world biggest BIOX®
plant.

A new mine, Besopan, will be launched in a part of the deposit
that the company has been exploring recently. The mine will be
commissioned in 2016—2017 with a capacity of about 5—10 mt/year
(preliminary information; Vorotnikov, 2014). Overall production of

gold at NMMC's Muruntau open-pit mine is expected to grow by
30% to 2.5 Moz/year. The reserves at Muruntau are expected to last
until approximately 2032 (Toovey, 2011 — GoldInvestingNews.
com).

Gold mining at Muruntau is conducted using a truck and
conveyor ore transportation system. The Muruntau processing
plant treats ore with an average head grade of 2.4 g/t Au at the rate
of 2.2 kt/day.

3. Regional geology

3.1. Cessation of accretionary tectonics and formation of gold
deposits in Central Asia

The closure of the ocean basins between the Siberian craton and
the Kazakhstan, Tarim and North China blocks controlled the final
amalgamation of the Central Asian Orogenic Belt (CAOB) also
known as the Altaid Orogen (Natal'in and Sengor, 2005). This pro-
cess created in the western part of the area — now represented by
the southern Tien Shan belt — favourable conditions for the for-
mation of gold deposits. The southern Tien Shan gold belt includes
large deposits such as Zarmitan, Jilau, Taror and Savoyardy that like
Muruntau occur as large vein and stockwork systems often hosted
by older, competent intrusive bodies or along the sheared margins
of the intrusions (Goldfarb et al., 2014, Fig. 1). The distribution of
middle to late Paleozoic gold ores is generally controlled by the final
closure of the Turkestan Ocean, another basin developed along the
northern Paleotethys Ocean, located between the Tarim—Karakum
(e.g., Zonenshain et al., 1990) and Kazakhstan microcontinents
during the Devonian to early Permian (e.g., Heubeck, 2001). The
closure was contemporaneous with subduction of Paleotethys
oceanic crust beneath the Tarim—Karakum block and of the Tur-
kestan Ocean crust below the Kazakhstan block (Goldfarb et al.,
2014).

Almost all the larger gold deposits, from Uzbekistan eastward to
southern Mongolia, formed mainly during a brief 10—20 Ma long
episode roughly at the Carboniferous—Permian time boundary and
were classified as orogenic by Goldfarb et al. (2014). This episode
reflects the well-defined cessation of compressional accretionary
tectonics and the onset of large-scale strike-slip movement (Allen
et al.,, 1995; Laurent-Charvet et al., 2003) along the many terrane
suture zones of the Tien Shan, which were previously marked by
thrust faulting (Goldfarb et al., 2014). Timing for this compressional
to strike-slip transition in the CAOB, marking a change from
subduction-related calc-alkaline to post-subduction more alkaline
magmatism, is best placed at ca. 280—-290 Ma (e.g., Ecomomos
et al,, 2012).

Late Paleozoic accretionary orogenesis on the southern side of
the Kazakhstan block led to the formation of gold deposits mainly
seaward of the Valerianov—Beltau—Kurama continental arc (Fig. 1).
Where the western part of the Turkestan Ocean basin was closed,
several world-class deposits and numerous smaller deposits
formed in the southern Tien Shan, an area, typically considered the
most outboard part of the western CAOB (Goldfarb et al., 2014). The
rocks of the southern Tien Shan are dominated by carbonate plat-
form sequences on the northwestern margin of the Tar-
im—Karakum block and clastic sedimentary rocks from the closing
ocean basin to the south, with some intercalations of felsic to in-
termediate volcanic rocks.

Muruntau, situated in the westernmost part of the mountain
range (Fig. 1), is the largest of the known gold deposits of the
southern Tien Shan. Other significant gold deposits of probably
similar age include the adjacent Kokpatas, Amantaitau, and Dau-
gyztau. This important group of deposits is located to the south of a
major offset within the Turkestan suture between the Kazakhstan
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Figure 1. Present day configuration of the geology of the Tien Shan, central Asia, showing the most significant late Paleozoic Au-bearing mineral deposits. Map from Goldfarb et al.
(2014) based on Yakubchuk et al. (2002), Konopelko et al. (2007) and Windley et al. (2007).

and Tarim—Karakum blocks (e.g., Fig. 1 in Natal'in and Sengor,
2005).

3.2. Regional-scale characteristics of gold deposits setting

The order of magnitude of Muruntau requires drawing attention
to three regional-scale phenomena that highlight the unique
location of the Kyzylkum gold district within the Tien Shan belt and
which may shed further light on its geological background and
uniqueness: features of morphology, magnetic field anomalies and
mega-scale structures (De Boorder, 2012).

3.2.1. Morphology

Multi-resolution satellite imagery (Fig. 2a) illustrates the loca-
tion of the Kyzylkum gold district where the morphological
expression of the ore-bearing complexes is characterized by
distinctly annular outlines which may relate to two underlying
broad anticlinoria, the Tamdytau anticlinorium hosting Muruntau
and the Bukantau anticlinorium hosting Kokpatas, in whose cores
280—295 Ma granitoid complexes have been emplaced (Kotov and
Poritskaya, 1991; Seltmann et al., 2003, 2015; Wall et al., 2004). In a
regional map view, the cupola-like structure in the Tamdytau area
is expressed by gently curved fold axes parallel to the contact with
the surrounding sediments to the north (Fig. 2a). The outline of the
outcropping ore-hosting complexes may, therefore, have its origin
in the underlying structures, the more so because the same trends
are observed in the magnetic anomaly pattern (Makarova, 1974; see
section 3.2.2 below), and in both the gravity anomaly pattern and
the distribution of granitic complexes (CERCAMS Central Asia map
1:1,500,000, Seltmann et al., 2015).

The Cretaceous and Cenozoic sediments surrounding the ore-
hosting crystalline complexes generally show subhorizontal atti-
tude. The sediments are distributed northward from the

Samarkand-Nukus belt into the flat, arid areas towards Kyzyl Orda.
Although the outcrops of the crystalline complexes permit local
correlation with lithologies of the southern Tien Shan, the extensive
cover of Mesozoic—Cenozoic sediments towards Kyzyl Orda and
Nukus obstructs detailed surface examination of the regional
structural configurations. Consequently, it is not yet possible to
trace structural relations between the Tien Shan and the Urals to
the north of the area under consideration.

The multi-resolution imagery provides further indication of
complex configurations in the subsurface, which at the regional
scale reside in:

(1) a split in the west-north westerly structural Tien Shan grain
north of Samarkand, with one branch continuing along strike
and expressed by the ranges along the Central Ust Yurt Fault
towards Nukus and a second branch diverging from the
southern Nuratau Mountains to a more northwesterly direction
towards the Tamdytau and Bukantau areas (Fig. 2a),

(2) the continuation of the latter structural grain into a semi-
circular westward trend with east-west diameter of some
80 km particularly defined by the contacts between the
Mesozoic and Cenozoic sediments with the crystalline complex
of Tamdytau (Fig. 2a), while

(3) further northwest, the crystalline complex of the Bukantau
hills is surrounded by a ring of younger sediments, with a
diameter of about 100 km (Fig. 2a).

Compared to the easterly structural grain of the southern Tien
Shan of eastern Uzbekistan, Kyrgyzstan and north-western China,
the above patterns represent a notable break in the morphological
expression of the mountain belt. Moreover, the multi-scale satellite
imagery suggests that the structural grain of the crystalline com-
plexes of Bukantau and Tamdytau is more variable and
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Figure 2. (a) Overview of the Kyzylkum region (TM7 — 7 red, 4 blue, 2 green), with the divisions inferred from the magnetic anomaly map in Fig. 2b. The medium dashed lines of the
Muruntau and Kokpatas anomalies, derived in Fig. 2b, find support in the morphology of the surface features. The anomaly expresses the Valerianov — Beltau-Kurama volcanic arc
and the suture of the Turkestan Ocean. TFFZ — Talas-Fergana Fault Zone. The finely dotted line represents the Central Ust Yurt Fault (CUYF) whose trace is probably located along the
southern margin of the South Nuratau range (Fig. 2b). The medium dashed lines represent the annular outlines of the Muruntau and Kokpatas anomalies. Yellow dots represent gold
deposits and purple dots represent mercury and mercury-antimony deposits. The Karashoho lamproite near Kokpatas is diamondiferous. (b) Magnetic anomaly pattern of the
Kyzylkum region between the Amu Darya and Syr Darya Rivers after Makarova (1974) with interpretation of the major structures, also showing ore deposits, towns and rivers.
Positive anomalies are in brown to white colour pattern, and negative anomalies are in dark to light blue colour pattern. Heavy dashed line separates the high-frequency eastern
part of the main Kyzylkum anomaly from the lower-frequency western part of the anomaly.
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disharmonious than is apparent from small-resolution geological
maps (e.g. Seltmann et al., 2015). In the multi-resolution imagery,
the morphology of the two crystalline complexes also reflects some
of the features observed in the field (e.g. Drew et al., 1996 and
references therein; Yakubchuk et al,, 2005). In particular, these
include Devonian to Carboniferous carbonate bands, shear zones
with sinistral offset and outcrop configurations in unidentified li-
thologies. The Sangruntau-Tamdytau and Muruntau-Daugyztau
shear zones controlling the Muruntau ore deposit (Drew et al.,
1996; see section 4 below) cannot be defined in the imagery. On
the basis of the surface configurations alone, the deformation
mechanisms remain obscure exacerbating the puzzle of the nearby
continuity from the Tien Shan to the Urals. Yet, the reality of the
surface phenomena finds support and explanation in regional po-
tential field anomalies, associated with structures in deeper levels
as demonstrated below.

3.2.2. Magnetic anomalies

The regional magnetic anomaly map (Makarova, 1974) has been
included in the digitally available Magnetic Map of the World
(Korhonen et al., 2007) which depicts the same larger features as
the original maps but does not clearly express its fine details. For
the purposes of the present study, we have scanned the original
magnetic anomaly map which, georeferenced to geographical co-
ordinates, permits comparison with satellite imagery and other
digital maps. In this way, the elongated morphological elements in
the Palaeozoic complexes of the Nuratau Mountains and the Mes-
ozoic—Cenozoic sediments towards Muruntau and Kokpatas are
seen to coincide with a prominent curvilinear magnetic anomaly
between Samarkand, Kyzyl Orda and the Aral Sea (Fig. 2b), here-
after called the Kyzylkum magnetic anomaly. This anomaly can be
traced from south of Tashkent through Lake Aydar, to the northwest
as far as latitude 44°N, southwest again as far as the Amu Darya
river in the Mt. Ushtaghan area where it turns north across the Aral
Sea and beyond. It corresponds to the connecting element of the
Urals and the Tien Shan and resides in the Valerianovka — Beltau-
Kurama (VBK) arc bordering the Kazakh-Kyrgyz continent to the
east (Zonenshain et al.,, 1990). The N—NE striking Valerianovka
branch of this arc, north of Mt. Ushtaghan, is part of the Trans-
Uralian Zone. This branch is made up of Andean-type volcanics
and intrusives and hosts prominent Kiruna-type iron deposits,
copper-molybdenum porphyry systems and gold-copper skarns
(Koroteev et al.,, 1997; Herrington et al., 2005, 2008). East of Mt.
Ushtaghan, the Beltau-Kurama branch of the arc is located just
north of Kokpatas and Muruntau. It connects eastward to the
Middle Tien Shan. While the Valerianovka — Beltau-Kurama arc is
largely obscured by the sediments of the Syrdarya Basin, the
regional magnetic anomaly maps clearly show a continuous
delineation across the Basin towards the Talas-Fergana Fault Zone
(TFFZ, Figs. 1 and 2) in the east.

In the region of interest, the magnetic response of a broad
segment of the Beltau-Kurama branch, standing out with its three
obvious bends (Fig. 2b) shows that the arc encloses the Tamdytau
and Bukantau areas with the Muruntau and Kokpatas ore deposits,
respectively. These bends are viewed as oroclines, albeit of different
orders (see Rosenbaum, 2014). There is a first order orocline, which
links the Tien Shan ranges to the Urals backbone, and some
superimposed higher order oroclines in the Mt. Ushtaghan-
Bukantau-Tamdytau area.

In addition to the principal regional features, the magnetic
anomaly map by Makarova (1974) showed a number of small
anomalies which provide some further insight in regional structures
in combination with data from multi-resolution imagery and field
observations. In the Bukantau-Tamdytau area, the inner perimeter
of the principal Kyzylkum magnetic anomaly encloses a domain

characterized by numerous smaller anomalies which, where elon-
gate, are seen to follow the surrounding arcuate trend. This domain
has a NE—SW diameter of some 150 km measured between Kok-
patas and the Central Ust Yurt Fault. It shows two compartments,
located over the mineralized Tamdytau and Bukantau areas,
respectively, which correspond to the two annular morphological
features discussed in the previous section. In addition, the principal
Kyzylkum magnetic anomaly shows a multitude of small anomalies
along its eastern margin (Fig. 2b). In the southeastern limb of the Mt.
Ushtaghan orocline, the frequency of these small anomalies de-
creases notably to increase again to the north. The latter abrupt
change may represent a NE—SW-striking tectonic offset of the
source of the anomaly, the volcanic Beltau-Kurama arc.
Summarizing, the host complexes of the Kyzylkum gold district
are lodged in oroclinal structures, between first order orogenic and
plate tectonic elements. The high-frequency magnetic linears on the
eastern side of the Kyzylkum magnetic anomaly and within the
enclosed ore-hosting domain between Kokpatas and the
Samarkand-Nukus zone may witness a fragmented nature of parts of
the volcanic Beltau-Kurama—Valerianovka arc and/or the Turkestan
Suture, and of the enclosed complexes that host the gold deposits.
The inferred fragmentation may be due to original variations in
composition and/or to deformation. Since the early to mid Palaeozoic
complexes exposed within the enclosed domain are comparable to
those that make up the southern Tien Shan further east (where such
magnetic anomaly patterns are not apparent), the fragmented
appearance here may rather result from large-scale deformation.

3.2.3. Mega-scale structures

The dimensions of the Kyzylkum oroclines are modest
compared with the known prominent oroclines of Central Asia
(Yakubchuk et al., 2005; Van der Voo et al., 2006; Abrajevitch et al.,
2007, 2008; Levashova et al.,, 2012). Yet, their location at the
crossroads of three major orogenic systems — the northerly striking
Urals, the easterly striking Variscides and the Tien Shan — lends the
region a unique geodynamic focus. All three orogenic systems
developed in the course of the Palaeozoic with the amalgamation of
fragments of the Gondwana, Laurentia, Baltica, and Siberia conti-
nental masses across the Rheic, Palaeotethys, Palaeoasian and
Neotethyan oceans.

On more regional scale, the Kyzylkum gold-hosting complex is
wedged between the Beltau-Kurama arc with the Turkestan Suture
to the north, the transcurrent Central Ust Yurt Fault to the south
and the Ust Yurt Block to the west. To the east, there is the larger
Kazakh-Kyrgyz block. The Kyzylkum complex, its internal struc-
tures and its ore deposits are therefore intimately connected with
the interaction of major and minor continental lithosphere blocks
(e.g. Biske and Seltmann, 2010). It owes its internal architecture to
their collision and amalgamation in a framework of lithosphere-
scale strike-slip dynamics, including clockwise and counter-
clockwise rotation of the Siberian Craton during the Permian
(Allen et al., 1995). In the Kyzylkum region itself, this strike-slip
framework is witnessed by the geometrical configurations in the
ranges between Nukus and Samarkand along the Central Ust Yurt
Fault (Fig. 1). The sinistral sense of movement is consistent with
reports by Yakubchuk et al. (2005). To the north of the Kyzylkum,
Allen et al. (2006) inferred right-lateral slip and associated pull-
apart basins in the subsurface of the West Siberian Basin on the
basis of magnetic anomalies. In view of the widely spread
lithosphere-scale, strike-slip deformation during the Permian, the
principal magnetic Kyzylkum anomaly suggests large-scale, lateral
buckling which probably also effected the entire Kyzylkum litho-
sphere column. The associated deformation of the trace of the
Turkestan Suture suggests that the contortion reflected by the
magnetic anomalies took place after the closure of the Turkestan



500 U. Kempe et al. / Geoscience Frontiers 7 (2016) 495—528

Ocean, estimated between 290 and 295 Ma (Biske and Seltmann,
2010; Glorie et al., 2010).

This conclusion confirms similar suggestions by Drew et al.
(1996). Considering the translithospheric nature of the strike-slip
deformation which implicated the involvement of the early
Permian asthenosphere, the setting of the Kyzylkum ore district
reinforces the ‘buttress’ hypothesis of Yakubchuk et al. (2005). The
involvement of mantle sources is illustrated by the occurrence of
272—280 Ma old diamondiferous lamproite at Kokpatas (Golovko
and Kaminsky, 2008, 2010).

3.3. Regional tectonics and Nd-Hf isotope data of granitoids

Results of Nd-Hf isotope mapping combined with U-Pb zircon
SHRIMP geochronology and geochemical studies of granitoids from
a sampling profile across terrane boundaries, including Kyzylkum
of Uzbekistan and the Muruntau area under consideration, revealed
distinct reservoir types (cratonic vs. turbiditic), corresponding to a
diverse nature and origin of granitic magmatism (Seltmann et al.,
2008; Dolgopolova et al., 2013). The studies tested three main
tectonic domains (here described from N to S):

(1) Northernmost (as part of middle Tien Shan), the Beltau-
Kurama tectonic zone with recycled crust of continental arc
(lower Carboniferous to mid-Permian, C;—P5), represented by
the giant Kalmakyr Cu-Au porphyry (~315 Ma, Seltmann et al.,
2014) emplaced within massive Devonian to Carboniferous
sediments and volcano-plutonic units. To the west, the North-
Bukantau tectonic zone is located which is characterised by
lower Devonian to late Carboniferous (middle Carboniferous
according to former Soviet stratigraphy; D1—C;) oceanic arc
tholeiites with slivers of Cambrian oceanic crust and early to late
Carboniferous (or middle Carboniferous according to the alter-
native system; C;—C;) bimodal volcano-plutonic arc rocks with
volcanomictic carbonate-terrigenic series.

(2) Following to the SW, there are exposed middle Paleozoic tur-
bidites of the southern Tien Shan accretionary complex, rep-
resented by the Turkestan-Alai tectonic zone hosting the
Zarmitan intrusion-related gold deposit (286 + 2 Ma; Seltmann
et al.,, 2011) in the Nurata region, and the Muruntau giant gold
deposit (~290 Ma; see sections 7.1 and 8.4) in the Kyzylkum.

(3) Southernmost follow the Zarafshan-Alai and South Gissar tec-
tonic zones, late Ordovician to late Carboniferous (alternatively,
middle Carboniferous according to former Soviet timescale;
03—C;) back arc basins stitched by post-collisional granites of
late Carboniferous to Permian (C3—P) ages developed on pre-
Cambrian cratonic crust of the Karakum microcontinent.
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Figure 3. Nd model age (Tpm+) vs. Hf-based ages (emplacement age plus previous
crustal residence estimated from Hf isotope compositions of the dated zircons) for
granitoid samples from a profile through the Tien Shan belt (grey array) including the
Muruntau (Kyzylkum) area that is shown by coloured symbols (Data from Dolgopolova
et al, 2013).

Nd isotopes (whole-rock) of granitoids from all domains show a
wide range of &g (—5 to +7) indicating involvement of both
mantle-derived material (subduction of oceanic crust) and older
crustal sources (Mesoproterozoic model ages; Fig. 3). The large
variations of Hf-isotope compositions found in zircons of the
granites suggest recycling of older heterogeneous crustal proto-
lith(s). In the southern Tien Shan, involvement of subducted
oceanic crust is exemplified by juvenile &y values of up to +14
(Sultan-Uvais) and +16 (Teksquduk-Kyzylkum). However, Permo-
Carboniferous granitoids occurring in all terranes exhibit predom-
inantly crustal signatures indicating Neoproterozoic protoliths.

For the Kyzylkum profile, the Syrdarya Unit in the north is a
cratonic Paleoproterozoic terrane, overlapped/stitched by a Paleo-
zoic arc (this may explain the old ages reported by Mirkamalov
et al, 2012a,b; see section 4.1.1.3). Muruntau is located at the
northern margin of the turbidite terrane that formed the accre-
tionary complex between the Syrdarya and Alai Units.

Nd—Hf model ages for studied samples from Kyzylkum
(Dolgopolova et al., 2013) are shown in Fig. 3—the juvenile signa-
tures of youngest intrusions (with early Paleozoic model ages of
protolith) discriminate nicely against the cratonic basement sig-
natures of samples with middle to Neo—Proterozoic model ages
(= recycled crust). There is a fairly good agreement between the Hf
and Nd model ages. The general linear relationship is what is ex-
pected if the two isotope systems reflect the same evolutionary
processes. This matches interpretations of crust recycling and is in
agreement with new results of U-Pb SHRIMP zircon dating of
granitoid and metamorphic complexes including accretionary
complexes of the Turkestan paleo-ocean and its northern and
southern active continental margins (Mirkamalov et al., 2012a,b).

3.4. Regional geology: tectonic analyses

The regional geology of the Tamdytau area hosting the Mur-
untau gold deposit (Fig. 4) has been described in numerous publi-
cations. Only a brief overview is given in this section with focus on
the tectonic evolution. For more details of the geological setting of
Muruntau see section 4.

The deposit occurs within a pile of imbricated thrusts that was
deformed into W—E-trending synforms and antiforms exposed in
the Tamdytau (Tamdy Mountains) at the westernmost end of the
southern Tien Shan (Drew et al., 1996). This structure consists of
tectonically superimposed lithologies (Savchuk et al., 1991; Drew
et al., 1996), which represent an early—middle Paleozoic oceanic
to accretionary and fore-arc complex rocks thrust onto Ven-
dian—middle Paleozoic passive margin sedimentary rocks whose
Vendian—lower Paleozoic part was metamorphosed in the
amphibolite to green schist facies (see section 4).

Drew et al. (1996) pointed out that the fold and fault belt of the
Tien Shan system (Fig. 1) is extremely complex with various
components that represent different orogenic events that span
much of the Paleozoic and were later affected by an Alpine
orogenic event (cf. Zonenshain et al., 1990). Drew et al. (1996)
highlighted that in the central to western Tien Shan, a 5—6 km
wide structural zone strikes over 1000 km north-westerly from
the Fergana Valley in easternmost Uzbekistan, along the northern
flank of the Nurata Mountains in the eastern Kyzylkum desert and
thence northeast of the Tamdytau into the eastern Bukantau
(Akhber and Mushkin, 1976). This structure is the suture zone that
juxtaposes two continental masses, the Karakum massif to the
southwest and the central Kazakhstan-North Tien Shan continent
to the northeast (Zonenshain et al., 1990). A characteristic feature
of the suture zone are the W—NW-striking shear zones that splay
off to the west from the main zone that subdivides the Kyzylkum
desert region into a series of tectonic blocks. The main suture and
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Figure 4. Position of gold and silver deposits in the Central Kyzylkum area aligning along the general northeast structural trend (see Fig. 1 for location). Gravity contour grid (centres
of negative anomalies and positive anomalies indicated by symbols) has been draped over the geological sketch map (modified from Bierlein and Wilde, 2010). Muruntau is located
at the junction of two main structural zones (in red), the northeast structural trend supposedly representing a trans-crustal shear zone and a subhorizontal structural trend

reflecting the E-W strike of thrusted stratigraphy and fold axes (cf. Fig. 5).

the splays are offset by transverse northeast-striking shear zones
(Mushkin et al., 1975).

In the vicinity of Muruntau, two regional shear zones, the
northwesterly striking Sangruntau-Tamdytau and the transverse
Muruntau-Daugyztau, developed during the ‘Hercynian’ (late Car-
boniferous—early Permian) at the time of the continent-to-
continent collision of the Karakum plate and the central
Kazakhstan-North Tien Shan continent (Zonenshain et al., 1990).
The Hercynian compression led to the formation of north-dipping
nappes. Two of these nappes transect the Tamdytau — a regional-
scale syncline in the central part of the range and a regional-scale
anticline in the south. Additional evidence for this continent-to-
continent collision in Uzbekistan includes the occurrence of frag-
ments of oceanic crust (Sabdyushev and Usmanov, 1971). A
refraction seismic survey (Ivanov and Sabdyushev, 1974) and two
USSR Deep-Geodynamic Drilling Program holes located near the
center of the Tamdytau confirmed the synclinal structure in the
central and northern parts of the range (Sabdyushev and Voronov,
1990).

Subsequent Hercynian transpression caused movement along
the west-northwest-striking, left-lateral Sangruntau-Tamdytau
shear zone and subsequently along the newly formed
southwest-striking, left-lateral Muruntau-Daugyztau shear zone
(Drew et al., 1996, Fig. 4). The interplay of movements along these
shear zones changed the strike of the eastern nose of the anti-
formal nappe, which resulted in a Z-like-shaped fold near the
southeastern tip of the Tamdytau that is best observed in the so-
called Besapan-3 unit (bss; see section 4). The core of this Z-fold is
transected by brittle faults of the Muruntau-Daugyztau shear zone
and it is within this area that the current Muruntau open pit mine
was developed.

Carboniferous—Permian granitoid intrusions were emplaced
into the nappes, into the regional shear zones and transecting the

inferred suture zone. Citing the work of Porshnyakov (1983), Kotov
and Poritskaya (1991) stated that the intrusion of the granitoids
was controlled by deep-seated, basement-penetrating faults. The
numerous intrusions shown directly to the west of the Tamdytau
indicate that a zone of dilatancy must have existed in the regional
synclinorium, presumably created by the same tectonic forces that
formed the Z-shaped structure (Drew et al., 1996).

The Muruntau-Daugyztau shear zone, along which there has
been ductile and brittle deformation, is located in the southeastern
portion of the Tamdytau. This fault strikes northeast-southwest
and has been mapped over a length of 75 km and a width of
about 5 km. Parallel faults were mapped to the northwest of the
main fault zone in the same nappe and further to the northwest in
the overlying synformal thrust package of Devonian and Carbon-
iferous carbonate rocks. The movements on the Muruntau-
Daugyztau faults are left lateral, as may be seen from the move-
ment of the fault-bounded slices of Devonian carbonate rocks
located to the northeast of the Muruntau open pit. The evolution in
tectonic stress from the thrusting to the strike-slip regimes is
demonstrated by the imposition of steeply dipping left-lateral
faulting on the previously developed nappes. Intense hydrother-
mal alteration occurs in areas within and adjacent to the Muruntau-
Daugyztau shear-zone. The orientation of the swarm of fault seg-
ments of this shear-zone system in the Muruntau area is parallel to
the axis of the nappe south of the Tamdytau, which suggests that
they have been developed along axial fractures and (or) thrust
faults formed during the ‘Hercynian’ continent-to-continent colli-
sion (Drew et al., 1996).

Besides the large nappe structures discussed above, Proterozoic
and Paleozoic formations in the Tamdytau show several genera-
tions of deformation that record a history of transition from ductile
to brittle deformation styles (Drew et al., 1996). Alekseyev (1979)
identified several distinct deformation events in rocks in the
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Amantaitau region southwest of Muruntau, the oldest of which
consists of small- and large-amplitude isoclinal folds overturned to
the east and north that fold the original bedding. Facing de-
terminations indicate that some of the folds, which are about 2 km
wide, were transformed subsequently into a series of tectonic slices
(Alekseyev, 1979).

According to Drew et al. (1996), this isoclinal folding was fol-
lowed by metamorphic recrystallization and, in turn, by more-open
folding without significant metamorphism. Several subsequent
kink-fold events preceded the final shear-zone deformation
described above. Because of the direction of isoclinal folding and
the transposition of schistosity fabric by the ‘Hercynian’ compres-
sion, much of this deformation is interpreted to be ‘Caledonian’
(The term “Caledonian” is frequently used in the Russian language
literature as synonym for ‘early Paleozoic’ orogenic events that
could have taken place along the margins of the northern conti-
nents or along the northern margins of Gondwana. In today’s ge-
ography, although formally, Caledonian events are restricted to the
Caledonides of Scandinavia, Scotland and Ireland.). These defor-
mation events, including the tectonic slicing, are of great impor-
tance for structural controls on veining and the stratabound nature
of some of the ore bodies in the Muruntau and adjacent Myutenbai
deposits as demonstated in the sections below. Yakubchuk et al.

(2002) suggested — based on their structural analysis of the
regional and detailed maps by Kotov and Poritskaya (1991) and by
Drew (1993) — that there are two stratigraphically or tectonically
controlled levels of highly silicified rocks in the Vendian-lower
Paleozoic unit (Fig. 5). The upper silicification level, which hosts
Muruntau and all small satellite deposits in the area, e.g., Kosma-
nachi, Besopan, Myutenbai, Triada, etc., forms a more than 7 km-
long lens-shaped unit matching with the east-west tending
Tamdytau-Sangruntau shear zone (Drew et al., 1996; Graupner
et al.,, 2000, 2001a). The silicification developed along structures
of the regional Dzhanbulak antiform and the Muruntau deposit
occurs exactly at the eastern closure of this antiform whose pattern
suggests that there were several superimposed deformational
events (D1—-D4; Fig. 5a—d). In particular, the density of the D3 fold
axes is much greater at the eastern closure of the antiform where
the Muruntau deposit occurs and where Drew et al. (1996) recor-
ded the Z-shaped folds and their offset by the youngest strike-slip
faults (D4). This structural framework was a path-way for entrap-
ment of fluids (Yakubchuk et al., 2002). Seltmann et al. (2003)
developed a tectonic model for the local formation of the ore-
bearing structures at Muruntau in relation to the structural evo-
lution of the area and the major alteration phases present as
illustrated in Fig. 6.
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Figure 5. Structural scheme of the Tamdy mountains (from Yakubchuk et al., 2002; compiled using Drew et al., 1996). The structure consists of a series of D1 imbricated thrusts (A)
with Paleozoic rocks constituting the nappes occurring between the Precambrian rocks both in the base and in the uppermost allochthons. The latter is accompanied by serpentinite
melange. This structure was deformed into WE-trending folds during the D2 event (B) and into NE-trending folds during the D3 events (C). Note that the Muruntau deposit occurs in
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place in the Mesozoic (Yakubchuk et al., 2002).
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Figure 6. Model for the formation of the ore-bearing structures at Muruntau in
relation to the structural evolution of the area and the major alteration phases present
(Seltmann et al., 2003). Map E: 1 — Southern fault zone; 2 — Northeastern fault zone;
3 — Meridionalnyi fault.

4. Geological setting

The area around Muruntau is formed by a more or less flat
landscape with only a few moderate elevations. The most impor-
tant elevations are the Tamdytau (Tamdy-Mountains) about 30 km
to the northwest of the deposit and the Aristantau (Aristan-
Mountains) about 50 km to the south. Most of the area is covered by
platform sediments (gravel, sand and clay) of Mesozoic to Cenozoic
ages. Topographic elevations and their surroundings form large
tectonic windows within the sedimentary cover with outcrops of
Caledonian to Hercynian fold and thrust rocks (Kraft and Kampe,
1995). Two main groups of the latter may be distinguished in the
surroundings of Muruntau. The underlying group is composed of a
sequence of rocks metamorphosed in amphibolite-to green schist-
facies intruded by Hercynian magmatites and hosting the gold

mineralization (Fig. 7). The overall thickness of the sequences, and
also of their units, are disputed because there is intense folding, a
lens-like appearance of some units and additional complication of
the profile due to thrust and fault tectonics (Mukhin et al., 1988;
Kremenetsky et al., 1990; see section 4.1). Gar'kovets (1969) and
Bel'’kova and Ognev (1971) quoted an overall thickness of about
2000 m while other authors suggested thicknesses of up to 4000 m
(Loshchinin et al., 1986) or even more (Mukhin et al., 1988;
Kremenetsky et al., 1990; Drew et al., 1996). To the north and east
of the Muruntau deposit, this lower group is unconformably over-
lain by dolomite and limestone with an overall thickness of about
3000 m (Marakushev and Khokhlov, 1992; Fig. 7). Because the latter
rocks show no strong tectonic deformation and are apparently not
cut by intrusions, dikes or mineralized veins (although some quartz
veins were reported by Kotov and Poritskaya, 1991), some workers
assumed that this sequence may have acted as a low permeability
“cap” sealing the underlying metamorphic rocks during Hercynian
magmatism and extensive hydrothermal activity (Mukhin et al.,
1988; Konstantinov et al., 2000; Wall et al., 2004; Ezhkov and
Rakhimov, 2012).

Outcrops of magmatic intrusions or dikes are scarce in and
around the Muruntau deposit. The area was even referred to as
“intrusion-free” in earlier works (Gar’kovets, 1975). There are three
swarms of dikes outcropping in the Muruntau open pit and in
adjacent areas. One swarm occurs to the south and one to the north
of the deposit, respectively. These swarms strike nearly east-west
and are composed of alkaline rocks including diabase, lamp-
rophyre, spessartite, kersantite and granite (Bendik, 1969;
Yudalevich and Levchenko, 1981; Kotov and Poritskaya, 1990;
Drew et al., 1996; Golovanov et al., 1998a). A third northeast-
striking swarm cross-cuts the deposit area and is exposed within
the Muruntau open pit. Here, dikes are classified as granodioritic to
granitic in composition (Zarembo, 1968; Bendik, 1969; Yudalevich
and Levchenko, 1981; Kotov and Poritskaya, 1990; Kostitsyn, 1996;
Golovanov et al., 1998a) although strongly affected by hydrother-
mal alteration. Nevertheless, classification as granitoids is in accor-
dance with whole rock composition, immobile trace element
contents and zircon morphologies (Kempe et al., 2015). The nearest
outcrop of a magmatic intrusion is the Tamdytau granite and is
located about 30 km northwest of Muruntau. However, three con-
cealed granite intrusions were found adjacent to Muruntau by dril-
ling: (1) the so-called Murun granite was recovered by the super-
deep drill hole SG 10 about 1 km southeast of Muruntau near the
Myutenbai deposit (depth interval below 4005 m down to the hole
bottom at 4294 m), (2) the Sardarin pluton located 15 km southeast
and (3) the Kurukkuduk granite 25 km south-southeast of Muruntau
were both found by exploration drilling (cf. Kempe et al., 2015).
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Figure 7. Geological sketch of the Muruntau region showing the main stratigraphic units and Au deposits (Au in yellow) and occurrences (Au in white): tsy, ts, — Lower and Upper
Taskazgan; bs; — Grey Besapan; bs, — Black Besapan; bs3 — Variegated Besapan, ore-hosting; bs, — Green Besapan; Mz-Kz — Meso-to Cenozoic platform cover. Locations of deep
boreholes (I-1, I-3), super-deep borehole SG 10 and deep satellite boreholes MS 1 to 4 are also indicated. Redrawn after Krementsky, written communication (1997).
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4.1. Metamorphic and sedimentary rocks

4.1.1. Pre-Devonian rocks

The composition and petrography of pre-Devonian meta-sedi-
mentary rocks is monotonous (Bendik, 1969; Bel'’kova and Ognev,
1971; Loshchinin et al., 1986) and fossils are rare (Akhmedzhanov
et al, 1979; Mukhin et al., 1988; Kremenetsky et al., 1990) or
generally not suitable for correct age determination (Bukharin
et al, 1984); significant visible unconformities within the se-
quences are absent (Gar’kovets, 1969). The metamorphic grade
decreases continuously (Gar’kovets, 1969, 1971; Loshchinin et al.,
1986; Kremenetsky et al., 1990; Marakushev and Khokhlov, 1992;
Khokhlov et al., 1998) from the bottom (Taskazgan Sequence;
lower amphibolites facies) to the top formed by the lower green
schist-facies metamorphosed Besapan Sequence. The rocks under
consideration are modified by contact metamorphism (see section
4.2.3 below) and metasomatic alteration in and around the Mur-
untau deposit (Sher, 1970; Kotov and Poritskaya, 1991; Marakushev
and Khokhlov, 1992; Kol'tsov and Rusinova, 1997; Khokhlov et al.,
1998; Wall et al., 2004). As a result, the stratigraphy is obscured.

Widely accepted by the scientific community is the subdivision
of the basement rocks exposed in the area into two sequences: the
Taskazgan Sequence (Ts; amphibolite facies; up to 900—1000 m
thick; Gar’kovets, 1969; Mukhin et al., 1988; up to 2300 m thick-
ness; Bukharin et al., 1984) forming the lower part and the Besapan
Sequence (Bs; green schist facies; 1200 m thickness; Gar’kovets,
1969, more than 3000 m up to 5000 m; Bukharin et al., 1984;
Mukhin et al., 1988) forming the upper part (Fig. 7). The Taskaz-
gan Sequence commonly includes the former Auminzin Sequence
(Bukharin et al., 1984; Kremenetsky et al., 1990).

The Besapan Sequence is further subdivided into four suites
(Bukharin et al., 1984; Mukhin et al., 1988; Kremenetsky et al., 1990;
Kostitsyn, 1991b; Berger et al., 1994; Drew et al., 1996; Kostitsyn,
1996; Khokhlov et al., 1998; Kempe et al., 2001a): bs; (Grey Besa-
pan; mainly schists after siltstone), bs, (Black Besapan; mainly
meta-sandstone or carbonaceous meta-sandstone with grit and
gravel and abundant dark biotite), bss (Variegated Besapan; in-
tercalations of phyllitic meta-siltstone, meta-sandstone and meta-
tuff, some meta-carbonate) and bs4 (Green Besapan; mainly meta-
sandstone with meta-siltstone, some meta-carbonate). The names
of the suites relate to the rock colors in the outcrops after weath-
ering. The Black Besapan and the Grey Besapan are considered to
form a single rock package by some authors (Loshchinin et al., 1986;
Kremenetsky et al., 1990; Marakushev and Khokhlov, 1992).
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Figure 8. Schematic cross-section through the central part of the Muruntau deposit
illustrating the formation of ore columns by veins, stockworks and metasomatites. bs;
— Black Besapan; bs; — Variegated Besapan. After Obraztsov (1998).

The assignment of the Variegated Besapan bss to a normal
sedimentary rock package within the Besapan Sequence is
controversial (Akhmedzhanov et al., 1979; Loshchinin et al., 1986;
Kremenetsky et al., 1990; Bojtsov et al., 1996; Shayakubov, 1998).
According to Loshchinin et al. (1986), the contact between the
Variegated bs3 and Green Besapan Bs,4 Suits represents a tectonic
discordance. Similarly, Wilde et al. (2001) recognized the contact
between the Variegated bs; and Green Besapan bs, as a tectonic
one, which is interpreted to trace the regional, flat dipping
Sangruntau-Tamdytau shear zone. This zone is of apparent
Carboniferous age (Drew et al., 1996) and related to the regional
continent-continent collision and formation of thrust sheets (see
section 3). According to Khokhlov et al. (1998), the lower contact of
the Variegated Besapan also represents a mylonite zone (Fig. 8).
Mulkhin et al. (1988) have shown that the Besapan Sequence may be
understood as a stack of nappes and the Variegated Besapan Suite
bss itself as a tectonic lens or mélange formed along with other
lenses and wide zones of blastomylonites in the adjacent Besapan
units, in particular, in the area of the Muruntau deposit. Accord-
ingly, the Variegated Besapan bss is referred to as the Kosmanachi
(former Muruntau) Suite in recent publications and the underlying
Grey bs; and Black Besapan bs; as the Rokhat Suite (Shayakubov,
1998; Mirkamalov et al., 2012a; Rafailovich et al., 2013). Drew
et al. (1996) reported a local inversion within the thrust sheets in
the Tamdytau area to the north of Muruntau, where rocks of the
Taskazgan Sequence overly the green schist rocks within a mélange
including lenses of ophiolite and chert.

The Taskazgan Sequence (Fig. 7) comprises garnet-bearing
schists with some intercalations of mafic meta-volcanics, quartzite
and meta-carbonate rocks (skarnoids; Kremenetsky et al., 1990;
Kol'tsov and Kostitsyn, 1995). The Besapan Sequence including the
Kosmanachi Suite consists of meta-sediments typical of a passive
shelf with interbeddings of meta-siltstones, meta-sandstones,
gritstone, chert and minor meta-carbonates (Gar'kovets, 1973;
Bukharin et al., 1984; Marakushev and Khokhlov, 1992; Wall et al.,
2004) as quoted above in this paragraph. The whole-rock compo-
sition of the pre-Devonian rocks was examined by Kremenetsky
et al. (1990) and Marakushev and Khokhlov (1992).

4.1.1.1. Carbonaceous matter. In Russian literature, the meta-
morphic rocks hosting the Muruntau deposit (Besapan and/or
Kosmanachi Suites) are often referred to as black shales (e.g.
Bel’kova and Ognev, 1971; Gar’kovets, 1978; Loshchinin et al., 1986;
Kotov and Poritskaya, 1990, 1991; Kremenetsky et al., 1990;
Kostitsyn, 1991b; Protsenko and Rubanov, 1991; Rusinova et al.,
1996) implying a significant role of organic and/or carbonaceous
matter in the processes of concentration and remobilization of gold.
One popular genetic concept suggests primary gold enrichment in
sedimentary rocks by sorption on organic matter resulting in the
formation of gold-rich black shales (Gar’kovets, 1978; Loshchinin
et al., 1986; Zairi et al., 1998; see discussions below in sections 7.2
and 8.1). The classification of the rocks under consideration as
black shales is mainly based on the results of optical microscopy
indicating a dispersed occurrence of organic matter especially in
the Variegated Besapan (Kosmanachi Suite) and the upper Green
Besapan (Khokhlov et al., 1998). However, the content of organic
carbon in these rocks is mainly within the first hundreds of ppm
and rarely exceeds one thousand ppm (Uspenskiy and Aleshin,
1993; Bojtsov et al., 1996; Rusinova et al., 1996; Khokhlov et al.,
1998; Seltmann et al., 2003). The content of organic carbon is
even higher in the Taskazgan sequence (Kol'tsov and Kostitsyn,
1995; Bojtsov et al., 1996). However, Kremenetsky (1994) quoted
concentrations of 1-3 wt.% Cog for the Besapan sequence at Mur-
untau similar to Gar’kovets (1975). The high carbon values may be
explained by secondary redistribution in the Muruntau deposit
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with significant carbon depletion within the hydrothermal alter-
ation halo and a related local enrichment in other parts of the
sequence and in faults and brecciation zones (cf. Loshchinin et al.,
1986; Rusinova et al, 1996; Kol'tsov and Rusinova, 1997;
Khokhlov et al., 1998). In conclusion, the classification of the host
rocks as black shales (Tourtelot, 1979) is questionable. Rusinova
et al. (1996) studied the distribution and redistribution of carbo-
naceous matter (which, in fact, comprises high-to low-ordered
graphite) as well as the degree of ordering of the graphite in greater
detail. According to these authors, carbon commonly occurs highly
dispersed and represents well-ordered graphite in unaltered
metamorphic rocks. Modifications resulting from later, hydrother-
mal redistribution will be considered below in section 6.1.

4.1.1.2. The “Muruntau lens”. The metamorphic rocks hosting the
giant Muruntau gold deposit and exhibiting some peculiarities
adjacent to ore mineralization, are often referred to as the “Mur-
untau lens” (“Muruntau Sequence” in earlier work; Mukhin et al.,
1988) according to their lens-shaped appearance (Fig. 7). Howev-
er, the exact meaning of this term varies between authors and may
be related to (1) the tectonic nature of the Z-like-shaped fold
hosting the Muruntau deposit (Mukhin et al., 1988; Kremenetsky
et al,, 1990), (2) the character of the assumed tectonic mélange
(Mukhin et al., 1988; Bojtsov et al., 1996; Kempe et al., 2001a;
Rafailovich et al., 2013), (3) the rock package modified by meta-
somatic alteration (mainly silicification; Berger et al., 1994; Drew
et al., 1996; see also Wilde et al., 2001) and (4) the lens-shaped
morphology of the stratiform, low-grade gold ore body (Savchuk
et al., 1987). Earlier, Voronkov (1976) speculated that the sedi-
ments forming this lens-shaped body may have originally derived
from an ancient river delta.

4.1.1.3. Sedimentation ages of meta-sedimentary rocks. There is no
consensus among various authors on the stratigraphic ages of the
rocks under discussion. At the end of the 1970s, a special confer-
ence decided to assign a late Proterozoic age to the Taskazgan
Sequence (Tz) based on fossils found in some meta-carbonate rocks
(supported by later fossil findings; Mukhin et al., 1988), leaving
open the poorly constrained age of the Besapan Sequence Bs
(Ordovician-Silurian) and, in particular, of the Variegated Besapan
Suite bss (with apparent ages ranging from Silurian to Carbonif-
erous; Akhmedzhanov et al, 1979). Loshchinin et al. (1986)
assumed a Vendian to Cambrian age for the Grey and Black Besa-
pan (bs; + bsy) and a Paleozoic (Ordovician O to Silurian S) age for
the upper two suits only (Variegated and Green Besapan bss + bsy).
According to Mukhin et al. (1988), the Grey and Variegated Besapan
Suites are older (middle Cambrian €;—middle Ordovician O,) than
the Black and Green Besapan Suites (middle Ordovician O,—lower
Silurian S1). Bukharin et al. (1984) inferred Ordovician (01—0,) ages
for the Gray and Black Besapan (Rokhat Suite) adopted by recent
authors (Rafailovich et al., 2013). Because of the principal signifi-
cance of the Variegated Besapan Suite bss as the host rock of the
gold mineralization at Muruntau, Bukharin et al. (1984) have
studied fossils in this and adjacent units in greater detail and
revised some older fossil and age definitions. According to their
data, the age of the Taskazgan Sequence extends from Cambrian (€)
into the Ordovician (O) in the upper part. The mixture of Protero-
zoic (PR) to Silurian (S) ages found in the Besapan Sequence and, in
particular, in the Variegated Besapan Suite, may be explained by the
isolated development of the related sedimentary basin according to
these authors. Bukharin et al. (1984) assumed an upper Ordovician
(03) to lower Silurian (S1) age for the upper two Besapan Suites in
agreement with Loshchinin et al. (1986).

Mirkamalov et al. (2012a,b) carried out SHRIMP U-Pb dating on
zircon from one sample of the Variegated Besapan Suite Bsy

(Kosmanachi Suite). They defined three age groups of 2332—3729
Ma (upper Archean to lower Proterozoic), 631—-1025 Ma (upper
Proterozoic) and 526—559 Ma (upper Proterozoic to lower
Cambrian €;) placing a Cambrian (€) upper age limit on these
rocks, much older than the generally assumed Ordovician (O) to
Silurian (S) ages. Summarizing, the ambiguity in the stratigraphic
position of the rocks under consideration is most probably related
to their mixed nature as a tectonic mélange and the difficulty in
the identification of microfossils suitable for a more exact
biostratigraphy.

4.1.2. Devonian to Carboniferous carbonate rocks

Devonian (D) to Carboniferous (C) rocks are weakly deformed —
only some subhorizontal faults are present — and consist of bitu-
minous dolomite and marble of the Zhivachisaj Sequence (Bel’kova
and Ognev, 1971; Rusinova et al., 1996). The age of the sediments is
well constraint by fossils (middle Devonian to upper Carboniferous,
D,—Cj3, Kostitsyn, 1996; Rusinova et al., 1996; or lower Devonian to
middle Carboniferous, D1—C,, Mukhin et al., 1988; Kremenetsky
et al., 1990; Carboniferous classified according to Soviet stratig-
raphy). Wilde et al. (2001) discussed the presence of buried rift
margins within this unit. According to Kotov and Poritskaya (1991),
the limestone experienced contact metamorphism during the
intrusion of the Sardarin pluton. The nature of these carbonate
rocks was studied in more detail by Abramovich (1969). This author
concluded on a biochemical precipitation of the carbonates based
on measured trace element distribution and the low contents of
terrigenous material. According to Drew et al. (1996), the deposi-
tion of this carbonate sequence marked the beginning of continent-
continent collision between the Central Kazakhstan-North Tien
Shan continent and the Karakum massif within the middle
Carboniferous (Cy).

4.1.3. Basal conglomerates or tectonic breccia?

Rock fragments of a diversity of rocks including fragments
containing gold-bearing quartz veins or granitic material
embedded in a carbonate matrix occur in the footwall of the
Devonian to Carboniferous dolomites and limestones. Some
workers interpreted these apparent basal conglomerates as proof of
a pre-Devonian age of gold mineralization (upper age limit D1;
Askarov and Bigaeva, 1965; Bendik et al., 1969a; Gar’kovets, 1969,
1971, 1973; Gar’kovets et al., 1970; Rakhmatullaev, 1980). Howev-
er, later investigation revealed the tectonic nature of this breccia
related to thrusting of the carbonate rocks onto the older meta-
morphic sequences (Kotov and Poritskaya, 1991; Drew et al., 1996;
Wilde et al.,, 2001). According to Golovanov et al. (1998b), quartz
pebbles from the “conglomerate” exhibit properties of quartz from
ductile deformed, so-called “flat” veins as described below in sec-
tion 5.2.

4.14. Platform cover

Meso-to Cenozoic cover sequences which are represented by
surficial gravels, sands and clay, may also contain sandstone,
mudstone and siltstone at greater depth (e.g., Graupner et al.,
2000). Not much work has been done on these late sedimentary
rocks although their study may be of importance in the search for
hidden deposits below the platform cover (Kremenetsky et al.,
1990; Fig. 7).

4.2. Magmatic rocks

4.2.1. Dikes

Surprisingly, there is only few data on the magmatic rocks in the
Muruntau area and in particular, on the dikes. On the other hand,
the swarm of dikes crossing the Muruntau open pit is of special
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interest because (1) it is assumed to have formed more or less
contemporaneously with the sequence of gold-bearing quartz veins
and (2) it is interpreted to separate at least two main stages of gold
ore formation (Zarembo, 1968; Bendik, 1969; Rakhmatullaev, 1980;
Yudalevich and Levchenko, 1981; Kostitsyn, 1991b; Kotov and
Poritskaya, 1991; Uspenskiy and Aleshin, 1993; Drew et al., 1996;
Golovanov et al., 1998b; Konstantinov et al., 2000). Kremenetsky
et al. (1990) recorded the additional occurrence of dikes in cores
from deep drilling operations close to the deposit. All dikes show
evidence of hydrothermal alteration and are cross-cut by sulfide-
rich veinlets and by late veins (Bendik, 1969; see section 5.3
below). Kostitsyn (1996) mentioned that the compositional vari-
ability of the dike rocks in the open pit is at least partly a result of
their heterogeneous metasomatic alteration. According to our data
(Kempe et al., 2015), the dikes are affected by late alteration with
formation of sericite, chlorite and sulfides, but no clear remnants of
early biotitization or microclinization could be found. This may
support the inference of an “intra-ore” formation of those dike
rocks in accordance with field observations by Bendik (1969) and
Yudalevich and Levchenko (1981); alternatively, late alteration
developed in and adjacent to the dike zone may have completely
erased all characteristics of early metasomatism because the dikes
form a zone bordered by intense albitization of the wall rocks.
Golovanov et al. (1998a) reported similar alteration features with
albitization, sericitization and chloritization and secondary sulfides
for the dikes. According to the latter authors, alteration assem-
blages resembling K-metasomatic alteration may be sometimes
detected in the rocks. Yudalevich and Levchenko (1981) have
studied the relationships between dikes and gold mineralization in
Western Uzbekistan including the Tamdytau area and the Mur-
untau deposit in greater detail. According to their data, the dikes of
alkaline type (from spessartite to alkaline granite) are widely
exposed. They experienced alteration (albitization) contempora-
neous with the formation of gold-bearing quartz veins in other
places. For Muruntau, however, Yudalevich and Levchenko (1981)
concluded a post-ore age of lamprophyre and diabase. Similarly,
Vikhter et al. (1986) reported gold mineralization to post-date
granitic dikes but to preceed diabase dike formation. In contrast,
relative age relations between alkaline dikes and gold mineraliza-
tion, with the latter superimposed on the alkaline dikes as
commonly found in other areas of the Kyzylkum, were established
by Kotov and Poritskaya (1990) based on detailed work on gold
showings to the west of the Muruntau deposit. Golovanov et al.
(1998a) mentioned alteration of mafic dike rocks by biotitization,
chloritization and sericitization.

Gusev and Gusev (2012) published whole rock and petrographic
data on dikes of various types. According to these authors, all of
those rocks belong to the K-rich magmatic series. Golovanov et al.
(1998a), reviewing the analytical data by Yudalevich, stressed the
bimodal character of the dike magmatism. However, these authors
assigned all dikes to a single series according to their tectonic po-
sition. Relative age relations between dikes of different composi-
tion were not yet established.

4.2.2. Granite intrusions

The granodioritic to granitic dikes may be genetically related to
the large intrusions of similar composition developed in the region
(Kotov and Poritskaya, 1991; Kempe et al., 2015). The late Paleozoic
magmatism produced large intrusions in the Kyzylkum area
ranging in composition from diorite to leucogranite (Yudalevich
et al,, 1991; Golovanov et al., 1998a; Shayakubov and Dalimov,
1998). The intrusions are late-to post-collisional in tectonic
setting (Kempe et al., 2015). Some of them show seriate textures,
others are seriate-porphyritic. The rocks display geochemical and
petrological characteristics of I-type intrusions (Gusev and Gusev,

2012; Kempe et al.,, 2015). All samples investigated (including
those of granitoid dikes) contain ilmenite, but no magnetite
(Gusev and Gusev, 2012; Kempe et al., 2015). The intrusions (as
well as the dikes) belong to “shoshonitic”, K-rich magmatic series
(Golovanov et al., 1998a; Gusev and Gusev, 2012; Kempe et al.,
2015). The Th and U contents are high and variable
(3.5-68 ppm U and 11-57 ppm Th) with variable Th/U ratios
(0.35—6.3) probably because of the mobility of uranium during
metasomatic alteration (Kempe et al., 2015; see section 5.6 below).
A comprehensive study of the granitoid magmatism in the Mur-
untau area is still lacking.

4.2.3. Contact metamorphism

Alteration of metamorphic rocks by contact metamorphism
caused by the intrusion of the granitoids was studied by several
authors (Palej and Sher, 1970; Sher, 1970; Loshchinin et al., 1986;
Kotov and Poritskaya, 1991; Uspenskiy and Aleshin, 1993; Drew
et al., 1996; Kol'tsov and Rusinova, 1997; Khokhlov et al., 1998;
Wall et al.,, 2004; Bierlein and Wilde, 2010). The thermal aureole
is traced by hornfels in the innermost zone and spotted or knotty
schists in the outer one. Characteristic mineral assemblages contain
biotite, cordierite and andalusite (Loshchinin et al., 1986; Kotov and
Poritskaya, 1991; Drew et al., 1996; Kol'tsov and Rusinova, 1997).
Kotov and Poritskaya (1991) mapped the contact metamorphic halo
in the area of the Muruntau deposit using outcrops and around the
Sardarin pluton using drilling data. Above the Sardarin pluton,
hornfels occurs while a zone of spotty and knotty schists may be
traced to the northwest extending into the Muruntau open pit (cf.
Drew et al., 1996). According to Sher (1970), the hornfels zone
below the Muruntau deposit is located about 700 m below the
recent surface as established by drilling data. It is therefore possible
that the Sardarin intrusion or another intrusion extends below the
deposit and is in some way related to the Murun granite intersected
in the super deep drill hole. The existence of a hypothetic intrusion
or extension from the Sardarin and/or Murun pluton below the
Muruntau deposit is also supported by the occurrence of the dikes
exposed within the open pit because such dikes normally extend
from the related intrusion to not more than several hundreds of
meters. Similar conclusions were drawn by Golovanov et al. (1998a)
based on geophysical data. Kol'tsov and Rusinova (1997) estimated
the horizontal extent of the hornfels aureole around the known
contour of the Sardarin pluton below the sedimentary cover to
1-3 km. Above the Murun granite, the hornfels zone extends to
about 500 m. The apparent difference is probably related to vari-
ations in the inclination of the granite contact. The formation of the
aureole of contact metamorphic rocks is of great importance for
preferred subsequent veining as stressed by several authors
(Petrovskaya, 1968; Kremenetsky et al., 1990; Wall et al., 2004; see
also Drew et al., 1996). The brittle behavior of these compact rocks
during deformation in an area where two prominent fault and
shear zones intersect, has promoted the formation of the large
stockworks inside the Muruntau deposit.

5. Ore veins and ore bodies
5.1. Types of ore bodies

The Muruntau deposit may be seen as a giant stockwork hosted
by rocks of the Variegated Besapan (bss; Golovanov et al., 1998c,
Fig. 8). Mineralization is most intense in psammopelite- and
psammite-dominated, thin-to-medium bedded lithological pack-
ages characterized by strong biotite-feldspar-quartz alteration.
Ore-stage veining, mineralization and metasomatism are focused
at several levels within the hornfelsed bs; package (Wall et al.,
2004). Berger et al. (1994) and Drew et al. (1996) assumed a
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formation of the Muruntau ore-bearing system in the brittle/
ductile transition zone of the crust within transpressional shear
zones. In contrast, Wall et al. (2004) described the Muruntau sys-
tem not to represent a shear zone-hosted or -related system.
Instead, these authors characterize the tectonic setting of Mur-
untau as localized in a fold—fault system akin to those hosting other
giant gold deposits worldwide.

The concepts on the dimension, shape and structural control of
the ore bodies changed considerably during the history of explo-
ration, mining and scientific investigation of the deposit
(Golovanov et al., 1998c; Obraztsov, 2009). While, in an earlier time,
extensive zones of sulfide-bearing quartz veins and zones of albi-
tization were regarded as the principal ore bodies, stratiform-like
structures became more important when the high gold contents
within the host rocks adjacent to the veins were explored. Later on,
detailed analysis of the gold distribution revealed the role of
metasomatic alteration and of cross-cutting stockwork structures.

The assumed morphology of the ore bodies strongly depends on
the cut-off grade (Golovanov et al., 1998c). Obraztsov and co-
workers developed the “ore columns concept” to describe the
distribution and characteristics of the closely spaced ore bodies in
the stockwork based on a cut-off of 2 ppm Au (Obraztsov and
Belenko, 1997; Obraztsov, 1998; Obraztsov, 2009). The nearly ver-
tical columnar structures host >70% of the total gold reserves, but
occupy less than 30% of the total stockwork volume (Shayakubov
et al.,, 1999; Obraztsov, 2009). The “ore columns” within the Mur-
untau system were crosscut and offset by ENE to NE trending small
and large displacement (300—500 m), sinistral-reverse faults (Wall
et al., 2004; cf. Kempe et al., 2001a).

Continued study on the ore bodies revealed that there are
several structures controlling the localization of the ore bodies
(Fig. 9) as summarized by Golovanov et al. (1998c). One type of
structural control is related to the bedding and schistosity of the

host rocks including the development of parallel “metamorphic”
quartz veins which are complicated by intense folding and bou-
dinage (Fig. 9a). Other controlling structures are located sub-
parallel to the first but relate to later flat-dipping zones of thrust,
shear and mylonitization. A third type of structure is controlled by
brittle deformation behavior of the rocks after regional and thermal
metamorphism with both sub-parallel and cross-cutting vein
structures and alteration zones (Fig. 9b—d). In the case where gold
mineralization was mainly controlled by “flat” veins or ore-bearing
metasomatites, the ore bodies are stratiform-like. Around the
“Central” veins with cross-cutting stockwork veinlets (Fig. 9d), the
ore bodies are cone-like and steeply dipping (Golovanov et al.,
1998c; Obraztsov, 2009).

Gold-bearing structures may be subdivided into two basic
types: (1) large quartz veins on the one hand, and (2) vein and
veinlet-“impregnated” lithological packages of metasomatosed
meta-sedimentary rocks on the other. According to Golovanov
et al. (1998c), the ore stockworks present in the four ore bodies
of the Muruntau deposit are combined types of ore structures
controlled by a number of structural elements and formed at
different stages.

5.2. Vein types: mineralogy and evolution

The ores and veins in the Muruntau deposit are generally low-
sulfide. Three major types of gold-bearing quartz-dominated
veins can be recognised, which reflect the general observations and
classifications as reported by various authors, but, otherwise, differ
in important details (e.g. Zarembo, 1968; Rakhmatullaev, 1980;
Uspenskiy and Aleshin, 1993; Drew et al., 1996; Golovanov et al.,
1998c): (1) veins that experienced ductile deformation during
shearing and folding (concordant and sub-concordant “flat veins”
and parts of the “banded veins” in the stockworks; Fig. 9a); these

Figure 9. Major vein types of the Muruntau deposit: (a) flat, boudinaged, low grade gold-mineralized quartz vein, Muruntau Shaft M, 0 m level; (b) shallow dipping auriferous
stockwork veinlets, Muruntau pit, +120 m level; (c) quartz stockwork veinlets, Muruntau pit, +140 m level; (d) steeply dipping Central quartz vein surrounded by flat dipping
stockwork, Muruntau pit, +120 m level; (e) shallow dipping Central quartz vein, Muruntau pit, +120 m level (Fig. 9b,d,e are from joint field work with V.J. Wall in 2003; in Wall, 2004).
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are cross-cut by later veins and dikes; (2) veins and veinlets of
stockworks with characteristic pyrite-arsenopyrite association
present in variable quantitative proportions (typical short veinlets
of variable strike and dip with both shallow and sub-vertical dip
(Fig. 9b—d); reactivated segments of “banded veins”; longer
extending steeply dipping veins bearing arsenopyrite and/or pyrite
and, finally, “Mother Lode”-type, so-called “Central” veins; Fig. 9d,
e); (3) locally occurring late veins of various compositions with low
gold contents and enrichment in silver, tourmaline, calcite, adularia
etc. All three groups of veins are described in more detail below in
this section.

According to Bierlein and Wilde (2010), the low iron content in
sphalerite, the arsenic concentrations in arsenopyrite and the
presence of Ni-Fe-S phases in the ore veins point to relatively high
formation temperatures between 350 and 450 °C, which is in
accordance with fluid inclusion data and alteration assemblages in
adjacent metasomatites (see sections 5.4 and 6.1 below). Bierlein
and Wilde (2010) have suggested a generalized paragenetic
sequence of mineral precipitation in the veins of the deposit based
on textural relationships observed in thin sections, which is shown
in Fig. 10. Note, however, that it is difficult to establish correct
general paragenetic sequences because of the general low contents
of sulfides, their uneven distribution in the veins and the occur-
rence of minerals present in several or all vein types. It is, therefore,
difficult to establish “key” minerals, which allow a clear definition
of a particular vein type.

(1) The earliest, ductile deformed “flat” quartz I veins (Fig. 9a)
occur parallel to sub-parallel to the foliation of the host rocks and
are cut by all other vein types (Zarembo, 1968; Rakhmatullaev,
1980; Mukhin et al., 1988; Kremenetsky et al., 1990; Kotov and
Poritskaya, 1991; Uspenskiy and Aleshin, 1993; Khokhlov et al.,
1998; Golovanov et al., 1998c; Shayakubov et al., 1999; Graupner
et al., 2000). Flat veins comprise about 3—5% of the rock volume
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Figure 10. Generalized sketch of paragenetic sequences inferred from textural re-
lationships in thin sections (from Bierlein and Wilde, 2010).

(Kotov and Poritskaya, 1991; Kol'tsov and Rusinova, 1997; Khokhlov
et al., 1998), but may reach locally 30% as a result of reactivation of
older structures within the stockworks (Golovanov et al., 1998c;
Graupner et al., 2000), especially in psammopelites (Wall et al.,
2004). These commonly millimetre-to several centimeter-width
veins and lenses show mainly non-brittle deformation features, like
intense isoclinal folding and boudinage (e.g. Mukhin et al., 1988;
Zairi and Kurbanov, 1992; Uspenskiy and Aleshin, 1993; Khokhlov
et al., 1998). Greyish quartz I predominating in these vein struc-
tures is always intensely recrystallized and displays typical
“metamorphic”, brownish luminescence colours (Graupner et al.,
2000). Flat veins contain low amounts of sulfides (pyrite, pyrrho-
tite, chalcopyrite) and, occasionally, low Au concentrations
(0.03—0.30 ppm; Khokhlov, 1990; sometimes up to 2.0 ppm).
Furthermore, carbonates, microcline, chlorite and a brownish-grey
to white scheelite I occur. Uspenskiy and Aleshin (1993) found no
indication for a genetic link between this scheelite I and gold as
suggested by Protsenko and Rubanov (1991). Scheelite I usually
occurs in small, disseminated grains in quartz I and adjacent wall
rocks and shows similar ductile deformation features as observed
for quartz (Uspenskiy and Aleshin, 1993; Kempe et al., 2001a). All
scheelite-bearing quartz vein types (scheelite I and II; see section
5.6 below) probably have been assigned to the early Au-W
geochemical association by Koneev (Koneev, 2003; Koneev et al.,
2005, 2010) and are represented by the mineral assemblage
scheelite-gold-carbonate-chlorite-quartz according to these au-
thors. However, scheelite I formation differs significantly in time
and style from scheelite I resulting in another mineral association
in the later veins (Kempe et al., 2001a; see sections 5.6 and 7.1.4
below).

The second group of veins (2a—c) comprises the vast majority of
the vein quartz in the deposit:

(2a) The high grade gold-bearing stockworks are made up by
shallow to steeply S/SE dipping vein networks dominated by coarse
grained quartz II (Fig. 9b, c). The veins range in thickness from less
than 1 mm to several centimeters; distances between the veins of
less than 1 cm are not unusual. The vein networks seem to be
almost unaffected by ductile deformation; features resulting from
brittle deformation dominate here (Zarembo, 1968; Drew et al.,
1996; Graupner et al., 2000). Often, essentially undeformed stock-
work veins cross-cut mesoscopic crenulation folds in biotite altered
metasediments (e.g. Wall et al., 2004). According to Golovanov et al.
(1998b) such veins are arranged parallel to each other or are
interlocking and are characterized by rather even contacts, a
persistent thickness and considerable extent. Quartz II constitutes
up to 90% by volume of the quartz deposited at Muruntau
(Zarembo, 1968; Zairi and Kurbanov, 1992). In general, all quartz Il is
much less influenced by recrystallization processes compared to
quartz I although it is strongly altered by brecciation and hydro-
thermal alteration as evidenced by cathodoluminescence (CL)
studies (Graupner et al.,, 2000; Bierlein and Wilde, 2010). A hy-
drothermal origin of the quartz II in the stockworks is indicated by
its transient blackish blue luminescence colours; primary growth
zoning was identified using CL imaging in a few restitic grain
fragments only (Graupner et al., 2000, 2005a). The mineralogy of
the veins is characterized by the subordinate occurrence of K-
feldspar (sometimes sericitized), predominantly low sulfide con-
tents (pyrite, arsenopyrite), native gold, a brownish to orange
scheelite II, late Bi-tellurides, apatite and titanite (Bendik et al.,
1969a; Kotov and Poritskaya, 1991; Golovanov et al., 1998c;
Bierlein and Wilde, 2010). Commonly, quartz II, arsenopyrite,
scheelite Il and zircon from the stockwork veinlets are brecciated
(e.g. Graupner et al., 2000, 2005a; Kempe et al., 2001a). According
to some authors, Bi-tellurides, sphalerite and galena, although
associated with gold, formed at a later stage after the main
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arsenopyrite-pyrite-gold precipitation (Petrovskaya, 1968; Bendik
et al, 1969a; Bierlein and Wilde, 2010). Rakhmatullaev (1980)
subdivided the stockwork veins into two types — scheelite-
bearing and scheelite-free veins. According to this author, forma-
tion of both vein types is separated in time by the intrusion of
granodioritic dikes. The wall rocks hosting the stockwork veinlets
show, in general, biotite stable margins. However, close to the vein
margins and also inside the veins, aggregates of carbonate and
chlorite were found probably related to cross-cutting carbonate-
pyrite-chlorite-sericite-quartz veinlets; the latter late veinlets
(belonging to the third group) are common (Seltmann et al., 2003).

(2b) The “Central” veins (“axial” veins, Shayakubov et al., 1999;
“Mother Lode”-style veins, Drew et al., 1996) making up the central
parts of several stockwork zones (Bendik et al., 1969b; Sher, 1972;
Golovanov et al.,, 1998c), are composed of lenticular, vein-like
quartz bodies, which predominantly strike E—W or SE—NW and
dip at moderate (30°) to steep angles (70—75°) to the S (Fig. 9d, e).
They seem to be related to small displacement, mainly E—W
striking dip-slip (probably reverse) faults in an essentially low
strain, brittle deformation environment (Wall, 2004; Wall et al.,
2004). The four largest quartz bodies have thicknesses of <14 m
(mostly < 5 m) and strike dimensions of <300 m (Golovanov et al.,
1998c). The vein structures are rimmed by marginal breccias and
microcline-quartz-dominated alteration zones or lenses (e.g.
Zarembo, 1968; Graupner et al., 2005a). For a number of smaller
veins, a simple, regularly formed subtype and a complex subtype,
with segments enriched in angular xenolithes of wall rock frag-
ments and the presence of apophyses, are distinguished
(Golovanov et al., 1998c; Graupner et al., 2005a). The above quartz
veins exhibit rather massive textures and their margins commonly
lack foliation (Wall et al., 2004). Cathodoluminescence and struc-
tural data do not indicate zoning or lamination within the massive
“Central” veins (Graupner et al., 2005a). These data indicate that
they are essentially tensile features and not ‘shear’ veins (Wall et al.,
2004). Kremenetsky et al. (1990) described an occurrence of
arsenopyrite-pyrite-rich veinlets (“zones”) either arranged along a
vein margin or located in the central segment of the “Central” vein
or even cross-cutting it. These authors interpret such observations
in terms of a more than one-stage hydrothermal process of vein
formation. Evidence for intense brecciation was recognized in
central segments of the “Central” quartz veins using CL microscopy
of quartz (Graupner et al., 2000). Besides massive, transient bluish
luminescent hydrothermal quartz Il these veins contain <2—3% of
sulfides. Pyrite, pyrrhotite and arsenopyrite are commonly present
in minor amounts, as well as rare nests and later, crosscutting
veinlets of calcite, dolomite and chlorite (e.g. Kempe et al., 2001a).
Native gold, apatite, scheelite II, allanite, rutile, ilmenite, monazite,
zircon and bismuthinite are accessory minerals (cf. also Golovanov
et al., 1988a). The gold content in the “Central” veins is rather
variable but may locally reach very high values (5.6 to > 100.0 ppm
Au) with an average grade of ~13 ppm for bulk samples from
the +78 m level (Shayakubov et al., 1999).

(2c) Veins and systems of veinlets with locally increased sulfide
contents are commonly related to reactivated fault zones (e.g., the
southern Fault zone), with total sulfide contents in veins not
exceeding 10%. They are considered as a separate vein type by
several authors (Kremenetsky et al., 1990; Shayakubov et al., 1999).
These quartz-arsenopyrite veins are generally 10—20 cm thick (very
rarely up to 0.5—1 m; Shayakubov et al., 1999); the veinlets trend
sub-E—W and the thicker veins trend NE and both are moderately
to steeply dipping (40—90°; Golovanov et al., 1998c). The gold
contents in arsenopyrite from these veins are locally high, but
extremely variable (several tenths to less commonly hundreds of
ppm of gold in fine-grained arsenopyrite; Zarembo, 1968). For
example, 120—130 ppm of gold was determined in two samples

used for Re-Os dating (Morelli et al., 2007). These veins and veinlets
may be related to the Au-As(-S) geochemical association of Koneev
(2003, 2010; gold-arsenopyrite-pyrite-quartz mineral assemblage).
Koneev et al. (2010) emphasized that the Muruntau deposit was
referred to as a quartz-pyrite-arsenopyrite-gold type deposit at a
time shortly after its discovery.

Together with the adjacent gold-bearing metasomatites, group
2 veins contain about 70—80% of the gold in the deposit (Protsenko
et al.,, 1998). However, these veins and vein systems are differently
treated by various authors. Rakhmatullaev (1980) distinguished
two types of quartz veins with gold, pyrite, arsenopyrite and K-
feldspar not separating “Central” veins as a sub-group.
Kremenetsky et al. (1990) separated arsenopyrite-bearing and
pyrite-bearing veins, but there are veins with characteristics of
both types and an identical mineral association may be found in the
“Central” veins as mentioned above in this paragraph. Berger et al.
(1994) and Drew et al. (1996) suggested that “Central” veins cross-
cut the stockwork veins, however, observations made on outcrop
scale suggest a more or less similar formation of both vein struc-
tures (e.g. Graupner et al., 2005a). Summarizing, all veins of types
(2a) to (2c¢) may be regarded as gold-bearing quartz veins cross-
cutting the bedding of the wall rocks and older “flat” veins and
are related to a single, extensional veining stage.

(3) Finally, several types of late, widespread, but only locally
occurring veins with low gold contents, are summarized under a
group 3. These veins are often silver-rich, but of very limited
importance for the gold mining operations at Muruntau. Golovanov
et al. (1998b) distinguished: (a) a pyrite-quartz Illa-albite-tour-
maline association in veins (up to 4 m in width), veinlets and zones
of brecciation cemented by albite, quartz Illa, tourmaline, pyrite,
chlorite and subordinate arsenopyrite (this vein type was also
described by Rakhmatullaev, 1980; Uspensky and Aleshin, 1993;
Berger et al., 1994; Drew et al., 1996 and Kostitsyn, 1996), (b) a
polysulfide-carbonate-quartz IlIb association with veins and vein-
lets restricted to the southern flank of Muruntau and the Myu-
tenbai deposits, as well as (¢) a silver-adularia-carbonate-quartz Illc
association forming veins with width up to 1.5 m, veinlets and
breccias cements concentrated at the southern and eastern flanks
of the ore field. This latter type was also described by
Rakhmatullaev (1980), Uspenskiy and Aleshin (1993) and Kostitsyn
(1996). The latest vein associations at Muruntau are represented by
(d) the scarce stibnite-pyrite-calcite and cinnabar-quartz IIId-
dickite veinlets and the more common (e) quartz Ille-carbonate
association containing relicts of ore minerals (Golovanov et al.,
1998b). However, calcite(-brookite?) veinlets without significant
amounts of quartz III also occur (e.g. Drew et al., 1996). These latest
veinlets probably represent three of the mineral assemblages in the
classification scheme of Koneev et al. (2010): silver-adularia-
carbonate-quartz (Au-Ag association), stibnite-pyrite-calcite (Au-
Sb association) and cinnabar-quartz-dickite (Au-Hg association)
and may be paralleled with the two latest vein formations distin-
guished by Bendik (in Rakhmatullaev, 1980).

5.3. Interrelations between veins and dikes

The interrelations between dikes and the various vein types
exposed in the open pit are of principal importance for (1) the
understanding of the role of granite magmatism for deposit for-
mation and (2) the timing of gold mineralization. Several authors
concur that dikes formed subsequent to a first period of gold pre-
cipitation, but before late stages of vein formation. There is, how-
ever, considerable disagreement in the details. According to
Zarembo (1968) and Uspenskiy and Aleshin (1993), dikes
intruded after the formation of the concordant to sub-concordant
quartz I veins and ore bodies, but before formation of the giant
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stockworks, hosting the low-sulfide gold—arsenopyrite—pyrite as-
sociation. In contrast, Bendik (1969), Palej and Sher (1970) and
Drew et al. (1996) inferred that the dikes crosscut all stockwork-
type veins of group 2, including the “Central” veins. Based on Rb-
Sr dating, Kostitsyn (1991b, 1996) assumed that one magmatic
pulse represented by granitoid intrusions and dikes (at about 286
Ma) preceded another pulse with alkaline dikes related to gold
mineralization (at about 274 Ma) (see section 7.1.3 below). Alter-
natively, Shayakubov and Dalimov (1998) concluded from exten-
sive field observations and literature data that granitoid intrusions
and dike formation preceded all hydrothermal events at Muruntau,
with the latter largely disturbing and/or resetting the K-Ar and Rb-
Sr isotope systems. Some other authors have not constrained the
relative age relationships between the dikes and various vein types,
but inferred clear age relations between metasomatic alteration
and dike formation. Kotov and Poritskaya (1991) and Protsenko
et al. (1998) suggested that potassic alteration preceded dike for-
mation, while albitization was superimposed on the dike rocks.
According to Rakhmatullaev (1980), dikes intruded repeatedly
during formation of the various vein types. Summarizing, there are
no unequivocal data in the literature to constrain relative age re-
lationships between dikes, metasomatic alteration and vein
mineralization (Golovanov et al., 1998b,c). Although there is some
evidence that dike formation may be intimately related with
alteration and veining in time, the only fact clearly established is
that all dikes are strongly affected by formation of a late sulfide-
bearing alteration assemblage.

5.4. Characteristics of the vein fluids

In the last two decades, a large number of studies focused on the
investigation of fluid inclusions from the Muruntau hydrothermal
system have been published (e.g. Kotov et al., 1993; Berger et al.,
1994; Ermolaev et al., 1994; Graupner et al., 2001a,b, 2005a,
2006; Wilde et al., 2001; Kryazhev, 2002). There are some con-
clusions from these studies, which are generally accepted, whereas
others remain controversial. The most important problems
involved with earlier Russian studies (e.g. Zarembo, 1968; Kotov
and Poritskaya, 1991; Zairi and Kurbanov, 1992) are the classifica-
tion of the fluid inclusion types, which is often unclear, and the lack
of analytical data on individual fluid inclusions (e.g. bulk analytical
data are presented only and Laser Raman data on the non-aqueous
volatiles are missing); both problems are critical for a careful
interpretation of the data. Furthermore, significant differences
regarding the degree of deformation and recrystallization of the
quartz hosting the fluid inclusions were observed in the different
vein types at Muruntau (Graupner et al., 2000); the latter obser-
vation does not support an occurrence of primary inclusions in
quartz I of the ductile deformed “flat” quartz veins as suggested by
some authors. The study published by Wilde et al. (2001) has some
limitations due to the use of key samples with a not well con-
strained origin (stockpile samples).

Generally accepted by most workers is the wide range of ho-
mogenization temperatures (Th) found for the discrete populations
of fluid inclusions at Muruntau. According to different authors,
three to six populations of fluid inclusions are present, with Th
values ranging from 450 to about 100 °C (e.g. Kotov and Poritskaya,
1991; Alyoshin, 1994; Ermolaev et al., 1994; Graupner et al., 2001a,
2005a). Alyoshin (1994) found the highest salinities (Na*, K™, CI7)
for trapped fluids in quartz I and much lower salinities for the fluids
from the main gold ore stage (quartz II).

Special attention of the more recent studies was directed at the
composition of the non-aqueous volatiles in the trapped fluids.
According to most authors, the fluids contain CO,, CHg4, Ny and
occasionally Cp- and Cs-hydrocarbons and H,S (e.g. Wilde et al,,

2001; Graupner et al., 2001a). Importantly, a change from a more
CHgy-rich (low CO,/CH4 values) to a less CHy-rich (higher CO5/CHy
values) fluid was observed for the fluid present during the main
stage of hydrothermal activity and economic gold deposition
(Alyoshin, 1994; Graupner et al, 2001a; Wilde et al., 2001;
Kryazhev, 2002). However, the mechanisms responsible for this
change remain controversial (e.g. presence of two discrete two-
phase fluids or evolution of a single fluid by fluid phase separa-
tion). Using gas chromatography for bulk quartz samples from
“Central” veins, high CO,/CH4 ratios were found in all vein quartz
containing a later anhedral gold II (see next section for details on
gold Il occurrence and composition), whereas low CO,/CH4 ratios
are typical of samples containing an earlier, mostly euhedral gold I
only (Graupner et al., 2005a). Detailed microthermometric data
confirmed these results and proved that H,O-CO; inclusions in
samples from the marginal parts of these vein-like quartz bodies
always contained significant amounts of CH4, whereas H,0—CO,
inclusions with a relatively wide range in volatile compositions
occurred in quartz from central, strongly deformed segments of the
vein-like bodies; however, almost pure CO,-subsystems predomi-
nated in the latter segments.

A very important point to be addressed by the fluid inclusion
work is the origin of the fluids involved in the alteration and mineral
precipitation processes at Muruntau. Constraints may be derived
from Br/Cl and noble gas analyses, but also from trace element and
stable isotope characteristics of ore and vein minerals. For examples,
the composition of the ore-forming fluids may be reconstructed by
trace element analysis of minerals coexisting in the veins. Kempe
et al. (1999) compared Y, REE, U and Sr contents in coexisting
scheelite and quartz from group 2 stockwork and “Central” ore veins.
Note that Sr and Y + REE may enter the scheelite structure while, in
quartz, these elements are most probably adsorbed on internal
surfaces or contained in fluid inclusions. The results demonstrated
an enrichment of Sr in both minerals and, thus, in the fluids, which
are non-metamorphic in composition according to their Rb-Sr
characteristics. A non-metamorphic character of the fluids is also
suggested by the variability in the REE distribution patterns for
quartz and scheelite including the occurrence of positive Eu anom-
alies in Myutenbai samples and their absence in samples from the
central Muruntau deposit (Kempe et al., 1999).

Extensive studies on stable isotopes have been carried out by
various authors. Organic carbon from the host rocks displays §3C
values of —25.4 + 1.9%, (n = 175; Kostitsyn, 1991b). Carbonates
within metasedimentary rocks of the Variegated Besapan yielded
higher and more variable values: 6'3C: —8.9%, to —19.7%, as well as
variable oxygen isotope characteristics of 6'%0 ranging
from +16.0%, to +11.5%, (Kryazhev, 2002). The stable isotope data
(6'3C) for carbonates from the main stage of hydrothermal activity
are within error indistinguishable from that from the wall rocks but
less variable (6'3C: —8.5 + 2.5%,, n = 91; Kostitsyn, 1991b) while the
6180 values display a very large scatter (—5 to +27%, Kostitsyn,
1991b). Similarly to carbon in carbonates, 6>4S values of sulfides
from the ore-free packages (2.9 + 3.5%, n = 478) correspond
closely to those of sulfides from the ore veins (2.4 + 3.3%,, n = 349;
Kostitsyn, 1991b). According to Berger et al. (1994) preliminary
results of stable isotope work on the quartz veins yielded relatively
wide ranges for oxygen isotope values (6"80q4ig: +4 to +9%,; when
assuming vein formation at 400 °C), probably indicative of variable
water:rock ratios or mixing of different fluids in local structures.
Vein quartz II containing gold I and secondary gold Il and showing
increased fluid CO,/CH, values (~9.0) yielded 6'3C values of the
fluid between —4.3%, and —5.4%,. These data indicate an input of
fluids from a juvenile source into the Au-bearing stockwork
including high-grade auriferous “Central” veins (Kryazhev, 2002;
Graupner et al.,, 2006).
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Fluid-wall rock interactions within the meta-sedimentary rocks
are considered as the main factor controlling fluid composition
during deformation of the early flat quartz I veins at Muruntau as
indicated by halogen ratios (Br/Cl vs. Cl) for fluids trapped in in-
clusions in quartz I (Graupner et al., 2001a). The halogen charac-
teristics of the fluids in group 2 ore veins (log Br/Cl: —2.64 to —3.23)
lend further support for the activity of juvenile fluids during the
main ore stage (Graupner et al, 2001a). From the halide
geochemistry (fluid inclusion Br and Cl data), mixing of fluids from
different sources may also be inferred (Graupner et al., 2001a).

Helium trapped in gold-related early arsenopyrite from higher-
grade auriferous zones, which has preserved the original fluid
signature better than associated scheelite and quartz, indicates a
small input from a mantle source (<5% of total He; Graupner et al.,
2006; Morelli et al., 2007). However, the overwhelming majority of
the He in the fluid (~95%) is from crustal sources. The noble gases
Ne, Kr and Xe in the sample fluids are dominated by gases of at-
mospheric origin (Graupner et al., 2006). In general, fluids trapped
in sulfides from meta-sedimentary rock-hosted gold systems
within the Tien Shan gold province (Muruntau, Kumtor and
Amantaitau deposits) plot at similar >He/3®Ar and “CAr/3®Ar ratios
as the vein samples in meta-sedimentary rocks from the Charmitan
deposit; in contrast, sulfides from intrusive rock-hosted auriferous
veins at Charmitan contain lower proportions of meteoric fluids
(i.e. higher >He/*®Ar fluid ratios) than the latter ones (Graupner
et al., 2006, 2010 and new data; Fig. 11).

5.5. The native gold: modes of occurrence, morphology and
chemical composition

For Muruntau, several data sets related to gold ores and char-
acteristics of native gold are available: (1) publications focussed on
the gold ore composition in the mine and a systematization of these
data using data for other deposits in the region and (2) studies
providing a detailed insight into the individual stages of formation
of the deposit presenting the modes of occurrence of individual
gold grains and aggregates and their typical major and minor
element compositions.

Koneev et al. (2010) compared gold ores from the Muruntau and
Myutenbai deposits to data from various gold and gold-silver de-
posits of Western Uzbekistan and emphasized the elevated con-
tents of Te (8.6—20.3 ppm), Bi (46—270 ppm), Se (17.3—24.2 ppm)
and W (74-375 ppm) in addition to high As contents
(111-1.58 wt.%) in the Muruntau system. These authors also
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presented elemental ratios for Muruntau and Myutenbai with
Au:Ag =2:1and 3:1,Te:Se = 1:2 and 1:1 as well as Pt:Pd = 1:12 and
1:4, respectively. A constant occurrence of native gold in micro-
assemblages together with Bi-tellurides and sulfoselenides in
these deposits (e.g. Kotov et al., 1995; Vasilevsky et al., 2004) is
discussed to explain the above ore-compositional data.

All investigators of the native gold at Muruntau emphasized its
high purity, which is ensured by the dominating early ore-stage
gold with high purity (840—980; Golovanov et al., 1998b;
Graupner et al., 2005a). The highest purities were analyzed for
native gold in quartz veins associated with scheelite, subordinate
sulfides, molybdenite and tellurides. Inside the Muruntau stock-
work, a significant variability concerning the purity of the native
gold with depth cannot be established (e.g. Musin, 1981).

Zarembo (1968) published an early review on the vein and
gold types present in the Muruntau ore system. He mentioned a
wide distribution of gold in the ores, but emphasized its irregular
distribution. For the quartz I of the above vein classification the
author made no statement on gold occurrence and distribution at
all. Zarembo assigned the bulk of the gold at Muruntau to the
quartz Il and the quartz-arsenopyrite veins, probably based on
compositional data for technological ore samples. Data of L.A.
Nikolaev, cited by Zarembo, prove a dominance of euhedral grains
amongst the precipitated gold having a grain size ranging from
0.05 to 0.30 mm, an average fineness of 940 and admixtures of Ag
and of Cu, Bi, Pb, As, Sb, Se and Te in trace amounts; however,
these gold data were not assigned to an ore stage or vein type by
the latter author, although the morphology, size and chemical
composition of the gold closely resembles Au I as later defined by
Graupner et al. (2005a). Zarembo (1968) investigated rounded
and irregular gold grains and aggregates associated with fine
grained quartz in very fine veinlets. These gold occurrences are
assigned to deformed segments of quartz Il and quartz-sulfide
veins and to rock fragment-enriched parts of vein structures in
this work. Zarembo (1968) characterized post-ore carbonate veins
to be barren, but reported on a spatial association of gold with the
latest polymetallic association in the deposit. Based on these data,
Zarembo inferred that strong deformation of the quartz II and
quartz-arsenopyrite formations resulted in good conditions for
subsequent gold precipitation. However, the author also stated
that the predominance of individual euhedral crystals as found by
Nikolaev contradicts his inference. Furthermore, Zarembo (1968)
inferred a late redistribution of parts of the gold. The large,
irregularly-shaped gold as described by Zarembo (1968) may be
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Figure 11. “°Ar/3%Ar — 3He/?Ar plot for fluid inclusions in sulfides from Muruntau compared to those from Amantaitau, Charmitan (Uzbekistan) and Kumtor (Kyrgyzstan) Au
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512 U. Kempe et al. / Geoscience Frontiers 7 (2016) 495—528

entirely assigned to the gold Il type as defined by Graupner et al.
(2005a).

Kremenetsky et al. (1990) presented a detailed study focussed
on the gold occurrences in veins and veinlets of the quartz stock-
work at Muruntau. These authors’ distinguished two pre-ore quartz
vein types (Q1+Q2) — both corresponding to the quartz I of the
above vein classification, two ore stage quartz vein types (Q3+Q4)
— both corresponding to the quartz II of the above vein classifica-
tion, and one post-ore calcite vein type (Ca); in addition, one
arsenopyrite (Apy) and one pyrite vein type (Py), both assigned to
the ore stage (quartz II), were presented with data for the contained
gold. The (Q1) and (Q2) syn-metamorphic vein structures con-
tained individual hypidiomorphic (rounded) gold grains (size:
0.02—-0.04 mm) having a mean fineness of 842 (Agmean = 158;
n = 5); trace elements like Sb, Bi and Cu were generally below LOD
of the X-ray method applied. The steeply dipping (Q3) stockwork
veins contained fine gold (grain size up to 0.05 mm) concentrated
at the vein — wall rock contacts. The moderately dipping (Q4)
stockwork veins contained hypidiomorphic crystals or accumula-
tions of anhedral dust-like particles in quartz or inside the vein
salvage zone. Native gold in (Q3) and (Q4) ore stage veins ranged in
its fineness from 853 to 955 (mean 891; n = 15); admixtures of Sb
were rare (<0.03 wt.%), Bi and Cu contents were more common
(<0.11 and < 0.08 wt.%, respectively; n = 4 for both elements above
LOD). Gold grains in (Apy) veins either had a finely dispersed dis-
tribution (grain size: <0.005—0.001 mm) and a high fineness, or,
when associated with epigenetic Bi mineralization, a small grain
size (<0.08 mm x 0.05 mm) and a low to very low fineness
(285—683; n = 11). Native gold in (Py) veinlets appeared finely
dispersed and had a high fineness (873; n = 3) and contained no
admixtures of Sb, Bi or Cu. The post-ore (Ca) veinlets contained
rare, redistributed inclusions of finely dispersed gold (grain size
<0.008 mm) having a low fineness.

Figure 12. Two morphological types of gold in the Muruntau “Central” veins: (a)
euhedral Au I with broken, ingrown arsenopyrite crystal included in a quartz grain;
secondary electron image; (b) anhedral Au II aggregates (arrows) located in a network
of secondary microstructures revealed by CL optical microscope imaging (Figures from
Graupner et al., 2005a).

Graupner et al. (2005a) studied native gold in the main ore stage
quartz stockworks (quartz II of the above vein classification) from
the second and third ore bodies at Muruntau using optical and CL
microscopy, SEM and electron microprobe. Three profiles across
near E—W striking “Central vein” bodies in one vein zone at
different mining levels, including the brecciated wall rocks, have
been investigated. In addition, stockwork veinlets were examined.
Two types of native gold have been observed (Fig. 12). A type I gold
occurred randomly distributed in quartz, associated with deformed
scheelite, Bi-tellurides and arsenopyrite, and characterized by
euhedral crystals (size: 0.01-0.04 mm) showing combinations of
cubic and octahedral forms (Fig. 12a). Gold I had a high fineness
(870—915; n = 205 in 23 grains) and commonly contained Hg
(<0.73 wt.%); admixtures of Bi (<0.42 wt.%), Sb (<0.30 wt.%), Cu
(<0.20 wt.%) and Fe (<0.56 wt.%) occurred occasionally. In general,
gold I from the veins did not show clear compositional zoning,
although the crystal rims were often somewhat enriched in Ag. A
clear association between gold I and microcline in the altered wall
rocks was recognized. Gold Il in quartz veins appeared as anhedral
grains at boundary surfaces and in interstitial spaces between
partly to intensely dynamically recrystallized and often finer
grained quartz together with calcite, dolomite and chlorite
(Fig. 12b). It showed a large range in grain sizes (0.01—0.25 mm).
Gold II displayed a large variation in fineness (770—940; n = 190 in
16 grains) and always contained Hg (0.10—0.72 wt.%). Admixtures
of Bi, Sb and Cu occasionally occurred (<0.36, <0.30
and <0.20 wt.%, respectively).

Summarizing the published data on the gold composition and
distribution at Muruntau it is obvious that in a large number of
available studies (e.g. Petrovskaya, 1968; Zarembo, 1968; Bierlein
and Wilde, 2010) only the later (commonly larger sized and
spatially more concentrated) gold II grains are considered in greater
detail. This fact is clearly supported by the characteristics on the
native gold (size, shape and chemistry of gold grains/aggregates;
distribution characteristics of the grains) described by the cited
authors.

5.6. Association of gold with uranium and tungsten

High contents of W, U and Th are typical of the metasomatites
and mineralization at Muruntau (Uspenskiy and Aleshin, 1993;
Bojtsov et al., 1996; Konstantinov et al., 2000). According to the
trace element analyses of whole rock samples, the U and Th con-
tents within the deposit are on a high level, similar to typical high-
heat production (HHP) granites and close to the contents found for
the granitoids and dikes present in and around Muruntau (see
section 4.2.2 above). According to Bojtsov et al. (1996), the uranium
content in the metasomatites is commonly at about 11 ppm
(average of 115 samples). We found average contents of 11.3
(5.5—23.0) ppm Th and 15.7 (1.5—23.4) ppm U (18 samples; Kempe
et al.,, 2000). The Th/U ratios are highly variable similar to the
magmatic rocks, and range from 0.56 to 2.8. Again, this variability
hints at a high mobility of uranium during the metasomatic alter-
ation processes.

Bojtsov et al. (1996) discovered lens-shaped, stratiform-like
bodies, several meters thick and several tenths of meters long with
even higher uranium contents (240 ppm on average; 105 samples).
These zones of high radioactivity are significantly enriched in Y, Mo,
V, Ni and Au compared to the surrounding rocks although no cor-
relation was found between the uranium and gold contents. Ac-
cording to mineralogical investigations, the main carrier of the
uranium in these U-rich “lenses” is uraninite. The importance of the
extremely U-rich zones is twofold. On the one hand, the area of the
Central Kyzylkum is well known for large unconformity uranium
deposits, for example, in the Uchkuduk region northwest of
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Muruntau (Kraft and Kampe, 1995). On the other hand, we have
found that gold-quartz mineralization may show enhanced ura-
nium contents as evidenced by increased uranium contents in type
Il scheelite from various deposits worldwide (Kempe and Oberthiir,
1997). This Au-U association is not yet appropriately considered
and explained in the literature.

Similarly, there is an interesting association of gold (native gold)
with tungsten (scheelite IT) at Muruntau. The scheelite content is so
high that tungsten was mined as a by-product (Uspenskiy and
Aleshin, 1993). Whole rock analysis of metasomatites shows
enhanced (470 ppm on average, 18 samples) but highly variable
tungsten contents — from below the dectection limit of 4 ppm to up
to 3000 ppm (Kempe et al, 2000). This high variability is in
accordance with the findings by other authors (Uspenskiy and
Aleshin, 1993; Golovanov et al., 1998b). We have not found a cor-
relation between the tungsten and the gold contents according to
whole rock data, which is also in accordance with the authors cited
above and Kostitsyn (1991b). The carrier of the tungsten in meta-
somatic rocks, quartz veins and veinlets is scheelite. In earlier
works, the association between tungsten and gold was regarded as
coincidental (Badalova and Palej, 1965; Petrovskaya, 1968; Vikhter
et al., 1986) while Protsenko and Rubanov (1991) inferred a ge-
netic link between gold and scheelite precipitation. Uspenskiy and
Aleshin (1993) have studied the tungsten distribution as well as the
characteristics of scheelite in the Muruntau deposit in greater
detail. According to these authors, the tungsten mineralization
forms near-concordant ore bodies similar in appearance to that
described by Bojtsov et al. (1996) for uranium. The scheelite is
mainly confined to skarnoids and “flat” veins and shows no cor-
relation with lens-shaped gold ore bodies in these occurrences. On
the other hand, there is a close association between scheelite and
gold in columnar ore structures, were both minerals occur in
stockwork veinlets and “Central” veins. According to Golovanov
et al. (1998b), gold in these veins is found as inclusions in schee-
lite. Uspenskiy and Aleshin (1993) recognized three stages of
scheelite formation: The earliest scheelite 1 is found in the
stratiform-like skarnoids and veins and may be distinguished by its
light coloration, average small size, yellowish fluorescence
(enhanced Mo content, high Sr concentrations) and the position in
the “flat” structures. Scheelite Il formed in the Au-rich quartz veins
of the stockwork and the “Central” veins. There is a slight domi-
nance of scheelite Il over scheelite I in the deposit. Scheelite II, apart
from its position in the mineral sequence, may be also distin-
guished by its darker (yellowish- to brownish-orange) coloration
and bluish luminescence. Scheelite III occurs at Muruntau and
Myutenbai only occasionally in late veins with albite, tourmaline
and calcite. Its appearance is similar to that of scheelite II.

The scheelite types described by the above authors may
compare to the two scheelite types established by Kempe et al.
(2001a): scheelite I of light coloration is confined to “flat” veins
and scheelite II of darker coloration to the stockworks. However,
there are some discrepancies in the characteristics described by us
and by the previous authors for scheelite I: Although we also found
enhanced Sr contents in scheelite I, these contents are significantly
lower than in scheelite II. Furthermore, the luminescence in the
samples studied by us was always bluish in accordance with the
low Mo content (below 4 ppm; Kempe et al., 1999). In contrast, the
Sr content in scheelite Il was found to be very high (>400 ppm) and
the luminescence is always yellowish (despite the low Mo contents
below 4 ppm) and quenched. Both scheelite types are distin-
guishable by their characteristic REE patterns: Low REE contents
with flat patterns and some enrichment of the heavy REE in
scheelite I and higher REE contents with bell-shaped patterns for
scheelite II (Kempe et al., 1999). Scheelite IIl was not considered by
Kempe et al. (1999, 2001a). We argue that the discrepancies

between our results and those reported by Uspenskiy and Aleshin
(1993) may be explained, on one hand, by differences in sampling
of scheelite I. We have not sampled scheelite I from skarnoids. It is
well known that skarn scheelite often shows enhanced Mo contents
which may explain discrepancies in the luminescence behavior and
Mo concentrations. On the other hand, analytical methods used by
Uspenskiy and Aleshin (1993), in particular, the luminescence
method, are not appropriate for quantitative trace element analysis,
in particular of the REE, in scheelite (Kempe et al., 1991).

Summarizing, the sources of the gold and the tungsten seem to
be different as can be seen from the different behavior in early,
stratiform-like ore bodies of gold and tungsten. Nevertheless, in the
main ore stage gold and tungsten precipitated together in the
quartz veins of the stockworks.

6. Fluid — wall rock interaction

The rocks of the Besapan Sequence hosting gold mineralization
were intensely altered during various post-sedimentary events. The
first was regional metamorphism leading to the formation of
schists, sandstones, siltstone, phyllites and locally meta-carbonates
as described above in section 4.1.1. Afterwards, hornfelses formed
locally as a result of Hercynian granite magmatism. Alteration
finally occurred during various hydrothermal events adjacent to the
vein zones. The wall rock alteration is difficult to study because its
character may vary from meter-down to the decimeter- and
millimeter-scale (Voronkov, 1976; Mukhin et al., 1988; Marakushev
and Khokhlov, 1992; Protsenko et al., 1998; Kempe et al., 2000,
Fig. 13b and e) depending on variations in the initial host rock
composition (plagioclase and mica content, carbonate lenses or
cement etc.) and the structural fabric. Repeated changes in textures,
chemical composition of whole rocks and their mineral composi-
tion make it difficult to characterize exactly each single alteration
event. For example, biotite formed during contact metamorphism
and during hydrothermal alteration as well (Kol'tsov and Rusinova,
1997). However, Gar'kovets (1969) assigned biotite formation
exclusively to higher-grade regional metamorphism neglecting
possible contact metamorphism. The same author found almost no
signs of any significant metasomatic alteration (Gar’kovets, 1971,
1973). Khokhlov et al. (1998) also questioned contact meta-
morphic biotite and reported metamorphic biotite for the lower
two Suites of the Besapan and for the Tazkasgan Sequence. Mukhin
et al. (1988) have reported biotite formation during regional
metamorphism for the Taskazgan Sequence only. Kremenetsky
et al. (1990) considered all biotite including that in spotted aggre-
gations as metasomatic in origin. In contrast, Bojtsov et al. (1996)
regarded all biotite including that developing along schistosity as
a result of contact metamorphism. As shown by Kol'tsov and
Rusinova (1997) and Drew et al. (1996), biotite formed during
metasomatic alteration may be distinguished from that formed in
the hornfels aureole by its lower iron and aluminium contents. In
section 4.2.3, we considered the formation of the thermal aureole
to some extent mainly because of its possible role in later wall rock
alteration and veining.

6.1. Metasomatic alteration: alteration types and sequences

Most authors agree that the formation of gold-bearing quartz
veins of various types was accompanied by intense wall rock
alteration (Palej and Sher, 1970; Kremenetsky et al., 1990; Kotov and
Poritskaya, 1991; Marakushev and Khokhlov, 1992; Kol'tsov and
Rusinova, 1997; Protsenko et al., 1998; Kempe et al., 2000; Wilde
et al., 2001; Wall et al., 2004; Graupner et al., 2005b; Bierlein and
Wilde, 2010). Field observations show that alteration is often
developed along or subparallel to stratigraphic units and/or
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Figure 13. Alteration features in the wall rocks of the Muruntau deposit. Outcrop photographs with scale bars 1 cm: (a) Biotite(-microcline) metasomatites adjacent to a vein; an
aureole of carbon depletion of less than 1 cm from the vein selvages is clearly visible (borehole MS-3, —1495 m); (d) Chlorite and sericite alteration occurring in a network of late
fractures adjacent to a quartz vein (Muruntau open pit, + 135 m level); Backscattered electron images with scale bars 100 pm: (b) Thin, boudinaged carbonate layers partly replaced
by actinolite (skarnoid formation) in a matrix of biotite and microcline-quartz metasomatites (Muruntau open pit, First ore body, +300 m level); (c) Interrelations between biotite
(upper and lower part) and microcline-quartz (centre) metasomatites (see b); (e) Small-scale alternating banded metasomatites with (from upper left to lower right) microcline-
quartz, sericite-chlorite, biotite-quartz, chlorite-calcite, microcline-quartz, chlorite-calcite (Muruntau shaft M, Second ore body, +128 m level); (f) Albite-chlorite-quartz meta-
somatite (with rutile) replacing microcline-quartz metasomatite (with titanite and apatite; Muruntau shaft M, New ore body, +78 m level).

schistosity resulting in a stratiform-like character of alteration and
related low-grade gold mineralization (Kremenetsky et al., 1990;
Kotov and Poritskaya, 1991; Marakushev and Khokhlov, 1992;
Bojtsov et al., 1996; Protsenko et al., 1998; Wilde et al., 2001;
Fig. 14). During this process, a re-distribution of carbonaceous
material took place which was removed from aureoles around the
veins and from quartz-feldspar rich layers of the metasomatic rocks
(Bendik, 1969; Bojtsov et al., 1996; Rusinova et al., 1996; Kol'tsov
and Rusinova, 1997; Goloanov et al., 1998b; Protsenko et al., 1998;
Fig. 13a). As a result, metasomatites display a pronounced banded
character enhanced by the redistribution of other “mafic” minerals
(mainly biotite; Kostitsyn, 1991b; Marakushev and Khokhlov, 1992;

Kol'tsov and Rusinova, 1997). According to Rusinova et al. (1996),
redistribution of carbon occurs under non-equilibrium conditions
leading to the formation of low-ordered graphite. Note that an
analogous re-distribution of gold with significant zones of gold
depletion has not yet been found. In contrast, the whole area
around the deposit and also the wall rocks within it display
enhanced gold contents (Marakushev and Khokhlov, 1992; Bojtsov
et al.,, 1996; Drew et al., 1996; Golovanov et al., 1998b; Khokhlov
et al,, 1998; Wall et al., 2004). According to calculations by Kotov
and Poritskaya (1990), even a redistribution of all the gold con-
tained in these “enriched” wall rocks cannot explain the extraor-
dinary gold tonnages present in the Muruntau deposit. Clearly, an
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Figure 14. Cross-section (not to scale) through the Muruntau deposit illustrating the relations and distributions of the main alteration types (after Sher and Yudin, 1971,

unpublished).
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external (probably repeated) input of Au-rich fluids into the ore
system should be considered.

During alteration, new biotite, microcline, albite, calcite, sericite,
chlorite, apatite and titanite were formed at the expense of older
biotite, chlorite, calcic plagioclase, K-feldspar and ilmenite (Sher,
1970; Kol'tsov and Rusinova, 1997; Kempe et al., 2000). As a
result, the density and porosity of the altered rocks decreased
significantly (Krementesky et al., 1990). According to the prevailing
minerals, various types of metasomatites may be distinguished.
However, there is no full agreement between various authors about
this point. Even more complicated are the relative age relations
between different alteration events because three overlapping
factors may be responsible for the spatial control of alteration: (1)
simultaneous veining, (2) repeated reactivation of older cleavages
and vein systems and (3) variations in wall rock composition.

Several authors described the prevailing metasomatic assem-
blage as containing quartz, biotite and two feldspars (Kotov and
Poritskaya, 1991; Marakushev and Khokhlov, 1992; Drew et al.,
1996; Kol'tsov and Rusinova, 1997; Protsenko et al., 1998)
ignoring the fact that potassic alteration (with formation of low-
iron biotite and/or microcline) yielded opposite results compared
to sodic (albite) or calcic (carbonate and/or apatite) alteration and
that different types of metasomatic alteration may be distinguished
according to the whole-rock and mineral composition (Kempe
et al., 2000). This apparent ambiguity is probably related to the
fact that different “leucocratic” alteration assemblages are often
difficult to distinguish from each other in the field and, sometimes,
even under the optical microscope (Sher, 1970). Such meta-
somatites with dominating microcline, albite or carbonate are
collectively referred to as “pink metasomatites” by various authors
despite the contrasting mineral compositions (Sher, 1970; Kotov
and Poritskaya, 1991; Marakushev and Khokhlov, 1992; Kol'tsov
and Rusinova, 1997; Protsenko et al., 1998). On the other hand,
oligoclase or K-feldspar, respectively, may be present in the related
metasomatites as restite phases (Protsenko et al., 1998; Kempe
et al., 2000).

Biotite and microcline alteration (Fig. 13b, c¢) are the main pro-
cesses involved (Marakushev and Khokhlov, 1992; Kol'tsov and
Rusinova, 1997; Protsenko et al., 1998; Konstantinov et al., 2000)
while albite alteration (Fig. 13f) is developed only locally (Fig 14).
Sericitization (locally associated with chlorite alteration) is subor-
dinate, late and lower in temperature (Rakhmatullaev, 1980; Kotov
and Poritskaya, 1990, 1991; Zairi et al., 1998; Bierlein and Wilde,
2010; Kempe et al., 2015; Fig. 13d). This contrasts with the more
common albite-sericite alteration assemblages (in the Russian
literature described as “beresite”) known from other hydrothermal
gold deposits (e.g., Sher, 1970; Kremenetsky et al., 1996) and is
indicative for the initially high temperatures of the ascending fluids
(about 400—450 °C; Kryazhev and Kudryavtsev, 1995; Kol'tsov and
Rusinova, 1997; Bierlein and Wilde, 2010). As shown by analysis of
whole-rock composition of altered and unaltered rocks using
paragenetic diagrams (Kol'tsov and Rusinova, 1997) and mass
transfer calculations (Graupner et al., 2005b), potassic alteration
resulted in increased potassium contents with K>O concentrations
of up to 7—8 wt.% (Sher, 1970; Marakushev and Khokhlov, 1992;
Kol'tsov and Rusinova, 1997; Protsenko et al., 1998; Kempe et al.,
2000). K-feldspar metasomatites may be seen as the “inner” zone
of K-metasomatism compared to a more widespread, “outer” bio-
tite alteration zone (Kostitsyn, 1991b; Marakushev and Khokhlov,
1992; Kol'tsov and Rusinova, 1997; Protsenko et al., 1998;
Konstantinov et al., 2000; Fig. 14). According to Protsenko et al.
(1998), there are two types of K-feldspar metasomatites: (1) more
widely developed metasomatites with intermediate microcline
closely related to biotite metasomatites and (2) pale pink to grayish
metasomatites with maximum microcline occurring more

restricted and adjacent to quartz veins. According to our data,
primary orthoclase coexists with secondary microcline with the
latter prevailing in pale pink, gold-rich samples (Kempe et al.,
2000). K-feldspar metasomatites tend to form at the selvages of
the veins (Zarembo, 1968; Palej and Sher, 1970; Sher, 1970; Drew
et al.,, 1996; Protsenko et al., 1998) but may also form concordant
lenses (Kol'tsov and Rusinova, 1997; Protsenko et al., 1998). Rb-Sr
isotopic research confirms that both forms of appearance are
essentially of the same type (Zairi et al., 1998). According to ther-
modynamic calculations by Kol'tsov and Rusinova (1997), fluids
related to this potassic alteration should have a high alkalinity and
the metasomatites were formed under large pressure gradients
(decompression). Neither metamorphic fluids circulating in the
host rocks, nor acidic fluids derived from a granite intrusion may be
responsible for such an alteration style (Kol'tsov and Rusinova,
1997) in contrast to the suggestions made by Wall et al. (2004).
Potassic alteration resulted in more extensive mass transfer in
psammopelitic rocks compared to pelitic ones (Graupner et al.,
2005b). While Yardley and Cleverley (2015) concluded that meta-
morphic fluids could only be liberated as potential metal carriers by
decompression during exhumation, the sources of the fluids
involved in the production of the above metasomatites and the
causes of exhumation remain speculative.

A special type of alteration, probably related to potassic alter-
ation, is the formation of skarnoids after meta-carbonate rocks
(Kol'tsov and Kostitsyn, 1995, Fig. 13b). According to the latter au-
thors, thermodynamic calculations in combination with Sr/Sr
isotope data hint at a high-temperature (400—450 °C) formation
under non-isochemical conditions and decompression. The ex-
change of matter during skarnoid formation occurred mainly with
the other metamorphic host-rocks of the Besapan Sequence ac-
cording to the Sr isotope data.

Albite metasomatites (albitites) formed probably later, replacing
K-rich metasomatites (Bendik et al, 1969a; Sher, 1970,
Rakhmatullaev, 1980; Kotov and Poritskaya, 1991; Protsenko et al.,
1998; Konstantinov et al., 2000, Fig. 13f). Note, however, that
Berger et al. (1994) and Wilde et al. (2001) have suggested a reverse
relationship. The albite metasomatites developed mainly along
vein selvages and some quartz-rich beds (Kotov and Poritskaya,
1991; Wilde et al., 2001). According to Protsenko et al. (1998) and
Konstantinov et al. (2000), large zones of albitie alteration occur
also around the dike zone and as vein-like bodies crosscutting the
bedding (Fig. 14). It seems, however, that the latter type belongs to a
much later alteration process because the related rocks are rich in
tourmaline (Rakhmatullaev, 1980; Kotov and Poritskaya, 1991;
Protsenko et al.,, 1998), which is not found in other albitites
(Kempe et al., 2000; see above in this section). Albite alteration is
accompanied by chlorite formation, precipitation of pyrite and
some carbonate (Sher, 1970; Kotov and Poritskaya, 1991; Protsenko
et al., 1998; Wilde et al., 2001). Sher (1970) suggested that this
alteration style is also related to gold precipitation, although our
data hint at an opposite conclusion (Kempe et al., 2000; see section
below) in agreement with the findings by Protsenko et al. (1998).

Late alteration such as carbonate, apatite (Kempe et al., 2000),
sericitic alteration (close to and within the southern Fault zone;
Kotov and Poritskaya, 1991; Protsenko et al., 1998) and argillic
alteration (Rakhmatullaev, 1980; Kotov and Poritskaya, 1991;
Protsenko et al., 1998; Konstantinov et al., 2000) occur only
locally, close to the recent surface and show no relation to economic
gold mineralization.

6.2. Metasomatic alteration: veining and gold content

Biotite- and microcline-rich metasomatites may contain high,
up to economic grade, gold contents of 1—3 ppm, occasionally up to
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30 ppm (Marakushev and Khokhlov, 1992; Kol'tsov and Rusinova,
1997; Golovanov et al., 1998b; Protsenko et al., 1998; Kempe
et al., 2000; Wall et al., 2004). Such concentrations are compara-
ble to that of the ore veins. Therefore, various models suggested for
the Muruntau deposit were influenced by the visible morphology
of the veins and wall rock alteration haloes considered as gold-
bearing (“stratiform”-type for flat veins and metasomatites and
“stockwork”-type for cross-cutting veins and vein systems; cf.
preceding section). However, the real gold distribution could be
established only by detailed analysis of the gold content
throughout the mine (Voronkov, 1976; Bojtsov et al., 1996;
Protsenko et al., 1998, Fig. 8).

Several authors tried to relate wall rock alteration to the for-
mation of particular vein types. Kotov and Poritskaya (1991) and
Kol'tsov and Rusinova (1997) suggested that the formation of the
early “flat” veins corresponded with potassic alteration. This is,
however, in contrast with the general succession in the evolution of
gold-bearing veins and also with the alteration assemblages found
within the “flat” veins or zones adjacent to them (Petrovskaya,
1968; Golovanov et al., 1998b; Khokhlov et al., 1998; Graupner
et al.,, 2001a). Uspenskiy and Aleshin (1993) related the formation
of concordant and sub-parallel quartz veins to hornfels formation
with amphibole and pyroxene. We have not found metasomatites
with amphibole and pyroxene adjacent to flat veins as described by
the latter authors, although amphibole (and rarely pyroxene) could
be determined in various types of metasomatites (Kempe et al.,
2000; Fig. 13b). Probably, skarnoids formed locally in the thermal
aureole and adjacent to “flat” veins in meta-carbonate layers
(Bendik et al., 1969a; Voronkov, 1976; Protsenko et al., 1998;
Golovanov et al., 1998b). It seems that such larger lenses of skar-
noids occurred more frequently in the upper part of the deposit
(Kudrin et al., 1990; Uspenskiy and Aleshin, 1993; Kol'tsov and
Kostitsyn, 1995). An interrelation between the formation of stock-
work (or part of stockwork veins) and/or the “Central” veins on one
hand and albite alteration on the other as suggested by
Rakhmatullaev (1980), Kotov and Poritskaya (1991) and Uspenskiy
and Aleshin (1993) is not supported by the data. In general, it is
quite difficult to relate veining stages and alteration stages because
alteration (including biotite and microcline) developed mainly
along the rock bedding and formed lens-shaped bodies of various
size not only, or not clearly, along particular vein selvages (Kotov
and Poritskaya, 1991; Marakushev and Khokhlov, 1992; Kol'tsov
and Rusinova, 1997; Protsenko et al., 1998; Kempe et al., 2000;
Fig. 14).
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Figure 15. Relation between atomic Na/K ratios and Au contents in various types of
metasomatic rocks from Muruntau and Mjutenbaj according to whole rock analyses.
The Na/K ratio considers K-metasomatic alteration (biotitization and microclinization)
and albitization, respectively, excluding the influence of SiO, mobility in these pro-
cesses. Data from Kempe et al. (2000).
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Figure 16. Relation between the degree of microclinization of K-feldspar (according to
quantitative Rietveld analyses of the whole rock samples) and the Au contents. Data
from Kempe et al. (2000).

There is also some dispute in the literature whether biotite and
microcline or sericite alteration are the main processes related to
the formation of the main economic gold concentrations (Wilde
et al., 2001; Bierlein and Wilde, 2010), although there is a distinct
interrelation between enhanced gold contents and high-
temperature potassic alteration (Golovanov et al, 1998b;
Protsenko et al., 1998; Kempe et al., 2000). High-temperature
potassic alteration may be related to the main-stage or the
second-stage gold precipitation (Au I or Au Il according to Graupner
et al., 2005a), but more probably to Au I not only because of similar
temperature conditions (note the lower temperature for Au II
precipitation of 230—330 °C; Graupner et al., 2005a), but also
because there is a clear correlation between the gold content and
the K/Na ratio for the whole rocks (Golovanov et al., 1998b; Kempe
et al., 2000; Fig. 15). Furthermore, native Au I could be observed
within these rocks (Graupner et al., 2005a). This indicates that the
formation of the stockworks was paralleled by potassic (biotite and
microcline) alteration of the wall rocks. There is a clear trend for
enhanced gold contents with increasing degree of microclinization
(Kempe et al., 2000; Fig. 16). Similar conclusions were reached by
Rakhmatullaev (1980), Drew et al. (1996), Golovanov et al. (1998b),
Konstantinov et al. (2000) and Wall et al. (2004) based mainly on
field observations and thin section studies.

6.3. Fluid-wall rock interaction and isotope signatures

The fluid-wall rock interaction may be traced by the signatures
of the Rb-Sr and Sm-Nd isotope systems (Kostitsyn, 1991b, 1996;
Kempe et al., 2001a). The Sr isotope signature of the fluids is best
reflected by Ca minerals with low to very low Rb contents as calcite
(Kostitsyn, 1991b, 1996) and scheelite (Kostitsyn, 1996; Kempe
et al, 2001a). These fluid signatures may be compared to the
initial Sr isotope composition of the wall rocks (Besapan Sequence),
the dolomites of the older Taskazgan Sequence and of the younger
Devonian to Carboniferous Zhivachisaj Sequence and to those of the
granitoid intrusions and dikes (Kostitsyn, 1991b, 1996; Fig. 17a). The
Sr isotope composition of the fluids was in equilibrium with the
wall rocks and distinctly different from that of the dolomites and
granitoids. This finding points to very intense fluid-wall rock in-
teractions during vein formation. The Sr was probably derived from
wall rock carbonates and the anorthitic feldspar component during
their replacement by secondary silicates when K-rich and/or later
albite metasomatites were formed. Similarly, the initial Nd isotope
composition of scheelite Il was in equilibrium with that of the wall
rocks during vein formation with samples of the latter plotting on
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Figure 17. Sr and Nd isotope signatures of scheelite from Muruntau and Kosmanachi:
(A) Initial Sr isotope ratio of scheelite I (“flat” veins) and scheelite II (stockwork and
“Central” veins; data from Kempe et al., 2001a) compared to Sr signatures of rocks,
veins and vein carbonates from the Muruntau deposit and adjacent areas (data from
Kostitsyn, 1991b). The Sr isotope signatures of both scheelite types are similar to that of
schists, metasomatites, veins and vein carbonates, but dissimilar to the isotope sig-
natures of granitoids and Devonian — Carboniferous carbonates. (B) Diagram
comparing initial Sr isotope ratios and Eyg values of scheelite I, scheelite II from
Muruntau/Mjutenbai and scheelite from Ag-rich veins in Kosmanachi. The differences
in the isotope signatures stick to significant age differences between the three
scheelite types. Probably, scheelite from Kosmanachi corresponds to scheelite III of
Uspenskij and Aleshin (1993) from Muruntau. Figure from Kempe et al. (2001a).

or close to the Sm-Nd isochron defined by Scheelite II samples
(Kempe et al, 2001a). These isotope constraints indicative of
intense fluid-wall rock interaction, however, cannot be applied in
the same fashion to all other elements mobile during the hydro-
thermal processes, in particular, to the gold (Kostitsyn, 1996;
Kempe et al., 2001a). As discussed in section 6.1, gold from the
veins cannot be derived by simple redistribution from the wall
rocks by analogy to the Sr. More complicated scenarios are also
indicated for Nd by the REE distribution patterns of scheelite II
(Kempe et al., 1999; see section 5.6 above).

7. The gold: when and from where?
7.1. Timing of mineralization

Up to now, there is no consensus concerning the absolute age
relations between gold mineralization and the several other
geological processes established in the deposit itself and in its
surroundings (regional metamorphism, magmatism, metasomatic
alteration and veining) although considerable work has been done

in this direction. Note that such a state of affairs is not uncommon
in the study of gold deposits (Kempe et al., 2001a; Brown et al.,
2002) because it appears difficult to define any undisturbed
isotope system directly related to the precipitation of the gold. In
the particular case of the Muruntau deposit, the situation is even
more complicated due to the complex history of magmatism,
metamorphism, hydrothermal alteration and veining as demon-
strated by the data presented in the previous paragraphs. Isotope
age data obtained in the early period of studies at Muruntau were
reviewed by Kostitsyn (1991b), Zairi et al. (1998) and Kempe et al.
(2001a). At that time, the K-Ar and Rb-Sr systems of whole rocks,
rock fractions and mineral separates were examined. In more
recent studies, the Sm-Nd system of scheelite, the Ar/Ar system of
sheet silicates, the Re-Os system of arsenopyrite and the U-Pb
system of zircon and monazite were tested in order to constrain
absolute ages of ore-forming or ore-related processes within the
deposit (Kempe et al., 2001a,b; Wilde et al., 2001; Morelli et al.,
2007; Kempe et al., 2015). Considering all published age data,
two particular points are acknowledged at the beginning of our
short review:
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Figure 18. Compilation of K-Ar, Ar-Ar and Rb-Sr literature data for rocks and minerals
from the Muruntau area (from bottom to top): (1) K-Ar data for wall rocks (meta-
morphic and metasomatic): red — minerals (biotite, amphibole, adular, muscovite);
blue — whole rock samples; data compiled by Kostitsyn (1991b), Zairi et al. (1998) and
Kempe et al. (2001a); (2) Ar-Ar plateau and integrated ages for wall rocks, veins and
one dike sample from Muruntau: red — sericite and adular; blue — whole rock sam-
ples; data from Wilde et al. (2001); (3) Rb-Sr “density isochron” ages for meta-
somatites and veins from Muruntau (Kostitsyn, 1991b, 1996); (4) K-Ar ages for
granitoid intrusions and dikes from the Muruntau area: red — minerals (biotite,
amphibole); blue — whole rock samples; data compiled by Kostitsyn (1991b), Zairi
et al. (1998) and Kempe et al. (2001); (5) Rb-Sr whole-rock and “density” isochron
ages of granites and dikes from Muruntau (Kostitsyn, 1991b, 1996). Two reference lines
are shown for comparison: (1) The line at 290 Ma is close to the zircon alteration ages
for granitoids obtained by U-Pb SHRIMP analysis and Pb-Pb evaporation (290—294 Ma)
and discussed by Kempe et al. (2015) and to the Re-Os arsenopyrite age (287.5 + 1.7
Ma) reported by Morelli et al. (2007). (2) The reference line at 240 Ma is close to a
precise conventional U-Pb zircon age (236.5 + 1.4 Ma) reported by Nemchin (2002,
personal communication cited in Kempe et al., 2015) for a dike sample.



518 U. Kempe et al. / Geoscience Frontiers 7 (2016) 495—528

(1) granitoids

Aristantau, Tamdytau, Muruntau dikes, Murun granite (this work) == Ph/Pb and U/Pb zircon
Sarytau trondhjemite (Ronkin, 1998) s
Sarytau adamellite (Ronkin, 1998) s
Muruntau dike (Kostitsyn, 1996) e
Sardarin granite (Kostitsyn, 1996) e
Murun granite (Kostitsyn, 1996) s

Murun granite (Kostitsyn 1996)
Muruntau dike (Nemchin 2002) ==

Rb/Sr whole rock
Rb/Sr whole rock
Rb/Sr mineral isochron
Rb/Sr whole rock
Rb/Sr whole rock
Rb/Sr mineral isochron
U/Pb zircon

(2) Au mineralization

Muruntau Au veins (Morelli et al., 2007) ==

Re/Os arsenopyrite

Muruntau Au veins (Kempe et al., 2001)

Sm/Nd scheelite 2

altered Muruntau wall rock (Kostitsyn, 1996)

altered Muruntau wall rock (Palej&Sher, 1970)

altered Kersantite dike (Kostitsyn, 1996)

altered Muruntau wall rock (Fuks&Rublev, 1996) ——
altered Muruntau wall rock (Palej&Sher, 1970) s———

Rb/Sr mineral isochron
Rb/Sr mineral isochron

KI/Ar biotite
K/Ar biotite

stock pile samples (Wilde et al., 2001) seee»

altered Muruntau wall rock (Rakhmatullaev, 1980) =————

K/Ar microcline
K/Ar amphibole

Ar/Ar sericite

LA stock pile samgles (Wilde et al., 20,01)
200 220 240 260

280 300 320 340

Age (Ma)

Figure 19. Compilation of absolute age data for (1) granitoid intrusions and dikes in Muruntau and adjacent areas and (2) Au mineralization (minerals and rocks) at Muruntau. The
main magmatic activity cannot be clearly resolved from Au mineralization although the latter seem to be somewhat younger. Younger magmatic and hydrothermal activity is

indicated for Triassic times. Figure from Kempe et al. (2015).

(1) There is some apparent “increase” in the defined ages when
passing on from K-Ar and Ar-Ar to Rb-Sr, Sm-Nd, Re-Os and U-
Pb ages. This is not difficult to understand considering the
“closure” temperatures of the related isotope systems or, more
exactly, the susceptibility of the minerals or rocks to secondary
alteration. Before interpreting isotope age data for systems
with complicated histories, it appears useful to recall the two
prerequisites which are necessary to obtain reliable age infor-
mation: the “starting” and the “boundary” conditions (e.g.,
Faure, 1986). The first (“starting”) condition is the state of ho-
mogenization of the isotope system under study (rock, mineral,
part of crystal etc.) in respect of the initial isotope ratios of the
daughter element. The second (“boundary”) condition de-
mands that the isotope system remained closed to exchange of
the related elements or isotopes after the “isotopic clock”
started to work. Caution is therefore generally advisable in the
interpretation of absolute age data. Below, we will evaluate
published ages keeping this point in mind.

(2) Although there is a large spread in the data, the absolute ages
defined by various methods and isotope systems cluster at
260—300 Ma (Figs. 18 and 19) indicating that a peak of tectonic,
magmatic and/or hydrothermal activity occurred at that time.
This point was acknowledged earlier by Zairi et al. (1998) when
evaluating available K-Ar and Rb-Sr data.

Considering early K-Ar data, we found that many analyses were
conducted using whole rock samples — a method commonly not
suitable for age determination because of the frequent open system
behavior of feldspars (excluding late adularia) and some other
minerals and the common occurrence of “excess” Ar. Therefore, we
focus in our discussion on the analyses of mineral separates of mica
and amphibole (Kostitsyn, 1991b; Kempe et al., 2001a). The K-Ar
ages from the literature were recalculated according to recently
used decay constants for the K-Ar system if necessary (Kempe et al.,
2001a).

An extensive study of the Rb-Sr isotope system of metamorphic,
magmatic and metasomatic rocks and ore veins was undertaken by
Kostitsyn (1991b, 1993, 1994, 1996). Kostitsyn and Rusinova (1987)
developed a method for samples with sub-microscopic mineral
intergrowths using the density fractions of a sample to obtain Rb-Sr
isochrons (“density isochrons”). This approach was subsequently
applied by Kostitsyn to various rock and vein samples from the
Muruntau ore field. However, such isochrons may represent mixing
lines of two end-members (mineral isotope systems) because all
fractions are obviously mixtures of two or more minerals. Note that
the isotope systems of original rock and vein samples from Mur-
untau often appeared to be disturbed by alteration or by initial
isotope heterogeneity (Kostitsyn, 1991b, 1993, 1994, 1996).

7.1.1. Geological age constraints

Before turning to a detailed discussion on the absolute age data
obtained by various methods, it is useful to recall age constraints as
derived from the geological observations reviewed above in sec-
tions 4 and 5:

(1) There are no clear geological constraints for the sedimentation
ages of the rocks of the Besapan and Taskazgan Sequences
besides the fact that they are intruded by the granitoids and
dike series (upper age limit). The paleontological record allows
large variations in possible sedimentation ages from late Pro-
terozoic to late Ordovician (O). However, the zircon ages for the
Kosmanachi suite may indicate an older sedimentation age.
Clearly, the highly deformed rocks of the Besapan Suite are pre-
Devonian because they are overthrust by almost unfolded
Devonian (D) to Carboniferous (C) carbonates.

(2) Regional metamorphism predates magmatic intrusive event(s)
because contact aureoles overprint the earlier metamorphic
assemblages. It is, however, unclear when the stack of nappes,
the Muruntau lens and the related flat-dipping shear zones
including the prominent Sangruntau-Tamdytau zone may have
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formed. Mukhin et al. (1988) suggested that the nappe struc-
ture formed in pre-Devonian time while Drew et al. (1996)
assumed a Carboniferous (C) age for the Sangruntau-
Tamdytau shear zone formation. The timing of the thrusting
event involving Devonian (D) and Carboniferous (D) limestone
and dolomite is also not well constrained from geological data
(besides a defined late to post-Carboniferous maximum age).
Whether or not these rock packages may have acted as a
sealing “cap” promoting deposit formation remains ambig-
uous. Drew et al. (1996) inferred a late Carboniferous (Cy) to
early Permian (P;) age of the thrust based on apparent intrusive
relationships between granites and the sediments.

(3) The age of the granitoids and related dikes is better constrained
because of the distinct relative age relations elsewhere in the
Central Kyzylkum area. According to Askarov and Bigaeva
(1965), Kotov and Poritskaya (1990, 1991) and Kol’'tsov and
Rusinova (1997), it falls into a range between late Carbonif-
erous (Cy) and Permian (P). Similarly, Kostitsyn (1991a) re-
ported granitoids in the adjacent Altyntau region intruding
clastic and carbonate sediments of Devonian (D) to middle
Carboniferous (according to Soviet stratigraphy) age.

(4) According to Badalova and Palej (1965) and Palej (1968),
geological data suggest different ages for low-sulfide gold
mineralization, which is superimposed on the Hercynian
granitoids and dikes (late Carboniferous C, to Permian P) on
one hand, and for silver-rich high-sulfide mineralization which
occurs in Triassic (T) sediments and volcanics, on the other.
Similar conclusions were drawn by Voronkov and Yakovlev
(1980).

7.1.2. Absolute age of metamorphism

According to tectonic analysis, the main folding and regional
metamorphism are considered to be Caledonian (Drew et al., 1996).
The Rb-Sr data reported by Kostitsyn (1996) suggest that the
closure of this system in the metamorphic rocks occurred at about
400 Ma (one sample from Black Besapan Bs; and one from the
Green Besapan Bsy), while the K-Ar system yields similar numbers
of 410—430 Ma (Loshchinin et al., 1986); i.e. upper Silurian to lower
Devonian (Dq). This “closure” age may be regarded as a good age
estimate for the final stage of regional metamorphism in the
Muruntau area.

7.1.3. Absolute age of magmatism

K-Ar whole rock ages reported mainly for dike samples vary
over a wide range from 200 Ma up to more than 300 Ma demon-
strating a repeated opening of the related isotope system (Zairi
et al., 1998, Fig. 18). K-Ar mineral ages defined for dikes in the ore
field cluster around 240 Ma and may be related to late hydrother-
mal events overprinting that dikes (Kempe et al., 20014, Fig. 18).
Five K-Ar ages reported for the Tamdytau intrusion were also at
least partly reset (Kempe et al., 2001a, 2015). There is a single K-Ar
amphibole age of about 300 Ma for basalt from the nappe structure
in the Tamdytau which possibly reflects a primary magmatic event
(see compilation in Kempe et al., 2001a).

The Rb-Sr system of a sample from the Sardarin pluton as
studied by Kostitsyn (1991b, 1996) seems not to be strongly affected
by alteration. All fractions with feldspar and biotite as well as the
whole rock sample plot on a single isochron defining an age of
286.2 + 1.8 Ma and an initial Sr ratio of 0.70789 + 12 (Kostitsyn,
1991b, 1996). This age is only slightly below the zircon alteration
ages discussed below. Nevertheless, some disturbance of the
isotope system seems to be present considering alteration features
of mica and feldspar. In contrast, the Rb-Sr systems of samples from
the Murun granite are strongly affected by alteration (Kostitsyn,
1996) in accordance with petrographic and mineralogical

observations (e.g., Kempe et al.,, 2015). While eight whole rock
samples of this granite defined an isochron (287.1 + 4.6 Ma) with a
remarkably high initial Sr isotope ratio (0.716 4 15), a three-point
mineral isochron yields a much lower age (255 + 15 Ma) with an
even higher initial Sr ratio.

“Density isochrons” for two dike samples from Muruntau un-
derground mines are sub-parallel and define a similar age as for the
granites of around 285 Ma (Kostitsyn, 1991b, 1996). However, two
samples of an alkaline syenite and a kersantite dike yielded
significantly younger ages by the density isochron method (average
age 2741 + 3.9 Ma) similar to that of the gold-bearing meta-
somatites, but with lower initial Sr isotope ratios (0.70712 4 39 and
0.70814 + 12, respectively; Kostitsyn, 1991b, 1996, Fig. 18).

Nemchin (2002, personal communication cited in Kempe et al.,
2015) reported a conventional U-Pb zircon age for a stock-pile
sample of a dike of 236.5 + 1.4 Ma — much lower than U-Pb
zircon SHRIMP and Pb-Pb zircon evaporation ages discussed by
Kempe et al. (2004, 2015) for one sample from the Aristantau
granite, three from the Tamdytau intrusion, one from the Murun
granite and one from a granodioritic dike sampled in the open pit
(Fig. 19). Considering geological relations discussed above in sec-
tion 5.3, it cannot be excluded that the age defined by Nemchin
(2002, personal communication cited in Kempe et al., 2015) rep-
resents indeed a younger magmatic event. On the other hand,
Kempe et al. (2015) argued that their U-Pb concordia ages between
290 and 294 Ma obtained for U-rich zircon or parts of zircon
crystals (hydrothermal overgrowths) define the time of albitic
alteration rather than that of intrusion. The somewhat higher U-Pb
SHRIMP ages found for small crystals from the dike sample without
overgrowth and not significantly affected by post-magmatic albi-
tization (Kempe et al., 2015) may hint at an intrusion of the dike at
about 305 Ma. Even older U-Pb SHRIMP concordia ages (327 &+ 5
Ma) were reported by Mirkamalov et al. (2012a,b) for zircon from a
migmatite-granite-gneiss complex in the Zarafshan zone of south
Uzbekistan. The relation of the latter magmatism to that in the
Muruntau region is, however, equivocal.

7.14. Attempts at absolute age determinations for metasomatic
alteration and gold mineralization

K-Ar and Ar-Ar isotope analyses of mica and amphibole from the
gold-bearing metasomatites and veins yielded a large scatter of ages
between 230 and 280 Ma with a peak at about 250—260 Ma (Zairi
et al., 1998; Kempe et al., 2001a; Wilde et al., 2001; Fig. 18). How-
ever, the K-Ar system provided precise age constraints only in some
particular cases when the isotope system was not disturbed by late
alteration as in the case of biotite from the biotite metasomatites
(Palej and Sher, 1970) and of late adularia (see below in this para-
graph). Note that the K-Ar and Ar-Ar ages are in good accordance
with the Rb-Sr data for the latter mineral in the late veins. Wilde
et al. (2001) attempted an Ar-Ar age determination for the gold
mineralization using sericite mainly from vein selvages and meta-
somatites. However, as demonstrated in the preceding paragraphs,
sericite was formed during late hydrothermal activity, subsequent
to the main magmatism, high-temperature K-metasomatic alter-
ation and the high-temperature stage of vein formation with the
latter related to a first important event of gold precipitation.
Accordingly, the ages defined by the Ar-Ar method cluster well
below 290 Ma at two main values at about 245 and 220 Ma,
respectively (Wilde et al., 2001, Fig. 18). Unfortunately, the samples
used by these authors seemed not to be an ideal subject for Ar-Ar
work due to the frequent absence of heating plateaus, the occur-
rence of excess Ar and later age disturbances (Wilde et al., 2001).

Kostitsyn (1991b, 1993, 1994, 1996) studied the Rb-Sr isotope
system of metasomatic rocks and of vein samples. Often, the
isotope system of the metasomatites showed initial isotope
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heterogeneity for Sr or later disturbances. Nevertheless, Kostitsyn
(1991b, 1994, 1996) succeeded in the definition of “density iso-
chrons” for four rock samples of K-feldspar and biotite meta-
somatites defining an average age of 272.6 & 3.8 Ma with relatively
high initial Sr isotope ratios at about 0.716. The average age is close
to that obtained for alkaline dikes by the same method (Fig. 18).
Considering the metasomatic nature of the “alkalinity” of the dikes
(Kostitsyn, 1991b), we suggest that the Rb-Sr “intrusion ages” ob-
tained for these dikes may simply reflect alteration ages as in the
case of the metasomatites (cf. Kempe et al., 2001a). The Rb-Sr
isotope system of a sample of banded metasomatite showed
initial isotope heterogeneity (Kostitsyn, 1991b, 1994). The sericite-
bearing density fractions of another sample defined a distinctly
younger isochron age (256.8 + 9.9 Ma; Kostitsyn, 1991b, 1994, 1996)
compared to the other fractions. In this latter case, the initial Sr
isotope ratio also displayed enhanced heterogeneity varying be-
tween 0.713 and 0.714 at somewhat lower values than for the other
samples of metasomatitic rocks studied (Kostitsyn, 1994).

Density isochron ages were also defined for three vein samples
representing late, group 3 vein types: a quartz — tourmaline vein
(257 + 13 Ma), a quartz — arsenopyrite vein (230.2 & 3.5 Ma) and a
quartz — adularia vein (219.4 + 4.2 Ma; Kostitsyn, 1993). Note that
the latter value is in good accordance with Ar-Ar data for adularia
(221.8 + 0.9 Ma; Wilde et al, 2001) and K-Ar ages of sericite
(224 +10 Ma) from this vein type, although there are some other K-
Ar data for adularia suggesting slightly higher ages at about
242—-247 Ma (cf. Kempe et al., 2001a).

Kempe et al. (2001a) used the Sm-Nd system of scheelite II
associated with gold to constrain the absolute age of the early gold
mineralization. The obtained isochron defined an age of 279 + 18
Ma (MSWD 1.5; Eng = —9.5 & 0.3). This is close to the ages defined
by the Rb-Sr method for the ore-bearing metasomatic rocks.
However, the precision of the Sm-Nd age is relatively low due to the
weak spread in the Sm/Nd ratios of the analyzed scheelite samples.
For scheelite 1 from the “flat” veins, another isochron with a related
age of 351 + 22 Ma was obtained. Although this may be a “mixing
line” formed by alteration during later gold mineralization, this
apparent isochron indicates the existence of a distinctly older
mineralization event. Such an inference is confirmed by the analysis
of the &nq values which are distinctly different for scheelite I (—8.4)
and scheelite 11 (—9.5) and remain so even when re-calculated for a
time at 280 Ma for both systems (Kempe et al., 20014, Fig. 17b).

The Re-Os isotope system of arsenopyrite from larger arseno-
pyrite- and pyrite-bearing gold-rich veins was studied by Morelli
and co-workers (Morelli et al., 2004, 2007). Preliminary results for
nine samples collected randomly from a single hand specimen
defined an isochron age of 286 + 5 Ma interpreted as the formation
age of the arsenopyrite and the associated gold (Morelli et al.,
2004). However, there was a large scatter in the data reflected by
the error and the high MSWD of 5 despite a very large spread in the
Re/Os ratios (from 500 up to 6000). Later, two additional samples
were studied with the resulting three isochron ages overlapping
with each other within error: 288.6 + 5.6, 290.4 + 4.5, 296.4 + 6.1
Ma (Morelli et al., 2007). As discussed by the cited authors, there
are indications for some heterogeneity in the Re-Os isotope sys-
tems. For example, it was not possible to include all three sample
suites together in one regression procedure. It remains, however,
unclear whether the obtained uncertainties and variations are
related to initial isotope heterogeneity, late disturbances or some
real age distributions. Note that a large spread in the mother/
daughter element ratios normally indicates a fractionation degree
not commonly reached in a homogeneous system, but often by
mixing or alteration effects.

Summarizing, all isotope systems used to obtain age constraints
at the gold mineralization at Muruntau suffer from effects of initial

isotope heterogeneity and later disturbances. This applies not only
to less stable systems as that of K-Ar in mica or of Rb-Sr in whole
rock samples but also to more robust systems as the Sm-Nd system
of scheelite, U-Pb system of zircon and the Re-Os system of arse-
nopyrite. Fortunately, the effect on the latter systems is not so large
to prevent any absolute age determination (Fig. 19). However, the
obtained values should be used with caution. On the other hand,
the isotope data obtained clearly reflect the repeated pulses of
tectonic and hydrothermal activity operative during the formation
of this giant gold deposit.

7.2. Genetic concepts

Various conflicting genetic concepts have been developed for
the formation of the giant Muruntau gold deposit in correspon-
dence with the complexity of observations on geological structures,
intrusive events, metasomatic processes and vein systems. How-
ever, due to this complexity, none of these authors succeeded to
present a holistic model that addresses all the observations re-
ported so far (Kotov and Poritskaya, 1990, 1991; Marakushev and
Khokhlov, 1992; Zairi and Kurbanov, 1992; Kol'tsov and Rusinova,
1997; Wall et al., 2004; Hall and Wall, 2007). In the following dis-
cussion, we will consider for clarity separately the suggested
sources of the gold and the inferred processes of enrichment and
precipitation of native gold (Table 1).

Historically, the concepts of formation of the Muruntau deposit
were strongly influenced by the knowledge on the gold distribution
within various types of vein structures and host rocks. Originally,
the gold mineralization was exclusively assigned to crosscutting
quartz veins and stockworks (e.g., Zarembo, 1968; Palej and Sher,
1970) and the classical hydrothermal concept was the dominating
one (e.g., Bendik et al., 1969a; cf.; Kremenetsky et al., 1990). Later,
economic gold contents in the wall rocks and their stratiform-like
distribution as well as enhanced “background” gold contents in
the whole Variegated Besapan Suite were revealed by extended
sampling (e.g., Protsenko, 1987). The prevailing concepts in this
period focused on syn-sedimentary enrichment of gold culmi-
nating in the definition of a new “Kyzylkum-Type” of gold deposits
related to black shales (Gar’kovets, 1971, 1973). More recently, the
column-like character of the ore bodies resulting from a combi-
nation of stratiform-like wall rock alteration and cross-cutting vein
formation was established (Bojtsov et al., 1996; Kremenetsky et al.,
1996; Wall et al., 2004; Obraztsov, 2009). Accordingly, the devel-
oping views led to a renaissance of hydrothermal concepts, but
often included the assumption of a deep-seated source of the ore-
forming fluids (see below).

Most authors concur in the conclusion that deposit formation at
Muruntau passed through several stages (Petrovskaya, 1968;
Zarembo, 1968; Sher, 1970; Rakhmatullaev, 1980; Voronkov and
Yakovlev, 1980; Loshchinin et al., 1986; Mukhin et al., 1988;

Table 1
Genetic concepts.

Gold sources

1 Detrital gold (paleo-placer)

2 Gold-rich black shale

3 Granite magma

4 Sub-crustal (mantle) sources

Processes of enrichment and precipitation

1 Circulation of near-surface brines

2 Metamorphic processes including shearing and
circulation of metamorphic fluids

3 Activity of granite-related fluids or/and thermal
aureoles around intrusions

4 Mantle-induced fluids

Polygenetic and polychronic concepts
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Figure 20. Sketch illustrating most popular genetic concepts for the formation of the
giant Muruntau Au deposit: (1): Synsedimentary deposition of clastic or dissolved Au
with sorption on biogenic carbon; subsequent pre-enrichment of Au during regional
metamorphism; (2) Remobilization and precipitation of Au in the vein system during
tectonic-metamorphic activity; (3) Precipitation of Au in the vein system and meta-
somatites by fluids generated by the granitoid intrusions or driven by the thermal
aureole of such intrusions (TAG according to Hall and Wall, 2007); (4) Au supply into
the vein system by fluids of deep- or subcrustal origin possibly related to mantle
magmatism.

Berger et al., 1994; Konstantinov et al., 2000; Graupner et al.,
2005a; Bierlein and Wilde, 2010; Rafailovich et al., 2013). Howev-
er, there is no agreement in the definition of the main sources and
the principal process leading to the enrichment and precipitation of
the gold. It is also a point of controversy, whether various stages of
deposit formation are part of a single evolutionary process or
belong to different tectonic and/or hydrothermal events. Some
authors even assumed a single tectonic/magmatic/hydrothermal
process (although developing through several stages) to be
responsible for the formation of this giant gold deposit (e.g., Kotov
and Poritskaya, 1990, 1991; Drew et al., 1996).

Some authors have suggested that the principal process of gold
enrichment occurred synsedimentary, prior to metamorphism,
magmatism, and vein formation, i.e. during formation of the shelf
sequences (Fig. 20). According to this viewpoint, all later processes
of metamorphism, magmatism, metasomatic alteration and vein
formation resulted just in a redistribution and final enrichment of
the pre-existing gold. The latter processes are therefore considered
isochemical in nature (Gar'kovets, 1978). Primary gold accumula-
tion may have formed in placers (in particular, in a river delta;
Voronkov, 1976), by sedimentation of fine-dispersed gold or by
chemical sorption of the gold on organic carbon (Gar’kovets, 1969,
1971, 1973, 1975, 1978; Rafailovich et al., 2013). It has been sug-
gested that the secondary redistribution and vein formation
represent the result of long-lasting circulation of metamorphic
fluids during brittle deformation of the Au-bearing rocks
(Gar’kovets, 1969, 1971, 1973; Bel’kova and Ognev, 1971; Mukhin
et al., 1988). Another group of authors favoured a supply and pre-
cipitation of gold entirely by metamorphic fluids (Loshchinin et al.,
1986; Protsenko, 1987). The majority of workers concluded from
their data that classical hydrothermal processes resulted in the
formation of the giant Muruntau deposit (Petrovskaya, 1968;
Zarembo, 1968; Bendik et al., 1969a; Kotov and Poritskaya, 1990,
1991; Kostitsyn, 1996; Kol'tsov and Rusinova, 1997; Graupner
et al., 20014, 2005a,b, 2006; Kempe et al., 2001a; Monecke et al.,
2002; Wall et al., 2004). Nevertheless, hydrothermal systems may
have been active within the deposit at different times (Bendik et al.,
1969a; Kostitsyn, 1996; Graupner et al., 2001a; Kempe et al., 2001a;
Bierlein and Wilde, 2010). There is no agreement among the au-
thors in favour of a hydrothermal genesis of the deposit, whether

the hydrothermal systems were driven by granitic magma and/or
metamorphism, both triggering a thermal gradient responsible for
creating “thermal aureoles” (Kremenetsky, 1994; Wall et al., 2004;
Hall and Wall, 2007) or by a deep-seated, lower crustal- or mantle-
related magmatic or any other juvenile source (Petrovskaya, 1968;
Kotov and Poritskaya, 1990, 1991; Kempe et al., 1997; Kol'tsov and
Rusinova, 1997; Graupner et al., 2006; Fig. 20). According to
Kostitsyn (1991b, 1996), late magmatism and ore formation
occurred more or less simultaneously but were not directly linked
to each other. This inference is in agreement with suggestions made
by Yudalevich and Levchenko (1981). Kotov and Poritskaya (1990,
1991) assumed a progressive involvement from moderate depth
to lower crustal material in magma formation (evolution from
granitic to kersantitic magmas) and in hydrothermal activity with
only limited interaction between the magmas and the fluids. Ac-
cording to this model, fluid generation occurred at lower crustal
levels, i.e. below the level of magma formation (so-called “trans-
magmatic fluids”). A similar model was favoured by Kol'tsov and
Rusinova (1997), which compared biotite-K-feldspar meta-
somatites at Muruntau to similar metasomatic rocks common in
porphyry-copper deposits and assigned to “transmagmatic fluids”
in the Russian literature. In contrast, Kremenetsky et al. (1996)
inferred that evolution of the Kyzylkum gold province started
with formation of a mantle plume with later generation of local
bimodal magmatic and related fluid systems resulting in gold de-
posit formation. This concept is in several aspects similar to the
thermal aureole gold (TAG) concept (Wall et al., 2004; Hall and
Wall, 2007) and that suggested by Bierlein et al. (2006). A rather
vague hypothesis was presented by Marakushev and Khokhlov
(1992). These authors suggested an infiltration of the gold-rich
metamorphic shales by supercritical lamprophyric magmas (i.e.
magmas with temperatures above the critical point for liquid and
gas) resulting in “fluid-magmatic replacement” and formation of
gold-rich “metasomatites”. In accordance with Graupner et al.
(2006) and based on Re-Os-He isotope data, Morelli et al. (2007)
concluded that a mantle-related or other juvenile fluid was
involved in formation of the auriferous veins. On the other hand, a
time overlap between ore formation and granite magmatism is
evident according to these authors. Note that the latter conclusion
is in some accordance with findings by Kostitsyn (1996), Kempe
et al. (2001a, 2015), Wall et al. (2004) and Hall and Wall (2007).
Drew et al. (1996) stressed a structural control during ore formation
changing in time by a transition from shearing along the
Sangruntau-Tamdytau towards main deformation within the
Muruntau-Daugyztau shear zone, accompanied by the intrusion of
granites. The concept developed by Wilde et al. (2001) favoured
deposit formation at a very late stage of tectonic evolution, namely
in the Triassic (T), by long-lasting circulation of low-temperature
near-surface brines involving a major rift with the fluid source
within these Devonian (D) to Triassic (T) evaporites.

Consequently, there is substantial controversy on (1) the
possible mechanism of primary Au enrichment during sedimen-
tation, metamorphic processes and magmatism, (2) the timing of
Au mineralization and vein formation. In the following, we will
discuss some constraints on the genesis of the Muruntau deposit
derived in the light of available, in particular, more recent data as
reviewed in the preceding paragraphs.

8. Discussion
8.1. Regional and stratiform-like enrichment of gold
The role of gold, which may have been enriched in the sedi-

mentary rocks already during deposition, is not yet well studied.
Despite repeated claims in the literature, there seem to be no
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reliable data constraining the mode of gold occurrence (secondary,
primary clastic, fine-dispersed or adsorbed on carbonaceous mat-
ter) in the meta-sedimentary and meta-volcanic rock packages
outside the Muruntau deposit (Golovanov et al., 1998b). The dis-
cussion is therefore restricted to enhanced gold content of several
tens to hundreds of ppb established by whole rock analyses.
Similarly, we have not found published data constraining the
possible role of carbonaceous matter or of organic carbon in these
rocks, although such carbon has been repeatedly argued to act as
the carrier of adsorbed or finely dispersed gold. According to
Rusinova et al. (1996), only high-ordered graphite was identified in
the unaltered metamorphic packages. It remains therefore an open
question whether the enhanced gold content in the host rocks
outside the deposit resulted from accumulation during sedimen-
tation or from subsequent metasomatic alteration. One possible
pass-way for late gold-bearing fluids in the Variegated Besapan (or
Kosmanachi Suite) was formed by the nearly bedding-parallel
Sangruntau-Tamdytau shear zone. Gold may have been enriched,
for example, during the formation of the early, pre- or synmeta-
morphic “flat” quartz veins or during formation of high-
temperature gold-rich metasomatites.

Two arguments point clearly against an isochemical syn-
sedimentary — epigenetic mechanism of gold enrichment at Mur-
untau. Firstly, zones of gold depletion, from where the gold has
been extracted to be subsequently transported and re-precipitated
in the vein structures and ore-bearing metasomatites (by analogy,
e.g., to the well documented redistribution of carbon) could not be
identified. Secondly, calculations by Kotov and Poritskaya (1990)
demonstrated that the potential gold resources in the meta-
morphic rocks outside the deposit are far too small to explain the
established giant economic reserves of the Muruntau deposit.

8.2. The role of carbon

Although the prominent role of black shales in deposit forma-
tion at Muruntau is controversial, the possible role of carbon is
worth noting. Carbon may be found throughout the deposit in
various forms: as well-ordered graphite enclosed in metamorphic
quartz or as calcite in carbonate-rich layers, lenses or cements in
the metamorphic wall rocks, as hydrothermal disordered graphite
and as carbonate at the vein selvages, in veins and breccias bodies
and as carbon dioxide, methane, and higher hydrocarbons trapped
in fluid inclusions (e.g., Rusinova et al., 1996; Graupner et al,,
2001a). As demonstrated before, the role of carbonate minerals
within the vein structures increases from the early to the late vein
types. Higher amounts of disordered graphite were also found in
late veins, breccia bodies and reactivated faults, in particular, close
to and within the southern Fault zone. In the fluids, there is a
tendency for increasing CO, and decreasing CH4 contents during
fluid evolution. It seems that carbon may have played a key role not
so much in a debatable fixation of gold in the unaltered host rocks,
but rather in gold mobilization, transport and, finally, in its pre-
cipitation in the quartz veins and metasomatites. The carbon from
the host rocks was apparently only redistributed as indicated by the
stable isotope data. It seems, however that additional carbon was
supplied by the hydrothermal fluids into the vein system (Graupner
et al,, 2001a). Besides some nitrogen and chlorine, carbon species
are the only (and dominating) compounds in the fluids which may
have significantly influenced the solubility and complexation
behavior of the gold (cf. Marakushev and Khokhlov, 1992). Note that
up to now, H,S was found only in very low concentrations and
restricted to late vein quartz (Wilde et al., 2001). The amount of
sulfides in the deposit is generally low. Nevertheless, a possible role
of sulfidation during gold precipitation cannot be ruled out
considering the common occurrence of iron sulfides in the wall

rocks (e.g., Wall et al., 2004). Clearly, relations between higher
hydrocarbons, methane, graphite and carbon dioxide reflect not
only fluid evolution leading to phase separation (Graupner et al.,
2001a), but also changing redox conditions within the fluids dur-
ing gold precipitation.

8.3. Mineralization and tectonics: regional distribution of gold
deposits

Several studies on the structural control of magmatism and
hydrothermal activity indicated that the main tectonic elements
defining the geological setting of the gold ore mineralization at
Muruntau are regional fault zones. Muruntau is located just at the
intersection of the subhorizontal, left-lateral, east-west tending
Sangruntau-Tamdytau shear zone with the steeply-dipping, left-
lateral, northeast-tending Muruntau-Daughyztau shear zone (e.g.,
Drew et al., 1996). Other Au and Au-Ag deposits in this area, which
are exposed within the Paleozoic outcrops, are grouped along these
two faults: (1) The Amantaitau, Daughyztau, Vysokovoltnoe and
Kolchik deposits are located to the southwest. (2) The Myutenbai
deposit is found to the southeast and the Besopan and Kosmanachi
deposits to the west from Muruntau. Moreover, there seems to be a
general decrease in deposit size, formation temperature and an
increase in the role of silver in the ores with increasing distance
from the Muruntau deposit (e.g., Bierlein and Wilde, 2010). This
situation highlights the importance of deep crustal (meso-to
hypozonal) processes in the formation of gold systems in the
Kyzylkum area.

8.4. Timing of metamorphism, magmatism, metasomatism, and
vein formation

Although absolute age data do not provide very precise infor-
mation on the timing of the main tectonic, magmatic and hydro-
thermal events involved in deposit formation, we have some clear
time evidence to define some principal genetic aspects for Mur-
untau. First of all, intense tectonic, magmatic and hydrothermal
activity in the Muruntau area falls into an interval between late
Carboniferous and late Triassic (from about 320 to about 220 Ma)
with a peak in the Permian (300—260 Ma). It appears, therefore,
very likely that these are the time brackets for formation of the
main gold mineralization (Bierlein et al., 2006). Interestingly,
exactly the same conclusion was reached much earlier by
Gar’kovets et al. (1970) analyzing regional geological data of gold
mineralization in the Tien Shan area. Secondly, regional meta-
morphism finished in the early Devonian at about 400 Ma, well
before the peak of magmatic and hydrothermal activity in the re-
gion. The main magmatic activity falls in a time interval between
305 and 285 Ma (late Carboniferous—early Permian); as discussed
in section 7.1.3, an age close to 300 Ma is more likely. It remains,
however, an open question whether some later magmatic events
have to be considered as well. Results reported by Zarembo (1968)
and Nemchin (2002, personal communication cited in Kempe et al.,
2015) indicate some additional magmatic activity in the early
Triassic (at about 255 Ma). Likewise, the age of lamprophyre and
kersantite magmatism in the region remains equivocal although
there are indications that it may have occurred closely in time to
the main granite magmatism at 290—300 Ma.

According to Sm-Nd, Rb-Sr and K-Ar data, the formation of Au-
rich potassic metasomatites and of high-temperature Au-bearing
group 2 quartz veins roughly overlap in time (275—280 Ma). These
age data are, however, in some conflict with the higher Re-Os
arsenopyrite ages clustering around 290 Ma as defined by Morelli
et al. (2004, 2007). Note that although the latter measurements
are more precise, the former results were obtained utilizing three
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independent isotope systems. It is not yet feasible to resolve a
possible age difference between the main granite magmatism on
the one hand and the high-temperature alteration and vein for-
mation on the other (e.g., Morelli et al., 2007; Kempe et al., 2015).
Likewise, there may have been a time overlap between granite
magmatism and high-temperature hydrothermal activity. On the
other hand, the isotope data clearly demonstrate that there were at
least three periods of hydrothermal activity distinctly separated
from each other in time: (1) Sm-Nd isotope systematics of scheelite
[ yield strong evidence that the early scheelite I in the flat veins
must have been formed long before the later scheelite II in the
cross-cutting stockwork structures, although it is not yet possible to
define the absolute formation age for scheelite I. This inference
supports similar conclusions made from geological and mineral-
ogical observations as reviewed in section 5.2. The apparent
isochron age of 350 Ma for scheelite I is well below the Rb-Sr and K-
Ar closure ages of the metamorphic sequences quoted in the pre-
vious paragraph. Nevertheless, a formation of the ductile deformed
“flat” veins during or before the intense folding of the Besapan
rocks could not be excluded or verified. (2) A second stage of hy-
drothermal activity is commonly linked to the formation of the
main Au-bearing quartz veins (group 2 “Central” and surrounding
stockwork veins) and to potassic alteration at about 280—290 Ma.
Both processes occurred at relatively high temperatures around
400—420 °C as indicated by thermodynamic data for the alteration
assemblages, the mineral assemblages present in the veins and
fluid inclusion data. (3) At least one, but possibly two or more late
and low-temperature hydrothermal events are indicated by
disturbed or late Rb-Sr, K-Ar and Ar-Ar ages of vein systems, mica
and adularia. One event seems to be adequately constrained at
about 220 Ma (late Triassic) by Rb-Sr, K-Ar and Ar-Ar isotope data
for adularia-bearing veins. Possibly, another event occurred at
about 240—250 Ma (early Triassic), but more efforts are needed for
clarification. As we have shown, the first and the second hydro-
thermal events are considered to be related to economic gold
precipitation. Nevertheless, the main ore mineralization is related
to the formation of group 2, cross-cutting and high-temperature
quartz veins and of the enveloping biotite and K-feldspar-rich
metasomatites.

Closer examination of the Au-rich “Central” quartz veins
revealed that there were at least two consecutive stages of gold
precipitation in these veins, which are not yet resolved from each
other in time by isotope research. During the early phase, moderate
Ag-bearing, small idiomorphic Au I crystals precipitated simulta-
neously with normally zoned, hydrothermal quartz. Similar gold
formed in the altered K-rich wall rocks. Subsequently, these veins
(and in particular, the quartz) were strongly affected by brittle
deformation. During this event, phase separation occurred within
the fluids and a Ag-poor, commonly larger and anhedral Au II
formed within grain interstitials and, again, in the adjacent wall
rocks (Graupner et al., 2005a).

8.5. Breccia-related mineralization?

We should consider here the occurrence of breccia textures
within the ore bodies in some more detail. Marakushev and
Khokhlov (1992), Drew et al. (1996) and Bierlein and Wilde
(2010) noticed the frequent occurrence of breccia textures in the
metasomatic wall rocks. Marakushev and Khokhlov also described
a common observation of local breccia controlling gold distribution
within the biotite metasomatites. The features described by these
authors apparently differ from the fault-controlled breccia nor-
mally met within late alteration assemblages close to the southern
Fault zones mentioned in paragraph 5. Earlier, two types of breccia
(one fault-controlled and another related to veining in the

stockwork) were described by Bendik (1969). Graupner et al.
(2000) described breccia textures common in vein quartz of the
“Central” veins revealed by CL. These textures control the distri-
bution of Au II. Breccia textures were also noticed by Kempe et al.
(2001a,b) for scheelite I, monazite and allanite, respectively.
Similar observations were reported by Bierlein and Wilde (2010) for
arsenopyrite. Graupner et al. (2005a) found that breccia textures
are common not only within vein quartz of “Central” veins but
widely involve adjacent wall rocks. These observations raise the
question on the nature of these breccia textures. Although Drew
et al. (1996) related breccia formation to the activity of fault
zones cross-cutting the deposit, we suggest here that the observed
features are difficult to explain by a simple shear model. Consid-
ering the column (or cone-like) geometry of the ore bodies, we
argue that the textures described within and adjacent to the
“Central” veins may represent hydrothermal breccia (Bierlein and
Wilde, 2010) or even an explosion breccia (caused by hydraulic
fracturing) instead of tectonic breccia. To our knowledge, there
were no special investigations on this subject so far.

8.6. Crustal and mantle sources

For the evaluation of the nature of the circulating fluids, several
isotope and geochemical signatures have been examined. The
resulting picture is, however, not as clear as may be expected. Initial
isotope ratios of Sr and Nd defined for the vein mineralization and
the ore-bearing metasomatites represent crustal signatures and
indicate equilibrium with the host rocks (as are the stable isotope
ratios of S and C). As discussed by Kostitsyn (1996) and Kempe et al.
(2001a), these findings for Sr and Nd are not a proof for a meta-
morphic source of the fluids, but rather point to intense fluid-wall
rock interaction. The trace-element signatures of the hydrothermal
quartz also speak against a metamorphic fluid (Monecke et al.,
2002). On the other hand, intense Sr and Nd isotope exchange
between the fluids and magmatic or sedimentary carbonate rocks
may be excluded. The isotope signatures for O and some noble
gases (Ne, Kr, Xe; Graupner et al., 2006) point to an involvement of
near-surface or even atmospheric gases. Br/Cl ratios and He isotope
characteristics as well as some C isotope data indicate the
involvement of sub-crustal, juvenile sources (Graupner et al.,
2006). As demonstrated, it is difficult to relate gold mineraliza-
tion to granite magmatism using the above criteria; the only hint at
a possible role of granite magmatism is the close association with
gold mineralization in space and time. Clearly, the formation of the
contact aureole around the granite intrusion has changed the rock
properties dramatically and, consequently, promoted extensive
veining during deposit formation. On the other hand, genetic links
to lamprophyre and kersantite magmatism remain also rather
speculative.

8.7. Muruntau — a unique world-class Au deposit

One point of special interest is the unique size of the Muruntau
deposit. Some authors have discussed this issue to some extent
(Marakushev and Khokhlov, 1992; Drew et al., 1996; Konstantinov
et al,, 2000; Wilde et al., 2001; Wall et al.,, 2004; Bierlein et al.,
2006; Bierlein and Wilde, 2010). According to Marakushev and
Khokhlov (1992), two processes led to the occurrence of an
extensive gold mineralization: (1) enrichment of gold and carbon in
the host rocks and (2) interaction of these host rocks with lamp-
rophyric magmas. Except for the particular mechanism suggested
for gold redistribution, this concept is similar to the syn-/epigenetic
model for “Kyzylkum-Type” gold deposits as outlined in section 7.2.
Wall et al. (2004) acknowledged the special features of the host
rocks (interbedding of conformable and brittle rocks, hornfels
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formation etc.) allowing extended fracturing and permeability.
These authors also suggested an important role of Devonian to
Carboniferous carbonates as a seal on top of the hydrothermal
system. According to Wall et al. (2004) a key role comes from a
granite pluton at depth forming the hornfels aureole, supplying
heat and auriferous fluids rich in S, As and W. These conclusions
overlap to some extent with suggestions made earlier by Drew et al.
(1996). The latter authors considered a long-lasting tectonic evo-
lution as the essential condition for the formation of extensive gold
mineralization: (1) regional metamorphism and the development
of schistosity, (2) thrusting with related shear zones, (3) flat vein
formation, (4) activation of the Muruntau-Daughyztau fault with
stockwork formation, and (5) later waning stages. The role of the
granite intrusion as a heat source was also acknowledged. Similarly,
Wilde et al. (2001) stressed the long-lasting, polychronous forma-
tion of Muruntau which they see as the key-condition for the for-
mation of a super-large gold deposit. According to Bierlein and
Wilde (2010), the long-lasting evolution resulted in a combina-
tion of characteristics typical of two or more types of gold deposits.

We acknowledge the polygenetic nature of the ore-forming
processes at Muruntau. Certainly, the formation of group 1 veins
as well as of various group 3 veins and related metasomatites had
an important impact on the concentration and redistribution of the
gold within the deposit. However, the unique size of Muruntau is
mainly defined by the giant hydrothermal system which has
formed group 2 veins and the ore-bearing potassic metasomatites.
We therefore suggest that the main ingredients for the formation of
the super-large hydrothermal system, which distinguish Muruntau
from other deposits in the region and elsewhere, are: (1) the
intersection of two regional fault zones (Tamdytau-Sangruntau and
Muruntau-Daughyztau) permitting quick ascent of fluids and,
possibly, magmas from lower crustal levels; (2) the related high
temperature (400—450 °C) of the ore-forming fluids as reflected by
fluid inclusion characteristics and the alteration and vein mineral
assemblages. The high temperature resulted in intense fluid-wall
rock interaction; (3) the formation of a hornfels aureole in rocks
including some with a relatively high porosity (psammites)
allowed extensive veining on one hand and large-scale meta-
somatic infiltration and alteration on the other during high-
temperature hydrothermal activity. One additional factor of
importance may have been the inferred formation of pipe- or cone-
like explosion breccia. Clearly, this latter assumption has to be
explored in more detail. Our conclusions are similar to those drawn
by Konstantinov et al. (2000) suggesting that the intersection of
regional fault zones, the widespread occurrence of high-
temperature potassic metasomatism and the poly-stage forma-
tion are the main conditions leading to the formation of a super-
large gold deposit at Muruntau.

9. Outlook

According to our recent knowledge, it is highly unlikely that the
Muruntau deposit is a classical metamorphic gold deposit, although
there are some “metamorphic” isotope signatures — other
geochemical and isotope markers are clearly non-metamorphic.
There are no data clearly supporting a synsedimentary origin of
the gold besides the enhanced gold contents in the Besapan
Sequence. Similarly, the knowledge on the pre- or syndeformation
“flat” quartz veins is still restricted. The main granite magmatism at
Muruntau is at least close in time to the main hydrothermal ac-
tivity, but there are no signs for an exchange of matter between the
granitoids and the hydrothermal system(s). Exchange of matter
with the hydrothermal system(s) is also not indicated for the lower
Tasgazkan Sequence and the upper sedimentary dolomite. On the
other hand, rather extensive and intensive high-temperature

interaction is seen between the fluids and the wall rocks leading
to the formation of Au-bearing metasomatites. An involvement of
lower crustal- or mantle-related material or systems is indicated.
There is, however, still no clarity concerning the heat source
(granitoids or other magmatic systems, mantle plumes etc.) and the
source of the elements enriched during hydrothermal activity as,
for example, U, Th, W, As and, in particular, Au. Possibly, crustal
thinning as assumed by Bierlein et al. (2006) was a global key factor
in this respect.

Summarizing, considerable progress has been reached in the
understanding of the genesis of the giant Muruntau gold deposit
during the last decades. Nevertheless, fundamental problems still
need to be addressed. So, the occurrence of low-level gold enrich-
ment around the deposit is still to be studied in a systematic
manner. Certainly, more efforts are needed in the field of absolute
age determination to better constrain the timing of metamorphism,
magmatism and hydrothermal activity. Systematic investigation of
the U-Pb zircon age distribution in the unaltered host rocks outside
the deposit may help to unravel their real sedimentation ages.
Additional Rb-Sr and K-Ar or Ar-Ar investigations and fission track
and/or U-Th-Sm-He studies on the same rock packages may be
helpful to verify the thermal history of regional metamorphism and
— inside the ore field — of hydrothermal activity. To constrain the
timing of granite magmatism and of various hydrothermal events,
studies on other mineral isotope systems (e.g., U-Th-Pb of rutile,
monazite and/or allanite) may be helpful. Of particular importance
are systematic studies on the dikes and the granite intrusions with
the aim to verify their absolute and relative age relationships,
petrology, alteration characteristics and the time relations to
various vein systems and alteration styles. Hopefully, it would be
possible to resolve absolute time relations between magmatism,
metasomatism and veining more exactly. In this context, the ge-
netic classification of vein types considering possible variations in
mineral associations within each type should be verified. Other
points still open for discussion are the possible role of granite and
lamprophyre magmatism in the formation of gold mineralization
and the association of gold with such “unusual” elements as
tungsten and uranium.
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