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ABSTRACT
The paper presents first high-precision data, U-Pb detrital zircon ages, whole-rock geochemistry, 
Hf-in-zircon and whole-rock Nd isotopes, from pre-Devonian (Ediacaran and Silurian) clastic sedi-
ments (sandstones) of the Tamdytau, Bukantau and Nuratau mountainous ranges of the Kyzylkum 
Desert and Nuratau Range in the western Uzbek Tienshan. The sediments form a turbidite-type 
complex associated with ocean plate stratigraphy units (oceanic pillow basalt, chert, siliceous 
mudstone and siltstone) and arc volcanic rocks. Four sandstone samples from the Tamdytau and 
Northern Nuratau Mts. (Besapan and Kaltadavan formations, respectively) yielded maximum 
depositional ages in the range of 570–540 Ma. These ages indicate the formation of pre- 
Devonian sedimentary units during a relatively narrow time interval from the latest 
Neoproterozoic (Ediacaran) to the earliest Cambrian, i.e. ca. 50–70 Myr. Five samples of turbidites 
from the Bukantau Mts. (Baimen Fm.) yielded a maximal depositional age of ca. 440 Ma, i.e. early 
Silurian (Llandovery). The petrographic, major and trace element compositions, as well as εNd(t) 
values ranging from -16 to -9 of those sandstones suggest their generally mature character and 
derivation from recycled orogens with a limited contribution of juvenile crust material. All sand-
stone samples yielded similar detrital zircon U-Pb age patterns characterized by major peaks at 
650–570, 870–730, 1050–900 and 2400 Ma and by a smaller peak at ca. 1800 Ma. These patterns are 
similar to the U-Pb age spectra from the basement of the Tarim Craton. However, the Kyzylkum 
basement may contain a larger proportion of late Archaean rocks and igneous formations related 
to Ediacaran – earliest Cambrian orogenic events. All samples showing U-Pb detrital zircon age 
spectra with peaks at 650–570 Ma carry relatively large amounts of zircon grains with juvenile Hf 
isotope characteristics, i.e. positive εHf(t) (up to +10) suggesting their derivation from continental 
or Island arcs. The presence of exotic tectonic blocks composed of Ediacaran arc-type rocks hosted 
by the accretionary complex of the South Tienshan suggests that an extended arc system once 
existed at the southern convergent margin of the Turkestan Ocean. That arc system provided 
clastic material for the Palaeozoic sediments of the South Tienshan, but was probably destroyed by 
tectonic erosion during early Palaeozoic oceanic subduction.
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1. Introduction

The Central Asian Orogenic Belt (CAOB) is the world 
largest accretionary orogen comprising numerous 
Precambrian to Palaeozoic continental blocks and 
Island arcs that amalgamated as a result of the suturing 
and final closure of the Paleo-Asian Ocean during the 
late Palaeozoic (e.g. Zonenshain et al. 1990; Windley 
et al. 2007; Biske and Seltmann 2010; Safonova et al. 
2011; Xiao et al. 2013; Kröner et al. 2014). In the southern 

part of the CAOB, the late Palaeozoic events formed the 
South Tienshan collisional orogenic belt, which is criti-
cally important for understanding the evolution of the 
CAOB as a whole. The South Tienshan formed as a result 
of the suturing of the Turkestan Ocean and other 
branches of the Paleo-Asian Ocean and convergence 
and collision between ancient continental blocks of the 
Paleo-Kazakhstan in the north and the Karakum and 
Tarim continents in the south (Figure 1) (e.g. Biske 
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1996; Windley et al. 2007; Biske and Seltmann 2010; 
Burtman 2015; Safonova et al. 2016). The evolution of 
the Tarim margins has been relatively well studied (e.g. 
Xiao et al. 2013; Zhang et al. 2013, 2019; Wang et al. 
2018), however, we know much less about the 
Neoproterozoic and Palaeozoic evolution of the wes-
ternmost Tienshan belt built up on the basement of 
the Karakum continent. Unlike the Tarim marginal ter-
ranes, the western South Tienshan and Karakum include 
Palaeozoic suture zones dissecting the northern 
Karakum margin. These suture zones separate microcon-
tinents, the northern Karakum margin and accretionary 
complexes of the South Tienshan exposed in the terri-
tory of western Uzbekistan (e.g. Biske and Seltmann 
2010; Dolgopolova et al. 2017; Savchuk et al. 2018; 
Konopelko et al. 2019). These terranes occupy vast 
areas of ca. 1000 × 1000 km and are covered by sands 
of the Kyzylkum and Karakum deserts (Figure 1). 
Consequently, their geodynamic evolution remains 
poorly understood, in particular, in terms of the ages, 
provenances and depositional environments of fossil- 
free siliciclastic formations. Few, if any, U-Pb detrital 
zircon ages and Hf-in-zircon isotopes and up-to-date 
whole-rock and geochemical data from those clastic 
sedimentary formations have been reported so far. The 
only three samples of clastic sediments of the lower 
allochthon and upper allochthon (Besapan 3 Fm.) col-
lected in the southeastern and central Kyzylkum Desert 
have been analysed for U-Pb detrital zircon ages before 
(Mirkamalov et al. 2012; Konopelko et al. 2019). However, 
no chemical data from such rocks have been reported so 
far. Those three samples show similar maximum deposi-
tional ages of 580–520 Ma suggesting that they were 

derived from provenances consisting of coeval igneous 
formations. To fill that gap and to make geochronologi-
cal and geodynamic constrains more reliable, in this 
paper we present first results of geochemical, isotopic 
(whole-rock Nd and Hf-in-zircon) data and new U-Pb 
detrital zircon ages from nine samples of 
Neoproterozoic to early Palaeozoic fossil-free clastic 
sedimentary rocks sampled in the Bukantau and 
Tamdytau of the Kyzylkum Desert and in the Northern 
Nuratau Mts. (Figure 1). We will focus on the composi-
tion and depositional ages of clastic sediments in an 
attempt to reconstruct tectonic settings of their deposi-
tion and to provide more details on the composition and 
nature of their igneous protoliths.

2. Regional tectonic outline and geology

2.1 Major tectonic units of the western Tienshan

The western Tienshan in the territory of Kyrgyzstan, 
Tajikistan and Uzbekistan consists of three major tectonic 
units or terranes: Northern Tienshan, Middle Tienshan and 
South Tienshan (Zonenshain et al. 1990; Biske and Seltmann 
2010; Burtman 2015). These east-west trending linear ter-
ranes are cut by the NW trending Talas-Fergana Fault with 
a total dextral offset of about 200 km (Figure 1). The 
Northern Tienshan represents an early Palaeozoic continen-
tal arc formed at the southern margin of the Paleo- 
Kazakhstan continent as a result of the northward subduc-
tion and subsequent closure of the Terskey Ocean during 
the late Ordovician (Lomize et al. 1997; Ghes 2008). The 
Middle Tienshan includes the Chatkal-Kurama terrane, 
a late Palaeozoic continental arc formed during the 

Figure 1. Major tectonic units of the western Tienshan (modified from Dolgopolova et al. 2017).
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evolution and closure of the Turkestan Ocean, a branch of 
the Paleo-Asian Ocean separating the Paleo-Kazakhstan 
from the southern continents of Karakum and Tarim 
(Biske and Seltmann 2010; Safonova et al. 2016). The 
Middle and South Tienshan are separated by the 
Southern Tienshan Suture. The South Tienshan belt repre-
sents an accretion-collisionak belt or a pile of folded tec-
tonic nappes, which were thrust southward over the 
passive margin of the Karakum-Tarim continent during 
the closure of the Turkestan Ocean in late Carboniferous 
time (Biske and Seltmann 2010). It also hosts shelf lime-
stones of the Kyzylkum-Alai terrane that was accreted to an 
active margin of the Turkestan Ocean in the Silurian. The 
western part of the South Tienshan consists of four seg-
ments (west to east): Kyzylkum, Nurata, Gissar and Alai 
(Figure 1). In this paper, we focus on the Kyzylkum 
andNurata segments.

2.2 Geology of the Kyzylkum Desert area and 
sampling sites

The Palaeozoic formations exposed in the Kyzylkum 
Desert and in the Nurata Range constitute the 
Kyzylkum and Nurata segments of the South 
Tienshan terrane. The Kyzylkum and Nurata segments 
compose a large accretion-collisional complex formed 
in a late stage of the evolution of the Turkestan 
Ocean, at an active margin of the Paleo-Kazakhstan 
continent (Figure 1) (Burtman 1975; Mukhin et al. 
1988; Biske and Seltmann 2010; Savchuk et al. 2018). 
The South Tienshan terrane is bounded from the 
north by the Southern Tienshan Ophiolite Suture 
zone. The ophiolites of the suture zone crop out in 
the northern Nuratau Range and can be traced under 
the Mesozoic–Cenozoic sediments of the northern 
Kyzylkum Desert. A metagabbro sampled in the 
Northern Nuratau Range yielded a U-Pb zircon age 
of ca. 448 Ma (Mirkamalov et al. 2012). The southern 
boundary of the South Tienshan terrane and the 
adjacent Karakum active margin include several 
Palaeozoic sutures, e.g. Ordovician metavolcanic 
rocks of the Kuldzhuktau Mts. and serpentinites of 
the southern Nuratau Range (Biske and Seltmann 
2010). The metamorphic rocks exposed in the north-
ern Nuratau Range may represent fragments of the 
basement of the South Tienshan terrane (e.g. 
Akhmedov 2000), however, they are not exposed out-
side the Nuratau Range. The U-Pb ages of igneous 
zircons from Palaeozoic granites (Chiaradia et al. 
2006) and detrital zircons from metasediments 
(Seltmann et al. 2011; Mirkamalov et al. 2012; 
Konopelko et al. 2019) suggest that the basement of 
the Kyzylkum and Nurata segments is Neoproterozoic, 

although the ca. 2.5 Ga detrital zircons indicate the 
presence of Archaean to Paleoproterozoic rocks in the 
provenance.

The Kyzylkum Desert and the Northern Nuratau 
Range are dominated by latest Neoproterozoic – 
early Palaeozoic clastic sediments forming 
a Caledonian turbidite-type complex (Figures. 2, 3) 
(Biske 1996). The complex consists of variable meta-
morphosed sedimentary formations of two allochto-
nous units: lower and upper (Mukhin et al. 1988). 
The lower allochthon unit includes (bottom to top) 
quartzites, amphibolites and schists of the Taskazgan 
Formation, sandstones and shales of the Besapan 1 
Formation and shales and turbidites of the Besapan 
2 Formation also referred to as ‘black Besapan’ 
(Bukharin et al. 1985). The upper allochthon unit 
includes (bottom to top) flyschoids with carbonate 
and siliceous olistolithes of the Besapan 3 Formation 
also referred to as ‘variegated Besapan’ and rhyth-
mically bedded clastic sediments of the Besapan 4 
Formation also referred to as ‘green Besapan’ 
(Bukharin et al. 1985; Akhmedov et al. 2001). 
According to the Stratigraphic Code of Uzbekistan, 
these four ‘Besapans” must be referred to as 
Kurgantau Fm., Rokhat Fm., Kosmanachi Unit, and 
Murun Fm., respectively (Akhmedov et al. 2001). In 
general, the Besapan and Taskazgan formations are 
tectonically juxtaposed in extended mélange zones 
(Mukhin et al. 1988; Savchuk et al. 1991). The rhyth-
mically bedded black shales host several prominent 
Au deposits including the world known giant 
Muruntau Au-deposit hosted by Besapan 3 Fm. 
shales (Glorie et al. 2019; Seltmann et al. 2020).

In the northern Kyzylkum (Figure 2(a)), the sedimen-
tary and volcanic rocks exposed in the Bukantau Mts. 
belong to the Baimen Fm. of lower-middle Llandovery 
age (graptolites; Akhmedov et al. 2001), consisting of 
rhythmically interbedded siliceous mudstone, siltstone 
and shale with sandstones (Figure 3). In the central 
Kyzylkum (Figure 2(b)), the turbiditic packages asso-
ciated with oceanic sediments and siliceous shales and 
mafic to andesitic volcanic rocks belong to the 
Kaltadavan Fm. of middle to late Ordovician age deter-
mined by conodonts and chitinozoans (Akhmedov et al. 
2001). However, Biske and co-authors think that those 
age constrains are erroneous as come from an allochto-
nous tectonic sheet thrust under a package of sand-
stones carrying zircons which youngest ages are 
Cambrian (Biske et al. 2021). The Kaltadavan Fm. is 
exposed only in the northern Nuratau and western 
Turkestan ranges and probably is an analogue of the 
Besapan and Taskazgan formations of the northern 
Kyzylkum composing the lower allochthon.

INTERNATIONAL GEOLOGY REVIEW 3



In this paper, we present first U-Pb ages and geochem-
ical data from nine samples of sandstones collected at 
several localities of the northern and central Kyzylkum 
(Figures 1– 3). For sampling coordinates and sample 
description see Supplementary table S1. All sampled 
sandstones come from turbidite-type packages associated 
with ocean plate stratigraphy lithologies (Isozaki et al. 
1990; Safonova et al. 2016): pillowed basalt, pelagic 
chert and hemipelagic siliceous mudstone and siltstone 
and turbiditic sandstone (Figure 4). Note, that clastic 

sediments, typically sandstones of accretionary com-
plexes, may belong to both ocean plate stratigraphy 
trench sequence and cover overriding plate cover 
sequence.

Sandstone sample UZG-17-18 was collected from 
a rhythmic sedimentary sequence of the Besapan 2 Fm. 
of the lower allochthon, approximately 8 km south of the 
Muruntau Au deposit of the Tamdy Mts. in the northern 
Kyzylkum Figure 2(a), 5(a). Sample Uz-24-17 was collected 
in a mélange zone in the northern Tamdy Mts. and also 
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Figure 2. Geological sketch maps of the Kyzylkum and Nurata segments: A, Tamdy and Bukantau mts., Northern Kyzylkum; B, Nurata 
Mts., showing sampling locations.

Figure 3. Geological sketch map of the Baimen site in the Bukantau Mts. showing the location of samples. Note that ocean plate 
stratigraphy lithologies belong to the Dzhilbirbay (early-middle Ordovician) and Baimen (early Silurian) formations and they also occur 
as blocks in melange.
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probably represents a sedimentary formation of the 
lower allochthon (Figure 2(a)). Sample Uz-05-17 of the 
Besapan 4 Fm., the upper allochthon, was collected in 
the southern Tamdy Mts. Figure 2(a), 5(b). Five more 
samples of sandstones (Uz-27-17, Uz-30-17, Uz-32-17, 
BM-3, BM-4; Figure 5(c)) of the Baimen Fm. were 
collected in the Bukantau Mts., the northernmost 
part of the study area (Figure 2(a), 3). Sample UZG- 
17-25/2 is a sandstone of the Kaltadavan Fm. col-
lected in the northern Nuratau Range (Figure 2(b)).

3. Petrography

Figure 6 shows microphotographs of thin sections of 
the sandstones under study. Sample BM-3 belongs to 
the Baimen Fm. of Silurian age and was collected in 
the western Bukantau Mts. (Figure 3). The moderately 
sorted greenish-grey fine-grained (0.1–0.25 mm) 
sandstone consists of angular to sub-rounded grains 
of mono- and polycrystalline quartz (50%), plagioclase 

(less than 10%), lithic fragments of quarzite, siliceous 
and volcanic rocks (30%), muscovite and biotite (2%). 
The cement contains clay minerals (Figure 6(a)).

Sample Uz-05-17 belongs to the green Besapan 4 Fm. 
and was collected in the southern Tamdy Mts. (Figure 2 
(a)). The poorly sorted greenish silty sandstone consists 
of angular and sub-rounded mono- and polycrystalline 
quartz (50%), plagioclase (5%) and muscovite (2%). The 
cement consists of secondary quartz (Figure 6(b)).

Sample Uzg-17-18 was collected in the northern 
Tamdy Mts. from a package of interbedded siltstone and 
sandstone of the lower part of the Besapan Fm. (Figure 2 
(a)). The grey fine/medium-grained (0.1-.04 mm) poorly 
sorted silty sandstone is dominated by mono- and poly-
crystalline quartz with subordinate plagioclase and mus-
covite and accessory zircon. The cement consists of clay 
minerals Figure 6(c,d).

Sample Uzg-17-25/2 was collected in the northern 
Nuratau Mts. from a package of medium/coarse- 
grained sandstones of the Kaltadavan Fm. (Figure 2 

Figure 4. Field photos of ocean plate stratigraphy and supra-subduction lithologies all typical of subduction-accretionary complexes: 
pelagic chert, pillow basalt, and volcanic flows from the Tamdy (A-D) and Bukantau (E-F) mountains. A, C, E, chert; B, D, pillow lavas; F – 
volcanic rocks.
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(b)). The poorly sorted dark grey medium/coarse-grained 
(0.2–0.8 mm) sandstone consists of sub-angular to 
rounded grains of mono- and polycrystalline quartz 
(40%), feldspar (15%), lithic fragments of granoblastic 
miсroquartzite, siliceous and volcanic rocks (10%), musco-
vite and biotite (2%) and accessory zircon (Figure 6(e,f)). 
The cement consists of chlorite and clay minerals.

For six samples containing less cement we performed 
petrographic counting to evaluate their model composi-
tion (Supplementary table S2). We counted at least 300 
grains of lithic rock and mineral fragments (Lv – volcanic, 
Ls – sedimentary), quartz (Q) and feldspar (F). The petro-
graphy-based classifications of Shutov (1967) and Folk 
(1980) show that all sandstones represent quartz- 

Figure 5. Outcrop photographs of sandstones from the Besapan 2 Fm. (a) and Besapan 4 Fm. (b) of the Tamdy Mts., Baimen Fm. of the 
Bukantau Mts. (c) and Kaltadavan Fm. of the northern Nuratau Mts. (d).

Figure 6. Microphotographs of thin-sections of Kyzylkum-Nurata sandstones (crossed nicoles). Abbreviations: Ls – lithic fragments of 
sedimentary rocks, Lv – lithic fragments of volcanic rocks, Ms – muscovite, Pl – plagioclase, Qm – monocrystalline quartz, Qp – 
polycrystalline quartz, Zrn – zircon.
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feldspar greywackes, quartz greywacke and arkose grey-
wacke (Shutov 1967) and litharenite, feldspatic lithare-
nite and lithic felsarenite, respectively (Folk 1980) 
(Figure 7).

4. Results

In order to reconstruct the composition and provenance 
of the Kyzylkum and Nurata sandstones under study we 
performed U–Pb isotope dating and Lu-Hf analysis of 
detrital zircons, whole rock major and trace element ana-
lyses and Nd isotope measurements. For details on the 
methodology and analytical procedures see Electronic 
supplementary document S1.

4.1. U-Pb detrital zircon geochronology

Zircon grains from the nine samples of sandstones were 
analysed by LA-ICP-MS at the University of Nanjing, China. 
The U–Pb analytical data and calculated ages are pre-
sented in Supplementary table S3. Following a common 
practice for further interpretation and discussion, we used 
the 206Pb/238U ratios for the inferred ages younger than 
1000 Ma and 207Pb/206Pb ratios for zircons older than 
1000 Ma (Black and Jagodzinski 2003; Black et al. 2003). 
For sample descriptions see section 2 and Supplementary 
table S1.

Sample Uzg-17-25/2 (Kaltadavan Fm.) carries slightly 
elongated and rounded detrital zircon grains, which 
yielded 71 U-Pb ratios and calculated ages (Figure 8(a)). 
The calculated U-Pb ages range from 2750 to 542 Ma with 
two major broad peaks at 2700–2400 and 1200–750 Ma 
and one younger narrow peak at 564 Ma. In addition, 
eleven grains yielded sporadic ages in the range of 
2200–1600 Ma. Six youngest grains with ages ranging 
from 598 to 542 Ma suggest a latest Neoproterozoic 
Ediacaran maximum depositional age of the Kaltadavan 
Fm. in the Nuratau Mts.

Samples Uz-05-17, Uzg-17-18 and Uz-24-17 (Besapan 
Fm.) yielded 197 U-Pb ages (Figure 8(b)). The calculated 
U-Pb ages range from 3080 to 541 Ma with a major broad 
peak at 1000–550 Ma and a smaller narrow peak at 
2500 Ma. The remained ages are in the range of 2300– 
1500 Ma and two grains yielded Archaean ages of ca. 
3000 Ma. The youngest 14 grains in the range from 598 
to 541 Ma suggest a latest Neoproterozoic Ediacaran max-
imum depositional age of the Besapan Fm. in the 
Tamdy Mts.

Samples Uz-27-17, Uz-30-17 and Uz-32-17 (Baimen 
Fm.) yielded similar spectra of U-Pb detrital zircon ages 
and therefore in Figure 8(c) we show summarized 
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Figure 7. Petrography based classification diagrams: (a), Shutov 
(1967); (b), Folk (1980); (c), Dickinson et al. (1983). L – lithic 
fragments, Q – quartz, F – feldspar.
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histograms and probability plots. The U-Pb ages range 
from 3302 to 433 Ma with a broad peak at 1200–600 and 
a younger narrow peak at 445 Ma. Similar to other 

Kyzylkum samples, the Baimen samples show smaller 
broad peaks at 2800–2400 and 2100–1550 Ma (Figure 8 
(c)). The youngest nine grains yielded ages ranging from 

0

4

8

12

16

0 500 1000 1500 2000 2500 3000 3500
Age, Ma

0

4

8

12

0 500 1000 1500 2000 2500 3000 3500

962

774

564

2498

0

15

30

45

0 500 1000 1500 2000 2500 3000 3500

587

624

788

689

987

1883

2481

445

2505

863

777

826

610

Ediacaran
Kaltadavan Fm.

Sample Uzg-17-25/2
N=71

Ediacaran Besapan Fm.
Samples Uzg-17-18,
Uz-05-17, Uz-24-17

N=197

Silurian Baimen Fm.
Samples Uz-27-17, 
Uz-30-17, Uz-32-17, 

N=122

a

b

c

Figure 8. Histograms of U-Pb detrital zircon ages with probability density curves for sandstones of the Kaltadavan (a), Besapan (b) and 
Baimen (c) formations.

8 D. KONOPELKO ET AL.



450 5 434 Ma suggesting the early Silurian (Llandovery) 
maximum depositional age of the Baimen Fm. in the 
Bukantau Mts.

4.2. Whole-rock chemical composition

The whole-rock major and trace element data from the 
nine samples of sandstones were obtained in the 
Institute of Geochemistry, SB RAS, Irkutsk, Russia 
(Supplementary tables S4 and S5). In the classification 
diagram of Petijohn (1972), seven samples plot in the 
field of litharenite and two samples plot in the field of 
greywacke (Figure 9(a)). The analysed sandstones have 
high concentrations of SiO2 in the range of 72 to 84 wt. 
%, which are higher than that of the average upper 
continental crust (UCC; 66.6 wt. %) and post-Archaean 
Australian shales (PAAS; 62.4 wt. %) (Taylor and 
McLennan 1985). Accordingly, the concentrations of 
other major oxides are lower than in the UCC and 
PAAS and generally demonstrate negative correlations 
with SiO2 in variation diagrams (Supplementary figure 
S1). To evaluate paleoweathering or recycling conditions 
of sediment deposition we used popular indexes of CIA 
(chemical index of alteration) and ICV (index of composi-
tional variability) (Figure 9(b)) (Nesbitt and Young 1982; 
Cox et al. 1995; Cullers and Podkovyrov 2000). High CIA 
values typically suggest strong weathering because the 
CIA values for unaltered plagioclase and K-feldspar are 
around 50, whereas those of kaolinite and gibbsite-rich 
shales, the products of strong weathering, are close to 
100 (Nesbitt and Young 1982, 1984). The sandstones 
have CIA in the range close to that of PAAS or slightly 
lower (CIA = 67.6–72.3) implying a provenance domi-
nated by strongly weathered sources with a possible 
minor participation of weakly weathered sources in 

several samples (Figure 9(b)). In general, the CIA indexes 
accord well with the general desert environment of 
sandstones.

ICV values reflect the compositional maturity of 
source rocks (Cox et al. 1995; Cullers and Podkovyrov 
2000). Low ICV values commonly indicate a mature 
source with abundant clay minerals typical of passive 
margin or continental settings, whereas high ICV values 
generally imply an immature source typical of active 
margin settings. The analysed sandstones have ICV 
values in a narrow range of 0.95 to 1.2 (Figure 9(b)), i.e. 
slightly higher than the ICV of PAAS (0.84) suggesting 
a mature detrital source in the provenance with 
a possible participation of immature sources such as 
intra-oceanic arcs and/or active continental margins.

Concentrations of trace elements in sediments gener-
ally reflect the composition of protolithic igneous sources 
once dominated in provenance. Large-ion lithophile ele-
ments (LILE), e.g. K, Na, Rb and Sr, can be mobile during 
sedimentation and/or metamorphism and, therefore are 
of little significance in determining source characteristics. 
The rare-earth elements (REE) and high-field strength ele-
ments (HFSE) and their ratios (e.g. La/Th) are more stable 
during sedimentation and may reflect chemical differen-
tiation in terrigenous sedimentary rocks. Mature and fine- 
grained clastic sediments such as PAAS (Nance and Taylor 
1976) tend to have higher abundances of La, Th, U, Zr and 
Hf and lower abundances of Ti, V, Co, Sc and Y compared 
to immature poorly sorted sediments such as Island arc 
greywackes (Taylor and McLennan 1985; Condie 1993). In 
addition, the REE have very low solubility in water and 
seldom fractionate relative to each other during exogen-
ous processes. Therefore, REE abundances and normal-
ized patterns should reflect compositions of source areas 
(McLennan 1989; Condie 1993).
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In the La–Th and Th–U diagrams Figure 10(a,b), most 
sandstones plot in the field of the Mesoproterozoic crust 
and close to PAAS with affinities to the average compo-
sition of greywacke from continental magmatic arcs 
suggesting their derivation from older continental 

crust. However, two samples of sandstones from the 
Besapan Fm. plot between the PAAS and oceanic crust 
suggesting participation of intra-oceanic arc sources. In 
addition, discrimination diagram La/Th – Hf uses Hf as 
a proxy to distinguish sediments formed in a passive 
margin environment due to the accumulation of Hf- 
rich minerals, such as zircon, in mature sediments. In 
the La/Th – Hf diagram, most sandstones plot close to 
the average composition of the upper crust with a trend 
towards the field of passive margin, while one sample of 
the Besapan Fm. plots in the field of acidic arc sources 
(Figure 10(c)).

Figure 11 shows the chondrite-normalized and PAAS 
normalized REE patterns of the sandstones in compar-
ison with that of PAAS Figure 11(a,c). The chondrite- 
normalized REE patterns of the analysed sandstones 
are characterized by Eu anomalies typical of igneous 
rocks with plagioclase fractionation, e.g. andesitic lavas 
of intra-oceanic or continental arcs. The PAAS- 
normalized REE patterns are parallel to that of PAAS 
aligned both above and below the PAAS line. The primi-
tive mantle normalized multi-element patterns of the 
Kyzylkum-Nurata sandstones are similar to that of PAAS 
but at higher levels and are characterized by negative 
Nb-Ta and Ti anomalies typical of supra-subduction 
lavas (Figure 11(b)). The PAAS normalized multi- 
element patterns of the Kyzylkum-Nurata sandstones 
are much more different from the PAAS pattern though 
as they show troughs at K, Sr and Ti and peaks at Zr-Hf.

4.3. Whole-rock Nd isotopes

Nd isotopic characteristics of sediments are indicative of 
their sources due to the low mobility of the REE. In this 
paper, we present first Sm–Nd isotopic data from seven 
whole-rock samples of the sandstones. The Sm–Nd iso-
tope ratios were measured in the Geological Institute of 
the Kola Science Center, Apatity, Russia. The isotope data 
are illustrated by an isotope evolution diagram in 
Figure 12(a). The initial isotopic ratios were calculated 
using the depositional ages obtained in this study 
(Supplementary tables S3 and S6; Figure 8).

The sandstones show variable and negative εNd(t) 
values ranging from – 6.5 to – 16.3. The Silurian sand-
stones of the Baimen Fm. are characterized by the lar-
gest variations and the lowest εNd(t) values (–16.3) 
(Figure 12(a)). Three samples of these rocks have εNd(t) 
values – 8.5, – 10.0 and – 16.3 with crustal Nd model ages 
(TDM*) 1.9, 2.0 and 2.5 Ga, respectively. In the Nd evolu-
tion diagram (Figure 12(a)), the Nd isotope data plot in 
the fields of middle-early Proterozoic and late Archaean 
crust suggesting the presence of recycled Precambrian 
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continental crust in the provenance. More evidence for 
this comes from the Nd model ages ranging from 2.5 to 
1.9 Ga, i.e. much older than the ca. 0.45 Ga depositional 
ages of the sandstones and from the large amount of 
Archaean and earliest Proterozoic detrital zircons 
(Supplementary table S3, Figure 8).

The Ediacaran sandstone of the Kaltadavan Fm. (Uzg- 
17-25/2) also has a strongly negative value of εNd(t), – 
14.8, and a very old crustal Nd model age of 2.5 Ga. In the 
Nd evolution diagram (Figure 12(a)), it plots in the field 
of late Archaean crust. The histogram shows a large 
number of Archaean and earliest Proterozoic detrital 
zircon grains, similar to that of the Baimen samples 
(Supplementary table S3), Figure 8(a,c).

Three samples of Ediacaran sandstones of the Tamdy 
Mts. have slightly higher εNd(t) values of – 6.5, – 8.8 
and – 9.4 with crustal Nd model ages TDM* of 1.8, 2.0 
and 2.1 Ga, respectively. In the Nd evolution diagram, 
the samples plot in the field of middle-early Proterozoic 
crust suggesting derivation from recycled Precambrian 
continental crust. However, one sample has a slightly 
higher εNd(t) value compared to the Baimen (Silurian) 
and Kaltadavan (Ediacaran) samples. This may be indica-
tive of the presence of juvenile material in the prove-
nance of the Besapan sandstones. More evidence for this 
comes from their geochemical characteristics, which are 
transitional between continental and Island arc grey-
wackes Figures 10, 12(a).

4.4. Hf-in-zircon isotopes

A number of zircon domains dated by LA-ICP-MS were 
also analysed for their Lu–Hf isotopic compositions at 
the University of Hong Kong, China (Supplementary 
table S7; Figure 12(b)). Due to technical reasons, we 
analysed zircon grains larger than 200 μm. Most of 
them appeared Neoproterozoic though. Seventy four 
Hf isotopic spot analyses of zircon grains from six sand-
stone samples yielded variable initial 176Hf/177Hf ratios 
corresponding to εHf(t) values ranging from −20 to +10. 
The calculate values of εHf(t) suggest compositionally 
diverse provenances including both ancient continental 
crust and juvenile sources. The Baimen (Silurian) and 
Kaltadavan (Ediacaran) sandstones carry zircons with 
mostly crustal Hf isotope characteristics (εHf(t) < 0). The 
Besapan samples from Tamdy Mts. (Ediacaran) show 
a significant proportion of detrital zircons with mixed 
(0 < εHf(t) < +5) to juvenile (εHf(t) > +5) isotope char-
acteristics with much younger crustal model ages (tHfc) 
of 1.2–0.9 Ga (Figure 12(b)).

5. Discussion

In this paper, we presented first whole-rock geochemical 
and Nd isotope data (Figure 9–12a) from sandstones of 
the southern Tienshan (Figure 1), new U-Pb ages 
(Figures 8, 13) from Ediacaran-Cambrian sandstones of 
the Tamdytau Mts. (Kyzylkum segment; Figure 2(a)) and 
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Northern Nuratau Mts. (Nurata segment; Figure 2(b)) and 
first detrital zircon data from the Silurian sandstones of 
the Bukantau Mts. (Figure 3). Among those are first Hf-in- 
zircon data from sandstones of the whole Uzbek 
Tienshan (Figure. 12(b), 15). In this section, we discuss 
all new and previous zircon and whole-rock data from 
the Kyzylkum-Nurata sandstones in terms of their 
depositional ages (Figures. 8, 13), probable provenances 
(Figure 14), age and nature of igneous protoliths 
(Figures. 13, 15) and geodynamic environments recon-
structed for the study area and the whole southern 
Tienshan (Figure 16).

5.1. Depositional ages and implications for the 
pre-Devonian stratigraphy of Kyzylkum-Nurata

In that region, there are only tectonic slices of Ordovician 
and Silurian turbidites also known as a Caledonian clastic 
turbidite-type complex, overlapped by Devonian- 
Carboniferous limestones (Figures 1–3, 5). Based on 
lithology and conditions of metamorphism, previous 
researchers traditionally divided those metasediments 
into several formations varying in ages from the 
Riphean for quartzites and amphibolites of the 
Taskazgan Fm. to the late Ordovician for the flyschoids 
of the upper Besapan Fm. (Akhmedov 2000). However, 
recent U-Pb geochronological data did not confirm that 
stratigraphic pattern (Figures. 8, 13). The youngest U-Pb 
ages of zircons from most ‘Riphean’ metamorphic rocks 
appeared in the range of ca. 560–525 Ma, i.e. latest 
Ediacaran – earliest Cambrian: 568 Ma for amphibolite 
(Mirkamalov et al. 2012) and 540–520 Ma for mica schists 
(Konopelko et al. 2019) from the Taskazgan Fm., and 
570–540 Ma for sandstones of the Besapan 1 Fm. (this 
study; Figure 8). The depositional ages for the less meta-
morphosed sandstones appeared in the same range: ca. 

525 Ma (Besapan 3 Fm.; Mirkamalov et al. 2012), 570– 
560 Ma (Besapan 4 Fm.; this study) and 560–540 Ma 
(Kaltadavan Fm., this study) (Figure 8). Similar deposi-
tional ages in the range of 580–540 Ma were reported for 
metasediments of the Fan-Karategin or Yagnob greens-
chist belt (Konopelko et al. 2015; Käßner et al. 2017; 
Worthington et al. 2017; Biske et al. 2021) of the Uzbek 
and Tajik South Tienshan, i.e. 500–1000 km further to the 
south-east (Figure 1). In general, all the U-Pb detrital 
zircon age spectra obtained from Kyzylkum-Nurata sedi-
ments and metasediments show depositional ages in 
the range of 570 to 520 Ma with the only exception of 
a depositional age of ca. 610 Ma (Konopelko et al. 2019) 
(Figure 13).

Thus, the previous and new data on the depositional 
ages of Kyzylkum sediments and metasediments indicate 
that a major part of the Caledonian clastic turbidite-type 
complex formed during a relatively narrow time interval of 
50–70 Myrs, i.e. from the latest Neoproterozoic (Ediacaran) 
to the earliest Cambrian. In addition, structural and litholo-
gical studies show that the sandstones of the Besapan 3 
Fm. sampled in the Tamdy Mts., near the Muruntau Au 
deposit, appeared lithologically identical to those of the 
lowermost Taskazgan Fm. Therefore, the Besapan 3 and 
Taskazgan units probably were tectonically juxtaposed in 
tectonic mélanges (Mukhin et al. 1991; Savchuk et al. 2018). 
Therefore, we think that the ‘visual’ traditional Ediacaran 
stratigraphy of the Kyzylkum segment is actually a tectonic 
juxtaposition of practically coeval sedimentary successions 
and/or packages metamorphosed to variable degrees.

The three sandstone samples of the Baimen Fm. 
(Bukantau Mts.) yielded the youngest detrital zircon 
U-Pb ages in the ranging from 445 to 433 Ma, which 
define the depositional ages from the latest Ordovician 
to the early Silurian (Figure 13). This age interval fits the 
448 and 438 Ma U-Pb zircon ages of supra-subduction 
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ophiolites sampled in the Kyzylkum area (Mirkamalov 
et al. 2012; Dolgopolova et al. 2017, respectively). The 
relatively short periods of sedimentation inferred from 
the U-Pb zircon ages may imply Pacific-type subduction- 
related orogeny, which cycle is typically limited by 100 
Myrs compared to longer collision-type orogeny 
(Maruyama et al. 2011; Maruyama and Safonova 2019).

5.2 Probable provenances of the sandstones: 
continent vs. active margin

In general, the U-Pb detrital zircon age curves from the 
sandstones are similar to those from the Precambrian 
basement of the Tarim Craton (Rojas-Agramonte et al. 
2014; Han et al. 2015) (Figure 14). Figure 14 also illus-
trates the probability curves of detrital and magmatic 
zircon ages from Tarim and Northern Tienshan. The 
patterns from both, Kyzylkum and Tarim Craton are 
characterized by a major peak at 1100–750 Ma and 
additional peaks at around 1800 and 2400 Ma. Similar 
peaks are also characteristic of the zircon age curves 
from Northern Tienshan. However, the Grenvillian ages 
in the range of 1600–1200 Ma form a major peak in the 
age curves of Northern Tienshan and other terranes of 
paleo-Kazakhstan (Konopelko and Klemd 2016; 
Kanygina et al. 2021), but are absent in the Tarim age 
curves. In addition, there are smaller peaks at ca. 1600– 
1200 Ma ages (Figures 8, 14). Therefore, the paleo- 
Kazakhstan continents in the north unlikely served 
sources of clastic material for the sandstones under 
study.

In Tarim, the detrital zircon age patterns from the 
early Palaeozoic cover sediments are, in general, similar 
to those from the Precambrian basement, suggesting 
the derivation of the sediments from local sources (Han 
et al. 2015). The Karakum continent located south of the 
South Tienshan and west of Tarim possesses 
Precambrian basement (Figure 1) (Konopelko et al. 
2015, 2019; Worthington et al. 2017). The sandstones 
contain significant proportion of late Archaean – early 
Proterozoic zircons with ages in the range 2700– 
2400 Ma Figures 8, 12(b). The broad peak at 2700– 
2400 Ma is also present in the dataset from Tarim. 
However, in the Tarim age pattern, the Neoarchean 
peak (2.7–2.4 Ga) is much smaller than the 
Paleoproterozoic peak (2.0–1.8 Ga) reflecting the major 
period of magmatism and metamorphism, which 
formed the core of the Tarim Craton (Zhang et al. 
2013). On the contrary, the 2.0 Ga peak in the age 
pattern of the sandstones is much smaller than the 
Neoarchean peak (Figure 14). Although there are no 
outcrops of the Kyzylkum basement, which several 
authors consider as a part of the Kyzylkum-Alai block 
(Biske et al. 2021), we can reconstruct its composition 
through the ages of detrital zircons hosted by cover 
sediments, i.e. by the Ediacaran and Silurian sandstones 
of the Kyzylkum Desert. In general, we argue that the 
basement of the Kyzylkum segment may consist of 
Neoproterozoic to early Palaeozoic active margin ter-
ranes. After the middle Devonian, the region evolved 
as a ‘true’ continent consisting of Caledonian basement 
covered by middle Devonian-Carboniferous sedimen-
tary cover (Biske et al. 2021).

Figure 13. Summary of detrital zircon U-Pb ages (rectangles) and εHf(t) values (bars and stars) obtained from sandstones and 
metasandstones of the Kyzylkum and Nurata segments and adjacent regions showing two major periods of magmatism in the 
Ediacaran and Silurian and a magmatic lull in Cambrian time. Green rectangles for the new original U-Pb ages: dashed – dominantly 
recycled crust; solid – crust with juvenile signatures.
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All Tienshan terranes including the sandstones under 
study show small amounts of U-Pb detrital zircon ages in 
the range of 1700–1550 Ma (Figure 14), although no 
igneous or metamorphic events has been recorded for 
that time period in any cratonic block south of the 
Tienshan (Rojas-Agramonte et al. 2014). The 1050– 
900 Ma event of Tarimian orogeny corresponds to the 
period of calc-alkaline arc-type volcanism well documen-
ted by U-Pb zircon age data from both Tarim and 
Kyzylkum-Nurata sandstones. The prominent peaks at 
870–730 and 650–570 Ma are typical of the sandstones 
under study, whereas the peak of 870–730 Ma is typical 
of Tarim and Middle Tienshan igneous rocks emplaced in 
a setting of rifting and/or active margin possibly related 
to the break-up of Rodinia (Zhu et al. 2011; Zhang et al. 
2013). There are small outcrops of 650–600 Ma igneous 
rocks in northern Tarim, however no notable peaks of 
those ages in detrital zircon age patterns have been 
reported from Tarim (Zhu et al. 2011; Zhang et al. 2013; 
Rojas-Agramonte et al. 2014). On the contrary, the 
Kyzylkum-Nurata sandstones carry numerous detrital zir-
cons with ages in the range of 650–570 Ma to form major 
peaks in their age patterns (Figures. 8, 14). Conclusively, 
the basement of the Karakum continent is probably 
similar in composition and age to the basement of the 
Tarim Craton, but may contain a larger proportion of 
Neoarchean rocks overprinted by younger Ediacaran – 
early Cambrian age events of tectonics and magmatism.

Another option for the deposition of both 
Ediacaran and Ordovician-Silurian sandstones carrying 
Precambrian zircons and having variable petrographic 
compositions and whole-rock Nd and Hf-in-zircon iso-
tope characteristics (Figures 7, 12, 13, 15) is their 
derivation from a recycled orogen (Figure 7(c)), 
which could be an Andean-type active margin or 
from an Island arc rifted off such an active margin. 
A good example is the Japanese Islands or Japanese 
Arc, which formed by the rifting of the Cretaceous 
active margin of the Asian continent and resulted in 
the opening of the Sea of Japan and subduction 
initiation (Khanchuk et al. 1989; Isozaki et al. 1990, 
2010). The Japanese Arc has a Precambrian basement, 
but remains a site of active subduction and its related 
magmatism. The clastic rocks (sandstones) from 
accretionary complexes of different ages carry zircons 
from both coeval arcs and Precambrian basement 
(Isozaki et al. 2010; Isozaki 2019; Pastor-Galan et al. 
2021). A similar setting (Andean – syn-collisional arc) 
was proposed for the Gissar area in the Tajik Tienshan 
(Worthington et al. 2017). The Baimen (or Bukantau) 
Island arc could be also rifted off the active margin to 
form an arc similar to that of the Japanese Islands, i.e. 
with an older basement.

5.3. Depositional environments and igneous 
protoliths of Kyzylkum-Nurata sandstones

The U-Pb age data from both igneous and sedimentary 
rocks indicate that volcanic arcs existed at active mar-
gins of the Turkestan Ocean in late Ordovician – early 
Silurian time (Figures. 8, 13, 14).The semi-coeval deposi-
tion of two major groups of lithologically similar clastic 
sediments, Ediacaran and Silurian, over the South 
Tienshan-Karakum terrane and their similar detrital zir-
con age patterns suggest similar geodynamic environ-
ments once existed at subduction zones of the Paleo- 
Asian or Turkestan Ocean (Figure 16).

Whole-rock major and trace element data (Figures 9– 
11) from the Ediacaran and Silurian sandstones and their 
Nd isotope characteristics (εNd(t) = – 6.5 to – 16.2; 
Figure 12(a)) suggest that the sandstones are mature 
clastic sediments derived from evolved (Precambrian) 
continental crust with minor participation of juvenile 
material. Biske and co-authors (Biske et al. 2021) suggest 
that those clastic sediments were deposited in marginal 
seas of the Turkestan Ocean. Unlike the Kyzylkum 
Ordovician-Silurian sandstones, the similar Silurian sedi-
ments exposed in Tajikistan contain abundant Ordovician 
and Silurian zircons derived from coeval Island arcs (Biske 
et al. 2019, 2021). The relatively little amount of juvenile 
component in the sandstones (Figures. 12, 13, 15) can be 
explained by their deposition in a provenance mostly 
sourced by Karakum continent with a limited input from 
coeval Palaeozoic Island arcs (Figure 16).

Evidence for the dominantly recycled character of 
igneous rocks in the provenance of the sandstones 
comes also from the broad peaks at 1000–570 Ma, smaller 
peaks at 2700–2400 Ma and several 2200–1550 Ma single 
ages present at all U-Pb age patterns (Figure 8). All the 
samples show clear young peaks at 610–560 Ma. The U-Pb 
age spectra of the Silurian sandstones have the youngest 
narrow peak at ca. 445 Ma. These youngest detrital zircon 
grains may come from Ediacaran to Silurian Island arcs, 
probable sources of juvenile material.

5.4. Geodynamics implications and subduction 
erosion of Neoproterozoic and early Palaeozoic 
Island arcs

A dilemma exists between the major peaks at 870–730 and 
650–570 Ma in the age patterns of all sandstones under 
consideration, which both contain zircons with juvenile Hf 
isotope characteristics (Figure. 12(b), 13). In northern Tarim 
and Middle Tienshan, the 870 to 730 Ma juvenile magmatic 
rocks are often linked with the break-up of Rodinia and/or 
Gondwana active margins (Zhu et al. 2011; Zhang et al. 
2013; Rojas-Agramonte et al. 2014; Konopelko et al. 2017). 
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A relatively large amount of the 870–730 Ma detrital zircons 
from both Tarim and Kyzylkum have juvenile Hf character-
istics (Figure 15). We suggest that the Tonian magmatism 
also affected the Karakum continent to deliver ca. 870– 
730 Ma detrital zircons (Figure 16).

In contrast to the Tonian zircons derived from the 
rocks related to the break-up of Rodinia, the sources of 
the Ediacaran detrital zircons and their origins remain 
debatable. The Cambrian active margin magmatism is 
widely manifested in Northern Tienshan (Wang et al. 
2018; Alexeiev et al. 2019; Konopelko et al. 2021), 
Kunlun (Zuza and Yin 2017; Zhang, 2019), Central 
Kazakhstan (Rojas-Agramonte et al. 2014; Samygin 
and Kheraskova 2019; Degtyarev et al. 2020), western 
Junggar (Ren et al. 2014) and Central Iran (Faryad 
et al. 2016). The Cryogenian to Ediacaran magmatic 
rocks are less abundant: in northern Tarim (Ge et al. 
2013), western Junggar (Yang et al. 2012) and 
Tienshan (Yang et al. 2005; Konopelko et al. 2014; 
Alexeiev et al. 2019).

Tectonic or subduction erosion in the CAOB was first 
suggested based on the discrepancy between geological 
and isotope data (Safonova 2014, 2017; Safonova et al. 
2015). Later, evidence for subduction erosion during the 
late Palaeozoic came from the South and Middle Tienshan 
terranes, where it resulted in significant crustal loss and 
disappearance of several major early Palaeozoic Island 
arcs (Alexeiev et al. 2016). Our new data show that about 
20% of the Ediacaran to Silurian zircons have juvenile Hf 

isotopic compositions with εHf(t) values ranging from 0 to 
+10 compared to less 650–570 Ma zircon grains with posi-
tive to negative εHf(t) (-5 to +3) from Tarim (Figure 15). The 
positive εHf(t) values in a part of the analysed sandstones 
suggest their derivation from Island arcs. The Ediacaran 
clastic (meta)sediments of both Uzbek South Tienshan 
(this paper) and Tajik South Tienshan (Biske et al. 2021) 
carry abundant 650–570 Ma detrital zircons (Figures. 8, 
13). However, there are no prominent Island-arc igneous 
terranes in the region, except for small outcrops, like those 
in the Tamdy Mts. (Dolgopolova et al. 2017; Figure 2(a)). We 
suggest that the Ediacaran magmatic arcs, which sourced 
those zircons, were destroyed by surface and basal subduc-
tion erosion.

Subduction erosion can be responsible for the disap-
pearance of crustal blocks through partial destruction of 
the overriding lithospheric plate due to collapse of the 
forearc and/or basal erosion above the subduction chan-
nel (Scholl et al. 1980; Scholl and von Huene, 2007). 
Destruction of major crustal terranes by subduction ero-
sion was established in many Mesozoic and Cenozoic 
convergent margins and detrital zircons provide evidence 
for the previous existence of such terranes, which is 
a common feature for Pacific-type orogenic belts (Isozaki 
et al. 2010; Safonova et al. 2015; Safonova 2017). Evidence 
for subduction erosion of the Ediacaran and early 
Palaeozoic Island arcs comes from several accretionary 
complexes of the CAOB, South Tienshan, central and east-
ern Kazakhstan and northern Mongolia. The Pacific-type 

Figure 15. A summary of Hf-in-zircon isotope data from the Kyzylkum-Nurata sandstones (this study; He et al. 2014a, 2014b for Tarim).
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orogenic belts of those regions, host Ediacaran, 
Ordovician and Devonian arc-type igneous complexes 
occurring exotic tectonic blocks juxtaposed in 
tectonic mélanges with various Palaeozoic sediments, 
both oceanic plate stratigraphy, oceanic sediments and 
fore-arc clastic sediments (Safonova 2017; Alexeiev et al. 
2020; Safonova et al. 2018, 2020, p. 2021; Savinskiy et al. in 
press). The presence of Ediacaran Island arc formations as 
tectonic blocks in the accretionary prism of the South 
Tienshan (Tamdy Mts.) coupled with the abundant 
Ediacaran detrital zircons in sediments of the whole wes-
tern Tienshan indicate a major arc system, which existed 
at the southern active margin of the Turkestan ocean, 
possibly at the northern margin of the Karakum continent, 
in Ediacaran time. The subduction erosion of the 
Ediacaran arcs resulted in the termination of magmatism 
or magmatic lull in early Cambrian time (Figures. 8, 13). 
Later, the arc basements were uplifted/dissected to pro-
vide clastic material for the Palaeozoic sediments, which 
deposited at both landward and oceanward segments of 
the Karakum continent active margin (Figures. 8, 16).

The subduction erosion and its related cessation of 
magmatism in early Cambrian time resulted in the retreat 
of the subduction zone. The next important pulse of 
supra-subduction magmatism at the Karakum-South 
Tienshan active margin occurred in late Ordovician–early 
Silurian time. In the study area and in present-day coordi-
nates, the Ediacaran subduction zone of the Tamdy area 
shifted to the north, i.e. to the Bukantau area, to initiate 
a new system of Island arcs at the southern active margin 
of the Turkestan Ocean (Biske et al. 2019). The late 
Ordovician–early Silurian active margin developed in 
shelf conditions in the Middle-late Devonian time to 
form thick Devonian-Carboniferous carbonate deposits 

(Biske 1996, 2015). The late Devonian-Carboniferous 
shelf carbonate formation of the Turkestan Ocean can 
be traced from the Kyzylkum to the Chinese South 
Tienshan (Biske and Seltmann 2010). During the late 
Carboniferous collision, those carbonate platforms were 
thrust southward together with the obducted early 
Palaeozoic ophiolites, e.g. the 438 Ma ophiolite of the 
Tamdy Mts. (Dolgopolova et al. 2017). After the collision, 
during the early Permian, the whole region was intruded 
by post-collisional granitoids, which now occupy up to 
30% of the territory of the Kyzylkum desert (Figure 2) 
(Konopelko et al. 2011; Dolgopolova et al. 2017; 
Konopelko 2020). Note that the early Permian post- 
collisional granitoids show significantly higher εNd(t) 
(from – 5 to +3) and εHf(t) (from – 5 to +12) values 
(Dolgopolova et al. 2017) than the Kyzylkum Ediacaran 
and Silurian clastic sedimentary rocks (Figures. 12, 13, 15). 
Such a discrepancy has been previously mentioned for 
the adjacent orogenic belts of Altai (Chen and Jahn 2002) 
and Pamir (Robinson et al. 2012). Therefore, the Kyzylkum 
clastic sediment unlikely served a major source for the 
post-collisional granitoids, but likely contaminated their 
parental granitoid melts (Chen and Jahn 2002).

The Silurian arcs were also probably destroyed by 
subduction erosion, but to a lesser extent compared 
to the Ediacaran arcs. Evidence for the Ordovician- 
Silurian arc magmatism is much better preserved in 
the accretionary complexes of the South and Middle 
Tienshan as they include numerous occurrences of 
Silurian ophiolites, granitoids and volcanic rocks of 
supra-subduction origin and their associated clastic 
rocks with lithic volcanic fragments (Dolgopolova 
et al. 2017; Biske et al. 2019; Alexeiev et al. 2020). 
According to the criteria highlighted in (Maruyama 

Middle Tienshan block
Paleo-Asian ocean

Karakum?

Ediacaran

Karakum continent

Kyzylkum arc/
active margin Turkestan ocean

Paleo-Kazakhstan blockBaimen Fm.?

marginal basinProto-Tethys

Silurian

Kaltadavan, 
Besapan fms.

Continental crust Oceanic crust Turbidite Granite magmatism Volcanism Thrust, fault

western Gondwana active margin (?)

Figure 16. A cartoon showing geodynamics setting in the Paleo-Asian Ocean, including proto- Turkestan Ocean in Ediacaran-Silurian 
time (modified from Biske et al. 2021). In Ediacaran time, an active margin of Rodinia or Gondwana supplied to the subduction zone. 
The subduction of the Paleo-Asian Ocean formed intra-oceanic arc and accretionary complex hosting sedimentary and igneous rocks 
of ocean plate stratigraphy including accreted seamounts sediments (Taskazgan, Besapan and Kaltadavan fms.). Later, the Karakum 
continent rifted off Gondwana. In Silurian time, the subduction of the younger Turkestan Ocean under an active margin of the 
Karakum continent formed another volcanic arc and an accretionary complex (Baimen Fm.).
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et al. 2011; Safonova 2017; Safonova and Khanchuk 
2021), among the three localities under consideration, 
i.e. Tamdy, Bukantau and Nuratau, at least the Tamdy 
(Besapan Fm.) and the Bukantau (Baimen Fm.) moun-
tains obviously represent remnants of, respectively, 
Ediacaran and Ordovician-Silurian Pacific-type oro-
genic belts. Evidence for that comes from the pre-
sence of pieces of accreted ocean plate stratigraphy 
units with pelagic chert and oceanic pillow-lavas 
(Figures 3–5) and pieces of Island arc formations 
(Dalimov and Ganiev 2010; Dolgopolova et al. 2017). 
Moreover, the close location of supra-subduction 
igneous rocks and coeval turbidites in these two 
belts (Figures 2–5) suggest subduction erosion of 
older accreted units (Isozaki et al. 2010; Safonova 
et al. 2015; Safonova 2017). The U-Pb detrital zircon 
age pattern from the sandstones of the Baimen Fm. 
of the Bukantau Mts. is characterized by the small 
Silurian peak, but much larger Precambrian peaks 
(Figure 8(c)). In addition, the whole-rock Nd and Hf- 
in-zircon isotope data from those sandstones indicate 
that they were derived from ancient continental crust 
with minor contribution from juvenile sources 
(Figures. 12, 13). Therefore, the Silurian sandstones 
of the Baimen Fm. could have been deposited in 
internal parts of the continent where the input from 
coeval Palaeozoic Island arcs was limited or in a back- 
arc basin where clastic material was delivered from 
both the arc and the continental margin (Figure 16).

6. Conclusions

The deformed pre-Devonian clastic sediments occupy 
a major part of the vast Kyzylkum Desert in Uzbekistan 
and comprise a thick turbidite-type complex. We studied 
sandstones of the Besapan, Baimen and Kaltadavan forma-
tions outcropped in the Tamdytau, Bukantau and northern 
Nuratau mountain ranges, respectively. The Ediacaran 
Kaltadavan and Besapan formations consist of thick vari-
ably metamorphosed rhythmically bedded flyshoid-type 
sediments. The younger Silurian turbidites of the Baimen 
Fm. constitute several tectonic sheets. Most of the 
Kyzylkum-Nurata sandstones are spatially associated with 
oceanic plate stratigraphy rocks: pillowed basalt, pelagic 
chert, hemipelagic siliceous mudstone and siltstone, as well 
as with igneous rocks of supra-subduction origin.

All sandstone samples yielded similar U-Pb detrital 
zircon age patterns with major peaks at ca. 650–570, 
870–730, 1050–900 and 2400 Ma and a smaller peak 
at 1800 Ma. These patterns are similar to the U-Pb 
zircon age spectra from the Tarim basement and the 

Tajik South Tienshan indicating similar depositional 
environments and sources. However, the Baimen sam-
ples from the Bukantau Mts. also show a peak at ca. 
440 Ma. The maximum depositional ages of four sand-
stone samples of the Besapan and Kaltadavan forma-
tions vary in the range of 570–540 Ma. They indicate 
that a major part of pre-Devonian sediments depos-
ited within a relatively narrow time interval of 50–70 
Myrs from the latest Neoproterozoic (Ediacaran) to the 
earliest Cambrian. The Silurian Baimen Fm. sandstones 
yielded maximum depositional ages in the range from 
500 to 400 Ma suggesting another, probably, less 
extended period of sedimentation.

Petrographic characteristics of the Ediacaran and 
Silurian sandstones are indicative of their generally grey-
wacke and litharenite compositions and derivation from 
a recycled orogen, which could be either subduction com-
plex or fold-and-thrust belt. The concentrations of major 
oxides in the sandstones are generally higher than those of 
PAAS, however, their trace element compositions resemble 
those of arc-related igneous rocks. The Nd isotope charac-
teristics from sandstones (εNd(t) ranging from -16 to -9) 
suggest that the rocks represent mature sediments derived 
from igneous rocks containing recycled zircons with sub-
ordinate involvement of juvenile component. The presence 
of 650–570 Ma detrital zircons with juvenile Hf isotope 
characteristics in all samples suggests their derivation 
from igneous arcs. The dominantly greywacke composition 
of the sandstones, the trace element data and the Hf 
isotope characteristics are all indicative of two periods of 
subduction-related orogeny: latest Neoproterozoic – ear-
liest Cambrian and Ordovician-Silurian. The U-Pb ages of 
detrital zircons from sandstones of the Kyzylkum-Nurata 
segments and adjacent regions show a middle-late 
Cambrian magmatic lull.

The new data from the Kyzylkum-Nurata sandstones 
and the presence of exotic tectonic blocks of Ediacaran 
arc-type rocks in the South Tienshan accretionary belt high-
lighted by previous researchers suggest an extended arc 
system once existed at the southern active margin of the 
Turkestan Ocean. That arc system could deliver clastic 
material for the Kyzylkum Palaeozoic sediments. The one 
or more arcs could be continental, i.e. Andean-type, or 
Japanese-type, i.e. intra-oceanic but built over ancient 
basement. The Ediacaran and Silurian sandstones probably 
deposited in the landward parts of, respectively, Ediacaran 
and Ordovician-Silurian Andean-type active margins of the 
Turkestan Ocean. The middle-late Cambrian magmatic lull 
and tectonic juxtaposition of arc-type magmatic rocks and 
coeval turbidite complexes in the Tamdy and Bukantau 
belts suggest early Palaeozoic subduction erosion.
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