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Abstract 

The formation of the Pamir is a key component of the India-Asia collision with 

major implications for lithospheric processes, plateau formation, land-sea 

configurations and associated climate changes. Although the formation of the 

Pamir is traditionally linked to Cenozoic processes associated with the India-

Asia collision, the contribution of the Mesozoic tectonic evolution remains 

poorly understood. The Pamir was formed by the suturing of Gondwanan 

terranes to the south margin of Eurasia, however, the timing and tectonic 

mechanisms associated with this Mesozoic accretion remains poorly 

constrained. These processes are recorded by several igneous belts within these 

terranes, which are not well studied. Within the Southern Pamir, the Albian-

Turonian volcanic rocks and comagmatic plutons of the Kyzylrabat Igneous 

Complex (KIC) provide an important and still unconstrained record of the 

Pamir evolution.  Here we provide the age, origin and the geodynamic setting of 

the KIC volcanics by studying their petrology, zircon U-Pb geochronology, 

geochemistry and isotope composition. 17 samples from the KIC volcanics 

yield U-Pb ages spanning from 92 to 110 Ma. The volcanics are intermediate to 

acidic in composition (SiO2=56-69 wt.%) and exhibit high-K calc-alkaline and 

shoshonitic affinity (K2O/Na2O= 1-2.2 wt.%). They show enrichment in LILE 

and LREE and depletion in HFSE and HREE with negative Ta, Ti and Nb 

anomalies, suggesting an arc-related tectonic setting for their formation. Low 
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εNd(t) values (from -9.1 to -4.7), relatively high 
87

Sr/
86

Sr(i) ratios (0.7069 – 

0.7096) and broad range of zircon εHf values (from −22.6 to −1.5) suggest a 

mixture of different magma sources.  These features suggest that volcanics were 

derived by crustal under- or intraplating of an enriched subduction-related 

mantle shoshonitic magmas, by heating and partial melting of the lower crust, 

and by mixing of both magma components.  Our results further imply that the 

KIC volcanics represent a shoshonitic suite typical of an evolution from active 

continental arc to post-collisional setting with a steepening of the Benioff zone 

and thickening of the crust toward the back-arc. This setting is best explained by 

the subduction - collision transition along the Shyok suture due to accretion of 

the Kohistan island arc to the Karakoram. This suggests that a significant part of 

the crustal shortening and thickening accommodated in the Pamir occurred in 

the Mesozoic before the India-Asia collision with implications for regional 

tectonic models. This further suggests the Pamir was already a major 

topographic feature with potentially important paleoclimate forcing such as the 

monsoonal circulation.  

Keywords: Southern Pamir; Cretaceous; volcanic rocks; geochemistry; 

geochronology; petrogenesis 

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

4 

1. Introduction 

The crust of the Pamir, like Tibet, was formed as a result of amalgamation 

of several terranes during Paleozoic and Mesozoic times (Angiolini et al., 2013; 

Burtman and Samygin, 2001; Schwab et al., 2004; Yin and Harrison, 2000). 

Subsequently, in the Cenozoic, these amalgamated terranes were deformed by 

the India-Asia collision, making the reconstruction of the Mesozoic tectonic 

evolution of the Pamir difficult. It remains unclear how much of the 

convergence between these terranes and Asia can be assigned to the Cretaceous 

or the Cenozoic making reconstructions of observed crustal deformation 

unreliable (Robinson et al., 2015). Moreover, the preexisting Mesozoic 

structures are being reactivated guiding the Cenozoic to present day 

deformation (Cowgill, 2010). Thus, constraining of these structures is necessary 

for understanding the more recent tectonics of the region. The models of the 

Cenozoic tectonic evolution of the Pamir are still controversial. To account for 

the Cenozoic uplift of the Pamir some argue for post-collisional crustal 

delamination (Ivanova and Trifonov, 2005), but others for continental 

subduction (Burtman and Molnar, 1993; Kufner et al., 2016, Sobel et al., 2014), 

deciphering between which requires knowledge of the nature of the preexisting 

structures. In particular, the evolution of terrane accretion history and associated 

shortening and crustal thickening remains poorly constrained.  The onset of 

Tethys subduction and subsequent Mesozoic terrane accretion may be 
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responsible for the formation of significant topography in the region that may 

have influenced monsoonal intensity as well as the fluctuations of the proto-

Paratethys epicontinental sea incursion into Central Asia. These processes, 

however, remain very poorly constrained in time and space. 

The Mesozoic to Cenozoic magmatic rocks of the Pamir along with 

depositional setting of associated volcaniclastic strata can help to constrain the 

tectonics of the region.  While several studies have addressed the Mesozoic 

tectonic history of the Pamir (e.g., Angiolini et al., 2013; Burtman and Molnar, 

1993; Robinson, 2015; Schwab et al., 2004), Mesozoic igneous rocks in this 

region are not sufficiently studied, leading to variable interpretations of its 

tectonic evolution. The Southern Pamir is particularly important because it is 

ideally located in the terrane amalgamation zone. It has recorded the protracted 

suite of tectonic events in many Mesozoic to Cenozoic plutons (occasionally 

accompanied by eruptive volcanics) intruding its metamorphic rocks and 

Permian to Jurassic marine sedimentary sequences (Vladimirov et al., 1992; 

Meskhi, 1964). The study of the Mesozoic igneous rocks, especially their 

petrogenesis, magma source characteristics, and geodynamic setting contribute 

to understanding of the tectonic and paleogeographic setting of the Pamir 

terranes at the time of their emplacement or eruption. 

In this study, we evaluate the petrology, whole-rock geochemical 

and Sr-Nd isotopic compositions, mineral chemistry, zircon U-Pb ages and Hf 
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isotopic compositions of the volcanic rocks of the Kyzylrabat Igneous Complex 

(KIC) that were erupted in the Albian - Turonian time.  The petrogenetic 

interpretations and zircon U-Pb ages of the KIC volcanics provide a better 

understanding of the timing and nature of the magmatism of the Southern Pamir 

igneous belt. Utilizing the here presented data and previously proposed models 

of Mesozoic tectonic evolution of Asia, we discuss the petrogenesis and tectonic 

setting of the KIC volcanic rocks and propose a tectonic model for their 

formation.  The presented model explains the Cretaceous paleogeography of the 

Pamir and tectonic processes that were active at the time. We finally discuss the 

model implications for the correlation of structures in Pamir-Tibet region, and 

paleogeographic and paleoclimatic evolution of the region.. 
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2. Geological setting 

From North to South, the Pamir – Karakoram region is divided into 

four tectonic regions: The Northern Pamir, Central Pamir, Southern Pamir and 

Karakoram. The Northern Pamir is separated from the Tian-Shan in the North 

by the Main Pamir Thrust. The boundary between the Northern and Central 

Pamir is represented by the south-directed Tanymas thrust, which in turn 

represents the western continuation of Jinsha (Palaeotethys) suture into the 

Pamir. The Southern Pamir is bounded to the north by the Rushan-Pshart suture 

and to the south by the Wakhan-Tirich boundary zone (Wakhan-TBZ) (Fig.1). 

Defining the nature of these boundaries is key to understanding the 

tectonic evolution of the region, however, it remains enigmatic. While ophiolitic 

rocks have been documented along the Rushan-Pshart Suture (Shvolman, 1980) 

indicating an oceanic basin between the Central and the Southern Pamir, the 

Wakhan-TBZ is defined by a narrow belt of mantle peridotites, metagabbros 

and gneisses (Zanchi et al., 2000). The absence of an ophiolitic sequence sensu 

stricto along the Wakhan-TBZ led Zanchi et al. (2000) to the interpretation that 

it originated from a lower crust-upper mantle sequence, hence suggesting a 

subcontinental oceanic basin. The closure time of the Rushan-Pshart oceanic 

basin is still unclear. Several studies have suggested a late Jurassic - early 

Cretaceous age of collision between the Central and Southern Pamir (Burtman 

and Molnar, 1993; Pashkov and Shvolman, 1979; Schwab et al., 2004; 
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Shvolman, 1978). This interpretation is based on documented deformation of 

Jurassic carbonates in the Central and Southern Pamir sealed by terrigenous 

Cretaceous sandstones and conglomerates (Ruzhentsev and Shvol’man, 1981; 

Shvolman, 1978). The late Jurassic - early Cretaceous age of collision is also 

supported by arc-related Jurassic plutons (200-160 Ma), exposed in the Rushan-

Pshart Zone (Leven, 1995; Schwab et al., 2004). However, a regional 

unconformity developed on strongly deformed upper Paleozoic and Triassic 

sediments, which is capped by red conglomerates and sandstones and 

conformably overlain by Hettangian limestones of the Gurumdi group was 

interpreted to support the late Triassic- early Jurassic age of suturing (Angiolini 

et al., 2013; Pashkov and Budanov, 1990; Robinson, 2015). The South dipping 

polarity of the thrusts along the Rushan-Pshart suture zone is generally 

interpreted as evidence for the south-directed polarity of subduction of the 

Rushan oceanic crust during its closure (e.g. Pashkov and Shvol’man, 1979; 

Burtman and Molnar, 1993; Angiolini et al., 2013; Robinson, 2015). However, a 

more convincing argument for South-directed subduction of Rushan oceanic 

crust beneath the Southern Pamir is the position of Triassic-Jurassic arc-related 

magmatic bodies (Budanov, 1964; Schwab et al., 2004) in the Rushan-Pshart 

zone. A different subduction polarity was proposed by Schwab et al. (2004), 

who depicted the polarity of the suture zone as North dipping, implying 

obduction of the Central Pamir onto the Southern Pamir.  This interpretation is 

supported by ophiolite fragments that overly the Southern Pamir and according 
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to Shvolman (1980), were emplaced as a result of obduction of the Central 

Pamir and Rushan Pshart zone onto the Southern Pamir. The closure of Wakhan 

basin is less understood and thought to have occurred slightly later after the 

closure of Rushan Ocean (Angiolini et al., 2013; Robinson, 2015). As suggested 

by Zanchi et al. (2000), welding of the Southern Pamir and the Western 

Karakoram may have been completed by the early Jurassic. The first 

granodioritic rocks were emplaced in the East Hindukush at this time (171 Ma) 

(Gaetani et al., 1996). Schwab et al., (2004) suggested that collision between the 

Karakoram and the Southern Pamir occurred at the end of the early Cretaceous. 

However, the early Cretaceous Tirich-Mir pluton intruding both - the Southern 

Pamir and Karakoram provides a strong evidence for a pre- Cretaceous Wakhan 

basin closure (Faisal et al., 2015, 2014; Heuberger et al., 2007; Zanchi and 

Gaetani, 2011). 

The KIC is located in the Southern Pamir and is part of the 

Cimmerian superterrane, which includes the Central Pamir, Southern Pamir and 

Karakoram (Fig. 1). There are three points of view on the correlation of these 

Cimmerian terranes in the Pamir with those in Tibet; 1) that the Central and 

Southern Pamir together with the Karakoram terrane form the western 

continuation of the Qiangtang terrane (Angiolini et al., 2013; Burtman and 

Samygin, 2001; Robinson, 2015; Robinson et al., 2012), 2)  that the Central 

Pamir correlates with the Qiangtang terrane, but the Southern Pamir and the 

Karakoram correlate with the Lhasa terrane (Burtman, 1994; Schwab et al., 
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2004), and 3) that the Central Pamir correlates with Songpan-Ganze, Southern 

Pamir with Qiangtang and Karakoram with Lhasa terrane (Guillot and 

Replumaz, 2013; Searle and Tirrul, 1991). 

 It is generally interpreted that the Cimmerian superterrane 

detached from the Gondwanaland during the early Permian and drifted 

northward, finally accreting to the Eurasian margin by the late Triassic-early 

Jurassic (Angiolini et al., 2013; Angiolini et al., 2014; Gaetani, 1997; Zanchi 

and Gaetani, 2011; Zanchi et al., 2000). On its way to the north, the Cimmerian 

terrane was allegedly dissected into three blocks now represented by the Central 

Pamir, Southern Pamir and Karakoram. 

After the Cimmerian accretion, further tectonic events have 

affected the area. The Karakoram is bounded to its South by the Shyok suture, 

which represents the remnants of the Shyok Ocean. This Ocean subducted 

beneath the Karakoram starting from the Middle Jurassic and closed as a result 

of accretion of the Kohistan Island arc to Eurasia in the late Cretaceous (Faisal 

et al., 2015) or even later in the Eocene (40 Ma; Bouilhol et al., 2013). The 

Northward polarity of subduction along the Shyok suture is evidenced by the 

Cretaceous arc-related magmatism in the Karakoram terrane (e.g. Faisal et al., 

2015; Zanchi and Gaetani, 2011).    

In the Cenozoic, the Southern Pamir (including the KIC studied 

here) was divided into the Southwestern and Southeastern Pamir by a regional 

system of Cenozoic extensional detachments developed along the flanks of 
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large crustal domes, which formed along the pre-existing structures related to 

the Mesozoic terrane accretion (Angiolini et al., 2013; Pashkov and Budanov, 

1990; Schwab et al., 2004; Stubner et al., 2013a; Stubner et al., 2013b). 

Metamorphic rocks with an Oligocene-Miocene high-grade metamorphic peak, 

which may represent the crystalline basement of the Southeastern Pamir, 

characterize the Southwestern Pamir (Schmidt et al., 2011; Stubner et al., 

2013a; Stubner et al., 2013b). 

 

2.1. The Kyzylrabat Igneous Complex (KIC) 

The KIC includes the volcanic rocks and comagmatic plutons that 

are exposed, on both sides of Aksu River, in the southernmost part of the 

Murghab district of Tajikistan (Fig.1, Fig.2). It is part of an east-west trending 

magmatic belt of Mesozoic to Cenozoic plutons intruding the metamorphic 

rocks and late Paleozoic - Mesozoic sedimentary succession of the Southern 

Pamir (Fig. 1). Jurassic arc-type granitoids (Jizevsko-Khidjiskiy complex, ~190-

160 Ma) that intrude into the Eastern Pshart Permian to Jurassic oceanic-floor-

arc sequence in the North of the Southern Pamir are the oldest Mesozoic 

intrusives in this belt (Meskhi, 1964; Schwab et al., 2004; Shvol’man, 1977). 

The late Mesozoic magmatic rocks of this belt are represented by the Alichur, 

Seretash, Akjilga, Bazarryk, Akjar, Bazardara, Bashgumbas and Kyzylrabat 

(KIC) igneous complexes with ages of 110 – 80 Ma, which have been 
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interpreted to be related to accretion-collision processes in the Southern Pamir 

(Vladimirov et al., 1990).  The KIC is located in the Southern part of the 

Southeastern Pamir. It intrudes - a thick Permian to Middle Jurassic sedimentary 

succession, stacked into a polyphase Mesozoic-Cenozoic fold and thrust belt. In 

contrast to the rocks exposed in the western Southern Pamir, this succession 

represents unmetamorphosed upper crustal rocks (Angiolini et al., 2013; 

Angiolini et al., 2014; Dronov, 2003; Dufour et al., 1958). 

 

2.2. Description of KIC volcanics 

The KIC volcanics consist of the connected Beik and Teshiktash 

lava sequences, with the Salangur lava flow branching from the latter lava 

sequence (Fig. 2a). Volcanic rocks lie on the lower and middle Jurassic 

limestones (Budanov et al., 1999; Dronov and Bronnikova, 1988; Puzankov et 

al., 2000; Titov et al., 1996). A layer of conglomerates crops out at the base of 

the best-preserved sections of volcanic rocks (Fig.3a), which unconformably 

lies on the Jurassic deposits. The KIC volcanics are intruded by the KIC 

monzonites and monzodiorites, and the Alichur granodiorites in the south of the 

Beik sequence (Fig. 2).  The total thickness of the KIC volcanic rocks is given 

by different authors varying between 1200 and 2400 m. The KIC volcanics are 

depicted in all the maps as a single unit without detailed mapping.  
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Based on our observations, the KIC volcanics can be divided into 

three formations from bottom to top: the Ganjibay, Julbeles and Tashbulak 

formations. The lower - Ganjibay formation consists of gray and reddish lavas, 

tuffic lavas and tuff breccias of dacitic composition. The rocks of this formation 

conformably lie on the reddish conglomerates with differently sized (up to 20-

30 cm) clasts of limestones and sandstones (Fig. 3a). Along a tributary of the 

Kyzylrabat River, interlayering of conglomerates with volcanics has been 

observed, which supports conformable contact of the volcanics with the 

conglomerates. The angular clasts in the tuffic breccias consist of plagioclase 

crystals of different size (2mm - 2 cm), which are distributed chaotically. The 

Julbeles formation consists of black and gray lavas, gray tuffs and brownish tuff 

breccias of basaltic andesite, andesite, dacite, latite and Q-latite composition. 

The brownish tuff breccias crop out at the top of the section with the angular 

clasts consisting of K-feldspar and pyroxene (3mm - 1cm). The appearance of 

K-feldspar in the clasts probably indicates a change in the magma composition. 

The upper, Tashbulak formation, is composed of black lavas, gray to greenish, 

brownish and yellowish tuffs and tuff breccias of dacite, latite, Q-latite and 

rhyolite composition. The clasts in the tuff breccias consist of plagioclase, K-

feldspar and biotite. The occasional pores in the black lavas are locally filled by 

calcite.  

Previous studies of the KIC volcanics have addressed the 

geological structure, stratigraphy, petrogeochemistry and age of the rocks. 
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However, the magma origin and evolution, as well as the tectonic position of the 

rocks is still unclear. Previous whole-rock and mineral (plagioclase, amphibole 

and biotite) Rb-Sr (Titov et al., 1996) and K-Ar (Meskhi, 1974) datings of the 

rocks yielded ages of 108-110 Ma   and 107 – 130 Ma respectively. In this 

study, we provide first state-of-the-art single grain zircon U-Pb dating from 17 

rock samples and address the petrogenesis and tectonic position of these 

volcanics in order to infer the tectonic setting of the Southern Pamir during the 

early to late Cretaceous. 
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3. Petrography 

In this study, we analyzed 43 volcanic samples collected from KIC. 

Phenocryst and groundmass composition of the rock samples are shown in 

Table 1. 

 

3.1. Ganjibay formation 

The gray lavas of Ganjibay formation have a porphyritic texture 

with 40% of phenocrysts represented by plagioclase (40%), biotite (30%), 

amphibole (20%) and clinopyroxene (10%). However, clinopyroxene 

phenocrysts appear mainly in rounded clasts that were captured by lava (Fig. 

3e). These clasts consist of anhedral crystals of plagioclase, biotite, amphibole 

and clinopyroxene. The groundmass of these rocks is cryptocrystalline. The 

gray tuffs and tuff breccias are porphyritic in texture with phenocrysts (30 -

50%) represented by subhedral to anhedral plagioclase and angular to rounded 

xenocrysts of plagioclase, biotite, quartz and calcite in a cryptocrystalline 

groundmass (50 - 70%; Fig. 3g).  The reddish tuffs of the Ganjibay formation 

have a porphyritic texture with 50-55% phenocrysts, which are represented by 

anhedral to subhedral plagioclase and biotite phenocrysts and their angular 

clasts (Fig. 3b, h). Small amphibole and clinopyroxene phenocrysts as well as 

quartz xenocrysts were also observed. The groundmass of these rocks is also 
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cryptocrystalline. In all the rocks of this formation, many phenocrysts of 

plagioclase and biotite are altered by sericite and chlorite respectively. 

 

3.2. Julbeles formation 

The lavas of the Julbeles formation are gray to black in color with 

40-50% of phenocrysts in a fine-grained groundmass. The phenocrysts consist 

of euhedral to subhedral plagioclase (50%), biotite (30%), amphibole (15%) and 

minor clinopyroxene (~5%; Fig. 3c, i). Orthopyroxene and quartz phenocrysts 

can also be observed in small amount. Plagioclase phenocrysts show simple and 

polysynthetic twinning, and sometimes form big glomerocrysts. Some of 

plagioclase phenocrysts show oscillatory zoning. The gray tuffs of the Julbeles 

formation have a porphyritic texture with 30-40% of phenocrysts that are 

mainly represented by plagioclase (50-60%) and clinopyroxene (20-25%) with 

some of them containing biotite (~5%). They also have angular clasts of 

xenogenic quartz and calcite (~20%). Most of the biotite phenocrysts are altered 

by chlorite, whereas some of the plagioclase phenocrysts are altered by sericite. 

The brownish tuff breccias have a porphyritic texture with coarse (up to 5x2 

mm) to medium grained phenocrysts (30-40%) that mainly consist of K-

feldspar, plagioclase, clinopyroxene, amphibole and very few biotites. 

Plagioclase phenocrysts show oscillatory zoning and sometimes form big 

glomerocrysts. K-feldspar phenocrysts are euhedral, large (up to 5x2 mm) and 
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elongate with inclusions of clinopyroxene, apatite and magnetite in them (Fig. 

3j). Some plagioclase and clinopyroxene phenocrysts are altered by sericite and 

chlorite respectively. The clasts in tuff breccias are composed of broken angular 

fragments of K-feldspar and angular to rounded clasts that consist of 

clinopyroxene and plagioclase. 

 

3.3. Tashbulak formation 

The black lavas of the Tashbulak formation show a porphyritic 

texture with euhedral to subhedral phenocrysts (30-40%) of plagioclase (50%), 

biotite (25%) and amphibole (~25%).  Also, a few phenocrysts of clinopyroxene 

and orthopyroxene were observed (~1-5%).  The groundmass (60-70%) in these 

rocks is cryptocrystalline.  Tuff breccias of the Tashbulak formation are gray to 

greenish (Fig. 3d) and brownish in color and have a porphyritic texture.  

Angular clasts of the breccias are represented by broken fragments of 

plagioclase. They contain phenocrysts (20-30%) of plagioclase (50 -60%), 

clinopyroxene (35-40%) and Quartz (up to 15%) in a fine-grained groundmass 

(70-80%) (Fig. 3k).  Tuffs of this formation are gray and yellowish in color with 

a porphyritic texture. Plagioclase (40%), K-feldspar (30%), clinopyroxene 

(10%), biotite (10%) and amphibole (~5%) phenocrysts (30-40%) are embedded 

in a fine-grained groundmass (60-70%). Tuffs that have rhyolitic composition 

(BK3.1 and BK3.2) contain numerous resorbed xenocrysts of calcite and quartz 
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(~5%). The quartz xenocrysts often show corroded margins and are surrounded 

by reaction rims of fine-grained feldspars (Fig. 3m), which indicate 

disequilibrium of the quartz crystals with the surrounding magma, caused by 

changes in melt pressure or chemical composition (Sarjoughian et al., 2012). 
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4. Analytical Results 

Analytical methods for the results provided here are described in the 

supplementary Text S1. 

4.1. Whole-rock geochemistry 

Representative major and trace element compositions of KIC 

volcanic rocks are given in Table 2; for compositions of all the analyzed 

samples, please refer to the supplementary Table S1.  The rocks of the Ganjibay 

formation show loss on ignition (LOI) of 0.64 wt.% to 3.93 wt.% with an 

average of 2.69 wt.% suggesting relative freshness of the samples. The SiO2 

content of these samples ranges from 62 wt.% to 65 wt.% with the total alkali 

content and K2O/Na2O ratios ranging from 6.24 wt.% to 6.59 wt.% and 0.95 to 

1.55 respectively. The samples show high Al2O3 content (15.2 – 16.5 wt.%) with 

alumina saturation index (ASI or A/CNK, molecular ratio of (Al2O3/ 

(CaO+Na2O+K2O)]) varying over a range of 0.97 – 1.08. Total iron (Fe2O3; 3.8 

wt.% - 5.4 wt.%) and MgO (1.5 wt.% – 2.8 wt.%) contents vary over a 

relatively narrow range with magnesium number (Mg#) of 41 -56. The 

concentration of TiO2 in these samples is low varying from 0.50 wt.% to 0.70 

wt.%.   

The samples from the Julbeles formation are mostly fresh showing 

low LOI, which ranges from 0.56 wt.% to 3.39 wt.% with an average of 1.38 

wt%.  The SiO2 content of the samples is distributed within a relatively broad 
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range, stretching from 56 wt.% to 64 wt.%. Their total alkali content in contrast 

with that of the Ganjibay formation varies broadly ranging from 5.64 wt.% to 

8.35 wt.% with K2O/Na2O ratios of 1.07 – 2.27. The Al2O3 content is high (14 – 

16.6) with ASI in a range of 0.77 – 1.07. Fe2O3 (4.6 – 7.8 wt.%) and MgO (2 – 

5.5 wt.%) contents of the samples vary over a broad range with Mg# ranging 

from 46 to 58. TiO2 content is low, which is distributed within a range of 0.58 

wt.% - 0.94 wt.%. 

The rock samples of the Tashbulak formation show LOI ranging 

from 0.64 wt.% to 3.45 wt.% with an average of 1.72 wt%. SiO2 (59 – 69 wt.%) 

and total alkali (6.22 – 9.84 wt.%) contents of these samples are high with 

K2O/Na2O ratios ranging from 1.26 to 2.02. Al2O3 content varies from 14.4 

wt.% to 16.4 wt.% and ASI ranges from 0.79 to 1.12. Fe2O3 ranges from 3.19 

wt.% to 6.21 wt.% and MgO: 0.28 – 3.77 wt.% with a wide range of Mg# - 14 – 

55. TiO2 content is low showing a range of 0.30 - 0.80 wt.%. 

The rocks are classified, on an anhydrous basis, as andesite, dacite, 

latite, quartz latite and rhyolite (Le Maitre et al., 1989) (Fig. 4a). This 

classification scheme also demonstrates that most samples are of subalkaline 

affinity, with only few of them showing alkaline nature. On the diagram of SiO2 

vs. K2O, the KIC volcanic rocks plot within High-K calc-alkaline and 

shoshonite series (Fig. 4b). 

Primitive mantle-normalized variation diagram shows that all the 

volcanics have uniform patterns and are characterized by enrichment of Large 
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Ion Lithophile Elements (LILE) and depletion of High Field Strength Elements 

(HFSE). The rocks also show negative anomalies of Nb, Ta, P, Sr and Ti and 

positive anomalies of Pb, U and Th (Fig. 5a-c). The total rare earth element 

(REE) concentrations of samples range from 117 to 233 ppm with an average of 

174 ppm. The rocks show enrichment in light rare earth elements (LREE) and 

depletion in heavy rare earth elements (HREE) [(La/Yb) n = 8.5-16.8], with 

negative Eu anomalies (Eu/Eu*=0.51-0.75; Fig. 5d-f), which suggests that 

plagioclase was a major phase controlling magmatic differentiation. 

Sr and Nd isotopic data (Table 3 and Fig. 6) from the KIC volcanic 

rocks yielded 
87

Sr/
86

Sr(i) ratios of 0.7069 – 0.7096 and εNd(t) ranging from −9.1 

to −4.7. Depleted mantle model ages range from 1.1 to 1.44 Ga. εNd(t) values 

plotted against 
87

Sr/
86

Sr(i) ratios show that the KIC volcanic rocks exhibit 

isotopic features of a mixed magma with the rocks of the Julbeles formation 

having higher εNd(t) values than the other two formations (Fig.6). Our Sr and Nd 

isotopic results are consistent with the previous study on other Cretaceous 

plutonic rocks sampled from the Southern Pamir (Schwab et al., 2004). 

 

4.2. Mineral chemistry 

The chemical composition and structural formulae of minerals of 

the rock samples from the Julbeles and Tashbulak formations are shown in 

Tables S2a-e. Plagioclase compositions of the samples from the Julbeles 

formation vary between An33-An85 and plot in the ternary diagram as bytownite 
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- labradorite – andesine (Fig. 7a). Potassium feldspar is represented by 

orthoclase with Or content between 78 and 98. The chemical composition of 

plagioclase phenocrysts from the Tashbulak samples vary over a range of An43 – 

An74. The K-feldspar phenocrysts in these samples have not been measured. 

Biotite phenocrysts of analyzed samples show high TiO2 content 

(Julbeles:  3.58 – 5.75 and Tashbulak: 4.39 – 4.47 wt.%) which according to 

Nachit et al. (2005) indicates that they are primary magmatic biotites. On the 

Al
IV

 vs. Fe
2+

/(Fe
2+

+Mg) diagram of Rieder et al. (1998) biotites classify into the 

phlogopite end-member (Fig. 7e). The alumina saturation index (ASI – 

[Al
T
/(Ca+Na+K)] is also low in biotites for both formations (Julbeles: 1.27 – 

1.82; Tashbulak: 1.42 – 1.44) reflecting lower alumina activity in the magma 

(Sarjoughian et al., 2012). On the plot of Fe
2+

/(Fe
2+

+Mg) vs. Al
IV

 biotites plot in 

the field of shoshonitic granites (Fig.7f), indicating their affinity to be related 

with shoshonitic magma. 

The analyzed clinopyroxene phenocrysts of both formations, 

classified on the Wo-En-Fs ternary diagram, correspond to diopside – augite 

(Fig. 7b). Association of diopside – augite is a characteristic of shoshonitic 

rocks (Morrison, 1980). Mg# of the clinopyroxene phenocrysts is high and 

varies over the range of 0.50 – 0.88. Some of the clinopyroxene phenocrysts 

show oscillatory zoning in Al, Fe, Mg contents, consistent with the crystal 

growth. 
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Amphibole phenocrysts from the Julbeles formation that yield 

Na+K≥0.5 based on amphibole classification diagrams of Leake et al. (1997) 

and Hawthorne and Oberti (2007) classify as magnesio-hastingsite (IVAl<Fe3+) 

and pargasite (IVAl>Fe3+) (Fig.7c). The amphibole phenocrysts of samples 

from the Tashbulak formation with higher content of alkaline elements 

(Na+K≥0.5) classify as magnesio-hastingsite (IVAl<Fe3+) (Fig.7c). Only three 

analyses show high content of Si (>6.5) and classify as Edenite.  The amphibole 

phenocrysts from both formations with lower content of alkaline elements 

(Na+K<0.5) classify as magnesio-hornblende (Fig. 7d). As it is shown on the 

classification diagrams, amphiboles are calcic and this implies that the rocks 

have I-type affinity. Some amphibole phenocrysts that demonstrate zoning (Fig. 

3l) vary in composition from the center of the crystal to its edge. Consistently, 

the SiO2 composition increases from 41.80 wt% to 47.89 wt%. The contents of 

TiO2 (3.20 – 1.17 wt%), Al2O3 (12.25 – 6.95 wt%), and CaO (11.29 – 10.71 

wt%) decrease, whereas that of MgO (10.59 – 11.94 wt%) and FeO (15.06 – 

17.00 wt%) slightly increase. 

 

4.3. Zircon U-Pb geochronology and Lu-Hf isotopic compositions 

Zircon U-Pb geochronological data of 17 samples are summarized 

in Table 1 and shown in Table S3. Zircon grains are subhedral to euhedral with 

lengths between 80 – 300 µm and aspect ratios of 1:1 to 4:1 (Fig. S1). Most 

zircons show oscillatory zoning patterns. They have U content of 71.4 to 3290 
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ppm with Th/U ratios of 0.13 – 2.47 (>0.1), indicating a magmatic origin 

(Hoskin and Schaltegger, 2003). Some inherited cores are also observed. From 

472 measured zircon grains (18 samples) 293 of them yielded concordant ages 

within 90 - 110 % of concordance (Table S3), which are used in age 

calculations. 286 of the measured zircon grains from 17 analyzed samples 

yielded 
206

Pb/
238

U ages of 88.2±8.4 - 121±14 Ma with calculated weighted mean 

ages for individual samples ranging from 91.8±1.9 to 109.6±1.7 Ma (Table 1; 

Fig. S2). 7 zircon grains yielded inherited ages of 133±8.9 - 147.1±9.9; 223±15; 

304±18; 459±40 - 466±27; 698±28 Ma. Our U-Pb ages are consistent with 

previous Rb-Sr dating of KIC volcanic rocks (108-110 Ma) (Titov et al., 1996). 

Hf isotopic data are shown in Table 1 and Table S4. Zircon grains 

from the samples of the Ganjibay formation yielded initial 
176

Hf/
177

Hf ratios of 

0.282273 to 0.282496 with εHf(t) values ranging between −14 and −2.9 and 

   
 ages varying from 1.642 to 2.029 Ga. Zircon grains from the samples of the 

Julbeles formation yielded lower initial 
176

Hf/
177

Hf ratios ranging from 

0.281978 to 0.282680 with εHf(t) values ranging between -22.6 and -1.5, and 

   
 ages that vary between 1.229 and 2.568 Ga. The samples from the 

Tashbulak formation yielded zircon initial 
176

Hf/
177

Hf ratios distributed over a 

range of 0.282323 – 0.282561, εHf(t) values vary between -14.2 and -5.7 with  

   
  ages of 1.499 – 2.033 Ga.  
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5. Discussion 

5.1. Petrogenesis 

5.1.1. Magma evolution 

Partial melting of the source region can be identified by the ratio of 

the concentration of a highly incompatible element to a moderately 

incompatible element (Schiano et al., 2010). The KIC volcanic rocks exhibit a 

linear trend on a La/Yb vs La diagram, indicating that the primary magma was 

generated by partial melting of the source materials (Fig. 8g) (Ding et al., 2003). 

To evaluate fractional crystallization of a magma the Harker diagrams as well as 

the ratio of the concentrations of highly incompatible to moderately 

incompatible elements can be used (Allègre and Minster, 1978; Ding et al., 

2003; Li et al., 2013; Zhang et al., 2014). KIC volcanic rocks have low Mg# (14 

– 58) and low compatible element (Cr, Ni) concentrations, suggesting that the 

chemical variations of rocks were controlled by fractional crystallization during 

magma evolution. Olivine and clinopyroxene fractionation is responsible for 

decrease of Ni and Cr respectively with increasing differentiation. This is 

supported by negative correlation of MgO with SiO2 and positive correlation of 

Fe2O3 and Cr with MgO, indicating fractionation of mafic minerals (Fig. 8a-c). 

Low Sc (3-31 ppm) content suggests fractional crystallization of clinopyroxene 

(Li et al., 2013). Tb has higher partition coefficient in clinopyroxene and 

amphibole in comparison with La (Bacon and Druitt, 1988), hence fractionation 
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of these minerals will increase the La/Tb ratio. The KIC volcanic rocks show a 

linear trend on a SiO2 versus La/Tb plot, suggesting fractionation of 

clinopyroxene and amphibole (Fig.8e). Moreover, they also show a linear trend 

on a SiO2 versus Zr/Sm diagram, indicating fractional crystallization of 

amphibole (Fig. 8f) (Zhang et al., 2014). In addition, the negative correlation of 

CaO and SiO2 (Fig. 8d), negative anomalies of Eu, Sr, and Ba (Fig. 5a-f), 

varying composition of plagioclase from bytownite to andesine (Fig. 7a) 

suggest plagioclase fractionation. Plot of Rb vs Ba (Fig. 8i) allows evaluation of 

the relative importance of fractionation of plagioclase, clinopyroxene or 

amphibole in the evolution of the KIC magmas. These interpretations are 

consistent with petrographic features of the rocks, which contain plagioclase, 

clinopyroxene and amphibole phenocrysts. The low Ba and Sr concentrations, 

pronounced Eu negative anomalies and abundant plagioclase phenocrysts 

indicate that a major phase of the magmatic evolution occurred at a relatively 

shallow level. Plagioclase phenocrysts display obvious oscillatory zoning, 

which is suggestive of relatively slow ascent or retention within a shallow 

chamber (Chen et al., 2015). Quartz and calcite resorbed xenocrysts observed in 

rhyolites indicate contamination of magma by crustal material in this shallow 

magma chamber during the late stages of eruption. Thus, our geochemical 

results suggest that the KIC magma evolution is mainly controlled by partial 

melting and fractional crystallization of originally mafic material that occurred 
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at a relatively shallow level after relatively slow ascent or retention within a 

shallow chamber. 

 

5.1.2. Magma source 

The KIC volcanics are shoshonitic and derived by mixing of two 

magmas. The high K2O content and high K2O/Na2O ratios are distinctive 

features of shoshonitic series rocks. The latter ratios in shoshonitic rocks are 

commonly between 1 and 2.5. The KIC volcanic rocks plot on the K2O vs SiO2 

diagram (Fig. 4b) within two adjacent fields: High-K calc-alkaline and 

shoshonitic with K2O/Na2O ratios of 1 – 2.2.  Although, high K2O/Na2O ratios 

suggest a shoshonitic affinity, which indicates a mantle source for the KIC 

volcanics, the transition between two series of rocks suggests that the KIC 

magmas were derived by mixing of two magma components. This is because a 

parent magma with a given K2O and SiO2 content will usually evolve within the 

same particular field, and for a magma to evolve into an adjacent field, the 

process of mixing of two magma types must operate (Roberts and Clemens, 

1993).  An arcuate trend on the plot of La/Sm vs La (Fig. 8h) also indicates the 

mixed character of the KIC magmas (Schiano et al., 2010). 

The KIC volcanics are not purely crustal. They yielded 10 - 27 % 

CIPW normative quartz, which is also observed as phenocryst and in the 

groundmass of some samples suggesting that they are quartz-saturated and 

could be derived by melting of a crustal source. However, Hermann and 
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Spandler (2008) in their experimental studies demonstrated that partial melting 

of typical crustal rocks, over a large range of pressures and temperatures, 

produces peraluminous granitic melts with K2O/Na2O ratios close to unity at 

crustal pressures. A different study also suggested that pure crustal melts would 

lead to formation of only peraluminous leucogranites (Douce, 1999), which is 

not the case with the KIC volcanics. Moreover, the high Mg and Ca contents of 

biotite and plagioclase phenocrysts, respectively, exclude the derivation of 

magmas by only partial melting of lower crustal rocks, because in this case 

plagioclase phenocrysts would be represented by more acidic members 

(andesine – albite) and biotite would be ferroan. 

The isotopic features of the KIC volcanic rocks are also consistent 

with mixing of mantle shoshonitic and crustal felsic magmas. Whole-rock εNd(t) 

and zircon εHf(t) values of rocks are negative, reflecting recycling of continental 

crust. Zircon εHf(t) values plotted against the U-Pb ages (Fig.9) of zircon grains 

suggest that samples from the Julbeles formation, plotting close to the CHUR 

line and those samples that yielded lower εHf(t) values, may represent two 

distinct magma sources that mixed on the crustal level.  The whole-rock εNd (t) 

values plotting close to OIB (Fig. 6), and zircon εHf(t) values of latites and 

quartz latites plotting close to the CHUR line, are consistent with mixing of 

mantle shoshonitic and crustal felsic magmas.  Mixing between shoshonitic and 

felsic magmas is also consistent with uniform patterns of trace elements, which 

requires two end-members to have similar trace element patterns. Therefore, we 
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suggest that the KIC magmas were derived by mixing between mantle 

shoshonitic and crustal felsic magmas and further on evolved by fractional 

crystallization in the magma chambers, which led to the formation of more 

evolved varieties of the KIC volcanic rocks. This interpretation is consistent 

with a previous study of the volcanic rocks of the Southern Pamir (Puzankov et 

al., 2000), which suggested a mafic (shoshonitic) component for the KIC 

primary magmas. 

 

5.2. Tectonic setting 

There is a general consensus that shoshonitic rocks are derived 

from partial melting of mantle that had been metasomatized by subduction-

related fluids or melts (Campbell et al., 2014; Edgar and Arima, 1985; Foley 

and Peccerillo, 1992; Morrison, 1980; Peccerillo, 1990; Turner et al., 1996). The 

hypothesis that melting of a hydrous mantle can produce potassic magmas is 

supported by the available experimental evidence (Sekine and Wyllie, 1982). 

Other hypotheses also exist to explain the origin of the Tibetan and Karakoram 

Cenozoic high-potassic magmas. They include subduction of continental crust 

(Deng, 1998), convective removal of the mantle lithosphere (Turner et al., 1996; 

Miller et al., 1999; Küster et al., 1998), extension along strike-slip faults (Yin et 

al., 1995), slab breakoff (Miller et al., 1999; Mahéo et al., 2009), and melting of 

a crustal block that has been thrusted into the upper mantle (Campbell et al., 

2014). However, based on our results, the KIC volcanics are more likely 
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associated with subduction processes. They display features similar to results of 

Meen, (1987) from shoshonites from the Absaroka volcanic field. Meen, (1987) 

suggested that shoshonitic magma can be derived by high pressure fractional 

crystallization of an anhydrous tholeiitic basalt magma above the deeper part of 

the Benioff zone. He also indicated that the transition between tholeiitic and 

shoshonitic magma can be related to thickening of crust toward the back-arc. 

We interpret that the KIC volcanics record a steepening of the 

Benioff zone and thickening of the crust toward the back-arc during northward 

subduction of the Tethyan ocean. They are represented by a range of 

intermediate to acidic rocks (SiO2= 56 – 69 wt%) that exhibit High-K calc-

alkaline and shoshonitic affinity (Fig. 4b), having high K2O/Na2O ratios (≥ 1), 

high Na2O+K2O (>5 wt.%) and low TiO2 (<1 wt %), similar to typical 

shoshonitic series (Joplin, 1968; Morrison, 1980). K-rich magmatism, such as 

shoshonites, is inferred to be formed in a variety of tectonic settings including 

oceanic arc, continental arc and postcollisional arc settings.  The shoshonitic 

rocks in these tectonic settings are regarded as products of magmatic activity 

above a subduction zone, where they are related to the melting of a phlogopite-

bearing wedge (Muller et al., 1997). In a subduction-related tectonic setting the 

shoshonites are associated with calc-alkaline suites. In this case, they are 

generated from the Low-K tholeiitic and calc-alkaline rocks, occurring above 

the deeper part of the Benioff zone, and therefore K-enrichment is usually 
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related to steepening of this zone and thickening of the crust toward the back-

arc (Morrison, 1980; Meen, 1987). 

Enrichment in large ion lithophile elements (LILE; e.g. Rb, Th, U) 

and depletion in high field strength elements (HFSE; e.g. Ta, Nb, Ti) alongside 

with high concentrations of light rare earth elements (LREE) compared with 

heavy rare earth elements (HREE) observed in the KIC volcanic rocks suggest 

that they are similar to arc related rocks (Condie, 2001, 2005; Li et al., 2013; 

Pearce et al., 1984; Wilson, 2007). In addition, the negative anomalies of Ta, Nb 

and Ti (TNT) together with relatively high values of Cs, Rb, Ba and Pb of the 

KIC volcanics are characteristics of arc-related potassic igneous rocks (Müller 

et al., 1992; Sun and McDonough, 1989). High average values of Ba/Nb and 

Rb/Nb ratios (62.9 and 11.9 respectively) of KIC volcanic rocks also indicate 

that these rocks are similar to typical potassic igneous rocks formed at active 

continental margins (Muller et al., 1997; Sarjoughian et al., 2012). This is 

explained by the fact that during a subduction, the HFSE tend to remain in the 

subducted plate, whereas LILE are easily transferred into the mantle wedge 

(Pearce, 1983; Tatsumi and Eggins, 1995). Fig.10a shows the distribution of 

KIC volcanic rocks in the field of arc-related setting with fig. 10b suggesting a 

continental arc setting for these rocks. In the plot of Zr/TiO2 vs Ce/P2O5, which 

delineates continental arc from post-collisional arc settings, KIC volcanic rocks 

plot between continental and post-collisional arc settings (Fig.10c). Thus, these 
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observations suggest that the KIC volcanics record a suite from active 

continental arc to post-collisional setting. 

 

5.3. Tectonic model 

The Late Cretaceous age (110-92 Ma) of emplacement of the KIC 

volcanics enables us to associate them to potential coeval tectonic activity. 

Previous studies have suggested that the Rushan Ocean, separating the Southern 

Pamir from the Central Pamir, may have been subducting southward beneath the 

Southern Pamir, prior to its late Triassic – early Jurassic closure (Angiolini et 

al., 2013; Burtman and Molnar, 1993; Robinson, 2015). Since the KIC volcanics 

were formed after the closure of the Rushan Ocean, we believe that they should 

not be related to the subduction of the Rushan Ocean. In addition, the Rushan 

Ocean being relatively narrow (Angiolini et al., 2013; Burtman, 2010; Leven, 

1995; Schwab et al., 2004), the subduction of this Ocean was likely 

accompanied by limited subduction-related magmatism (Robinson, 2015). 

South of the Southern Pamir, two arcs have been previously proposed to 

account for mid- and late-Cretaceous magmatism in the Southern Pamir. The 

mid-Cretaceous (end of early and beginning of late Cretaceous) magmatism has 

been related to arc-activity following alleged subduction of the Wakhan basin 

prior to the collision of Karakoram with the Southern Pamir, while the late 

Cretaceous magmatic activity was suggested to be related to the Neotethys 

subduction along the Shyok suture (Schwab et al., 2004). The absence of 
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evidence for subduction along the Tirich-Wakhan Boundary Zone and the 

presence of the overprinted Wakhan basin, has been interpreted to represent a 

sub-continental basin developed along a zone of attenuated continental crust 

(Zanchi et al., 2000). This subcontinental basin has been interpreted to close in 

the Jurassic following the collision between Karakoram and the Southern Pamir 

(Angiolini et al., 2013; Faisal et al., 2014; Robinson, 2015; Zanchi et al., 2000). 

The evidence for pre-Cretaceous closure of the Wakhan basin is given by the 

121 -127 Ma Tirich-Mir granitic pluton that intrudes the Wakhan-TBZ, stitching 

Karakoram with the Southern Pamir (Faisal et al., 2015, 2014; Zanchi and 

Gaetani, 2011; Zanchi et al., 2007). Therefore, the late Cretaceous formation of 

the KIC volcanic rocks with arc-related signatures is not related to the Jurassic 

closure of the intracontinental Rushan and Wakhan basins. A more likely 

mechanism is the mid Cretaceous northward subduction of the Shyok 

(Neotethys) Ocean that initiated south of the Karakoram after the accretion of 

the Karakoram to the Southern Pamir. A northward flat-dipping slab subduction 

of the Shyok oceanic crust beneath the relatively thickened Karakoram and the 

Southern Pamir could account for the generation of the shoshonitic magmas as 

far north as the location of the KIC volcanics at the end of the early Cretaceous. 

The closure of the Shyok Ocean occurred during the late Cretaceous, followed 

by the accretion of the Kohistan Island Arc to the Eurasian margin (Faisal et al., 

2014; Fraser et al., 2001). The suturing of the Kohistan Island arc to the South 

margin of Asia is still controversially dated (90 - 40 Ma) (Bouilhol et al., 2013; 
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Faisal et al., 2014; Fraser et al., 2001; Khan et al., 2009; Robertson and Collins, 

2002). These ages suggest that the 92 Ma termination of the KIC volcanic 

emplacement coincides with the onset of the collision of the Kohistan island 

arc. This nicely fits with the transitional character of the tectonic setting of the 

KIC volcanics from continental arc to post-collisional (Fig. 10c) that may 

reflect the transition from subduction of the Shyok to the collision of Kohistan 

with the Karakoram. However, a recent study suggested that the Kohistan paleo-

Island arc formed in the equatorial part of Neotethys and first collided with 

India at around 50 Ma and then with Eurasia at around 40 Ma (Bouilhol et al., 

2013). In this case, as an alternative interpretation, the transitional character of 

the tectonic setting of the KIC volcanic rocks may indicate crustal thickening 

toward the back arc as it was suggested by Muller et al. (1992). Nevertheless, 

the expected steepening of the Benioff zone following the subduction of the 

Shyok Oceanic crust and the onset of collision or crustal thickening toward the 

back-arc might have resulted in the generation of the observed KIC shoshonitic 

magmas (Fig. 11). Further mixing of both magma components in conjunction 

with simultaneous open-system fractional crystallization would have occurred 

in lower crustal levels. The resulting hybrid magma would then have ascended 

and have tapped into magmatic chambers located in higher crustal levels, where 

its fractionation continued until its eruption (Fig.11). 

As a comparison, voluminous Cretaceous volcanic rocks and 

plutons are also widespread in the adjacent Qiangtang and Lhasa terranes of the 
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Tibetan Plateau, which have been interpreted as products of bilateral subduction 

of the Bangong Ocean and the collision between Qiangtang and Lhasa terranes 

(e.g. Chen et al., 2015; Hu et al., 2017; Li et al., 2015; Liu et al., 2015, 2012; 

Sui et al., 2013). The Qiangtang igneous rocks are high-K calc-alkaline in the 

south (Hao et al., 2016; Li et al., 2013, 2015; Liu et al., 2015) and shoshonitic in 

the north (Zhong et al., 2007), while those from northern Lhasa terrane are calc-

alkaline to High-K calc-alkaline (Chen et al., 2015; Hu et al., 2017; Sui et al., 

2013). A coeval magmatic activity is also present in the Karakoram terrane, 

south of Pamir, which is represented by calc-alkaline to high-K-calc-alkaline 

Tirich-Mir, Buni-Zom plutons and the Karakoram batholith (Faisal et al., 2015; 

Ravikant et al., 2009; Zanchi and Gaetani, 2011). These plutonic rocks have 

been related genetically to the northward subduction of the Shyok Ocean along 

the southern margin of the Karakoram terrane (e.g. Faisal et al., 2015). These 

observations suggest 1) that the Southern Pamir KIC volcanic rocks and the 

Cretaceous plutons in the Karakoram terrane must be the products of a single 

arc, with the Southern Pamir volcanics being erupted near the back-arc and 2) 

that the northward subduction of the Shyok Ocean might correlate with the 

northward subduction of the Bangong Oceanic crust beneath the Qiangtang 

terrane. Moreover, the closure of the Bangong Ocean, described as diachronous 

between middle Jurassic in the east and middle Cretaceous in the west (Liu et 

al., 2014; Wang et al., 2014; Yin and Harrison, 2000), is also consistent with the 

interpretation that Shyok Ocean, which closed in the early late Cretaceous, is 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

36 

correlative with Bangong Ocean in Tibet (Angiolini et al., 2013; Burtman and 

Samygin, 2001; Robinson, 2015; Robinson et al., 2012).  

The shoshonitic magma generation beneath the crust of the 

Southern Pamir by high-pressure fractional crystallization of mantle derived 

magmas may imply significant crustal thickening in this region and associated 

topographic elevation in the late Cretaceous. The flat-dipping slab subduction 

and suturing events along the Shyok suture would imply additional shortening 

and thickening from 110 to 90 Ma from the Kohistan arc to the Southern Pamir 

and possibly further north. This supports previous evidence for significant 

crustal shortening, thickening and metamorphism during the early to late 

Cretaceous throughout the Cimmerian terranes forming the Pamir (Fraser et al., 

2001, Hildebrand et al., 2001 and Streule et al., 2009; Robinson et al., 2004; 

2007; 2015). This suggests that an extensive Pamir plateau was already largely 

formed by late Cretaceous. This plateau would have constituted, with the 

alleged pre-Cenozoic “Lhasa-plano” of the Tibetan plateau, a major topographic 

feature with potentially important implications for atmospheric circulation such 

as the monsoonal circulation that may have been present at this time (Huber and 

Armstrong, 2012). 

Our model also supports the interpretation of Robinson, (2015) that 

a significant part of the crustal shortening and thickening accommodated in the 

Pamir may have occurred in the Mesozoic before the India-Asia collision. Post-

Cimmerian crustal shortening can be currently estimated to about 240 km 
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(Stubner et al., 2013). Our results indicate that some of this shortening must be 

accounted for by pre-collisional shortening within the Cimmerian terranes. This 

has important implications for the geodynamic reconstructions of convergence 

estimates (van Hinsbergen et al., 2011) and their relations to subduction 

processes using tomographic data (Negredo et al., 2007; Capitanio and 

Replumaz, 2013). 

In effect, this reduces the Pamir shortening budget during and after 

the India-Asia collision. This therefore implies less deformation of the Asian 

upper lithospheric plate to account for proposed associated processes such as 

delamination or continental subduction (e.g. Kufner et al., 2016; Sobel et al., 

2014; Replumaz et al., 2016) and more generally the transfer of deformation on 

major lithospheric strike-slip structures (e.g. Karakoram and Chaman faults; van 

Hinsbergen et al., 2011). 
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6. Conclusions 

The KIC volcanics representing a range of intermediate to acidic 

rocks, which exhibit High-K calc-alkaline and shoshonitic affinity and show arc 

related trace element signatures, were erupted in the Albian-Turonian time 

(91.8±1.9 - 109.6±1.7 Ma; early-late Cretaceous). These volcanics were derived 

from crustal under- or intra-plating of mantle magmas from enriched 

subduction-modified lithosphere, by heating and partial melting of the lower 

crust, and by mixing of both magma components followed by open-system 

fractional crystallization. Silicic members of the volcanic rocks were derived by 

fractionation of hybrid magma in the magma chambers located in higher crustal 

levels.  

The shoshonitic magmas of the KIC volcanic rocks have been most 

likely derived by subduction of Shyok Oceanic crust beneath the Karakoram 

and the Southern Pamir in a continental arc tectonic setting. Potassium 

enrichment during the span of the KIC emplacement (110-92 Ma) indicates 

coeval steepening of the Benioff zone that is related to the collision of the 

Kohistan arc. The transitional character of the tectonic setting of the volcanics 

between continental arc and post-collisional setting may reflect the subduction - 

collision transition along the Shyok suture due to accretion of the Kohistan 

island arc to the Karakoram. Alternatively, this transition might be related to 

crustal thickening toward the back arc.    
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Our results support that much of the shortening and thickening of 

the Pamir crust might have occurred before the India-Asia collision. We thus 

suggest that an extensive Pamir plateau already largely formed by late 

Cretaceous implying monsoonal circulation may have been nascent at this time.  
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Figures: 

Fig. 1 Simplified tectonic map of the Pamir, modified after Angiolini et al. 

(2013); Burtman and Molnar (1993); Robinson (2014); Shvol’man 

(1977); Schwab et al. (2004);   

Fig. 2 a) Geological map of the Kyzylrabat area; b) geological map of the 

Teshiktash sequence; c) geological map of the Beik sequence. Symbols 

on the maps indicate samples collected from different formations (square 

– Ganjibay; circle – Julbeles; triangle – Tashbulak). The symbols with the 

same shape are used in all the diagrams of this paper.  

Fig. 3 a) Field photograph of a contact of volcanic rocks with conglomerates; b-

d) photographs of hand specimens from the Ganjibay, Julbeles and 

Tashbulak formations respectively; e-m) photomicrographs of rock 

samples: e-h) Ganjibay formation – dacite; i-j) Julbeles formation – dacite 

and Q-latite respectively; k-l) Tashbulak formation – latite and dacite 

respectively; m) resorbed phenocryst of quartz in rhyolite. Amp – 

amphibole; Bt – biotite; Chl – chlorite; Cpx – clinopyroxene; Kfs – K-

feldspar; Pl – plagioclase; Qz – quartz.  

Tashbulak formation -  latite and quartz latite respectively 

Fig. 4 a) Total alkali versus SiO2 (TAS) diagram for the KIC volcanic rocks, as 

proposed by Le Bas et al. (1986) and codified by Le Maitre et al. (1989). 

Dividing line between alkaline and subalkaline series is that of Irvine and 
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Baragar (1971); b) SiO2 vs. K2O diagram proposed by Peccerillo and 

Taylor (1976) to distinguish between tholeiitic, calc-alkaline and 

shoshonitic rock series. 

Fig. 5 a-c) Primitive mantle-normalized trace element patterns for the KIC 

volcanic rocks: a) Ganjibay formation; b) Julbeles formation; c) 

Tashbulak formation. The primitive mantle normalization values are from 

Mcdonough and Sun (1995); d-f) chondrite-normalized REE patterns for 

the KIC volcanic rocks: d) Ganjibay formation; e) Julbeles formation; f) 

Tashbulak formation. Chondrite values are from Boynton (1984); 

Fig. 6 εNd (t) vs 
87

Sr/
86

Sr(i) for the KIC volcanic rocks. Mixing lines between 

depleted mantle and High Himalayan Crystalline Rocks (HHC) and that 

between depleted mantle and lower crust  are based on  data given by  

Ding et al. (2003) and Othman et al., (1984) respectively. 

Fig. 7 a) Chemical composition of feldspars from the KIC volcanic rocks 

plotted on the An-Ab-Or ternary diagram; b) clinopyroxene Wo-En-Fs 

classification diagram; c-d) classification diagram for amphiboles 

(Hawthorne and Oberti, 2007; Leake et al., 1997); e) Composition of 

biotites from the KIC volcanics; f) Fe
2+

/(Fe
2+

+Mg) vs Al
IV

 diagram of 

biotites (Jiang et al., 2002). 

Fig. 8 a) MgO vs SiO2; b) Fe2O3 vs MgO; c) Cr vs MgO; d) CaO vs SiO2; e) 

La/Tb vs SiO2; f) Zr/Sm vs SiO2; g) La/Yb vs La; h) La/Sm vs La; i) Rb 
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vs Ba diagrams. a-c: fractional crystallization of mafic minerals; d-f: 

fractional crystallization of plagioclase, clinopyroxene and amphibole; g: 

the KIC volcanic rocks show linear trend on La/Yb vs La diagram 

indicating partial melting of the source material; h) arcuate trend 

indicating magma mixing; i: Rb vs Ba vector diagram showing inferred 

fractional crystallization trends for the KIC volcanic rocks. The partition 

coefficients for Rb and Ba are from Rollinson (1993) and the vectors 

were calculated from Rayleigh fractionation equation. Pl – plagioclase; 

Cpx – clinopyroxene; Amp – amphibole; Kfs – potassium feldspar; Bt – 

biotite. The schematic diagrams from Schiano et al. (2010) are also 

indicated, in which CH, CM, C0 and DM are the concentrations of highly 

incompatible elements (H), moderately incompatible elements (M), the 

corresponding primary source materials (0) and the bulk solid/melt 

partition coefficient of an element M respectively. 

Fig. 9 Zircon U-Pb ages vs in situ εHf(t) values. 

Fig. 10 Tectonic setting discrimination diagrams of KIC volcanic rocks, 

showing arc-related tectonic setting for these rocks – a) Zr/Al2O3 vs 

TiO2/Al2O3; b) La/Yb vs Th/Yb (Condie, 1989) and c) Ce/P2O5 vs 

Zr/TiO2 (Muller et al., 1997). 

Fig. 11 The tectonic model for the generation of KIC magmas. The shoshonitic 

magmas are generated by the subduction of the Shyok Ocean beneath the 
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Karakoram – Southern Pamir region. The shoshonitic magmas are related 

to steepening of the Benioff zone during subduction. RPS – Rushan-

Pshart Suture; W-TBZ – Wakhan-Tirich Boundary Zone.    
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Tables: 

Table 1 Phenocryst and groundmass mineralogy, U-Pb ages and εHf(t) values of the KIC 

volcanic rocks from the Southern Pamir 

Sample Lithology Phenocrysts Groundmass Age MSWD εHf(t) 

Tashbulak formation 

BK1.1 Latite Pl+Cpx Pl+Cpx+Qz+glass 91.8±1.9 0.34 -23.9 to -5.7 

BK4.1 Latite Pl+Cpx+Amp+Kfs Pl+Cpx+Bt+glass    

BK8.1 Q-Latite Pl+Cpx Pl+Cpx+glass    

BK9.2 Q-Latite Pl+Cpx Pl+Cpx+Mt+glass    

BK4.2 Q-Latite Pl+Kfs+Cpx Pl+Cpx+Mt+Ap+glass    

TR84 Dacite Pl+Bt+Amp+Opx Pl+Bt+Qz+glass 93.1±2.6 1.15  

BK6.5 Dacite Pl+Bt+Amp+Qz Pl+Bt+Cpx+Qz+glass 94.1±1.4 2.4  

BK1.3 Dacite Pl+Bt+Amp+Qz+Cpx Pl+Qz+Bt+glass 94.4±1.2 1.5 -13.9 to -8.5 

TR85 Dacite Pl+Bt+Amp+Cpx Pl+Bt+Qz+glass 96.5±1.9 4.2  

BK3.1 Rhyolite Pl+Kfs+Cpx Pl+Cpx+Qz+glass 95.1±1.1 0.53 -12.0 to -7.2 

BK3.2 Rhyolite Pl+Kfs+Cpx Pl+Cpx+Qz+glass    

Julbeles formation 

BK5.4 
Basaltic 

andesite 
Kfs+Pl+Amp+Cpx Pl+Cpx+Qz+glass 96.9±1.0 0.37 -24.8 to -4.6 

BK5.5 
Basaltic 

andesite 
     

DZH002 Latite Pl+Cpx+Bt Pl+Cpx+Qz+glass 102.5±2.3 3.5 -13.9 to -9.2 

BK8.3 Latite Pl+Cpx+Amp+Kfs Pl+Cpx+glass    

BK1.2 Q-Latite Pl+Kfs+Cpx Pl+Kfs+Cpx+Qz+Mt+Ap+glass 99±2.5 2.4 -6.7 to -1.5 

BK4.4 Q-Latite Pl+Kfs+Cpx+Opx Pl+Cpx+Qz+Mt+Ap+glass    

BK4.5 Q- Latite Pl+Cpx+Bt Pl+Cpx+Qz+glass    

BK5.2 Q- Latite Pl+Cpx Pl+Cpx+glass    

BK8.2 Q-Latite Pl+Cpx Pl+Cpx+glass    

BK9.1 Q- Latite Pl+Cpx+Bt Pl+Cpx+Bt+glass    

DZH001 Andesite Pl+Amp+Bt+Cpx+Qz Pl+Cpx+Qz+glass 101.4±1.8 2.5 -22.6 to -4.2 

DZH019 Dacite Pl+Amp+Bt+Cpx Pl+Cpx+Bt+Qz+glass 101.7±1.2 0.68 -14 to -10 

DZH021 Dacite Pl+Amp+Bt+Cpx Pl+Cpx+Bt+Qz+glass 102.3±1.5 0.94 -14.8 to -10.5 

TR78 Dacite Pl+Bt+Amp+Cpx Pl+Bt+Qz+Mt+glass    

TR79 Dacite Pl+Bt+Amp+Cpx Pl+Bt+Qz+Mt+glass    

TR80 Dacite Pl+Bt+Amp+Cpx Pl+Bt+Qz+Mt+glass    

TR81 Dacite Pl+Bt+Amp+Opx+Cpx Pl+Cpx+Bt+Qz+Mt+glass    

TR82 Dacite Pl+Bt+Amp+Cpx Pl+Bt+Qz+glass    

TR83 Dacite Pl+Bt+Amp+Cpx Pl+Bt+Qz+glass 104±1.6 0.68  

BK9.4 Dacite Pl+Cpx+Bt Pl+Cpx+glass    

BK5.3 Dacite Pl Pl+Cpx+glass    

BK4.6 Dacite Pl+Cpx Pl+Cpx+glass    

BK6.6 Dacite Pl+Cpx Pl+Cpx+glass    

BK6.7 Dacite Pl+Amp+Bt++Cpx+Qz Pl+Qz+Cpx+Bt+glass    

Ganjibay formation 

BK10.1 Dacite Pl+Bt+Cpx Pl+Qz+Bt+glass    

BK10.2 Dacite Pl+Bt+Cpx Pl+Qz+Bt+glass    

BK10.3 Dacite Pl+Bt+Cpx Pl+Qz+Bt+glass    

KZ1-01 Dacite Pl+ Bt +Amp+Cpx+Qz Pl+Bt+Qz+Mt+glass 103.9±1.9 0.34  

BK10.4 Dacite Pl+Bt+Cpx Pl+Qz+Bt+glass 107.1±2.3 1.6 -12.1 to -2.9 

KZ1-03 Dacite Pl+Bt+Amp+Cpx+Qz Pl+Bt+Qz+Mt+glass    

SR001 Dacite Pl+Kfs+Cpx Pl+Cpx+Qz+glass 109.3±1.9 1.07  

DZH007 Dacite Pl+Amp+Cpx+Bt Pl+Cpx+Bt+Qz+glass 109.6±1.7 0.73 -14 to -8.9 
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Table 2 Representative major (wt%) and trace element (ppm) data for the KIC volcanic rocks 

from the Southern Pamir. 

Sample BK 1.1 TR85 BK 3.1 BK 5.4 TR83 TR80 TR78 TR82 DZH007 KZ1-03 SR001 

 Tashbulak formation Julbeles formation Ganjibay formation 

SiO2 59.27 63.76 68.67 56.17 62.56 62.74 63.22 63.69 61.93 63.11 64.63 

TiO2 0.80 0.62 0.40 0.94 0.69 0.66 0.66 0.65 0.70 0.63 0.59 

Al2O3 16.15 16.25 14.59 15.41 16.46 16.14 16.03 16.33 16.48 15.99 15.61 

Fe2O3 6.21 4.73 3.19 7.75 5.08 5.05 5.07 4.93 5.36 4.94 4.45 

MnO 0.10 0.09 0.05 0.13 0.09 0.09 0.09 0.09 0.10 0.06 0.07 

MgO 3.55 2.17 0.95 5.50 2.35 2.37 2.43 2.32 2.56 2.71 2.01 

CaO 4.38 4.33 1.21 6.98 4.46 4.42 4.47 4.38 4.79 3.88 3.64 

Na2O 2.98 2.67 2.80 2.14 2.75 2.62 2.66 2.78 2.72 2.57 2.89 

K2O 3.74 3.55 5.65 3.51 3.75 3.87 3.79 3.69 3.52 3.98 3.71 

P2O5 0.28 0.21 0.15 0.30 0.22 0.22 0.22 0.22 0.23 0.22 0.21 

L.O.I 2.20 1.20 2.03 0.80 0.68 0.68 0.60 0.74 0.64 1.66 1.83 

Total 99.67 99.57 99.69 99.63 99.08 98.86 99.24 99.82 99.03 99.75 99.62 

Mg# 53.1 47.6 37.1 58.4 47.8 48.2 48.7 48.2 48.6 52.1 47.2 

Sc 19.53 14.54 5.74 2.89 16.02 16.31 16.06 15.55 16.49 16.42 13.36 

Cr 68.6 45.27 9.97 3.18 55.1 47.3 53.24 46.37 47.3 51.85 34.61 

Co 12.71 8.85 3.42 0.86 9.83 10.07 10.08 9.58 9.85 9.79 9.93 

Ni 6.62 4.24 2.21 0.86 4.98 4.46 5.26 4.28 4.58 6.18 9.07 

Cu 6.74 2.57 4.98 17.28 6.34 5.79 6.42 5.50 7.50 4.72 3.95 

Zn 47.3 59.5 40.5 16.8 66.2 68.8 67.1 61.1 63.7 64.6 24.8 

Rb 152 136 212 212 157 174 164 153 133 173 175 

Sr 581 481 184 308 473 484 487 488 486 452 494 

Y 21.3 20.9 16.0 19.0 22.4 21.1 20.8 22.1 22.6 20.6 22.7 

Zr 182 203 247 226 203 207 215 223 215 191 195 

Nb 12.3 13.5 13.6 15.3 14.5 14.0 14.0 14.3 14.0 13.1 14.2 

Cs 6.54 2.82 7.59 5.28 5.94 6.28 5.22 5.14 3.90 7.77 2.23 

Ba 780 761 1000 610 846 842 833 822 829 826 864 

La 29.7 38.0 36.9 30.9 38.7 39.3 38.6 39.5 35.6 39.4 53.1 

Ce 61.1 74.6 75.4 57.9 77.1 77.9 75.5 77.8 72.8 77.0 103.3 

Pr 6.88 8.12 7.85 6.41 8.48 8.37 8.18 8.50 8.10 8.26 10.94 

Nd 30.2 30.1 32.8 26.4 32.0 30.8 30.1 31.5 31.0 30.5 39.5 

Sm 5.99 5.71 5.78 4.89 6.17 5.93 5.84 6.03 6.17 5.75 7.30 

Eu 1.41 1.29 0.98 1.02 1.33 1.30 1.31 1.33 1.36 1.33 1.44 

Gd 6.14 5.26 6.04 4.99 5.61 5.32 5.24 5.54 5.44 5.09 6.45 

Tb 0.67 0.68 0.55 0.58 0.73 0.68 0.67 0.71 0.72 0.67 0.78 

Dy 4.13 3.73 3.27 3.62 4.03 3.77 3.72 3.93 4.05 3.75 4.15 

Ho 0.73 0.72 0.56 0.68 0.78 0.72 0.72 0.75 0.78 0.71 0.78 

Er 2.33 2.08 1.82 2.23 2.25 2.11 2.10 2.23 2.26 2.11 2.18 

Tm 0.31 0.32 0.25 0.35 0.35 0.32 0.32 0.34 0.34 0.31 0.35 

Yb 2.17 2.08 1.78 2.44 2.21 2.09 2.09 2.22 2.23 2.07 2.13 

Lu 0.30 0.31 0.25 0.36 0.34 0.31 0.32 0.33 0.33 0.31 0.32 

Hf 4.58 5.28 6.43 6.59 5.40 4.97 5.19 5.65 5.72 4.64 4.73 

Ta 0.77 1.06 0.94 1.09 1.12 1.00 1.02 1.08 1.04 0.94 1.07 

Pb 12.10 21.72 23.47 13.70 23.83 21.80 22.18 19.99 20.11 23.52 9.71 

Th 11.69 16.77 22.89 22.68 15.74 15.75 15.63 16.42 14.94 15.78 24.32 

U 2.80 3.72 4.12 4.63 3.15 3.17 3.08 3.45 3.20 3.54 5.44 
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Table 3 Whole – rock Sr - Nd isotopic ratios of the KIC volcanic rocks from the Southern Pamir 

Sample Age (Ma)a Srb Rbb Smb Ndb 87Rb/86Sr 87Sr/86Sr c 87Sr/86Sr(i) εSr(t) 
147Sm/144Nd 143Nd/144Ndc 143Nd/144Nd(i) εNd(t) TDM (Ga)d 

BK 1.1 91.8 581.1 152.5 5.99 30.17 0.759354 0.709188 ± 07 0.708197 54.0 0.119936 0.512161 ± 04 0.512089 -8.41 1.421 

BK 1.2 99 481.4 246.5 5.96 31.36 1.481763 0.708964 ± 05 0.706879 35.4 0.114959 0.512343 ± 04 0.512268 -4.72 1.098 

BK 1.3 94.4 272.3 167.6 6.77 35.90 1.781339 0.709558 ± 09 0.707168 39.4 0.114036 0.512159 ± 03 0.512089 -8.34 1.346 

BK 10.4 107.1 229.2 90.9 4.52 23.48 1.147788 0.710313 ± 07 0.708566 59.5 0.116417 0.512115 ± 05 0.512033 -9.11 1.440 

BK 3.1 95.1 183.8 211.5 5.78 32.79 3.330896 0.714125 ± 06 0.709624 74.3 0.106485 0.512112 ± 03 0.512046 -9.17 1.320 

BK 5.4 96.9 307.5 211.6 4.89 26.45 1.991581 0.710353 ± 07 0.707583 45.4 0.111885 0.512230 ± 06 0.512159 -6.89 1.222 

BK 6.5 94.1 447.4 136.1 5.11 27.07 0.880426 0.709368 ± 06 0.708190 53.9 0.114028 0.512154 ± 04 0.512084 -8.44 1.353 

DZH001 101.4 563.7 101.0 5.95 30.24 0.518413 0.708687 ± 06 0.707940 50.5 0.119021 0.512171 ± 05 0.512092 -8.11 1.394 

DZH002 102.5 497.3 132.6 6.17 31.63 0.771322 0.709170 ± 09 0.708047 52.0 0.117838 0.512165 ± 04 0.512086 -8.20 1.387 

DZH007 109.6 485.9 133.1 6.17 31.00 0.792630 0.709223 ± 07 0.707989 51.3 0.120273 0.512156 ± 06 0.512069 -8.35 1.434 

DZH019 101.7 471.2 157.7 6.04 31.77 0.968467 0.709493 ± 07 0.708093 52.7 0.114850 0.512160 ± 05 0.512084 -8.26 1.355 

DZH021 102.3 505.9 139.3 6.36 32.04 0.796823 0.709244 ± 09 0.708086 52.6 0.120068 0.512159 ± 04 0.512079 -8.35 1.426 

KZ1-01 103.9 441.5 167.9 5.61 29.73 1.100326 0.709757 ± 11 0.708132 53.3 0.114055 0.512157 ± 03 0.512080 -8.29 1.349 

SR001 109.3 494.5 174.5 7.30 39.48 1.021368 0.709136 ± 06 0.707550 45.1 0.111797 0.512261 ± 02 0.512181 -6.17 1.179 

TR83 104 473.2 157.3 6.17 31.96 0.961964 0.709389 ± 08 0.707968 50.9 0.116781 0.512180 ± 17 0.512100 -7.88 1.352 

TR84 93.1 465.1 148.5 5.51 29.07 0.924159 0.709390 ± 09 0.708167 53.6 0.114533 0.512162 ± 06 0.512092 -8.32 1.349 

TR85 96.5 480.7 135.7 5.71 30.07 0.816785 0.709304 ± 08 0.708184 53.9 0.114713 0.512163 ± 04 0.512091 -8.26 1.349 

 

a 
Age, zircon weighted mean age (

206
Pb/

238
U) 

b
 Concentrations of Rb, Sr, Sm and Nd are in ppm 

c
 Errors are 2σ 

d 
TDM, depleted mantle model ages   
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 6 
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Graphical abstract 
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Highlights: 

 

 The geochemistry and age of the Southern Pamir 110-92 Ma volcanic sequence is 

studied. 

 Results provide evidence for subduction-collision transition along the Shyok suture. 

 A significant part of the crustal thickening in the Pamir occurred in the Mesozoic. 
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