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Abstract: Integration of new geological mapping, detrital zircon geochronology, and sedimentary and
metamorphic petrography south of the Muskol metamorphic dome in the Central Pamir terrane provides
new constraints on the evolution of the Pamir orogen from Triassic to Late Oligocene time. Zircon U–Pb
data show that the eastern Central Pamir includes Triassic strata and mélange that are of Karakul–Mazar/
Songpan–Ganzi afﬁnity and comprise the hanging wall of a thrust sheet that may root into the Tanymas
Fault c. 35 km to the north. The Triassic rocks are unconformably overlain by Cretaceous strata that bear
similarities to coeval units in the southern Qiangtang terrane and the Bangong Suture Zone of central Tibet.
Finally, Oligocene or younger conglomerate and interbedded siltstone, the youngest documented strata in
the Pamir Plateau proper, record an episode of juvenile magmatism at c. 32 Ma, which is absent in the extant
rock record and other detrital compilations from the Pamir but overlaps in age with ultrapotassic volcanic rocks
in central Tibet. Zircon Hf isotopic data from the Oligocene grains (εHf(t) ≈ +9.6) suggest a primary mantle
contribution, consistent with the hypothesis of Late Eocene lithospheric removal beneath the Pamir Plateau.
Supplementary material: Coordinates of ﬁeld stations, maximum deposition ages from detrital U–Pb analyses, zircon Lu–Hf and U–Pb isotopic data, selected cathodoluminescence images, electron microprobe analyses,
and mineral formula calculations are available at https://doi.org/10.6084/m9.ﬁgshare.c.4299518

Efforts to relate geological units between the Pamir
and Tibetan Plateau are hindered by right-lateral
offset along the Karakoram Fault, and the development of the northwards-convex Pamir salient
(Fig. 1a). Schwab et al. (2004) correlated the terranes
of Pamir and Tibet on the basis of the spatial distribution of Mesozoic magmatic belts (the Karakul–
Mazar/North Pamir, Central Pamir and South
Pamir with the Songpan–Ganzi, Qiangtang, and
Lhasa terranes, respectively). Robinson (2009) suggested that offset along the Karakoram Fault in the
South Pamir is <170 km, based on the displacement
of a Triassic–Jurassic carbonate unit interpreted from
satellite imagery. This, along with the similarity of
Permian fauna in various terranes (Angiolini et al.
2013), led to the conclusion that both the Central
Pamir and South Pamir/Karakoram are correlative
to the Qiangtang terrane, and that the North Pamir
is correlative to the Songpan–Ganzi terrane (Robinson 2015). Despite these advances, inadequate

documentation of rock units in the Central Pamir
presents a signiﬁcant obstacle in evaluating how
Pamir geology relates to that in Tibet, and thus in
understanding the evolution of the Tibet–Pamir orogenic system as a whole. In particular, many sutures
between terranes are inferred, ophiolites mentioned
in early literature have not been conﬁrmed by later
authors (e.g. Leven 1995), and new geochronological data from Rutte et al. (2017a) have shown
that many age assignments of earlier mapping,
often assigned ‘by convention’, are incorrect.
This study was undertaken to better document
the lithology, age, provenance and structure of the
upper crust in the eastern Central Pamir. We present
new geological mapping, detrital zircon U–Pb
data (n = 2940), detrital zircon Lu–Hf isotopic
data (n = 36), and sedimentary and metamorphic
petrography from the Akbaital–Kalaktash region,
south of the Muskol Dome (Fig. 1b). We document the presence of Triassic Karakul–Mazar or
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Fig. 1. (a) Simpliﬁed map of the Himalaya–Tibet–Pamir orogen (after Burtman & Molnar 1993; Yin & Harrison
2000; Schwab et al. 2004; Robinson 2009; Weislogel et al. 2010; DeCelles et al. 2011). Abbreviations: NP, North
Pamir; CP, Central Pamir; SP, South Pamir/Karakorum; K, Kohistan; KF, Karakorum Fault; CF, Chaman Fault; DF,
Darvaz Fault. The area in white indicates elevation greater than c. 3 km. (b) Simpliﬁed map of part of the eastern
Pamir Plateau, indicating the location of the study area, major river valleys (pale yellow) and geographical locations.

Songpan–Ganzi equivalent strata in the Central
Pamir, along with exposures of accretionary mélange
that contain exotic blocks of carbonate and maﬁc
cumulates, emplaced southwards by Cretaceous or
younger thrust faults. The Triassic rocks are unconformably overlain in some localities by shallowmarine, lower- to mid-Cretaceous volcaniclastic
sandstone and metavolcanic rocks, and Upper
Cretaceous conglomerate, red beds and basalt
ﬂows. We report Oligocene or younger conglomerate and interbedded siltstone that record an episode
of juvenile magmatism at c. 32 Ma, and propose
that this magmatism may have been generated during the late stages of lithospheric delamination.
Finally, we compare the geology and detrital age signatures of the sedimentary record of the Central
Pamir to that of central Tibet, and evaluate the continuity of major tectonic processes along strike.

Generalized tectonic history
The Pamir salient is the westernmost extension of
the Himalayan–Tibetan orogenic system (Burtman
& Molnar 1993; Mechie et al. 2012; Sippl et al.
2013). Today, it is bounded on its eastern and western sides by transpressional strike-slip fault systems
(the Karakoram and Kashgar-Yecheng fault systems
to the east, and the Darvaz fault system to the west),
which have partly accommodated the northwards
displacement of the salient (Burtman & Molnar
1993; Cowgill 2010) (Fig. 1a).
Early geological mapping divided the Pamir into
the North Pamir/Karakul–Mazar, Central Pamir and
South Pamir/Karakoram terranes (Fig. 1b) (Burtman
& Molnar 1993; Schwab et al. 2004; Robinson et al.
2012). These terranes are fragments of crust that

rifted from the northern margin of Gondwanaland
and drifted towards Eurasia during Paleozoic–
Mesozoic time. As the Palaeotethys Ocean and
other intervening seas closed, these terranes, associated volcanic arcs and deep-marine oceanic strata
were accreted onto the southern margin of Eurasia.
North-dipping subduction of the Palaeotethys oceanic lithosphere built the Andean-type Kunlun
magmatic arc, which extends along the length of
the orogen from Afghanistan in the west to the
Qinling-Dabie Mountains in the east (Tapponnier
et al. 1981; Zhang et al. 2014 and references
therein). Collision ﬁrst occurred in the east between
the North China Block and the South China
Block during the Early Triassic, leaving a remnant
ocean basin to the west in which accumulated
voluminous deep-marine strata during the Middle
Triassic, which is referred to as the Songpan–Ganzi
terrane (Yin & Nie 1993; Zhou & Graham 1996;
Hacker et al. 2006; Pullen et al. 2008; Ding et al.
2013). Detritus from adjacent terranes (including
the Qinling–Dabie orogen, Qiangtang terrane and
the Kunlun volcanic arc) also fed the Songpan–
Ganzi complex, which is composed mainly of
submarine turbidite-fan systems of a thickness and
spatial extent comparable to those of the modern
Bengal and Indus fan systems (Nie et al. 1994; Yin
& Nie 1996; Zhou & Graham 1996; Chang 2000;
Enkelmann et al. 2007; Weislogel et al. 2010;
Ding et al. 2013). During Late Triassic–Early Jurassic time, the remaining Palaeotethys oceanic lithosphere was consumed, and the Songpan–Ganzi
complex was shortened and uplifted above sea
level (Ş engör et al. 1984; Dewey et al. 1988; Yin
& Harrison 2000; Roger et al. 2010; Ding et al.
2013). The Lhasa and Qiangtang terranes collided
during Cretaceous time, following closure of the
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intervening Mesotethys Ocean (Yin & Harrison
2000; Kapp et al. 2007; Ma et al. 2017).
In the Pamir, siliciclastic shallow- to deep-marine
strata of the Karakul–Mazar belt are interpreted as
the along-strike equivalent of the Songpan–Ganzi
terrane (Schwab et al. 2004; Amidon & Hynek
2010; Robinson et al. 2012; Raterman et al. 2014;
Robinson 2015; Rutte et al. 2017a) on the basis of
coeval Triassic granitoids intruding the strata
(Schwab et al. 2004; Zhang et al. 2014), as well as
limited detrital zircon geochronology from the
Chinese Pamir (Robinson et al. 2012). The northdipping Tanymas Fault, which places Triassic
rocks of the Karakul–Mazar complex structurally
above Proterozoic–Cretaceous or younger rocks of
the Central Pamir (Fig. 1b), is considered to mark
the location of a suture between the North and Central Pamir (Burtman & Molnar 1993; Cao et al. 2013;
Schneider et al. 2013; Robinson 2015). The age of
closure is constrained by c. 190 Ma metamorphic zircon ages from schists within the Muztaghata Dome
in the eastern Pamir (Robinson et al. 2012). An angular unconformity in the Central Pamir capped by
Upper Triassic–Lower Jurassic sandstone and conglomerate may record this collision (Leven 1995).
The Central Pamir is interpreted to have rifted from
the South Pamir during Permian–Triassic time
based on the presence of volcanic and volcaniclastic
strata within the Rushan–Pshart Suture Zone, which
divides the two terranes (Shvol’man 1978; Leven
1995; Burtman 2010; Robinson 2015). The location
and structure of this suture are ambiguous, and the
timing of closure of the Rushan–Pshart Ocean similarly remains unresolved. The Cimmerian unconformity in the South Pamir is overlain by Lower
Jurassic red beds and carbonate rocks, and may indicate that closure of the Rushan–Pshart Ocean was
coeval with that of the Palaeotethys Ocean (Angiolini et al. 2013; Robinson 2015; Chapman et al.
2018a); however, Jurassic magmatism along the
suture suggests Late Jurassic or later closure
(Leven 1995; Schwab et al. 2004). Finally, the Karakoram terrane sutured to the South Pamir by Early
Cretaceous time (Zanchi & Gaetani 2011).
The youngest arc-like magmatism in the Karakoram and southern Lhasa terrane (i.e. Gangdese arc)
occurred between c. 70 and 40 Ma (Searle et al.
1987; Yin & Harrison 2000). The timing and
sequence of events leading up to the ﬁnal ocean closure between India and Asia remains debatable,
ranging from c. 65 to 40 Ma or younger (Yin & Harrison 2000; Ding et al. 2003; Aitchison et al. 2007;
Khan et al. 2009; Burg 2011; van Hinsbergen et al.
2012; Bouilhol et al. 2013; DeCelles et al. 2014;
Hu et al. 2016). Increased gravitational potential
energy from crustal thickening, and perhaps the
breakoff of the Indian slab, led to extensional collapse and exhumation of mid-crustal rocks

throughout the Pamir in expansive metamorphic
domes (Stübner et al. 2013; Stearns et al. 2013,
2015; Rutte et al. 2017b). These domes represent
some of the best-documented examples of convergence-parallel, synorogenic extension. Petrological, thermobarometric and thermochronometric data
from these domes indicate that prograde metamorphism at 44–25 Ma transitioned to exhumation and
crustal anatexis at 22–16 Ma (Robinson et al.
2007; Schmidt et al. 2011; Smit et al. 2014; Stearns
et al. 2015; Hacker et al. 2017; Rutte et al. 2017b).
In particular, kyanite- to sillimanite-grade metasedimentary and meta-igneous rocks exposed in the
Muskol Dome, the dome adjacent to this study
area, was rapidly exhumed from depths of 30–
40 km beginning at c. 23 Ma (Rutte et al. 2017b).
Exhumation was asymmetrical, dominantly accommodated by the normal-sense, north-dipping North
Muskol Shear Zone (Rutte et al. 2017b).

Methods
Geological mapping and lithological
description
Geological mapping in the Central Pamir was conducted c. 15 km NW of the city of Murghab, between
the Muskol metamorphic dome to the north and the
Rushan–Pshart Suture Zone to the south (Fig. 2).
The ﬁeld area is at an elevation of c. 4300 m, with
relief of up to c. 900 m. Two north–south valleys,
the Akbaital in the west and the Kalaktash in the
east, cut through the ﬁeld area and join the Murghab
river valley south of the ﬁeld area (Fig. 2).
To a limited extent, we used NASA/USGS
Landsat 8 satellite imagery (spectra 7, 4 and 2) and
the normalized difference moisture index (spectra
5 and 6) to help identify and extend lithological
contacts mapped in the ﬁeld. All structural measurement stations, sample locations and photographs of
outcrops are labelled or named according to speciﬁc
GPS waypoints. Locations discussed in the text
(detrital zircon samples, structural measurements,
photographs) are labelled on the geological map
(Fig. 2), and geographical coordinates for all waypoints are provided in the Supplementary material.
For select samples, we used optical petrography
and/or electron microprobe analyses to identify
minerals and their chemical composition. Electron
microprobe analyses were conducted using energyand wavelength-dispersive X-ray spectroscopy
detectors on Cameca SX100 Ultra and SX50
machines at the University of Arizona Lunar and
Planetary Laboratory. Representative mineral analyses and calculations are included in the Supplementary material.
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Fig. 2. Geological map of the ﬁeld area, annotated with locations of selected samples, photographs and other points of interest. A full list of sample and waypoint coordinates is
available in the Supplementary Materials. The photo labels refer to Figure 3.
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Zircon U–Pb analyses
Zircon grains were extracted from 12 samples,
poured onto tape (to avoid picking bias), and then
incorporated into a 1 inch epoxy mount together
with Sri Lanka, FC-1 and R33 zircon standards for
analysis using standard-sample bracketing. The
mounts were sanded down to a depth of c. 20 µm,
polished, imaged and cleaned prior to isotopic analysis. We aimed for approximately n = 300 zircon
analyses for each detrital sample given the questionable statistical signiﬁcance of low-n analyses
for populations containing a wide range of age
groups (Vermeesch 2004; Andersen 2005; Pullen
& Kapp 2014).
U–Pb geochronology was conducted by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Arizona LaserChron Center
(Gehrels et al. 2006, 2008; Gehrels & Pecha 2014).
The analyses involved laser ablation of zircon
using a spot diameter of 20 µm. Details of analytical
procedure are described in Gehrels et al. (2006).
We report 206Pb/238U ages for zircons
<1000 Ma, and 206Pb/207Pb ages if the 206Pb/238U
ages are >1000 Ma (Gehrels et al. 2008). Analyses
that showed >10% discordance or >5% reverse
discordance were excluded from interpretation.
Due to the difﬁculty of evaluating discordance in
young grains (large uncertainty in 206Pb/207Pb
age), this discordance ﬁlter was only applied to analyses with 206Pb/238U ages >400 Ma. Normalized
probability density plots are presented for visual
comparison, although there is debate as to whether
the function accurately reﬂects the relative probability of a given age in the population (Vermeesch
2012; Pullen & Kapp 2014). Histograms, probability
density plots and kernel density estimation plots are
presented in the Supplementary material.

Zircon Lu–Hf analyses
Detrital zircon grains from a single sandstone sample
(S6) were selected for Hf isotope analyses based on
data from U–Pb analyses. In particular, we targeted
grains of a single age population that is notable
for its absence in regional compilations of zircon
U–Pb and Hf data (see the Discussion). Analyses
were conducted with a Nu Instrument multicollector
ICP-MS connected to a Photon Machines Analyte
G2 excimer laser at the University of Arizona
LaserChron Center. Laser ablation analyses were
conducted with a beam diameter of 40 µm, with the
ablation spots located on top of previous U–Pb
analysis pits. Cathodoluminescence images were
used to ensure that the ablation pits did not overlap
multiple age domains or inclusions. Seven different
standard zircons (Mud Tank, 91500, Temora, R33,
FC52, Plesovice and Sri Lanka) were included

with unknowns on the same epoxy mounts. Each
standard was analysed once for every c. 20
unknowns. Further details of analytical procedure
are described by Gehrels & Pecha (2014) and in
the Supplementary material.
We report the εHf(t) values of analyses, which are
normalized values of 176Hf/177Hf at the time of
zircon crystallization (based on U–Pb age), with
respect to the 176Hf/177Hf value of the model
chondritic uniform reservoir (CHUR) at that time
(Bouvier et al. 2008). The 176Hf/177Hf at the time
of crystallization was calculated from measurement
of present-day 176Hf/177Hf and 176Lu/177Hf, using
the decay constant of 176Lu (λ = 1.867 × 10−11)
from Scherer et al. (2001) and Söderlund et al.
(2004).

Geology of the study area
Mapped units range from Paleozoic to Quaternary in
age. The following unit descriptions integrate results
of new ﬁeld mapping, optical petrography and electron microprobe spectroscopy, and refer to the results
of detrital zircon U–Pb analyses described in the
next section.

Paleozoic–Triassic units
The majority of outcrop exposures in the northern
half of study area consist of Paleozoic–Triassic
organic-rich sandstone, mudstone and matrixsupported conglomerate. They are divided into four
map units and separated into two groups (Gondwanan afﬁnity and Karakul–Mazar afﬁnity) based
on detrital zircon U–Pb ages from this study (see
the section on ‘U–Pb geochronology’ later in this
paper).
(Pzc and Trc) Gondwanan afﬁnity. The Gondwanan
rocks include two units that are exposed in an
approximately 3 km-wide anticline near the Akbaital
Valley (Figs 2 & 3a). The oldest unit (Pzc) consists
of calcareous siltstone and interbedded dolostone;
its age is not well constrained. It is depositionally
overlain by more erosionally resistant strata of the
Trc unit, which includes rounded, pebble to cobble conglomerate, with dominantly quartzite and
dolostone clasts suspended in a sandy matrix with
calcareous cement, and interbedded dolomite and
calcareous sandstone. The conglomerate is matrixsupported in most places. Detrital zircon U–Pb
analyses constrain the age of the Trc unit to be
younger than 229 Ma (see the section on ‘U–Pb
geochronology’).
(Trm and Trf ) Karakul–Mazar afﬁnity. The Karakul–
Mazar-afﬁnity rocks consist of two units: undifferentiated tectonic and possibly olistostromal mélange
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Fig. 3. Photographs of sites and outcrops discussed in the text. Waypoint labels in the lower right-hand corners
indicate the approximate locations from which photographs were taken. Elevation of peaks and valleys are indicated
for scale. Orange dots indicate the approximate locations of structural measurements. (a) View west of the central
Akbaital anticline, which is cored by calcareous sandstone, siltstone and interbedded dolomite. The darker strata
dipping to the south and north are Triassic conglomerate. (b) View north of block-in-matrix mélange, with a
multistorey carbonate block (c. 30 m tall) and greenstone outcrop in the foreground, and matrix-dominated mélange
capped by Oligocene or younger strata in the background. (c) View east of the north-dipping normal fault; person for
scale. (d) View north of a south-dipping normal fault, juxtaposing Triassic siliciclastic sandstone against ductily
deformed marble, siltstone and greenschist. (e) View east of steeply dipping Cretaceous red beds and basalt ﬂows,
forming the northern limb of a north-verging anticline. (f) View east of the Kalaktash Valley, showing the inferred
positions of normal faults as illustrated in the cross-sections.
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(Trm); and interbedded organic-rich siliciclastic and
calciclastic litharenite, conglomerate, and dolostone
(Trf). Following Yushin et al. (1964) and on the
basis of detrital fossils (after Dronov et al. 2006),
some of these rocks were previously mapped as
Cambrian–Devonian strata thrust atop Triassic
rocks (Rutte et al. 2017a). However, our observations (see below) contradict the interpretation that
these isolated Paleozoic blocks constitute a coherent
thrust sheet; instead, we group them with the Trm
unit. The detrital fossils were likely to have been
recycled, as the lower Paleozoic age assignments
conﬂict with maximum depositional age constraints
provided by our detrital zircon U–Pb data discussed
below.
The undifferentiated mélange unit (Trm) includes
a variety of stratigraphically discontinuous lithologies, including sedimentary (marl–limestone rhythmite, green and purple slate, siltstone, mudrock)
and meta-igneous rocks, in non-depositional contact
with each other. Poor exposure and the complexity of
deformation precluded mapping of individual units,
so they are grouped together into a single mélange
unit, based on their fragmented, block-in-matrix texture. ‘Mélange’ is used here purely as a non-genetic
term because the characteristic texture of mélanges
can be attributed to multiple processes, accretionary
and non-accretionary (Hsü 1974; Raymond 1984;
Raymond & Terranova 1984; Cowan 1985; Lash
1985). This texture is most prominently exposed in
the NE corner of the map area, where blocks of
carbonate and maﬁc cumulate crop out on steep hillsides of colluvium (Fig. 3b). These exotic blocks are
internally deformed and positioned within metres of
each other. The matrix is in most places covered by
colluvium. Where exposed, it includes a mix of carbonate rocks, green and dark purple siltstone, marble, and sedimentary–matrix breccia (Fig. 4a, b),
and shows evidence of calcite ductility, brittle deformation of mudstone and feldspar clasts (Fig. 4c, d),
rootless folds, and transposed bedding. Foliation
measurements vary widely between closely spaced
outcrops, and fold structures have no consistent
orientation. No consistent sense of shear could be
determined.
In one locality (Sample B5-1), a large ﬁn of carbonate rock approximately 20 m tall × 5 m wide
crops out within 2 m of a block of maﬁc intrusive
rock (Fig. 3b). In the carbonate ﬁn, bedding is coherent internally, transitioning from tan-grey impure
limestone at the base of the outcrop, to interlayered
black and tan limestone. The block shows evidence
of penetrative deformation, with centimetre-scale
deformed and pinched intraclasts of black impure
limestone, and barrel boudinage where competency
contrasts between the tan and black layers.
The maﬁc block appears to be a hornblende gabbro,
although hydrous alteration and/or retrograde

overprinting have obscured much of the original
igneous texture and equilibrium mineral assemblage
(Fig. 4e, f). Nevertheless, several observations indicate that it is a maﬁc cumulate. Euhedral, subequant
hornblende crystals with basal twinning are up to
8 mm in diameter. Preferential chlorite retrogradation in the cores and inner rims may be evidence
of original oscillatory zoning or a primary sieve texture (Fig. 4e). Even where heavily overprinted by
alteration, shapes of distinct, euhedral crystals or
pseudomorphic mineral aggregates can be mapped
by their optical continuity, chlorite rims, or the positioning of opaque minerals around the periphery of
the polycrystalline or cryptocrystalline aggregates.
Finally, pseudo-isotropic and subhedral polycrystalline aggregates of chlorite and albite that are pale and
low relief in plane-polarized light may potentially be
pseudomorphic after garnet (Fig. 4f).
At another locality (Sample M4-1; N1), clasts
of dolomite–ankerite–hornblende greenschist and
biotite–quartz schist are entrained within deformed
marl/marble (Fig. 4g, h). The greenschist has amphibole compositions ranging from magnesiohornblende and edenite to pargasite (normalized after
Leake et al. 1997, recalculated based on the average
of maximum and minimum stoichiometrically
acceptable values of Fe3+), and are zoned with the
outer rim relatively enriched in Na (see the Supplementary material). The mineral assemblage and
heavy retrograde overprint precluded the use of geothermobarometry, although the elevated Na in the
amphibole, based on a Al#/Na# ratio of c. 1, is consistent with medium-pressure metamorphism (Laird
& Albee 1981) and the dolomite porphyroblasts
may be associated with prograde growth under
high-pressure conditions (Molina & Poli 2000;
Li et al. 2014) (see the Supplementary material).
The biotite–quartz schist has >45% modal biotite,
with a calcite + quartz + albite matrix. The biotite
is present as lathes c. 300 µm in length, which deﬁne
the weak foliation, and larger porphyroblastic books
up to 1 mm.
The Triassic ‘ﬂysch’ unit (Trf) is spatially associated with the mélange unit (Trm), but distinguished
by a lithology of predominantly litharenite sandstone, mud-rich lithic sandstone or matrix-supported
conglomerate, and their low-grade metasedimentary equivalents. In general, the rocks are massive,
organic-rich and characteristically dark grey in outcrop. The sandstone samples are texturally immature, subangular and moderately to poorly sorted.
They contain varying amounts of polycrystalline
quartz, micritic and sparry calcite grains, chert, and
quartzite grains, likely to have been derived from
a carbonate-rich terrane (Fig. 5a, b). They variably
contain sedimentary lithic fragments (e.g. mudstone
clasts) up to 2.5 cm (Fig. 5b), which are likely to
be intraformational rip-up clasts associated with
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turbidity ﬂows (Talling et al. 2012). The matrix is a
carbonaceous mix of microcrystalline to cryptocrystalline clay and quartz, and abundant lithic grains in
some samples have the appearance of pseudomatrix.
The modal percentage of mudstone matrix varies
from none to approximately 15%. No primary
sedimentary structures were observed. Neomorphic
illite and biotite in some samples suggest low- to
medium-grade metamorphism.
Together, we interpret units Trf and Trm to be a
subduction complex assemblage on the basis of
their overall texture and lithology. The variation
in modal percentage of mud in sandstone, and the
‘textural inversion’ of mud-rich, matrix-supported
conglomerate in the Trf unit suggest deposition in
a subaqueous setting by cohesive to poorly cohesive
debris-ﬂow processes (Nemec & Steel 1984; Nemec
et al. 1984; Schultz 1984; Talling et al. 2012), consistent with a trench–forearc setting. Most signiﬁcantly, the observation of maﬁc blocks juxtaposed
with carbonate blocks or entrained in marble support the interpretation of tectonic mélange. Detrital
U–Pb zircon ages from samples in unit Trf constrain
the maximum age of mélange formation to be
Middle–Late Triassic (see the section on ‘U–Pb
geochronology’).

Cretaceous units
Cretaceous strata are present at two localities: in a
belt along the southern margin of the map area;
and capping one of the peaks in the middle of the
ﬁeld area (Fig. 2). In both places, the Cretaceous
strata consist of coherent stratigraphy that unconformably overlies the older, more deformed Paleozoic–Triassic sequence.
(Klv) Lower Cretaceous volcaniclastic sandstone. In
the centre of the mapped area, Permian–Triassic
rocks are overlain by a >400 m-thick section of volcaniclastic sandstone and pervasively altered volcanic rocks. The unit includes aphanitic basalt ﬂows,
porphyritic andesite and tuffaceous sandstone. The
porphyritic andesite contains abundant glomerocrysts of plagioclase, with individual crystals up to
5–7 mm in a groundmass of interlocking plagioclase

lathes (Fig. 5c, d). The tuffaceous sandstone contains
monomineralic, subangular, coarse to granular
grains of plagioclase that give the rock the appearance of an igneous texture in both hand sample and
thin section. The cryptocrystalline matrix, with neomorphic illite lathes, is interpreted as devitriﬁed
glass (Fig. 5e, f). The unit is tentatively assigned a
Lower Cretaceous age based on a single-grain maximum depositional age from one sample (see the
section on ‘U–Pb geochronology’).
(Ku, Km and Kl) Cretaceous Akbaital Formation. In
the southern to SW part of the map area, at least
700 m of Cretaceous strata, lithologically distinct
from unit Klv, are exposed in the Akbaital and Subashi areas). This unit has been referred to as the
‘Murgab Basin’ (Rutte et al. 2017a, b; Chapman
et al. 2018a). The lithology of the strata is summarized schematically in Figure 6. Green to tan-orange
siltstone and interbedded dolostone lie at the base of
the formation, followed conformably by non-marine,
Upper Cretaceous red conglomerate, sandstone (Late
Cretaceous maximum depositional age constrained
by U–Pb zircon geochronology) and basalt ﬂows.
These are topped by palaeosols and trough crossbedded sandstone.
The section extends to the east side of the Kalaktash Valley, but correlation of the outcrops is tenuous
where exposed in isolated inselbergs in the valleys.
In one such outcrop (Sample D2, Fig. 2), carbonate
sandstone with a bed of packed shell fragments is
exposed, and is interpreted to be Early Cretaceous
(based on detrital zircon U–Pb ages) and correlative
with the basal siltstone and dolostone of the Akbaital
and Subashi sections (Fig. 6).

Oligocene or younger units
Shallowly dipping Oligocene or younger strata (Oc)
at least 5 m thick unconformably overlie the undifferentiated mélange unit at a single location in the
NE corner of the map area (Figs 2 & 3b). The unit
consists of matrix- to clast-supported pebble to
cobble conglomerate with clasts of mostly carbonate
and quartzite. The matrix is interlayered with ﬁnely
laminated calcareous siltstone to very-ﬁne-grained

Fig. 4. Representative photomicrographs of samples of mélange blocks and matrix. (a) Sample B1-2 in
cross-polarized light (XPL), showing a calcareous, silty matrix (>40%) including ﬁne to very-ﬁne quartz and
plagioclase sand, abundant detrital and diagenetic carbonate, and low-grade organic-rich metasedimentary clasts.
(b) Sample B1-2 in plane-polarized light (PPL), showing brecciated mud clasts with neomorphic illite, with
synkinematic growths of elongate, sigmoidal bands of calcite in-between clasts. (c) & (d) Sample N3, a volcaniclastic
sandstone, in XPL and PPL. Note the brittle deformation of twinned plagioclase crystal, and a weak foliation deﬁned
by illite–cryptocrystalline phyllosilicate aggregate. (e)Sample B5-1 in non-polarized light, with enhanced contrast,
showing euhedral hornblende crystals partially replaced by chlorite, particularly along the core and inner rim.
(f ) Sample B5-1 in XPL, showing pseudo-isotropic polycrystalline aggregate of chlorite, with neomorphic lathes of
biotite and hornblende. Opaque minerals are ilmenite rimmed by titanite. (g) & (h) Sample M4-1 in PPL, showing
blue-green pleochroic lathes of amphibole (Am), with dolomite-ankerite porphyroblasts (Do) and chlorite (Chl).
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Fig. 5. Representative photomicrographs. (a) Sample A4 in plane-polarized light (PPL), showing organic-rich matrix
of the sandstone. (b) Sample K6-2 in cross-polarized light (XPL), showing lithic fragment of phyllitic mud chip.
(c) & (d) Photomicrograph of Sample O3-B, a glomerophyric andesite of the Klv unit, in XPL and non-polarized
light. Note the cannibalization of a plagioclase crystal within a larger plagioclase phenocryst. The birefringence is
slightly lower in this slide due to an anomalously thin section. (e) & (f ) Sample O2-3, an altered volcaniclastic
sandstone or reworked tuff, in XPL and PPL. The appearance of crenulation cleavage could be attributable to the
primary ﬂow texture rather than deformation.

sandstone beds. The conglomerate matrix has a
graphitic sheen in one outcrop, with an appearance
similar to the Triassic conglomerate in the mélange
unit, and is partially dolomitic in another.

Structural geology
We constructed three schematic cross-sections
(Fig. 7) on the basis of the observations discussed
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Fig. 6. Proposed tectonostratigraphic divisions and correlations based on ﬁeld mapping and detrital geochronology. Depiction of mélange and associated deformation in the
upper thrust sheet are schematic.
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Fig. 7. Schematic cross-sections corresponding to lines A–A′, B–B′ and C–C′ in Figure 2. Abbreviation: AKT,
Akbaital–Kalaktash Thrust. The high-angle South Muskol Detachment is drawn after Rutte et al. (2017a). v.e.,
vertical exaggeration.

below and our proposed tectonostratigraphy (Fig. 6).
Station numbers on the geological map indicate locations where structural data provide control on fault
geometry and/or kinematics, referring to lowerhemisphere stereographic projections in Figure 8.
The map area is bounded to the north by the
southern extent of the Muskol Dome, the South
Muskol Shear Zone (Rutte et al. 2017b), which
separates the high-grade metamorphic rocks of the
dome core from lower-grade, but strongly deformed,
Triassic mélange and related units (Trm and Trf ) in
the hanging wall (Fig. 2). The hanging wall of the
South Muskol Shear Zone is cut by several highangle extensional faults that are interpreted to have
formed during exhumation of the Muskol Dome.
Approximately 3 km to the south, a normal fault
antithetic to the shear zone runs through the Kalaktash Valley, dipping c. 55° to the north (Fig. 3c; Station A3 in Fig. 8). The amount of offset could not be
determined, but normal-sense shear is suggested by
the dominantly high-angle, younger on older fault
relationship, and stepped striations on fault surfaces.

Another oblique normal fault is exposed alongstrike 2–3 km to the west, but is synthetic to the
South Muskol Shear Zone, dipping c. 50° to the
SE (Fig. 3d; station N6 in Fig. 8). Besides these
two faults, deformation within the mélange unit
was not investigated in detail and is not illustrated
in the cross-sections.
A regionally north-dipping thrust fault (the
Akbaital–Kalaktash Thrust) places strongly deformed Triassic mélange and related units (Trm and
Trf ) in the northern part of the map area structurally
above Paleozoic–Cretaceous (Trf, Trc and Pzc) units
to the south (Fig. 2). The thrust must be younger
than the Cretaceous strata that it cuts in its footwall.
In addition, the thrust fault exhibits horizontal to
shallowly plunging (c. 0°–35°), NNE-trending
slickenlines at two localities (stations M1 and J6 in
Figs 2 & 8). Different fault orientations at these
localities and the roughly sinusoidal map trace of
the fault indicate that the thrust is folded.
In the footwall of the Akbaital–Kalaktash Thrust,
a NW–SE-trending anticline with the Pzc unit in

Fig. 8. Equal-area lower-hemisphere stereographic projections of fault surfaces and slickenside lineations on fault
surfaces for select stations mentioned in the text. Red arrows indicate the sense of motion of the hanging-wall block,
based on stepped striations, where observed.
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its core is exposed on the east side of the Akbaital
Valley (Fig. 3a). Its northern limb dips 15°–20°
less than its southern limb, suggesting southwards
vergence. The anticline is interpreted to be cut by a
minor, east-dipping normal fault to explain the otherwise anomalous westwards dip of Cretaceous strata
exposed in the southern limb (Fig. 2).
Along the southern margin of the map area, north
of the Pshart Fault, Triassic–Cretaceous strata are
repeated by a series of thrust faults (Figs 2 & 7).
Exposures of a north-dipping, overturned unconformity between units Ku and Trc implies south vergence, while bedding measurements in an anticline
with a steeper northern limb suggest north vergence.
This allows two plausible constructions of the
fold-thrust belt: either as a result of bivergent thrusting; or, as depicted in our cross-sections, as a northverging antiformal duplex. In our interpretation,
fault-propagation folding related to northwardsvergent thrusting along the Pshart Fault generated a
near-vertical northern limb (Fig. 3d) and a shallow
southern limb, and subsequent stacking of imbricate
slices overturned the structurally higher strata so that
they dip to the north.
Finally, based on the repetition of strata in the SE
part of the map area, we also infer the existence of
two minor south-dipping normal faults (C–C′ crosssection, Figs 3d & 7). These faults must be younger
than the Cretaceous strata they cut and could permissibly be synthetic faults to the Miocene South
Muskol Shear Zone.

U–Pb geochronology
U–Pb analyses of detrital zircons from 12 samples
are presented by sample (Fig. 9) and compiled
into two groups (see Discussion). Each sample is
labelled on the geological map (Fig. 2) and on the
proposed tectonostratigraphy (Fig. 6). In determining the maximum depositional ages for the sedimentary rocks, we considered the youngest single
grain age, the youngest overlapping population
with n ≥ 2 at 1σ error and the youngest overlapping
population with n ≥ 3 at 2σ error (Dickinson &
Gehrels 2009) (see the Supplementary material).
Where the detrital population contained an obviously discrete peak, we also considered the Isoplot
zircon age extractor routine which is usually used
to resolve ages for single-age igneous analyses
(Ludwig 2008). Rationales for determination of
maximum deposition ages (MDAs) are detailed
below for data that did not present an unequivocal
age. In general, we erred on the side of not excluding the age information provided by the youngest
single grain. Errors were recalculated to include
external and internal uncertainties, and are reported
at 2σ in all ﬁgures and text.

Most samples show minor zircon age populations
at c. 2.5 and c. 1.9–1.8 Ga, which are ubiquitous in
Paleozoic–Mesozoic strata in the broader Tibetan–
Himalayan orogen (DeCelles et al. 2004; Gehrels
et al. 2011; Ding et al. 2013). The ubiquity of
these two older age peaks limits their utility in distinguishing provenance, and they are therefore omitted
in the following description of results.

Triassic strata
Samples K6-1, A4 and I3 (Fig. 9h–j) are litharenites
collected from unit Trf. These samples are grouped
together based on the similarity of their lithology
and detrital zircon age spectra, with Middle–Late
Triassic MDAs and similar peaks comprising a
series of overlapping ages from 340 to 220 Ma. A
Gaussian distribution ﬁt was used to deﬁne peaks
in the distributions for these three samples, from
500 to 0 Ma, with nearly identical results for the
ﬁrst three peaks (c. 423, c. 300 and c. 241 Ma) (Isoplot Unmix age routine: Ludwig 2008). The continuous series of overlapping ages from c. 340 to c.
220 Ma deﬁes the selection of a single cluster for
the MDA. Use of the youngest few grains from a
continuous distribution to deﬁne the MDA may be
an inappropriate underestimate if the detrital distribution results from analytical uncertainty. However,
in this case, the distribution of the ﬁrst peak is continuous over a span of >50 myr, with a MSWD >20,
suggesting that the distribution spread is primarily
due to a continuously active source (prolonged magmatism) rather than analytical uncertainty. Using
the youngest group of grains overlapping at 1σ, the
maximum depositional ages for samples I3, K6-1
and A4 are 238 ± 5 (MSWD = 0.38; n = 8), 225 ±
5 (MSWD = 0.5; n = 6) and 222 ± 6 Ma (MSWD =
0.45; n = 5), respectively. With the MSWD for
each being <1, these age constraints are likely to represent underestimates. For I3, the youngest grain
(167 Ma) was excluded on the basis of its age discordance, high U concentration (2437 ppm) and
the attendant likelihood of Pb loss.
Sample F10 (Fig. 9k) is from a conglomerate
(unit Trf ) east of the Kalaktash. The age spectrum
is likely to be biased because of inclusion of a
large number of clasts in the bulk rock sample,
which may preferentially preserve predepositionalaged grains; we exclude this sample from our
detrital compilations for this reason. The MDA of
244 ± 5 Ma is based on the second and third youngest grains. The youngest grain (219 Ma) was not
considered on the basis of its high U concentration
(1332 ppm) and the likelihood of Pb loss.
Sample M2 (Fig. 9l) is a sandstone from the
northern ﬂank of the Akbaital anticline. It lacks the
prominent Triassic peak seen in samples from
the Trf unit, and instead shows three age peaks at
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Fig. 9. Normalized probability density plots of U–Pb detrital ages, organized by inferred deposition age, oldest at the
bottom. Overlays show an expanded view of the same spectra, from 500 to 0 Ma. Red bars indicate truncated peaks;
plots are rescaled after truncation. Annotated ages with errors (2σ, recalculated external and internal uncertainties) are
weighted mean values. Ages in parentheses are single-grain ages. Ages without errors are approximations deﬁned by
Gaussian distribution ﬁts. Note that the distribution of F10 is likely to be skewed due to the inclusion of clasts in the
bulk rock sample.

950, 800 and c. 600 Ma. The youngest single grain
gives a MDA of 229 ± 9 Ma, while the youngest
group of two grains with overlapping ages suggests
a Precambrian MDA of 522 Ma. We prefer the former, given two other single grain ages <300 Ma.

Cretaceous strata
Sample J1 (Fig. 9e) is a sandstone from the southern ﬂank of the Akbaital anticline, and Sample D2
(Fig. 9d) is a calcarenite from an isolated outcrop in
the Kalaktash Valley. Both have prominent 111 Ma
peaks (9 and 18% of the concordant analyses, with

indistinguishable weighted means of 111 ± 1 Ma),
which are taken to provide MDAs. In addition, both
samples have major peaks at 970, 800 and 520 Ma.
Sample O2-3 (Fig. 9f) is a volcaniclastic sandstone from unit Klv. The wide range of ages was
unexpected given the igneous/volcaniclastic appearance of the sample. The youngest single grain yields
an age of 111 Ma. The youngest age cluster (n = 2)
has a weighted mean of 156 ± 3 Ma (MSWD =
0.3); and the next cluster (n = 4) has a weighted
mean of 175 ± 3 Ma (MSWD = 0.7). The abundance
of coeval 111 Ma ages in samples D2 and J1,
however, suggests that the youngest concordant
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grain age (111 Ma ± 3 Ma) is unlikely to be a
spurious analysis, and we take it to be the MDA.
In addition, the detrital spectrum has major peaks
at c. 795 and c. 520 Ma.
Sample P4-2 (Fig. 9g) is a siltstone from an
outcrop in the Kalaktash Valley. The MDA of
115 ± 4 Ma is based on the youngest group of two
grains with overlapping ages. The detrital spectrum
also has major age populations at c. 1000, c. 820
and 520–600 Ma.

Oligocene (or younger) strata
Sample S6 (Fig. 9c) is a tan-orange siltstone to very
ﬁne sandstone from an interlayered conglomerate–
sandstone unit. A group of 26 concordant grains
with ages ranging from 35 to 30 Ma yields a TuffZirc
age of 32.5 Ma +0.2 −0.4 Ma. Separate runs of
the same sample rule out contamination. The low
U/Th ratios (0.6–3.0) and U concentrations (83–
636 ppm) of these zircon grains suggest an igneous
origin (Yakymchuk et al. 2018). The young detrital grains are euhedral and distinctly elongate, and
exhibit oscillatory zoning. Their morphology suggests rapid crystallization (Corfu et al. 2003). Cathodoluminescence imaging of the detrital mount
shows a pronounced bimodal hue distribution, despite the diversity of age and presumed heterogeneity
in origin and composition: the Oligocene zircon
crystals are characteristically blue, while nearly all
older zircon crystals are green (see the Supplementary material). While a range of factors may inﬂuence
emission in the blue and yellow spectrum in the cathodoluminescence of natural zircons (Götze et al.
1999; Kempe et al. 2000; Tsuchiya et al. 2014), in
this case the distribution is most likely to reﬂect
the low time-integrated extent of radiation damage
in young zircon grains (Tsuchiya et al. 2015).
Search for Oligocene (or younger) age zircon
populations in stratigraphically higher samples was
unfruitful. Sample S4 (Fig. 9a) from a nearby outcrop yielded no Cenozoic grains, but rather a prominent Triassic Karakul–Mazar signature, likely to be
due to proximal recycling of the adjacent Trf unit.
Sample S2-1(Fig. 9b) yielded few grains and only
69 concordant analyses, including two young zircon
crystals (46.5 and 28.4 Ma). We consider this to be a
reliable indication of its Oligocene (or younger) age
despite the lack of coeval clusters, because it is consistent with its stratigraphic position above Sample
S6. In addition, Sample S2-1 was processed months
after Sample S6, ruling out cross-contamination.

Lu–Hf isotope geochemistry
Thirty-six dated zircon crystals were selected for
Lu-Hf analyses from Sample S6, with bias towards

the Oligocene grains. Analyses yielded εHf(t) values
of −12.0 to +13.9. Of these, almost all grains
<40 Ma (n = 19) yield markedly positive εHf(t) values, with a weighted mean of +9.6, plotting slightly
below the theoretical depleted mantle values at
32 Ma (Fig. 10). Given the negligible timeintegrated change of 176Hf/177Hf in zircon crystals
due to their high Hf/Lu ratio (Kinny & Maas
2003), the difference between the measured
176
Hf/177Hf and calculated 176Hf/177Hf at the time
of crystallization was no more than 10−5. Based on
the igneous texture of these crystals, we regard
these values as robust proxies for the 176Hf/177Hf
value of the melt from which they crystallized.
However, because zircon composition reveals no
information about the source of the melt itself, the
timing of melt separation and the extent of Lu–Hf
fractionation at the time of melting cannot be
uniquely determined (Kinny & Maas 2003). Endmember scenarios consistent with the data include:
either the generation of melt from a depleted mantle
source roughly contemporaneous with zircon crystallization, with some limited amount of melt mixing
or contamination from older continental material;
or extraction from depleted mantle at c. 300 Ma
(depending on the degree of partial melting, and
thus the 176Lu/177Hf ratio of the melt), followed
by prolonged residence (e.g. in a melting, assimilation, storage and homogenization (MASH) zone)
and continued 176Hf/177Hf evolution prior to zircon
crystallization at c. 32 Ma. The latter case is geologically unlikely as such prolonged magma residence
is not plausible given the known tectonic history
and there is no evidence of zircon inheritance or similarly high εHf zircon of an older age, which would be
expected if the 32 Ma zircon crystals formed from
the remelting of 300 Ma juvenile magmatic rocks.

Discussion
Triassic rocks of Central Pamir are of
Karakul–Mazar/North Pamir afﬁnity
Divided into two groups, the combined U–Pb detrital
zircon analyses of pre-Cenozoic samples (Fig. 9d–l,
excluding Sample F10) yield two spectra that are
comparable to data compiled from Tibet and North
Pamir. The ﬁrst group (Fig. 11a), comprising samples from units (Trf and Trm) interpreted to be
related to a subduction complex, contains a dominant
population of Permian–Triassic zircon crystals (with
peaks at c. 300 and c. 240 Ma) and a subordinate
peak (c. 420 Ma) that are characteristic of the Karakul–Mazar and Songpan–Ganzi terranes (Weislogel
et al. 2006, 2010; Enkelmann et al. 2007; Robinson
et al. 2012; Ding et al. 2013). This population suggests a primary detrital contribution from the Kunlun
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Fig. 10. εHf(t) of detrital zircon grains from Sample S6 (data plotted with triangles) compared with compiled data
(both rock and detrital, from Carrapa et al. 2014; Aminov et al. 2017; Chapman et al. 2018b: data plotted with
circles). Error bars are plotted for new data only, and include internal uncertainties at 2σ. The depleted mantle (DM)
model curve is after Vervoort & Blichert-Toft (1999).

Fig. 11. (a) Comparison of the compiled normalized probability density plot of samples from units Trf and Trm
(i.e. A4, K6-1 and I3) with that of regional compilations (eastern HX-SP-GZ (Hoh-Xil-Songpan–Ganzi) – Weislogel
et al. 2006, 2010; Enkelmann et al. 2007; Ding et al. 2013; western HX-SP-GZ – Ding et al. 2013; Karakul–Mazar –
Robinson et al. 2012). Vertical bars depict approximate age ranges of plutons in East Kunlun (Harris et al. 1988; Li
et al. 2013; Zhang et al. 2014). (b) Comparison of the compiled normalized probability density plot of all samples,
excluding Oligocene samples and samples included above (i.e. D2; J1; O2-3; P4-2; M2) with that of regional
compilations (southern Qiangtang, northern Qiangtang and Lhasa: Gehrels et al. 2011). Schematic peak at the bottom
indicates the approximate age of the Early Cretaceous high-ﬂux event (HFE) in northern Lhasa and near the Bangong
suture (Kapp et al. 2007; Wang et al. 2008).
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magmatic arc, which is deﬁned by calcic to calcalkaline magmatism from 260–240, 290–260 and
450–420 Ma (Harris et al. 1988; Cowgill et al.
2003; Li et al. 2013; Zhang et al. 2014). The second
group (Fig. 11b) lacks the prominent Triassic peak
and, instead, shows a Gondwanan signature, similar
to the Paleozoic strata in the Qiangtang terrane
(Gehrels et al. 2011; Pullen et al. 2011), deﬁned by
characteristic triple humps at c. 970, c. 800 and
640–490 Ma (including the subordinate peak at c.
620 Ma). Although these populations are also present in the ﬁrst group, they are minor in proportion.
The similarity of this dataset to existing compilations from central Tibet is stark, and evident
from qualitative comparison (Fig. 11). We opt not
to present p values from statistical null hypothesis
signiﬁcance testing, such as the commonly used Kolmogorov–Smirnov (K–S) test, since they are not
statistically meaningful indicators of the similarity
between two samples. On the one hand, failure to
reject the null hypothesis (sample a = sample b)
does not imply high conﬁdence that two samples
are statistically the same. On the other hand, rejection of the null hypothesis does not imply that two
samples are unrelated or do not share a similar provenance, for several reasons. First, the alternative
hypothesis (sample a ≠ sample b) also encompasses
the possibility that two samples are not from the
identical stratigraphic unit but share similar provenance or are otherwise genetically related (sample
a ≈ sample b). Second, the signiﬁcance level is an
arbitrarily selected criterion. Third, the test is especially sensitive for large n datasets as, realistically,
most samples with the same provenance will still
fail the K–S test as n increases (Vermeesch 2005;
Wagenmakers 2007).

Did the Karakul–Mazar terrane thrust
southwards onto the Central Pamir terrane?
Four lines of evidence raise the possibility that the
Trf and Trm units formed a klippe that was displaced
by up to 35 km southwards from the Tanymas Fault,
north of the study area (Fig. 1b). First, the lithologies
and detrital zircon age spectra of the Trf unit are
indistinguishable from those of the Karakul–Mazar
and Songpan–Ganzi terranes (Fig. 11a), which is
exposed in the hanging wall of the north-dipping
Tanymas Fault. Between the study area and the
Tanymas Fault, Proterozoic (the ‘Tuzguny–Terezki’
suite) to Cretaceous rocks are exposed in the footwall
of the Tanymas Fault; these units have been traditionally assigned to the Central Pamir terrane
(Vlasov et al. 1991; Dronov et al. 2006), and the
available detrital zircon U–Pb data show a Gondwanan distribution in support of this interpretation
(Sample 1927B1: Rutte et al. 2017a). Second, the

Trm mélange is likely to have formed in a subduction
channel, which supports an origin within a suture
zone. Third, the Trf and Trm units are juxtaposed
against Paleozoic–Cretaceous rocks of the Central
Pamir terrane, which is similar to the structural relationship exposed along the Tanymas Fault (Robinson 2015). Finally, the Eocene–Oligocene burial
history of rocks recorded in the Muskol Dome
requires upwards of 30 km of crustal thickening in
the region (Rutte et al. 2017a). Although Rutte
et al. (2017a) offered a different structural interpretation for the crustal stacking, we consider our explanation to be more likely given the provenance of
the Triassic rocks, and the presence of a structure
that could potentially accommodate long-distance
southwards transport (the Akbaital–Kalaktash
Thrust: Fig. 2).
Alternatively, if the Trf and Trm units did not
experience signiﬁcant tectonic transport, then there
must be a second Palaeotethys suture within the
Central Pamir terrane, and the intervening strata
between the mélange documented in this study and
the Tanymas Fault must represent a minor accreted
crustal fragment. The two structures together
would comprise a wide, poorly deﬁned and amorphous suture zone rather than a discrete fault. This
situation is similar to the Palaeotethys (Jinsha)
Suture Zone in Tibet, which cannot be located at
any precise point but is deﬁned rather by the southernmost extent of Songpan–Ganzi strata. This alternative would also suggest that the Central Pamir is
much smaller in areal exposure than previously
mapped.
In either case, the exposures of Triassic mélange
in the middle of Central Pamir contrasts with exposures of Triassic mélange in central Tibet, which
were underthrust beneath Qiangtang terrane continental margin rocks and subsequently exhumed in
the footwalls of domal low-angle normal faults (e.g.
Kapp et al. 2000, 2003b; Pullen et al. 2008; Pullen
& Kapp 2014). Notably, the Triassic mélange in the
study area did not experience high-pressure metamorphism as the Qiangtang mélange did. The limited
detrital U–Pb analyses available from metasedimentary rocks within the Central Pamir metamorphic
domes lack Triassic grains (n = 51 for Muskol and
n = 72 for Sarez: Rutte et al. 2013, 2017a), suggesting that the exhumed middle crust does not consist
of underthrust Triassic mélange.

Cretaceous magmatism and an
Aptian–Albian seaway
The Cretaceous sedimentary record of the Central
Pamir reveals three points of similarity with the Bangong Suture Zone of Tibet. First, the sharp 111 Ma
peak in our detrital compilation (Fig. 11b), which
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is coeval with the South Pamir batholith (Chapman
et al. 2018b), matches the Early Cretaceous
high-ﬂux magmatic event in the northern Lhasa terrane and the Bangong Suture Zone (Zhu et al. 2009,
2016) (Fig. 12). This magmatic peak is seen in the
volcaniclastic basal unit of the Cretaceous sequence
exposed in the southern map area (Kalaktash Valley), which resembles 118–100 Ma volcaniclastic
strata along the Bangong suture of Tibet (DeCelles
et al. 2007; Kapp et al. 2007; Leier et al. 2007). Second, the calcarenite and interbedded shell beds in
that unit also suggest that during the Aptian–Albian,
a time of high global eustatic sea level, Central Pamir
was inundated by a shallow seaway, like much of the
Lhasa terrane (Shvol’man 1978; Leeder et al. 1988;
Robinson 2015) (Fig. 12). In detail, the transition to
non-marine Upper Cretaceous clastic red beds and
volcaniclastic conglomerate in Central Pamir postdates by at least 7 myr a similar transition along the
Bangong suture around the longitude of the Nima
Basin at c. 118 Ma (DeCelles et al. 2007; Kapp
et al. 2007). This is consistent with the expected
westwards younging of the non-marine transition,
observed from eastern to western Tibet (Matte et al.
1996; Kapp et al. 2007). Third, thrusting involving
Cretaceous strata documented in this study, and in
northern South Pamir (Chapman et al. 2018a),

also resembles the deformation history of central
Tibet. Southwards-propagating thrust faults along
the Bangong suture and northern Lhasa terrane similarly involve Cretaceous non-marine strata, and
were active from 120 to 90 Ma (Kapp et al. 2007;
Volkmer et al. 2014; Sun et al. 2015).

Detrital zircon evidence for Oligocene
juvenile magmatism
Sample S6 yielded a sharp peak of c. 32 Ma zircon
grains that corresponds to a lull in the compiled
regional detrital and igneous record of the Pamir
(including sedimentary rocks of adjacent basins
and contemporary unconsolidated river sediment:
Carrapa et al. 2014; Aminov et al. 2017; Chapman
et al. 2018b). The same peak was not found in two
stratigraphically younger samples (samples S2-1
and S4), suggesting that the brief episode of magmatism was likely to have been volumetrically minor.
No other sedimentary basins of Oligocene (or younger) age have been reported in the Pamir Plateau.
Magmatism associated with crustal anatexis within
the Pamir metamorphic domes post-dates the Oligocene, and latest Eocene magmatic and metamorphic
ages (45–32 Ma zircon U–Pb, titanite U–Pb and

Fig. 12. Regional geological map summarizing geological units discussed in the text (after Xiao et al. 2002;
Cowgill et al. 2003; Pan et al. 2004; Robinson et al. 2012; Ding et al. 2013; Chapman et al. 2018b; Li et al. 2018).
K, Cretaceous; E-O, Eocene–Oligocene.
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garnet Lu-Hf; from samples both inside and outside
the domes) taper off in the earliest Oligocene
(Schwab et al. 2004; Bershaw et al. 2012; Lukens
et al. 2012; Smit et al. 2014; Stearns et al. 2015;
Chapman et al. 2018b).
The positive εHf values of the Oligocene
zircon crystals also distinguish them from other Cretaceous–Cenozoic zircons published in the literature,
and rule out crustal sources for the melt. Ranging
from +5 to +14, these values represent a clear
increase approximately 8 myr after the closest magmatism at c. 40 Ma (the Vanj complex: Fig. 10). By
Oligocene time, the crust may have been as thick as
90 km, based on the prograde history of Pamir metamorphic domes (Stearns et al. 2013, 2015; Stübner
et al. 2013; Rutte et al. 2017a, b). There is no
evidence of lithospheric extension that could be
responsible for juvenile magmatism at that time. Furthermore, the outcrop is located more than 300 km
north of the Indus suture, far removed from possible inﬂuences of proposed Eocene–Oligocene
breakoff of Neotethyan oceanic lithosphere (Chemenda et al. 2000; Replumaz et al. 2010; Smit et al.
2014; Ji et al. 2016; Chapman et al. 2018b).
We suggest that late-stage melting related to
the removal of a negatively buoyant lithospheric
root is the most likely mechanism to produce the
c. 32 Ma zircons from a juvenile melt source. Indeed,
the presence of juvenile magmatism follows the
basic prediction of models of delamination-style
or Rayleigh–Taylor drip-style removal: that an
upwelling inﬂux of asthenosphere would replace the
descending mantle lithosphere, leading to melting
from either heat perturbation, adiabatic decompression or both (Bird 1979; Houseman et al. 1981;
Kay et al. 1994; Bercovici et al. 2000; Göǧüş & Pysklywec 2008; Wang & Currie 2015). This explanation is consistent with the timing of emplacement
of nearby potassic plutonic rocks (42–36 Ma Vanj
complex), which has been attributed to lithospheric
root removal on the basis of its geochemistry and
elliptical areal extent (Chapman et al. 2018b). The
time lag associated with the isotopic pull-up from
42–36 to 32 Ma (Fig. 10) follows the prediction
that asthenosphere-derived melt should post-date a
lithospheric removal event by several million years
(Ducea et al. 2013). It is also consistent with the timing of magmatic compositional shifts seen in other
areas of proposed lithospheric removal (GutierrezAlonso et al. 2011). Finally, that this juvenile magmatism was likely to have been volumetrically
minor is in line with the expectation that rising peridotite would experience only limited partial melting,
relative to more voluminous hydrous melting of
descending lithosphere (e.g. of mica- or amphibolecontaining pyroxenite: Ducea et al. 2013).
The Central Pamir Oligocene (or younger)
laminated siltstone and dolomitic conglomerate

suggests deposition in a lacustrine environment
(Cole & Picard 1978; Link & Osborne 1978; Last
1990), which is consistent with recent hypotheses
that have predicted the formation of hydrologically
closed hinterland basins as a surﬁcial response to
lithospheric root or drip removal (DeCelles et al.
2015; Schoenbohm & Carrapa 2015). The similarity
of our ﬁndings and the Vanj magmatic complex
in Central Pamir to Eocene–Oligocene basins and
potassic magmatism in the Qiangtang terrane of
central Tibet (e.g. alluvial, lacustrine and deltaic
strata of the Kangtuo and Suonahu formations, and
c. 46–26 Ma potassic magmatism: Ding et al.
2003, 2007; Kapp et al. 2005; Wang et al. 2008;
Xu et al. 2013; Li et al. 2018) is striking, and raises
the possibility that similar and synchronous subcrustal processes may have occurred beneath the Central
Pamir and Qiangtang terrane across >2000 km of
orogenic strike (Jiménez-Munt et al. 2008; Kelly
et al. 2016; Li et al. 2016).

Implications for terrane correlations
Previous studies have proposed that the Central
Pamir is correlative with the Songpan–Ganzi terrane,
the Qiangtang terrane, or neither (Yin & Harrison
2000; Schwab et al. 2004; Robinson 2009). The
detrital zircon data from this study suggest that it
is correlative with both: Karakul–Mazar-afﬁnity
(Songpan–Ganzi equivalent) rocks thrust above
Gondwanan (Qiangtang equivalent) rocks (Fig. 11).
This leaves open the question of whether the
South Pamir is also equivalent to the Qiangtang terrane. Two key pieces of evidence support the
interpretation that it is: ﬁrst, limited offset between
Pamir and Tibet is localized along the Karakoram
Fault (Robinson 2009). Second, the Cimmerian
unconformity in the South Pamir suggests that the
Rushan–Pshart Ocean was closed by Early Jurassic
time, whereas Lhasa did not collide with the Qiangtang terrane until c. 120 Ma. However, neither point
unequivocally requires that South Pamir be correlated with Qiangtang. It is possible that the latest
Triassic unconformity in South Pamir resulted from
crustal thickening associated with retro-arc thrusting,
rather than continental collision. In fact, the presence
of 198–170 Ma arc magmatism (Schwab et al. 2004;
Chapman et al. 2018b) along the Rushan–Pshart
zone challenges the idea that the Cimmerian unconformity in South Pamir marks collision at c. 200 Ma,
coeval with the closure of the Palaeotethys. Furthermore, correlation of South Pamir and Qiangtang
requires an explanation for the coincidence of
high-ﬂux events at 111 Ma across what would be
opposite ends of the Mesotethys Ocean. While
subduction of Mesotethys oceanic lithosphere
until 120–105 Ma, or its foundering at that time,
provides a possible source for the high-ﬂux event
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in the northern Lhasa terrane, this would not explain
coeval magmatism along the Rushan–Pshart suture if
South Pamir and Central Pamir were sutured by Late
Jurassic time.
On the other hand, the interpretation that South
Pamir is correlative with the Lhasa terrane allows
the along-strike correlation of the South Pamir
batholith with 111 Ma northern Lhasa magmatism
(Zhu et al. 2016), and the 198–179 Ma Rushan–
Pshart microterrane/arc with the 190–170 Ma
Amdo arc (Guynn et al. 2006). It is also consistent
with the similar history of Cretaceous deformation
documented along the Bangong and Rushan–Pshart
sutures (Fig. 12). However, this interpretation
requires at least 400 km of right-lateral displacement
(Robinson 2009). Since displacement along the
Karakoram Fault is limited to <167 km (Robinson
2009), the additional displacement must be accommodated by additional strike-slip faults or nonlocalized bulk crustal shear. Although this remains
undocumented, we ﬁnd this to be the more plausible
and simpler explanation in light of the broader
tectonic similarities (Fig. 12). This would suggest
that Triassic–Cenozoic rocks exposed over a
north–south distance of c. 40 km in the Central
Pamir can be correlated to assemblages spanning
the Jinsha suture, the Qiangtang terrane and the Bangong Suture Zone in central Tibet over a north–south
distance of c. 300 km (Fig. 12). If this is the case,
the western extent of the Qiangtang terrane must
be much narrower in its north–south width either
because of greater Cenozoic shortening or its original condition.

Conclusions
In conjunction with detrital geochronological data
and petrographical observations, our mapping redeﬁnes the stratigraphy of the Central Pamir, and
places it in a tectonostratigraphic framework:
• In the southern hanging wall of the Muskol
Metamorphic Dome in the Central Pamir, Triassic
block-in-matrix mélange, matrix-supported conglomerate, organic-rich litharenite and interbedded dolostone are thrust above Paleozoic
through Cretaceous units, including carbonate
siltstone and interbedded dolostone, conglomerate, and litharenite. The Triassic mélange and
strata are of Karakul–Mazar/North Pamir afﬁnity,
while the Gondwanan signature in the nonTriassic rocks matches the detrital zircon signature of Paleozoic–Mesozoic strata in the
Qiangtang terrane. We suggest that the Triassic
mélange and strata may have been thrust
c. 35 km southwards from the Tanymas Fault
onto the Central Pamir terrane along the Akbaital–Kalaktash Thrust.

• Cretaceous strata record a marine to non-marine
transition that post-dates by at least 7 myr a similar transition at c. 118 Ma in the sedimentary
record of the northern Lhasa terrane and Bangong
suture of Tibet. The transition is constrained to
be <111 Ma by detrital zircon ages from a calcarenite sample that is interbedded with shell beds in
outcrop. This is coeval with a c. 111 Ma high-ﬂux
magmatic event in the South Pamir and northern
Lhasa terrane and Bangong Suture Zone of
Tibet. In addition, an antiformal duplex involving
Cretaceous strata provides evidence of Cretaceous or younger deformation, comparable to the
southwards-propagating deformation documented
along the Bangong suture and northern Lhasa
terrane.
• Oligocene or younger siltstone and dolomite–
matrix conglomerate, the youngest documented
strata in the Pamir Plateau proper, is interpreted
to record an episode of isotopically juvenile magmatism at c. 32 Ma. Given the convergent tectonic
setting, the crustal thickness of the Central Pamir
and its distance from the Neotethyan margin at
this time, lithospheric removal is interpreted to
be the most plausible explanation for this magmatic episode. Widespread Eocene–Oligocene
magmatism and hinterland basins across the
Qiangtang terrane in Tibet suggest that similar
subcrustal processes may have been active across
>2000 km of orogenic strike.
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