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Abstract
New geochronologic, geochemical, and isotopic data for Mesozoic to Cenozoic igneous

rocks and detrital minerals from the Pamir Mountains help to distinguish major regional
magmatic episodes and constrain the tectonic evolution of the Pamir orogenic system. After final
accretion of the Central and South Pamir terranes during the Late Triassic to Early Jurassic, the
Pamir was largely amagmatic until the emplacement of the intermediate (SiO,> 60 wt. %), calc-
alkaline, and isotopically evolved (-13 to -5 zircon gHf(;)) South Pamir batholith between 120-
100 Ma, which is the most volumetrically significant magmatic complex in the Pamir and
includes a high flux magmatic event at ~105 Ma. The South Pamir batholith is interpreted as the
northern (inboard) equivalent of the Cretaceous Karakoram batholith and the along-strike
equivalent of an Early Cretaceous magmatic belt in the northern Lhasa terrane in Tibet. The
northern Lhasa terrane is characterized by a similar high-flux event at ~110 Ma. Migration of
continental arc magmatism into the South Pamir terrane during the mid-Cretaceous is interpreted
to reflect northward directed, low-angle to flat-slab subduction of the Neo-Tethyan oceanic
lithosphere. Late Cretaceous magmatism (80—70 Ma) in the Pamir is scarce, but concentrated in
the Central and northern South Pamir terranes where it is comparatively more mafic (SiO,< 60
wt. %), alkaline, and isotopically juvenile (-2 to +2 zircon gHfy) than the South Pamir batholith.
Late Cretaceous magmatism in the Pamir is interpreted here to be the result of extension


http://eeslive.elsevier.com/epsl/viewRCResults.aspx?pdf=1&docID=28680&rev=1&fileID=940157&msid={C03102BE-9FE7-4518-B753-C1A0B7321A41}

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

56
57

58
59
60
61
62
63
64
65

associated with roll-back of the Neotethyan oceanic slab, which is consistent with similarly aged
extension-related magmatism in the Karakoram terrane and Kohistan.

There is an additional pulse of magmatism in the Pamir at 42-36 Ma that is
geographically restricted (~150 km diameter ellipsoidal area) and referred to as the Vanj
magmatic complex. The Vanj complex comprises metaluminous, high-K calc-alkaline to
shoshonitic monzonite, syenite, and granite that is adakitic (La/Yby = 13 to 57) with low Mg#
(35-41). The Vanj complex displays a range of SiO, (54-75 wt. %) and isotopic compositions (-
7 to -3 eNdg, 0.706 to 0.710 ®'Sr/*°Sry), -3 to +1 zircon eHfpy, 6.0 to 7.6 %o zircon 8'*Ovsmow),
which reflects some juvenile mantle input and subsequent assimilation or mixing with the
Central/South Pamir terrane lower crust. The Vanj complex is speculatively interpreted to be the
consequence of a mantle drip or small delamination event that was induced by India-Asia
collision. The age, geochemistry, outcrop pattern, and tectonic position of the Vanj magmatic
complex suggest that it is part of a series of magmatic complexes that extend for >2,500 km
across the Pamir and northern Qiangtang terrane in Tibet. All of these complexes are located
directly south of the Tanymas-Jinsha suture zone, an important lithospheric and rheological
boundary that focused mantle lithosphere deformation after India-Asia collision. Miocene
magmatism (20-10 Ma) in the Pamir includes:1) isotopically evolved migmatite and leucogranite
related to crustal anataxis and decompression melting within extensional gneiss domes, and; 2)

localized intra-continental magmatism in the Dunkeldik/Taxkorgan complex.

1. Introduction
The Tibetan-Pamir orogen is the preeminent natural laboratory for studying continental

collisional orogenesis and is also examined to understand Andean-style orogenesis and oceanic
subduction that preceded India-Asia collision (Allégre et al., 1984; Yin and Harrison, 2000;
Kapp et al., 2007). Magmatic, mostly subduction-related, rocks are a central component of this
effort (Ding et al., 2003; Chung et al., 2005; Zhu et al., 2015); however, few syntheses of the
magmatic history of the Pamir Mountains, at the western end of the Tibetan plateau exist
(Schwab et al., 2004). We present new geochronologic, geochemical, and isotopic data from 14
Mesozoic (pre-collisional) to Cenozoic (syn-collisional) igneous rocks in the Pamir and combine

these data with detrital geochronologic and isotopic data to identify and characterize the major
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magmatic events in the Pamir. Detrital analyses are a powerful tool to obtain an overview of the
magmatic history of a region and combining detrital and bedrock analyses allows for more
detailed interpretations that are tied to a specific area or magmatic complex. Future studies and
additional data from the Pamir will help to improve upon the interpretations presented.

Several discrete magmatic episodes in the Pamir have along-strike equivalents in Tibet or
across-strike equivalents in the Karakoram, which are interpreted to reflect orogen-scale
geodynamic processes. The magmatic history of the Pamir is used to reconstruct the tectonic
evolution of the Tibetan-Pamir orogen from the Cretaceous to the Miocene.

2. Geologic background
The Pamir and Tibet are part of a single contiguous orogenic plateau consisting of a

series of allochthonous Gondwanan continental fragments that were accreted to Asia during the
early Mesozoic (Allégre et al., 1984; Burtman and Molnar, 1993; Robinson et al., 2012). In
Tibet, these fragments include the Qiangtang terrane and the Lhasa terrane, separated by the
Bangong suture zone (Fig. 1) (Yin and Harrison, 2000). The Qiangtang terrane is laterally
equivalent to (from north to south) the Central Pamir terrane, the South Pamir terrane, and the
Karakoram terrane, whereas there is no direct equivalent of the Lhasa terrane in the Pamir (Fig. 1
and 2) (Robinson et al., 2012). The Central Pamir terrane was accreted to the Triassic Karakul-
Mazar arc-accretionary complex along the Tanymas suture (Fig. 2) (Burtman and Molnar, 1993)
and the Qiangtang terrane was accreted to the Triassic Songpan-Ganzi turbidite complex along
the Jinsha suture in Tibet during Late Triassic-Early Jurassic time (Yin and Harrison, 2000). The
Karakul-Mazar complex in the Pamir consists of relatively undeformed Late Triassic
intermediate intrusive rocks that were emplaced into a Triassic accretionary complex (Schwab et
al., 2004; Robinson et al., 2012). The Karakul-Mazar magmatic rocks are believed to have
originated above a north-dipping subduction zone (Schwab et al., 2004). Structural relationships
exposed in the Muztaghata extensional system (Fig. 2), however, show that the accretionary
complex was underthrust southward beneath the Central Pamir terrane and possibly beneath the
South Pamir terrane during the Early Jurassic (Robinson et al., 2012). The Central Pamir terrane
is separated from the South Pamir terrane by the Rushan-Pshart suture zone (Fig. 2). Southward
subduction and closure of the Rushan-Pshart ocean basin during the Jurassic resulted in

emplacement of the Rushan-Pshart arc (Schwab et al., 2004). The Karakoram terrane was
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accreted to the South Pamir terrane along the Tirich-Kilik suture during the Jurassic to Early
Cretaceous (Zanchi and Gaetani, 2011).

During the Cretaceous, an Andean-style continental arc associated with the northward
subduction of oceanic lithosphere developed on the southern margin of Asia (Searle et al., 1987).
The intrusive component of this arc has been called the Trans-Himalayan batholith and consists
of the Gangdese batholith in Tibet and the Karakoram batholith in the Pamir (Allégre et al.,
1984; Debon et al., 1987). Schwab et al. (2004) suggested that Cretaceous igneous rocks in the
South Pamir terrane are part of a composite Tirich-Mir-Karakoram-Kohistan-Ladakh-Gangdese
arc, however, we refer to these rocks as the South Pamir batholith to distinguish them from other
magmatic complexes. A belt of Early Cretaceous magmatic rocks in the northern Lhasa terrane
in Tibet (distinct from the Gangdese batholith in the southern Lhasa terrane) has been variably
interpreted to be related to low-angle northward subduction of Neotethyan oceanic lithosphere
(Ding et al., 2003; Kapp et al., 2007), southward subduction of an ocean basin separating the
Lhasa and Qiangtang terranes (Zhu et al., 2009), doubly vergent subduction beneath both the
Lhasa and Qiangtang terranes (Zhu et al., 2016), and oceanic slab foundering following suturing
of the Lhasa and Qiangtang terranes (Chen et al., 2017). This magmatic belt experienced a high
flux event at ~110 Ma (Zhu et al., 2009; Sui et al., 2013; Chen et al., 2014).

The timing for the closure of the Neotethyan ocean basin and initial collision of India
with Asia is debated. On the Tibetan (east) side of the orogen, estimates for the timing of
collision between India and Asia along the Indus-Yarlung suture range from 70 Ma to 25 Ma,
with most authors favoring an initial collision at 60-50 Ma (Hu e al., 2016, and references
therein). India-Asia collision on the Pamir (west) side of the orogen is complicated by the
presence of the Kohistan-Ladakh island arc, which is separated from the Karakoram terrane by
the Shyok suture (Fig. 1). Traditionally, Kohistan has been interpreted to have been accreted to
the Karakoram terrane in the middle Cretaceous (95-90 Ma) (Searle et al., 1987; Treloar et al.,
1989; Borneman et al., 2015), however, other studies have suggested that Kohistan first accreted
to India at ~50 Ma and then accreted to the Karakoram terrane at or after ~40 Ma (Bouihol et al.,
2013, and references therein).

Prograde metamorphism in the Karakoram and Pamir suggest that crustal thickening and
burial associated with India-Asia collision was underway by the Middle to Late Eocene (Fraser
et al., 2001; Smit et al., 2014; Stearns et al., 2013; 2015; Hacker et al., 2017). Structural
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relationships within the north Karakoram terrane (Zanchi and Gaetani, 2011) and the Central
Pamir terrane (Rutte et al., 2017a) also record shortening and crustal thickening during this time.
Metamorphism in the Karakoram and Pamir peaked during the Late Oligocene to Early Miocene
(Searle et al., 2010; Stearns et al., 2015; Rutte et al., 2017b). Peak metamorphism was
immediately followed by the exhumation of a series of extensional gneiss domes (north-south
directed extension) in the South and Central Pamir terranes that lasted until the Late Miocene to
Early Pliocene (Stiibner et al., 2013; Stearns et al., 2013; 2015; Rutte et al., 2017b). These
gneiss domes include the Shakdhara-Alichur dome in the South Pamir terrane and the Yazgulem,

Sarez, Muskol, and Shatput domes in the Central Pamir terrane (Fig. 2).

2.1. Cenozoic magmatism in the Pamir
The most-well studied magmatic rocks in the Pamir are also the youngest; the 10 to 12

Ma potassic Taxkorgan intrusive complex (Robinson et al., 2007; Jiang et al., 2012) and the
ultrapotassic Dunkeldik volcanic field (Ducea et al., 2003; Hacker et al., 2005). The Taxkorgan
and the Dunkeldik suite magmas have been interpreted to be related to decompression melting
and asthenosphere upwelling, which entrained near ultra-high lower crustal xenoliths prior to
eruption (Hacker et al., 2005; 2017; Jiang et al., 2012).

The Pamir gneiss domes and the Karakoram metamorphic complex contain abundant
early to middle Miocene leucogranite plutons, dikes, and sills as well as leucosomes of similar
age in migmatitic regions (Robinson et al., 2007; Searle et al., 2010; Stearns et al., 2015).
Previous studies have also identified Eocene igneous rocks in the Central and South Pamir
terranes (Schwab et al., 2004; Stearns et al., 2015; Volkov et al., 2016), although there has been
no effort to correlate this magmatism along strike or evaluate its tectonic significance. The
results presented in this paper suggest that the Eocene igneous rocks are part of single magmatic
complex that we refer to as the VVanj complex, because the rocks are most readily accessible

along the Vanj river valley in the western Pamir (Fig. 2).

2.2. Eocene magmatism in Tibet
Eocene magmatism in Tibet is concentrated in two locations; 1) south of the Jinsha suture

in the northern Qiangtang terrane and within the Gangdese batholith along the southern margin

of the Lhasa terrane (Fig. 1) (Chung et al., 2005). Eocene magmatism in the southern Lhasa
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terrane, near the India-Asia suture, has been attributed to Neotethyan slab break-off (e.g., Ji et
al., 2016, and references therein).

There are several hypotheses concerning the origin of Eocene magmatism at the northern
margin of the Qiangtang terrane, including; southward intracontinental subduction of the
Songpan-Ganzi terrane (Roger et al., 2000; Ding et al., 2003; Kapp et al., 2005; Wang et
al.,2008; Lai and Qin, 2013; Long et al., 2015; Ou et al., 2017), delamination (Chen et al., 2013;
Liu et al., 2017), convective removal and upwelling (Guo et al., 2006), and combinations of the
above (Jiang et al., 2006).

3. Analytical methods
Major elements of eleven rock samples were measured by x-ray fluorescence

spectrometry by ALS Global in Vancouver, Canada (Fig. 3; Supplementary Table 1). Whole
rock trace elements and Sr and Nd isotopes of five samples were measured by Q-ICP-MS and
TIMS, respectively, at the University of Arizona (Figs. 3 and 4; Supplementary Table 1). Zircon
U-Pb geochronology (Supplementary Table 2) and zircon Lu-Hf isotope geochemistry
(Supplementary Table 3) of fourteen rock samples were analyzed by LA-ICP-MS at the
University of Arizona Laserchron Center. Zircon oxygen isotope geochemistry of four rock
samples was analyzed by SIMS at the WiscSIMS laboratory at the University of Wisconsin
(Supplementary Table 4). Detailed analytical procedures are presented in Supplementary File 1.
A summary of sample information, ages, and isotopic values are presented in Table 1. To help
recognize major magmatic events in the Pamir, >1700 Mesozoic and younger detrital zircon U-
Pb dates (Fig. 5) and detrital zircon eHfy) values (Fig. 6) were compiled from previous studies
that sampled major rivers draining the Pamir and Cenozoic sandstone located along the Pamir
margins (Supplementary Table 5). Sixty-one new detrital zircons eHfy) measurements were
made on four sandstone samples from the Tajik Basin that were previously dated by Carrapa et
al. (2015) (Fig. 6; Supplementary Table 3).

4. Results
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4.1. Detrital zircon U-Pb and Hf isotopic data
The compilation of previously published detrital zircon U-Pb data (Supplementary Table

5) from the Pamir exhibit a broad Triassic to early Jurassic age peak that matches igneous rock
ages from the Triassic Karakul-Mazar arc complex (Schwab et al., 2004; Robinson et al., 2007)
(Figs. 2 and 5). There is no distinct Jurassic age peak that records the Jurassic Rushan-Pshart arc
(Schwab et al., 2004) (Fig. 5), however, this peak may overlap or be amalgamated with the broad
Triassic Karakul-Mazar age peak. Detrital zircon U-Pb dates from 120 Ma to 185 Ma are scarce.
The largest age peak in the entire dataset occurs in the middle Cretaceous (~104 Ma) and is
consistent with igneous rock ages from the South Pamir batholith (Schwab et al., 2004; Jiang et
al., 2014; Stearns et al., 2015; Li, J., et al., 2016; this study) (Fig. 2). There are relatively few
detrital zircon U-Pb dates between 90 Ma and 50 Ma, but there is a small age peak in the
Paleocene (~60 Ma). Detrital zircon grains of this age appear in almost all detrital datasets and
are most common in Cenozoic sandstones in the Tajik Basin (Carrapa et al., 2015). The origin of
this age peak is unclear, it may represent a magmatic suite that has been completely eroded or yet
to be identified. The second largest age peak in the dataset occurs in the middle Eocene and
matches the ages of igneous rocks in the VVanj complex (Schwab et al., 2004; Stearns et al., 2015;
this study) (Figs. 2 and 5). Finally, there are two small age peaks at ~11 Ma and 20 Ma (Fig. 5),
which are consistent with igneous rock ages from the Taxkorgan complex (Jiang et al., 2012) and
leucogranite from the Pamir gneiss domes (Stubner et al., 2013; Stearns et al., 2015; Rutte et al.,
2017b; this study).

Detrital zircon eHf(y data help to supplement zircon analyses from igneous rocks and can
reveal temporal isotopic trends (Fig. 6). Early Cretaceous zircon Hf isotopic values are clustered
between -5 to -15 eHfy). The most isotopically juvenile samples (>0 gHfy) in the 100 to 110 Ma
range all come from a single detrital sample (1071-6, Carrapa et al., 2014) (Fig. 6). Thereisa
prominent shift to more isotopically juvenile compositions (-5 to +5 gHfy) during the Late
Cretaceous. Zircon Hf isotopic compositions remain similar (-5 to +5 gHf)) from the Late
Cretaceous to the end of the Eocene, when the detrital zircon Hf record ends.

4.2. The Rushan-Pshart arc and South Pamir batholith
One granodiorite sample (14-73) of the Jurassic Rushan-Pshart arc yielded a zircon U-Pb

age 198 + 7 Ma and an average zircon eHfy value of -6.7 + 2.6 (Table 1). A sample from the
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same outcrop previously analyzed by Schwab et al. (2004) yielded a whole rock Nd isotopic
composition of -5.6 eNd) and a nearby granitic intrusion (~170 Ma), also analyzed by Schwab et
al. (2004), yielded a Nd isotopic composition of -6.6 eNd) (Fig. 2). Three granodiorite samples
and one porphyritic andesite from the South Pamir batholith were analyzed and have zircon U-Pb
ages that range from 120 to 104 Ma and zircon Hf isotopes that range from -5 to -13 eHfj;) (Table
1). The samples are calc-alkaline to high-K calc-alkaline, metaluminous (aluminum saturation
index (ASI) [Al,03/(CaO +Na,0 +K,0) mol %] = 1.0 to 1.1), and have Mg# of 38-50 (Fig. 3),
consistent with other analyses of igneous rocks from the South Pamir batholith (Schwab et al.,
2004; Jiang et al., 2014; Li, J., et al., 2016).

4.3. Late Cretaceous magmatism
Two monzonite samples, 14-37 and 14-93, were collected and yielded zircon U-Pb ages

of 72 £ 2 Ma and 74 = 2 Ma, respectively (Table 1; Fig. 2). Ages are concordant and there is no
evidence for zircon inheritance. The similarity of the ages of these samples to a pair of Late
Cretaceous magmatic rocks reported in Schwab et al. (2004) (Fig. 2) suggest that this may be a
distinct magmatic event. However, there is no obvious corresponding age peak in the detrital
zircon U-Pb record (Fig. 5), which may indicate a local and/or low-volume magmatic event. The
two samples analyzed contain modal biotite and amphibole, are weakly shoshonitic (4-5 wt. %
K20), metaluminous (ASI = 0.9 to 1.0), and have Mg# of 36 to 44. Average zircon Hf isotopic
compositions for the 74 Ma and 72 Ma samples are relatively high, -1.7 to +1.3 eHf(y) and are

more isotopically juvenile than any sample from the South Pamir batholith (Fig. 2).

4.4. The mid-Eocene Vanj magmatic complex
Five samples were collected from the VVanj magmatic complex (14-17, 15-19, 15-45, 15-

46, and 15-47). Interpreted zircon U-Pb ages from these samples range from 41 to 36 Ma (Table
1). Most single spot U-Pb zircon rim and core analyses overlap within uncertainty
(Supplementary Table 2). Those that did not were not included in the weighted mean age
interpretations. The Vanj complex rocks have not been documented north of the Tanymas suture
(Fig. 2). The rocks are exposed in both the footwalls and hanging walls of the Central Pamir
gneiss domes (Yazgulem, Sarez, and Muskol domes) and are concentrated in an ~150 km

diameter circular region south of the Vanj river (Fig. 2).
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The Vanj complex samples are monzonite, syenite, and granite. The samples are
generally high-K calc-alkaline to shoshonitic, except for samples 14-17 and 15-47, which have
anomalously low wt. % K0 and plot within the tholeiitic field in a K;O vs. silica diagram (Fig.
3A). However, these specific samples also have low wt. % Fe,O3; and MgO and plot within the
evolved calc-alkaline region on alkaline-total Fe-MgO (AFM) ternary diagram. Samples 14-17
and 15-47 were collected from within the Yazgulem gneiss dome and show evidence for some
hydrothermal alteration, including sericitic alteration of feldspar in thin-section. Potassium
depletion is a known problem in altered rocks and Hastie et al. (2007) have suggested using Th
vs. Co (fluid immobile elements) diagrams in place of K,O vs. silica plots. Samples 14-17 and
15-47 plot in the calc-alkaline to high-K calc-alkaline fields on these diagrams (Fig. 3B) and are
interpreted to be altered high-K calc-alkaline rocks. The Vanj magmatic complex samples have
low Mg# (35-41) and are metaluminous (ASI = 0.95 to 1.04). On a mid-ocean ridge basalt
(MORB) normalized trace element diagram (Fig. 3C), the Vanj magmatic complex samples are
enriched in LILE and depleted in high field strength elements (HFSE) with negative Ta and Nb
anomalies. The samples have concave up chondrite normalized REE patterns, are moderately
depleted in HREE (e.g., Y an YD), and plot within the adakitic field on La/Yb vs. Yb diagrams
(Fig. 3D). The samples have weak to no negative Eu anomalies and sample 15-19 has a strong
positive Eu anomaly.

For the Vanj complex samples, whole rock initial Sr isotopes range from 0.705 to 0.710
¥7Sr/**sr;, whole rock initial Nd isotopes range from -1.7 to -7.5 eNdg, and average zircon initial
Hf isotopes range from -3.1 to +1.0 eHfy) (Table 1). The sample (14-17) with the most negative
zircon eHf value (-3.1 €Hfy) is the only sample that contains dates interpreted as inherited ages
in zircon cores. Average zircon eHfy and whole rock eéNdy) decrease with increasing wt. % SiO»
(Fig. 4). Zircon oxygen isotopes(5"®Ovsmow) in the samples range from 6.0 to 7.6 %o (Table 1).
There is no clear relationship between zircon §*0 and SiO,. Zircon cores and rims from most
samples have similar average §*20 values, although sample 15-47 has an average 520 of 6.5%o
in zircon cores and 7.6 %o in zircon rims, despite no U-Pb age difference between zircon rims

and cores in this sample (Fig. 7).

4.5. Miocene gneiss dome magmatism
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Two leucogranite samples were analyzed, one from the Yazgulem (14-19) and one from
Sarez (15-07) gneiss domes (Fig. 2). Both samples are high-K calc-alkaline granite with zircon
U-Pb crystallization ages of ~18-20 Ma (Table 1). Zircons from the gneiss dome samples have
abundant inherited cores (Supplementary Table 2). The samples have average zircon Hf isotopes
of -4.6 to -7.3 eHf(y (Table 1, Fig. 2). Sample 15-07 has a whole rock Sr isotopic value of 0.708
873r/*Sr; and an Nd isotopic value -5.8 eNdg (Table 1). These samples are among the most
felsic magmatic rocks in the Pamir (> 70 wt. % SiO,, Mg# 18-24) and are metaluminous (ASI =
1.0). Sample 15-07 displays LILE enrichment and negative Ta and Nb anomalies in a MORB-
normalized trace element plot and has minor HREE depletion enrichment (Sr/Y =8, (La/Yb)y =
19) (Fig. 3).

5. Discussion

5.1. Isotopic composition of Pamir lithosphere
In the footwall of the Muztaghata extensional system, Robinson et al. (2012) identified

upper amphibolite facies schist that may be representative of Central/South Pamir terrane lower
crust. The most isotopically evolved sample from that study (sample 9-4-03-1) is a plausible
end-member in eNd-'Sr/*®Sr binary isotopic mixing models for the rocks of the South Pamir
batholith (Fig. 4A). A plot of eHf{y vs. SiO, suggests that the South Pamir batholith and the Late
Cretaceous to Eocene magmatic rocks in the Central Pamir terrane assimilated more isotopically
evolved crustal material during differentiation (Fig. 4B). The Central/South Pamir terrane lower
crust samples from Robinson et al. (2012) have isotopic values of -9 to -15 ¢éNd(100) (the eNd
isotopic composition at 100 Ma), consistent with the Early Cretaceous assimilation trend in Fig.
4B. In contrast to the South Pamir batholith samples, the Late Cretaceous and Eocene magmatic
rocks in the Central Pamir terrane require more isotopically juvenile end-members with higher
Sr/Nd for viable binary mixing models (Fig. 4A).

During the Late Triassic, the Karakul-Mazar arc-accretionary complex was Underthrust
~100 km beneath the Central Pamir terrane (Robinson et al., 2012). It is possible that the
majority of the deep lithosphere in the Central Pamir terrane consists of Karakul-Mazar complex
material, which is a potential isotopically evolved end-member for the assimilation trend for the

Late Cretaceous and Eocene magmatic rocks in Figure 4B. The metasedimentary and igneous

10
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rocks of the Karakul-Mazar complex have eéNd(40) values of -5 to -9) (Schwab et al., 2004;
Robinson et al., 2012). However, the Sr and Nd isotopic composition of the Eocene magmatic
rocks is better fit by a mixing model with a relatively evolved (< -10 eNd ) end-member similar
to the Central/South Pamir terrane lower crust and input from a depleted mantle source (Fig.
4A).

6. Magmatic history of the Pamir
The new and compiled geochemical and geochronologic data for the Pamir help to

constrain and clarify the Mesozoic to recent tectonic history of the Pamir Mountains and allow
comparisons to magmatism in other parts of the broader orogenic system (Karakoram-Kohistan-
Himalaya-Tibet). A series of schematic cross-sections is presented in Figure 8, which depicts the
Pamir orogen during each of the major magmatic events since the Cretaceous.

6.1. Early to mid-Cretaceous
Geochemical data suggests that the calc-alkaline South Pamir batholith represents part of

an Early Cretaceous continental arc, which we interpret to be equivalent to the Cretaceous
Karakoram batholith (Searle et al., 1987; Schwab et al., 2004) and an Early Cretaceous magmatic
belt in the northern Lhasa terrane (Zhu et al., 2009). The oldest and youngest samples that have
been dated from the South Pamir batholith are 120 Ma and 104 Ma (Fig. 2; Table 1) and the
detrital zircon U-Pb data suggest that most magmatism occurred between 120 and 90 Ma with a
higher volumetric output at ~105 Ma (Fig. 5). Subduction-related magmatism in the Karakoram
batholith occurred from ~130 Ma to 95 Ma, and there is a cluster of ages between 110 and 105
Ma that may represent a high-flux event (Debon et al., 1987; Fraser et al., 2001; Heuberger et al.,
2007). Magmatism was also active in Kohistan during the Early Cretaceous, supporting models
for two north-dipping subduction zones (Fig. 8) (Burg, 2011). Early Cretaceous magmatism in
the northern Lhasa terrane occurred from 130 Ma to 105 Ma, with a high-flux event at ~110 Ma
(Zhu et al., 2009; Sui et al., 2013; Chen et al., 2014).

The South Pamir batholith is presently located up to 200 km north of the Shyok suture
and the Early Cretaceous magmatic belt in the northern Lhasa terrane is located up to ~300 km

north of the Indus-Yarlung suture (Fig. 1). These distances do not include a restoration of post-
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magmatic shortening. Because the Central Pamir and South Pamir terranes were sutured
together prior to emplacement of the South Pamir batholith (Schwab et al., 2004), southward
directed subduction cannot explain the batholith. A period of low-angle to flat subduction may
be required during the Early Cretaceous to generate magmatism in the South Pamir terrane so far
from the subduction margin (Fig. 8). The Pamir was also actively shortening during this time
(Robinson, 2015) and low-angle to flat subduction may have influenced this early phase of

orogenesis.

6.2. Late Cretaceous
The end of subduction-related magmatism in the Karakoram and South Pamir batholiths

is interpreted to reflect suturing of the Kohistan island arc with the Karakoram terrane at ~90 Ma,
along the Shyok suture zone (Petterson and Treloar, 2004; Borneman et al., 2015). Evidenced in
part by the ~85 Ma Chilas magmatic complex (Jagoutz et al., 2007), Kohistan is thought to have
experienced intra-arc extension and the development of an intra-arc basin during the Late
Cretaceous, which has been linked to Neo-Tethyan slab roll-back (Treloar et al. 1989; Burg,
2011). This extension may have split Kohistan into two arcs and there is evidence in the Ladakh
region for the presence of a second island arc system, the Spong arc, located south of the main
Kobhistan arc (Corfield et al., 2001) (Fig. 8). Late Cretaceous extension is recorded in the
Karakoram terrane by mafic alkaline magmatism (~88 Ma; Debon and Khan, 1996). This
magmatism may also be related to break-off and foundering of Shyok basin oceanic lithosphere
following collision of the Kohistan arc (Fig. 8).

Late Cretaceous magmatic rocks (~75 Ma) in the Pamir are relatively alkaline and mafic
(Fig. 3) and the most mafic samples from the Late Cretaceous and Eocene magmatic complexes
are ~5 eHf{y units higher than the most mafic samples from the Early Cretaceous South Pamir
batholith (Figs. 4 & 6). The shift from isotopically evolved to more isotopically juvenile
magmatism during the Late Cretaceous is consistent with enhanced juvenile (depleted mantle)
magmatic input and is interpreted to reflect a period of lithospheric extension (Fig. 8). Back-arc
rifting in other convergent orogens has been associated with shifts to more isotopically juvenile
magmatism (Kemp et al., 2009). Thinned or modified mantle lithosphere, associated with
underthrusting of the Karakul-Mazar accretionary complex beneath the Cenral Pamir terrane

during the early Mesozoic, may have helped localize Late Cretaceous extensional deformation in
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the Central Pamir terrane, as there is no evidence that the South Pamir terrane experienced
extension during this time. In addition to the Late Cretaceous magmatic rocks described in this
study, Rutte et al. (2017a) reported a basalt flow within a Maastrichtian(?) section in the Central
Pamir terrane that may be related to the proposed extensional event.

6.3. Eocene
A Neotethyan oceanic slab-break off event has been proposed for the Tibet-Karakoram-

Pamir region at ca. 45 Ma (Chemenda et al., 2000; Replumaz et al., 2010; Smit et al., 2014),
which may have produced the ~44 Ma Teru/Shamran volcanic group along the Shyok suture
(Khan et al., 2004; Petterson and Treloar, 2004). The spatially restricted Vanj magmatic
complex in the Pamir is located 300-400 km north of the Indus suture and is considered unlikely
to be related to foundering of the Neotethyan slab.

We interpret the Vanj magmatic complex to be an along-strike equivalent of the Eocene
magmatic complexes in the northern Qiangtang terrane (Ding et al., 2003; Wang et al., 2008;
Long et al., 2015). The Vanj and northern Qiangtang complexes are both located directly south
of the Jinsha-Tanymas suture zone and are clustered into a series of ellipsoidal “centers” that are
up to a few hundred kilometers in diameter (Fig. 1). The Vanj and north Qiangtang complexes
were erupted or emplaced within a narrow time range during the Eocene: 42-36 Ma for the Vanj
complex (Schwab et al., 2004; Stearns et al., 2015; this study), 44-38 Ma for the north-central
Qiangtang terrane (Ding et al., 2003; Wang et al., 2008; Chen et al., 2013; Lai and Qin, 2013;
Long et al., 2015; Ou et al., 2017) and 49-36 Ma for the eastern Qiangtang terrane (Roger et al.,
2000; Jiang et al., 2006; Liu et al., 2017) (Fig. 1). Detrital zircon U-Pb data suggest a peak in
magmatism at ~40 Ma in the Pamir (Fig. 5) and Chen et al. (2013) reported a magmatic peak
(marked by a predominance of zircon dates) at ~42 Ma in the north Qiangtang terrane. The
geochemistry of the northern Qiangtang terrane magmatic rocks and the VVanj magmatic complex
rocks in the Pamir are similar. Both complexes are intermediate in composition, high-K calc-
alkaline to moderately shoshonitic, metaluminous to weakly peraluminous, have pronounced
negative Nb and Ta anomalies in MORB normalize trace element variation diagrams, are LREE-
enriched, HREE-depleted, have relatively low Y and Yb contents, classified as adakitic, have

small to no negative Eu anomalies, have Nd isotopic compositions of -3 to -7 eNd,, and
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87Sr/%83r; ratios of 0.706 to 0.710 (Wang et al., 2008; Chen et al., 2013; Lai and Qin, 2013; Long
etal., 2015; Ou et al., 2017; this study).

One explanation for the Eocene magmatic event in the northern Qiangtang terrane is that
continental lithosphere of the Songpan-Ganzi terrane was subducted southward beneath the
Qiangtang terrane (intracontinental subduction model) in response to India-Asia collision (Roger
et al., 2000; Ding et al., 2003; Kapp et al., 2005; Spurlin et al., 2005; Wang et al., 2008; Lai and
Qin, 2013; Long et al., 2015; Ou et al., 2017). This model is appealing because Eocene
magmatism did not occur north of the Tanymas-Jinsha suture (Fig. 1). However, it is unclear if
intracontinental subduction produces magmatism as there is no modern volcanism associated
with intercontinental subduction of Indian continental lithosphere beneath Tibet (Chung et al.,
2005; Zhu et al., 2015). Also, while there is evidence for Eocene shortening in northern Tibet,
most of this shortening occurred south of the Jinsha suture and the absolute magnitude of
shortening is modest (< 100 km) (Kapp et al., 2005; Spurlin et al., 2005). In the Pamir, the
Tanymas suture is a south-verging thrust fault zone that has been inactive since the Cretaceous
and there is no evidence for Eocene shortening north of the suture zone (Robinson, 2015),
inconsistent with Eocene south-directed subduction.

We prefer the interpretation that the Eocene magmatic event is related to a series of drips
(i.e., Rayleigh-Taylor instability) or delamination events in which Pamir-Tibetan mantle
lithosphere and possibly lower crust was removed (e.g., Chen et al., 2013) (Fig. 8). The short-
lived nature of the magmatic events and their ellipsoidal map-patterns are consistent with
drip/delamination related magmatism (Ducea et al., 2013). MORB-normalized trace element
patterns for Mesozoic and younger magmatic rocks show that the Central/South Pamir terrane
lithosphere was modified by subduction processes (Fig. 3C). It is likely that the deep lithosphere
was volatile-rich, particularly if the metasedimentary Karakul-Mazar terrane makes up a
significant portion of the Central/South Pamir terrane lower crust. Depending on the rate of
sinking, delaminated lithosphere may melt itself or may release fluids that produce melting in the
overlying asthenosphere, mantle lithosphere, or crust (Elkins-Tanton, 2007; Ducea et al., 2013).
Upwelling asthenosphere following the drip or delamination event may also result in adiabatic
melting in the asthenosphere or dehydration melting in the lithosphere (Elkins-Tanton, 2007).
The wide variety of plausible melt mechanisms associated with delamination is one of the

challenges of recognizing delamination events or distinguishing these events from magmatism
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associated with intracontinental subduction, about which even less is known. High La/Yb and
small or absent negative Eu anomalies in the VVanj magmatic complex (excepting one sample,
15-19, which has the geochemistry of a cumulate) and in the north Qiangtang magmatic
complexes suggest melting in the absence of plagioclase and in the presence of amphibole and/or
garnet, which occurs at high pressure (> 50 km depth) (Ducea, 2002; Richards and Kerrich,
2007). Because the most mafic samples from the Vanj complex have the highest La/YDb, it is
unlikely that fractional crystallization alone produced melts with adakitic compositions (Castillo
etal., 2012). The high La/Yb Eocene melts could have originated from delaminated material,
analogous to slab melts (Defant and Drummond, 1990), or from partial melting and
differentiation in tectonically thickened crust. The moderately juvenile radiogenic isotopic
composition of the Vanj complex rocks, the general lack of inherited zircon cores, the mantle-
like zircon 8*°0, and the ¢Hf-SiO, and Nd-Sr mixing models lead us to suggest that the Vanj
complex melts originated in the asthenosphere and were emplaced into the lower Central/South
Pamir terrane crust where the melts assimilated more evolved crustal material.

Recent numerical modeling studies of continental collisional orogens indicate that
deformation in the mantle lithosphere tends to accumulate adjacent to rheological boundaries,
such as a between a relatively weak (low viscosity) accreted terrane and a relative strong (high
viscosity) lithospheric block (Kelly et al., 2016; Li, Z., et al., 2016). Subsequently the thickened
mantle lithosphere may drip or delaminate along the rheological boundary because if its negative
buoyancy (Kelly et al., 2016; Li, Z., et al., 2016). Depending on the viscosity of the accreted
terrane in the numerical model, density instabilities and mantle drips at the inboard edge of the
accreted terrane begin to form 10-30 Myr after intial collision (Kelly et al., 2016; Li, Z., et al.,
2016), which is consistent with the time difference between initial India Asia collision (~55 Ma)
and the age of the VVanj complex (42-36 Ma). We propose that the Tanymas-Jinsha suture, which
separates Mesozoic accreted terranes to the south from the para-autochonous North
Pamir/Kunlun terrane and Tarim block to the north, is a significant rheological boundary that
focused mantle lithosphere thickening during India-Asia collision and led to a series of mantle

drip or small delamination events in the Eocene.

6.4. Miocene
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The Pamir and Karakoram terranes experienced crustal anataxis, migmatization, and
intrusion of leucogranite during the late Oligocene to Miocene. Zircon and titanite U-Pb
crystallization ages for various leucogranite bodies in the Central Pamir gneiss domes range from
21-16 Ma and are as young as 7 Ma in the Shakhdara gneiss dome (Stearns et al., 2015; this
study). Leucogranite in the Baltoro batholith, in the Karakoram metamorphic complex, has
similar ages of 24-13 Ma (Searle et al., 2010). The evolved isotopic composition and the
presence of inherited zircon cores in the Pamir leucogranite suggests partial melting of the lower
Central/South Pamir terrane crust. Foundering or break-off of an Indian continental slab is
postulated to have occurred at ~25 Ma beneath the Karakoram and heat from upwelling
asthenosphere has been invoked to explain the origin of the Karakoram and Pamir leucogranite
(Mahéo et al, 2009; Stearns et al., 2015). Leucogranite and migmatite are common in core
complexes and gneiss domes globally in occurrences that are not necessarily associated with
continental subduction or a slab-break off event (Whitney et al., 2013). Two alternative
mechanisms to generate the Pamir leucogranite are: 1) dehydration melting from thermal
relaxation and crustal heat production following crustal thickening (England and Houseman,
1984), and 2) near-isothermal decompression melting in response to crustal extension and rapid
exhumation (Teyssier and Whitney, 2002). Peak metamorphic temperatures in the Central and
South Pamir gneiss domes are < 800 °C (Stearns et al., 2015; Hacker et al., 2017) and the timing
of leucogranite emplacement (24 to 7 Ma) slightly predate and overlap with exhumation ages (20
to 5 Ma) (Stlibner et al., 2013, Rutte et al., 2017b), both of which support decompression melting

during gneiss dome extension as a contributing mechanism.

7. Conclusions
Studies of igneous rocks and detrital minerals from the Pamir Mountains record a rich

history of magmatism during the Mesozoic and Cenozoic. New and compiled whole rock and
detrital geochemical, isotopic, and geochronologic data help to identify and characterize the
major magmatic events that have occurred in the Pamir during this time. These are presented
below from oldest to youngest with estimates of their principal age ranges and zircon ¢Hf

equivalent isotopic values.
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1) The Karakul-Mazar arc (250-200? Ma, with a peak in magmatism at 220-210 Ma; -2 to -3
eHf(y) is associated with northward directed subduction of Paleotethys oceanic
lithosphere beneath Asia.

2) The Rushan-Pshart arc (210?-170 Ma; -6 to -7 €Hfy) is associated with southward
directed subduction of oceanic to transitional lithosphere of the Rushan-Pshart basin
beneath the South Pamir terrane.

3) A prominent magmatic gap from 180 to 130 Ma reflects final accretion of the
Karakoram, Central Pamir and South Pamir terranes and preceded the initiation of
northward subduction of the Shyok basin.

4) The South Pamir batholith (120-100 Ma, with a high-flux event at ~105 Ma; -3 to -15
eHfy)) may be considered the northward extension of the Karakoram batholith, both of
which are attributed to northward subduction of Shyok basin or Neotethyan oceanic
lithosphere. Migration of magmatism into the South Pamir terrane is attributed to an
episode of low-angle or flat slab subduction.

5) Relatively low-volume Late Cretaceous magmatism (80-70 Ma; -2 to +2 eHf{y) in the
Pamir may record lithospheric extension in response to Neotethyan slab-roll back.

6) The Vanj magmatic complex (42-36 Ma; -4 to +2 eHf{y) is attributed to a mantle drip or
delamination event induced by the collision between India and Asia.

7) Pamir gneiss dome (leucogranite) magmatism (20-10 Ma; -4 to -8 ¢Hf{y) reflects crustal
anataxis and is attributed at least in part to decompression melting during north-south
directed extension and gneiss dome exhumation.

8) The Dunkeldik/Taxkorgan complex (12-10 Ma; -6 to -10 eHfy) is associated with a

localized mantle drip or delamination event.

Of these magmatic events, the Eocene Vanj complex and South Pamir batholith are
particularly interesting because we interpret them to be along-strike equivalents of magmatic
complexes in Tibet and thus manifestations of orogen-wide tectonic processes that operated for
>2,500 km along strike (Fig. 1). The tectonic processes are interpreted to be:1) Early Cretaceous
northward directed, low-angle to flat-slab subduction that includes a regional high-flux event
during the Albian (110-105 Ma) and; 2) a series of mantle drips or localized delamination events

during the Middle Eocene (~40 Ma) related to deformation and thickening of the mantle
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lithosphere along a rheological boundary represented by the Tanymas-Jinsha suture zone.
Spatially restricted magmatism accompanying small mantle drip events may be characteristic of
continental collisional orogens globally and the locus of drip or delamination magmatism in

collisional orogens may be up to several hundred km away from the suture zone.
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Figure/Table Captions

Figure 1

Regional map of the Pamir-Tibetan plateau showing major faults and terrane boundaries.
Blue polygons represent Eocene magmatic rocks exposed in the Qiangtang terrane and the
laterally equivalent Central/South Pamir terrane. Labels are rock crystallization ages (primarily
zircon U-Pb ages). Red dashed lines outline the major Eocene magmatic centers. Eocene
magmatic rocks present in other parts of the orogen (e.g., southern Lhasa terrane) are not shown.
Orange polygons represent Early Cretaceous intrusive rocks exposed in the central-northern
Lhasa terrane and Central/South Pamir and Karakoram terranes. Data sources: (Roger et al.,
2000; Ding et al., 2003; Schwab et al., 2004; Jiang et al., 2006; Wang et al., 2008; Zhu et al.,
2009; 2016; Chen et al., 2013; 2014; Sui et al., 2013; Long et al., 2015; Stearns et al., 2015; Ou

et al., 2017, this study). Map projection: WGS84, UTM z44N.

Figure 2
Geologic map of the Pamir Mountains showing exposures of igneous rocks, color-coded by age.
For igneous bodies without labels, ages and locations were adopted or modified from Vlasov et

al. (1991), Schwab et al. (2004), and Robinson et al., (2012). Non-igneous rocks are shown in
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812  light gray and gneiss domes are shown in dark gray. White boxes contain rock crystallization
813  ages in red and zircon eHf(y in blue. For comparison purposes, samples with only eNd; values
814  available were converted to eHf(y using the terrestrial array of Vervoort et al. (1999). Yellow
815  circles denote samples analyzed in this study. Other sources of data are denoted by superscripts
816  and come from: 1) Stearns et al. (2015); 2) Schwab et al. (2004); 3) Volkov et al. (2016);4)

817  Jiang et al. (2014); 5) Jiang et al. (2012); 6) Robinson et al. (2007).

818
819  Figure 3
820 Major and trace element data for samples analyzed in this study and from literature

821  sources. Early Cretaceous literature data are from the South Pamir batholith in the southeastern
822  Pamir (China) (Jiang et al., 2014; Li, J., et al., 2016). Eocene literature data are from the

823  northern Qiangtang terrane in Tibet (Wang et al., 2008; Chen et al., 2013; Lai and Qin, 2013;
824  Longetal., 2015; Ou etal., 2017). Miocene literature data come from the Taxkorgan complex
825 (Jiangetal., 2012). A) Total alkali silica diagram. B) K;O vs. SiO, diagram. Stars mark

826  samples with anomalously low wt. % KO that are interpreted to have lost potassium during
827  hydrothermal alteration (see text). Inset diagram is Co vs. Th, which Hastie et al. (2007)

828  proposed as an alternative to K,O vs. SiO, diagrams for altered rocks. C) Mid-ocean ridge basalt
829 (MORB) normalized trace element diagram, normalizing values from Pearce and Parkinson
830  (1993), LILE = large-ion lithophile elements. D) Chondrite normalized trace element diagram,
831  normalizing values from McDonough and Sun (1995), MREE = middle rare earth elements,
832 HREE = heavy rare earth elements. Inset shows chondrite normalized La/Yb vs. Yb, adakitic
833  field from Richards and Kerrich (2007).
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Figure 4

A) Plot of eNdy vs. ¥Sr/*®Sr; showing three binary mixing lines. All mixing lines use an
N-type MORB (mid-ocean ridge basalt) from Sun and McDonald (1989) as the isotopically
juvenile end-member. The more isotopically evolved end-members used are: 1) Triassic granite
from the Karakul-Mazar complex (Schwab et al., 2004), 2) Triassic schist (metasedimentary
accretionary complex material) from the Karakul-Mazar complex (Robinson et al., 2012), and 3)
an amphibolite schist from the footwall of the Muztaghata gneiss dome thought to be
representative of the Central/South Pamir terrane lower crust (Robinson et al., 2012). Sources of
literature data are the same as in Fig. 3. B) Variation in zircon eHf() with SiO; suggests that
open-system contamination was important part of magmatic differentiation. Mixing curves and
the composition of the juvenile mantle source are for illustrative purposes only and show
potential mixing with the Central/South Pamir terrane lower crust and the Karakul-Mazar arc-
accretionary complex. Evolved end-member sources are from Schwab et al. (2004) and
Robinson et al. (2012). Sources of literature data are the same as in Fig. 3, and only native

zircon gHfy (i.e., not converted from eNdyy) is plotted.

Figure 5

Compiled detrital zircon U-Pb geochronologic analyses from major rivers draining the
Pamir and from Cenozoic sandstones on the northern Pamir margin. Data and data sources are
reported in Supplementary Table 5. Data without interpretation is shown in Supplementary
Figure 1. Yellow line shows an adaptive kernel density estimate (KDE; bandwidth=2.34) and
the blue line and polygon shows a probability density plot (PDP) for the U-Pb dates (VVermeesch,

2012). The age peaks help to identify major magmatic events and sources within the Pamir
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Mountains. Vertical bars are the magmatic complexes interpreted to correspond to the age peaks

and are color-coded to match the igneous rocks plotted in Fig. 2.

Figure 6

New and compiled zircon eHf(y) data plotted against zircon U-Pb ages. Weighted mean
zircon eHf{y) from rock samples are plotted as squares with 26 uncertainty error bars, single
detrital zircon eHf{y analyses are plotted as blue dots. Only native eHfy) data is plotted. Isotopic
data for rock samples come from this study (Table 1) and from literature sources listed in Fig. 3.
Isotopic data for detrital zircon come from this study (Supplementary Table 3) and from Carrapa
et al. (2014) and Sun et al. (2016). The zircon U-Pb probability density plot (PDP) shown in
gray is reproduced from Fig. 5. Vertical blue bars denote interpreted tectonic events for the

Pamir. Data without interpretation is shown in Supplementary Figure 1.

Figure 7

Representative cathodoluminescence (CL) images of polished zircon crystals from
sample 15-47 from the Eocene Vanj magmatic complex in the Pamir. Individual zircon 5'%0
secondary ion mass spectrometer (SIMS) analysis locations are shown by yellow circles and
zircon 50 values (red text) are reported in %o relative to Vienna standard mean ocean water
(VSMOW). Sample 15-47 is the only sample that showed systematic differences in zircon 8*°0

between zircon rims and cores.

Figure 8
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Schematic cross-sections for the Pamir orogenic system at different periods in the past
that show some of the major tectonic and magmatic events that have affected the Pamir. Details
of the cross-sections are discussed at length in section 6 of this report. Early Cretaceous) Low-
angle subduction of Shyok basin oceanic lithosphere resulted in emplacement of the South Pamir
and Karakoram batholiths. Late Cretaceous) Foundering of Shyok basin oceanic lithosphere and
roll-back of the Neotethyan oceanic slab resulted in extension and extension-related magmatism
in Kohistan, the Karakoram, and the Pamir. Eocene) Localized thickening of the mantle
lithosphere during India-Asia collision occurred near a rheological boundary between the
structurally and magmatically weakened Central/South Pamir terrane and strong North Pamir-
Tarim basement. Negative buoyancy of the thickened mantle lithosphere led to the development
of a mantle drip or small delamination event. Eocene igneous rocks in the Karakoram terrane are
attributed to break-off of the Neotethyan slab. Miocene) Formation of leucogranite and
migmatite within the Karkoram metamorphic complex and Pamir gneiss domes are attributed to
crustal anataxis and syn-extensional decompression melting. TKSZ = Tirich-Kilik suture zone,
RPSZ = Rushan-Pshart suture zone, TSZ = Tanymas suture zone, TF = Tanymas fault, SSZ =
Shyok suture zone, I'YSZ = Indus-Yarlung suture zone, SPGD = South Pamir gneiss domes,

CPGD = Central Pamir gneiss domes, MPT = Main Pamir thrust.

Table 1: Summary of geochronologic and isotopic data.
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Table 1
Click here to download Table: Table_1 sample_summary.pdf

sample Lithology ~ Age (Ma) Latitude ('N) Longitude (°E) SiO;(wt. %)  eHfy  'Sy™Sr eNdy  5'°Oysmow (%0)

Rushan-Pshart arc
14-73 Granodiorite 1987 38.2081 74.0284 -6.7+26 *0.7079 *-5.6

South Pamir batholith

14-60 Granodiorite 109+5 38.1289 73.8556 69.5 -12.8+2.2
14-87 Granodiorite 105+3 37.4931 74.6112 64.2 -10.8+1.7
14-89 Andesite 104 +£3 37.7840 73.9593 51+£25
13P101 Granodiorite 120+ 4 37.9027 73.7301

Late Cretaceous magmatism
14-37 Monzonite 74 +2 37.7500 71.5667 59.6 -1.7+1.8
14-93 Monzonite 72+2 37.8735 71.6290 58.3 1.3+1.8

Vanj Complex

14-17 Granite 40911 38.3618 71.4668 -3.1+1.6

15-19 Syenite 36.1+1.2 38.4839 73.6825 59.5 1.0£1.3 0.7062 2.7 76+0.3
15-45 Granite 39.3+1.5 38.6107 71.9441 70.4 -22+20 0.7099 -7.5 6.0+£0.3
15-46 Monzonite 39.8+1.0 38.5590 71.8607 54.1 05+29 0.7052 1.7 6.7+0.3
15-47 Granite 40.6+1.0 38.5602 71.8557 74.7 -27+18 0.7081 -4.8 76+0.3

Gneiss Domes
14-19 Granite 20.3+1.3 38.0854 71.3219 72.7 -46+22
15-07 Granite 17.7+1.0 38.4515 72.7031 73.8 -7.3+x1.4 0.7082 -5.8

Ages are weighted mean zircon U-Pb ages reported at the 20 level, including both internal and external uncertainties

er(() values are weighted mean zircon aHf(() values reported at the 20 level, inclduing both internal and external uncertainties

61BOVSMOW values are weighted mean zircon 61BOVSMOW values reported at the 20 level, inclduing both internal and external uncertainties
Details of analytical proceedures and isotopic calculations are presented in Supplementary File 1

Complete geochronologic, elemental, and isotopic data are presented in Supplementary Tables 1-4

*Data from Schwab et al. (2004)
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