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Abstract Neogene, syn-collisional extensional exhumation of Asian lower-middle crust produced the
Shakhdara-Alichur gneiss-dome complex in the South Pamir. The <1 km-thick, mylonitic-brittle,
top-NNE, normal-sense Alichur shear zone (ASZ) bounds the 125 X 25 km Alichur dome to the north.
The Shakhdara dome is bounded by the <4 km-thick, mylonitic-brittle, top-SSE South Pamir normal-sense
shear zone (SPSZ) to the south, and the dextral Gunt wrench zone to its north. The Alichur dome
comprises Cretaceous granitoids/gneisses cut by early Miocene leucogranites; its hanging wall contains
non/weakly metamorphosed rocks. The 22-17 Ma Alichur-dome-injection-complex leucogranites transition
from foliation-parallel, centimeter- to meter-thick sheets within the ASZ into discordant intrusions that may
comprise half the volume of the dome core. Secondary fluid inclusions in mylonites and
mylonitization-temperature constraints suggest Alichur-dome exhumation from 10-15 km depth.
Thermochronologic dates bracket footwall cooling between ~410-130 °C from ~16-4 Ma; tectonic
cooling/exhumation rates (~42 °C/Myr, ~1.1 km/Myr) contrast with erosion-dominated rates in the hanging
wall (~2 °C/Myr, <0.1 km/Myr). Dome-scale boudinage, oblique divergence of the ASZ and SPSZ

hanging walls, and dextral wrenching reflect minor approximately E-W material flow out of the orogen. We
attribute broadly southward younging extensional exhumation across the central South Pamir between
~20-4 Ma to: (i) Mostly northward, foreland-directed flow of hot crust into a cold foreland during the
growth of the Pamir orocline; and (ii) Contrasting effects of basal shear related to underthrusting Indian
lithosphere, enhancing extension in the underthrust South Pamir and inhibiting extension in the
non-underthrust Central Pamir.

1. Introduction

Gneiss domes—dome-shaped culminations of higher-grade rocks mantled by lower-grade rocks—express
the geodynamics that govern their hosting orogens (e.g., Whitney et al., 2004; Yin, 2004). In general, gneiss
domes in both Cordilleran-style and collisional orogens record an early phase of burial during plate conver-
gence, followed by exhumation during either lithosphere-scale extension (for Cordilleran-style domes) or
continued plate convergence (for syn-collisional domes). Cordilleran-style gneiss domes, exemplified by
the metamorphic-core complexes in the North American Cordillera (e.g., Coney & Harms, 1984), are
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exhumed by bounding extensional shear zones that are kinematically congruent with a tectonic framework
of post-collisional extension. By contrast, extensional shear zones that bound and exhume syn-collisional
gneiss domes are incongruent with the regional framework of ongoing plate convergence and represent com-
ponents of a complex fault network that includes shortening and/or relay structures that extend laterally
and/or vertically through the crust. Kinematically incongruent syn-collisional extensional gneiss-dome
exhumation involves extension that is either perpendicular (e.g., Laskowski et al., 2017; Murphy et al.,
2002; Ratschbacher et al., 1989) or parallel (e.g., de Sigoyer et al., 2004; Horton et al., 2015) to the plate-
convergence azimuth. In either case, an understanding of how extensional gneiss domes reflect collisional
dynamics is only achievable by evaluating them as components of regional contractional and transcurrent
fault/shear-zone networks.

Gneiss domes that are exhumed by non-coaxial crustal extension are asymmetric both in map view and in
cross section because they are bounded by a detachment fault, which defines one limb of the dome and jux-
taposes upper-crustal hanging wall rocks with more deeply derived footwall rocks. The detachment localizes
strain and displays a broad, upward-convex geometry (Tirel et al., 2004). The underlying mylonites are over-
printed by brittle, commonly chloritized structures that resulted from downward migration of the brittle-
ductile transition with respect to the exhuming dome. Footwall cooling ages are predicted to decrease
and metamorphic grade is predicted to increase from the dome interior toward the detachment (e.g., Yin,
2004). The hanging wall can be coherent or broken by normal faults and commonly carries syn-
extensional basins.

The northward-convex Pamir salient in Afghanistan, Tajikistan, and China forms the northwestern exten-
sion of the Tibet plateau within the India-Asia collision zone and comprises—Ilike Tibet—terranes that were
accreted to Asia (Schwab et al., 2004). Suture zones delineate the North Pamir—Paleozoic-early Mesozoic
arcs and subduction-accretion systems built on Asian continental crust, and the Central and South
Pamir—parts of Gondwana that accreted to Asia during the Mesozoic (Figure 1). The Central Pamir is
bounded to the north by the early Mesozoic Tanymas suture (e.g., Burtman & Molnar, 1993). The South
Pamir, which is continuous with the Hindu Hush-Karakorum ranges to the south, is bounded to the north
and to the south by the Triassic-early Jurassic Rushan-Pshart and Tirich-Kilik sutures, respectively
(Figure 1; e.g., Angiolini et al., 2013). During the Cretaceous, the South Pamir batholith intruded the
Karakorum-South Pamir terranes during northward subduction of Neo-Tethys oceanic lithosphere to the
south (e.g., Aminov et al., 2017; Chapman, Scoggin, et al., 2018). The Pamir differs from the adjacent
Tibet orogen by its narrower N-S width, a northward-convex salient, intermediate-depth seismicity, greater
Cenozoic internal shortening, and higher-magnitude exhumation expressed by Cenozoic gneiss domes that
expose Asian crust (Hacker et al., 2017; Negredo et al., 2007; Pegler & Das, 1998; Roecker, 1982; Sippl
et al., 2013).

The Pamir gneiss-dome system comprises lower-middle-crustal rocks that were metamorphosed and
exhumed during the Cenozoic and cover 20-30% of the surface exposure (Figure 1; Robinson et al., 2004;
Schwab et al.,, 2004; Robinson et al.,, 2007; Schmidt et al., 2011; Stearns et al.,, 2013; Stiibner,
Ratschbacher, Rutte, et al., 2013; Smit et al., 2014; Stearns et al., 2015; Hacker et al., 2017; Rutte,
Ratschbacher, Schneider, et al., 2017). The Central Pamir gneiss domes—Yazgulom, Sarez, Muskol, and
Shatput—comprise an ~400 km-long, 5-40 km-wide belt (Rutte, Ratschbacher, Schneider, et al., 2017).
The ~350-km-long and up to 100-km-wide Shakhdara and Alichur gneiss domes occupy the western and
central South Pamir (Stiibner, Ratschbacher, Rutte, et al., 2013). The ~70-km ~N-S trend of the Kongur
Shan dome in the East Pamir (Robinson et al., 2004) contrasts with the approximately E-W trend of the cen-
tral South Pamir domes. The ~E-W-trending Muztaghata dome in the East Pamir (Robinson et al., 2007)
constitutes an overprinted, ~50-km-eastward extension of the Central Pamir domes. All domes are bounded
by normal-sense shear zones and formed in a syn-collisional setting of 3-4 cm/yr ~N-S convergence between
India and Asia (e.g., Molnar & Stock, 2009). With the exception of the Kongur Shan dome, extension was
subparallel to convergence (~N-S). To explain the formation of the Sarez—-Muskol-Shatput and the
Shakhdara-Alichur domes, Stiibner, Ratschbacher, Rutte, et al. (2013) and Rutte, Ratschbacher,
Schneider, et al. (2017) proposed models of core-complex formation in an extensional tectonic setting within
the broader India-Asia collision zone.

The tectonic setting of gneiss-dome formation in the Central and South Pamir—Neogene, syn-collisional,
convergence-parallel extensional exhumation—contrasts with the neotectonic setting of the Pamir derived
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Figure 1. Tectonic map of the Pamir gneiss-dome system and major structures. Black and green arrows indicate dominant Neogene and active footwall-transport
directions of dome-bounding, normal-sense shear zones. Locations of Figures 2a and 4a-4d outlined in blue. GPS vectors taken from Zubovich et al. (2010)

and Ischuk et al. (2013). Dome-bounding shear zones: ASZ, Alichur shear zone; KSES, Kongur Shan extensional system; NMSZ, North Muskol shear zone; SMSZ,
South Muskol shear zone; SPSZ, South Pamir shear zone. Mountain ranges: HKR, Hindu Kush range; NAR, Northern Alichur range; SAR, Southern Alichur range;
ShgR, Shugnan range; ShkR, Shakhdara range; WkR, Wakhan Range. Valleys: AV, Alichur valley; ZV, Zorkul valley.

from geodesy, seismology, and neotectonic mapping (e.g., Ischuk et al., 2013; Jay et al., 2017; Kufner et al.,
2018; Metzger et al., 2017; Schurr et al., 2014; Sippl et al., 2014; Zubovich et al., 2010). Currently, the Pamir
east of the NNE-trending Sarez-Karakul fault system (SKFS; Figure 1) moves northward en bloc, with little
internal deformation. At its northern boundary—the Pamir thrust system—high seismicity and focused
shortening (13-19 mm/yr; Metzger et al., 2017, and references therein) reflect tectonic interaction with
the Tian Shan orogen (Arrowsmith & Strecker, 1999; Coutand et al., 2002; Strecker et al., 2003), which is
otherwise separated along strike from the Pamir-Tibet orogenic belt by cratonic basement (overlain by
the Tarim and Tajik basins). The SKFS and its southwestward continuation into the Hindu Kush
accommodate sinistral shear and ~E-W extension across the eastern and the western Pamir. The latter
shows higher seismic deformation rates dominated by sinistral strike-slip faulting on NNE-striking or
conjugate planes and normal faulting, indicating ~E-W extension coeval with ~N-S shortening. This
deformation pattern suggests collapse of the western margin of the Pamir plateau and westward (lateral)
extrusion of Pamir rocks into the Tajik-basin depression, which was shortened above an evaporitic
décollement. This westward motion also occurs along the Pamir thrust system, in particular west of the
area where the extension along the Kongur Shan extensional system (KSES) is transferred along the Muji-
graben transfer zone into the frontal thrust system (Figure 1). The superposition of northward movement
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and westward extrusion of the Pamir is reflected by rotation of GPS-derived surface velocity vectors from
NNW (in the east) to WNW trending (in the west) (Ischuk et al., 2013; Zubovich et al., 2010).

This study employs geologic and structural mapping, fluid-inclusion analysis, and geo-thermochronology to
investigate the Miocene exhumation of the Alichur dome—the eastern part of the Shakhdara-Alichur
gneiss-dome complex. We show that footwall exhumation along the top-NNE, normal-sense, mylonitic-
brittle ASZ post-dated leucogranite injection from 22-17 Ma and continued through sub-solidus tempera-
tures (~410-130 °C) from 16-4 Ma. We specify the interaction of the Alichur-dome extensional system with
that of the neighboring Shakhdara dome, tracing its southern boundary, the top-SSE South Pamir shear zone
(SPSZ) eastward, detailing its timing and syn-extensional hanging-wall basin formation. We show that the
longer-lasting, faster, and higher-magnitude exhumation of the kinematically linked Shakhdara dome along
the SPSZ from 21-2 Ma reflects more significant tectonic exhumation than that of the Alichur dome along
the ASZ. We elaborate on the Gunt shear zone (GSZ)—the northern boundary of the Shakhdara dome—
which is connected to the ASZ via the Turumtai horst (the weakly extended relay bridge between the
Shakhdara and Alichur domes). Integrating the data from the South and Central Pamir, we interpret
the age progression of ~N-S extensional gneiss-dome exhumation from the Central Pamir to the South
Pamir to reflect: (i) The predominantly northward, foreland-directed flow of hot crust into a cold foreland
during the growth of the Pamir orocline; and (ii) The contrasting effect of basal shear related to underthrust-
ing Indian lithosphere in enhancing extension in the underthrust South Pamir and inhibiting extension in
the non-underthrust Central Pamir.

2. The Pamir Gneiss-Dome System

Although all Pamir domes were exhumed along normal-sense shear zones, there are differences (Figure 1;
Robinson et al., 2004; Robinson et al., 2007; Stiibner, Ratschbacher, Rutte, et al., 2013; Hacker et al., 2017;
Rutte, Ratschbacher, Schneider, et al., 2017; this study). Whereas the Shakhdara—Alichur gneiss-dome com-
plex is up to 90 km wide, the Central Pamir domes extend 5-40 km N-S; moreover, the latter show a pinch-
and-swell geometry in map view, tapering and widening along strike. Another difference is the extension
azimuth (Figure 1): that for the Central and South Pamir domes is roughly N-S; its convexity mirrors the
moderate curvature of the Pamir orocline in its interior. The extension azimuth is ~E-W along the west-dip-
ping KSES, which accommodated the exhumation of the Kongur Shan dome. The Muztaghata dome records
both the earlier ~N-S extension of the Central Pamir domes and the later ~E-W extension along the KSES.
Finally, there is a spatiotemporal difference in the timing and magnitude of exhumation. Whereas the
Central Pamir domes and the East Pamir Muztaghata dome were exhumed between ~21-12 Ma from 25—
35 km depth, the South Pamir domes were exhumed between ~21-2 Ma from 10-55 km. In the East
Pamir, the onset of ~E-W extension along the active KSES at ~10 Ma exhumed the Kongur Shan dome
and, due to a southward decrease in slip magnitude, augmented the earlier, ~N-S-extension-related exhu-
mation of the Muztaghata dome (Arnaud et al., 1993; Brunel et al., 1994; Cai et al., 2017; Cao, Wang,
et al.,, 2013; Robinson et al.,, 2004; Robinson et al.,, 2010; Thiede et al., 2013). Bedrock retrograde-
metamorphic and/or cooling ages (Brunel et al., 1994; Cao, Bernet, et al., 2013; Hacker et al., 2017;
Hubbard et al., 1999; Robinson et al., 2007; Rutte, Ratschbacher, Khan, et al., 2017; Stearns et al., 2013;
Stearns et al., 2015), which are consistent with the broader signal from detrital cooling ages (Cao, Bernet,
etal., 2013; Carrapa et al., 2014; Lukens et al., 2012), indicate southward propagation of convergence-parallel
gneiss-dome exhumation from the Central to the South Pamir. This was followed by cross-cutting, orogen-
parallel (~E-W) gneiss-dome exhumation along the KSES and the SKFS.

Previous investigations by our group (Hacker et al., 2017; Rutte, Ratschbacher, Khan, et al., 2017; Rutte,
Ratschbacher, Schneider, et al., 2017; Schmidt et al., 2011; Stearns et al., 2013; Stearns et al., 2015;
Stiibner, Ratschbacher, Weise, et al., 2013) interpreted structural, petrologic, and geothermochronologic
data for the Pamir gneiss domes within the framework of published numerical modeling results of channel
flow in orogenic plateaus (Rey et al., 2010) to propose that the domes were exhumed during a Neogene stage
of crustal thinning under dominant ~N-S and minor ~E-W extension. Rey et al.'s (2010) modeling showed
that low channel buoyancy, a small melt fraction, and a strong foreland upper crust favor foreland-directed
channel flow extrusion beneath a plateau; in contrast, high channel buoyancy, a large melt fraction, and a
weak foreland upper crust favor coupling between extensional gneiss-dome exhumation within the
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plateau and shortening in the foreland. Additionally, their models demonstrate that thinning due to material
flow out of the plateau together with isostasy exhume the plateau ductile crust. We envisioned that exhuma-
tion of the Central and South Pamir crust started at ~21 Ma in a lower-middle-crustal channel; in this early
stage, the Pamir crust was probably flowing toward its northern and western forelands. Indian slab breakoff
at 25-20 Ma (Hacker et al., 2017; Mahéo et al., 2002; Rolland et al., 2001; Rutte, Ratschbacher, Khan, et al.,
2017; Stearns et al., 2015) changed the channel properties. The heat input and the regional migmatization
documented in the exposed South and Central Pamir lower-middle crust inhibited channel flow due to
increased buoyancy and melt fraction that thermally weakened the channel rocks, favoring core-complex
formation in the Pamir plateau (Rey et al., 2010), expressed in the gneiss domes. The collapse of the
Pamir crust and the gneiss-dome exhumation from ~21 Ma onward relocated the deformation front from
the Central Pamir to the North Pamir, likely facilitated by the activation of the Jurassic evaporite
décollement that characterizes wide parts of the Tajik-depression foreland basin (Nikolaev, 2002).
Although the extension terminated within a few million years in the Central Pamir domes due to their fore-
land position, it continued longer in the hotter South Pamir crust. The temperature difference between the
Central and South Pamir persists today, with the South Pamir showing much higher electrical conductivity
(Sass et al., 2014).

Dextral-transpressive (and minor dextral-transtensional) deformation throughout the Pamir (Rutte,
Ratschbacher, Schneider, et al., 2017; Stiibner, Ratschbacher, Rutte, et al., 2013) accommodated westward
lateral extrusion of the Pamir plateau prior, during, and after the ~N-S extensional exhumation of the
Pamir domes (Figure 1). This is reflected in the Central and Southeast Pamir by: (i) Evidence of E-W
stretching coeval with prograde metamorphism in the dome interiors; (ii) Syn-extensional dextral shear
along the dome-bounding shear zones before ~12 Ma; (iii) Post-extensional resumption of crustal thicken-
ing, that is, buckling of the Central Pamir domes, and dextral-reverse-shear reactivation of their bounding
shear zones after ~12 Ma; (iv) ~S-vergent thrusting-folding north of the domes in the Trans-Muskol and
North Sarez-Muskol-Shatput transpressional belts; and (v) Active, mostly ~N-vergent thrusting-folding
and dextral wrenching south of the domes in the Murghab-Aksu-Southeast Pamir thrust-wrench belt since
~16 Ma (Rutte, Ratschbacher, Khan, et al., 2017; Rutte, Ratschbacher, Schneider, et al., 2017; Schurr et al.,
2014; Strecker et al., 1995) that reactivated Cretaceous shortening in the South Pamir thrust belt
(Chapman, Robinson, et al., 2018). The clearest expressions of dextral-transpressive deformation in the
South Pamir occur in: (i) The GSZ, where it overprinted early, top-N normal shear after ~21 Ma; and (ii)
The Wakhan corridor, where it is not dated (Stiibner, Ratschbacher, Rutte, 2013; Stiibner, Ratschbacher,
Weise, et al., 2013). The active, Sarez-Murghab thrust system (Schurr et al.,, 2014) may link the
Murghab-Aksu-Southeast Pamir thrust-wrench belt to the western strands of the GSZ. Taken together with
Paleogene approximately E-W stretching and Neogene approximately E-W boudinage documented in the
Central Pamir domes (Rutte, Ratschbacher, Schneider, et al., 2017), dextral-transpressive deformation in
the South-Central Pamir appears to reflect long-lived ~E-W extension that accommodated westward lat-
eral extrusion during the growth and collapse of the Pamir plateau.

3. Geology of the Alichur-Dome Region

The Shakhdara-Alichur gneiss-dome complex encompasses an ~350 km E-to-W increase in topographic
relief that broadly correlates with an increase in exhumation depths from 10-20 km for the Alichur dome
to 30-55 km for the Shakhdara dome (Figures 1 and 2a) (Hacker et al., 2017; Stiibner, Ratschbacher,
Rutte, et al., 2013). Whereas the top-S SPSZ bounds both domes to the south, the top-N ASZ only bounds
the Alichur dome to the north. The ASZ projects westward along strike into the GSZ, which bounds the
Shakhdara dome to the north. The Turumtai horst is a low-strain relay bridge between the Shakhdara
and Alichur domes that kinematically links the high-strain extensional provinces of the gneiss-
dome complex.

Our constraints for shear zone/fault kinematics include s-c fabrics, feldspar o and § clasts, asymmetric folds,
mica fish, subsidiary fractures, tension gashes, and slickenfibers. We also infer map-scale fault kinematics
and folds based on map relationships and topographic lineaments (Figure 2a). Stereonets (Figure S1 in
the supporting information) depict the structural measurements for both individual and grouped stations
with consistent data. Photomicrographs of ASZ and SPSZ samples (Figure S2) highlight microstructures
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that illustrate kinematics and deformation temperatures, which are discussed in Text S1 (Cole et al., 2007;
Law, 2014; Passchier & Trouw, 2005; Stipp et al., 2002; Stiibner, Ratschbacher, Rutte, et al., 2013).
Mapping and measurements of c-planes define the outcrop-scale orientation of the ASZ. Figure 2b provides
a strike-normal section across the Alichur dome. Mineral-name abbreviations follow Whitney and Evans
(2010).

3.1. Topographic Trends

The Alichur region is part of the high-elevation, low-relief Pamir plateau (Figure 1). Increasing erosional
base levels from ~3,700 m near Lake Yashilkul (in the west) to ~4,100 m near colongitudinal wind gaps at
74°E (in the east) correlate with an eastward decrease in relief from ~2,100 to ~1,300 m (Figure 2a). The wind
gaps are located in basins north and south of the Alichur range, near the eastern terminus of the ASZ
(4252 m) and east of Lake Kokjigit (4,292 m) (Figures 2a). Gently dipping pediment surfaces (Q;) with aver-
age slopes of 4-10° are common in the proximal hanging wall of the ASZ (left bank of the Alichur valley) and
on both sides of the Zorkul valley. Glacial moraines (Q,) emanating from U-shaped, glacially carved valleys
cut the pediments and broadly define elevation differences between the pediments and the modern alluvium
surface (Qs) (Figures 2a, 3a, and 3b).

3.2. Alichur Shear Zone (ASZ)

The ASZ (Myy,; in Figures 2a, 3a, and 3b) dips 15-25° NNE with a ~020° trending stretching lineation. It is
0.7-1.0 km thick, based on its map distribution and ~20° dip. The Alichur detachment comprises the brittle,
uppermost structural level of the ASZ, but we consider the ASZ to encompass all faults and shear zones that
bound the Alichur dome to the north. The lithology of the ASZ comprises non-coaxially sheared, myloni-
tized Bt + Wm granitoids and leucogranites that exhibit brittle chloritic breccia overprint along the
Alichur detachment. Ductile deformation of Qz and brittle-ductile deformation of Fsp indicate mylonitic
deformation temperatures of 300-450 °C (“low-temperature Qz plasticity” of Stiibner, Ratschbacher,
Rutte, et al., 2013). Obliquity between average s- and c-plane dip directions indicates minor strike-slip com-
ponents of non-plane-strain deformation (Figure S1). Protomylonite, mylonite, and ultramylonite domains
are common throughout the ASZ (Figure S2); protomylonites dominate at the lowermost structural level
where the ASZ transitions into non-mylonitic Alichur-dome rocks. Variably mylonitized, 1 cm- to 1 m-thick,
foliation-parallel leucogranite sheets are widespread throughout the ASZ (Figures 3c and 3d).

The Alichur detachment is exposed at the western extremity of Lake Yashilkul in the footwall of a cross-
cutting, west-dipping, high-angle normal fault (Station J3710B; Figures 2a, 3e, and S1). Here, the
uppermost 10 m of the ASZ are hydrothermally altered to bright orange, not lineated, and exhibit a relict,
15-35°N-NW-dipping foliation. This section transitions downward into >50 m-thick chloritic breccia with
a 10-20°E-dipping foliation. The ~20 km strike length of the ASZ south of Lake Yashilkul is planar, with a
N-NNE dipping foliation and a NNE-trending stretching lineation (Stations 9917D, J3710A, and J4711B;
Figures 2a, S1, and S2). Subvertical joint sets formed both perpendicular and parallel to the stretching linea-
tion (Station J4711B).

The open, gently east-plunging Tuzkul antiform in the ASZ defines a topographic edifice spanning ~15 km
E-W between the Bulunkul and Sasykkul lakes (Figures 2a and 3f). Foliations dip 0-25° away from the anti-
form crest. Irrespective of the variations in the foliation, the stretching lineation trends NNE and the shear
sense is top-NNE, except at Station 9918C, which shows an additional NW-trending lineation and top-NW
kinematics (Figure S2). The antiform is cut by ~N-striking, high-angle normal faults (Stations 9915A,
9918C, J4707B-D/G-H; and J3628A; Figure S1). We infer that a buried synform southeast of the Tuzkul anti-
form accounts for the north dip of the ASZ to the southeast.

The remaining ~80 km of strike length of the ASZ to the east is corrugated by open, ~N-plunging, antiforms
and synforms of 20-40 km wavelength (Figure 2a). The stretching-lineation azimuths show a narrow NNE
range; the wider range of foliation strikes traces the long-wavelength corrugations. Secondary, moderately
S-SW-dipping shear zones with SSW-SE-trending lineations occur along the major antiform axis (Stations
9914B and 9914C) and its eastern limb (9912B, 9912C, 9913C, and 9913D; Figures S1 and S2). The ASZ con-
tinues ~25 km east past the easternmost occurrence of mylonitic rocks as a fault zone. The elevation of the
ASZ monotonically increases southward as a consequence of its planar and northward dip.
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Figure 3. Interpreted field photos of the Alichur region. (a) Strike-normal view of the Alichur shear zone (ASZ), contextualizing geologic and geomorphic units.
(b) Strike-subparallel view of the ASZ, highlighting synformal corrugation. (c) Typical mylonitic orthogneisses and foliation-parallel leucogranite sills in the
ASZ. (d) Typical non-coaxially deformed leucogranite in the ASZ with top-NNE kinematics. (e) View of the hydrothermally altered top of the Alichur detachment,
offset by an east dipping, high-angle normal fault. (f) View of the east plunging, open Tuzkul antiform in the ASZ (left) and a Neogene(?) syn-extensional basin in its
hanging wall. (g) Typical outcrop of discordant leucogranite dikes in the core of the Alichur dome. (h) Steep cliff face showing >50% leucogranite enveloping
Jurassic-Cretaceous country rocks in the core of the Alichur dome. (i) Apparent south-vergent leucogranite flow in the proximal footwall of the ASZ. (j) Typical
cross-cutting relationship in the Alichur dome: ~20 Ma leucogranite dike cutting ~102 Ma migmatite. (k) Typical crosscutting relationship in the Alichur dome:
~22 Ma leucogranite intruding ~110 Ma granodiorite. (1) Asymmetric folds in the Cretaceous Zorkul-gneiss complex. (m) Isoclinal folds in the Cretaceous
Zorkul-gneiss complex. (n) High-angle normal faults within the hanging wall of the ASZ, juxtaposing the Triassic Bashgumbaz complex in the hanging wall against
Permian-Triassic strata in the footwall. (0) Intrusive contact between Jurassic—Cretaceous granitoids and the Permian-Triassic Wakhan formation. Inset highlights
quartz-rich intervals that typify the Wakhan formation. (p) Strong flattening strain in the Wakhan formation (~E-W maximum principal stretch), where it is
intruded by likely Jurassic-Cretaceous granite. (q) Rounded granitic clasts in massive, south dipping, Neogene(?) conglomerate beds in the ASZ hanging wall.
(r) High-strain, high-temperature central South Pamir shear zone (SPSZ). (s) Low-strain, low-temperature eastern South Pamir shear zone. (t) Neogene(?)
conglomerate strata in the hanging wall of the central eastern SPSZ, highlighting matrix-supported granitic clasts and fining-upward sequences. (u) Neogene(?)
conglomerate strata in the hanging wall of the easternmost SPSZ, highlighting volcanic and foliated-gneiss clasts.
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Figure 3. (continued)

3.3. Alichur Dome

The footwall of the ASZ comprises Cretaceous granitoids and associated migmatites (Stiibner, Ratschbacher,
Rutte, et al., 2013; Stiibner, Ratschbacher, Weise, et al., 2013; Vlasov et al., 1991; Yushin et al., 1964); the lat-
ter are restricted to the southern core of the dome (Figure 2a). The footwall is intruded by an early Miocene
(zircon U-Pb data, section 6.1) leucogranite-injection complex that transitions from ASZ-subparallel sheets
in the north (Figure 3c) into increasingly randomly oriented, cm- to m-scale dikes and sills in the south
(Figure 3g). The leucogranite-volume fraction and degree of injection-complex connectivity also increase
southward toward the dome core, where equal or greater amounts of leucogranite relative to the cross-cut
granitoids surround and envelop the country rocks (Figure 3h). The pegmatitic and aplitic leucogranites
contain Tur + Ms + Grt. They exhibit substantial textural variability, ranging from mylonitic in the ASZ
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Figure 3. (continued)

to isotropic or sub-supra-solidus flow fabrics away from the ASZ and magmatic-flow textures in the dome
core. Partial-melt flow asymmetry highlighted by Bt schlieren indicates leucogranite injection in a
deviatoric stress field, with flow fabrics commonly exhibiting south-vergent, apparent-thrust-sense
kinematics (Figure 3i). Cross-cutting relationships between the injection-complex leucogranites and
Cretaceous migmatite (Figure 3j) and granodiorite (Figure 3k) are exemplified at Stations J3615B and
J4710A; the migmatite is commonly ptygmatically folded and displays a wavy foliation with scattered
lineation trends (Figure S1).

The Zorkul gneisses (Kgp), exposed in the southernmost Alichur dome, comprise nonmylonitic Bt orthog-
neiss, with rare migmatite and paragneiss intervals that contain Grt + Sil. Foliations are scattered and gen-
erally dip gently steeply WSW-SE, with broadly SW-trending stretching lineations. Poles to foliations form a
weakly defined, ENE dipping girdle, which, taken together with the lineations, suggests folding about a SW-
plunging axis (Figures 2a and S1). Observations of Zorkul-gneiss foliation orientations from >1 km distance
indicate asymmetric, tight folds with steeply SE-dipping axial planes and SW-plunging hinge lines
(e.g., Station J4620B; Figure 31). Outcrop-scale observations indicate orthogonally oriented isoclinal folds
with SE-plunging hinge lines (e.g., Station J4617B; Figure 3m). False-color contrasts in Landsat images

WORTHINGTON ET AL.

10 of 38



Tectonics 10.1029/2019TC005735

granitic clasts

Ezdipping Mgh—anglé nonmal
terraces’

looking ~W 3 : [ul

hypabyssal/volcanic clast

g X '3
foliated-gneiss clast % " /

~—_fin

Ying
9 Upl'lr’ur(/g
/

i \
_—..‘_._.——7 granitic'clasts

J4615A: N 37.26469°, E 72.90868°, 3632 m . % N J4616C: N 37.40917°, E 73.18263°, 3916 m{E*

Figure 3. (continued)

indicate that the contact between the Zorkul gneisses (Kg,) and the Alichur-dome units to the north
(JKg; Figure 2a) is transitional over ~5 km.

3.4. Alichur Shear Zone Hanging Wall and Eastern Alichur and Zorkul Valleys

The ASZ hanging wall comprises the Triassic Bashgumbaz complex (T},), Permian-Triassic flysch (P-T),
unconformably overlying Jurassic strata (J), Jurassic-Cretaceous granitoids (J-Kg), and minor Neogene(?)
hanging wall basin strata (Figure 2a). The Triassic Bashgumbaz mafic complex (Zanchetta et al., 2018; this
study) is bounded to the south by the ASZ and to the north by a south-dipping, high-angle normal fault
(Figures 2a and 3n). The flysch succession (Angiolini et al., 2013; Angiolini et al., 2015), which is also
exposed in the eastern Alichur and Zorkul valleys, comprises fine-medium-grained clastic and carbonate
strata (Figure 30). Deformation is reflected by open-tight folds, faults, and foliations with scattered linea-
tions defined by Bt and/or And. The distributions of Permian and Triassic strata in the 1:200,000 maps
(Yushin et al., 1964) indicate folding about NE- and NNW-trending axes (Figure 2a). The strata are metamor-
phosed up to Chl grade and intruded by J-K, granitoids, which have <1 km-wide contact aureoles. Amp in
hornfels J3707A2b, collected within 20 m of the intrusive contact (Figure 30), indicates amphibolite-facies
temperatures for the innermost contact aureole. Greenschist-facies domains with late, randomly oriented,
cm-scale And porphyroblasts grown over a clay-mineral matrix with relict sedimentary structures define
the majority of the contact aureole. Within a contact aureole near Station J4623A, the P-T strata and
cross-cutting granitic dikes are isoclinally folded with subhorizontal axial surfaces (Figure 3p).

Red conglomerate, sandstone, and carbonate of the Jurassic Darbasatash and Gurumdi Groups unconform-
ably overlie and are less deformed than the P-T rocks (Figure 2a; Dronov et al., 2006; Angiolini et al., 2013;
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Villareal et al., 2017). Jurassic-Cretaceous granitoids (J-Kg) intrude the hanging wall strata and the
Bashgumbaz complex and are, in general, not deformed. Protomylonites with subhorizontal foliations,
east-trending lineations, and brittle-ductile faults indicating both E-W and N-S extension occur in a base-
ment culmination, here called the N-Alichur culmination, north of the Bashgumbaz complex (Stations
0909A-0909C; Figures 2a and S1). The N-Alichur culmination formed during localized Wm recrystalliza-
tion, Bt to Chl retrogression, and across the transition from ductile to brittle Qz deformation. The map pat-
tern and the lack of a contact aureole in the adjacent Permian to Jurassic strata indicate that these rocks are
bounded by a low-angle normal fault. Neogene(?) (Yushin et al., 1964) conglomerates crop out ~2 km north
of the Tuzkul antiform (Station J4708A; Figures 2a, 3f, 3q, and S1); they are massive, generally clast-
supported, and contain well-rounded, pebble-boulder-sized granitoid clasts (likely J-K;) and minor, angu-
lar, pebbly (meta)sedimentary clasts (likely P-T and/or J) (Figure 3q). The SSW dip of the bedding decreases
to the south toward the ASZ (Figure 3f).

3.5. Eastern South Pamir Shear Zone (SPSZ)

The SPSZ (Figures 1 and 2) bounds the Shakhdara dome to the SSE. Compared to the ASZ, it is thicker
(<4 km), exhumed footwall rocks from deeper crustal levels (20-55 km), and was subjected to higher max-
imum deformation temperatures (>750 °C; Stiibner, Ratschbacher, Rutte, et al., 2013; Hacker et al., 2015).
Deformation temperatures decrease from Sil-grade and migmatitic tectonites in the central SPSZ along
strike to the west and east. The eastward decrease is illustrated by a transition from the easternmost
occurrence of syn-kinematic Sil for SPSZ mylonite Sample J4615D1 (~6 km SSE of Station J4615B), to
greenschist-facies deformation for the easternmost SPSZ mylonites (Stations J4709A, J4616B, and J4621C)
and exclusively brittle deformation in the northern Zorkul valley (Figures S1 and S2). The eastern SPSZ
(M2 in Figure 2a) dips atypically NNW-N at the southwestern corner of our map area, which we attribute
to back-rotation by late, brittle, high-angle, strike-parallel normal faults within the SPSZ (Stations
9910B-9910D, 9911A, J4615B, and J4646A; Figure S1). Along this ~20-km segment of the SPSZ, kinematic
indicators with NW-plunging stretching lineations exhibit top-S kinematics. The SPSZ is offset ~6 km in
an apparent left-lateral sense by an active (Schurr et al., 2014), ENE-dipping, high-angle normal fault near
Station J4615B.

Deformation of the easternmost mylonitic rocks of the SPSZ is ductile for Qz but not Fsp (Figure S2); weakly
defined foliations and lineations indicate low strain. The foliations dip SW-S and the stretching lineations
trend SSW. S-c relationships observed at stations J4621C and J4709A, as well as white-mica fish for myloni-
tized leucogranite J4621C2, indicate top-S sense of shear. We infer a buried, brittle extension of the SPSZ
~40 km eastward along strike as far as the western shore of Lake Zorkul (Figure 2a). This inference is moti-
vated by the notion that the ~300 km-long SPSZ must extend along-strike for tens of km before its brittle,
low-strain extremity tips out. Figures 3r and 3s highlight the contrasting character of the SPSZ in the
Shakhdara- vs. Alichur-dome regions. The SPSZ is much thicker in the former and exhibits its mylonitic
foliation, consistent with high deformation temperatures and strain (Figure 3r); the SPSZ in the latter shows
a poorly defined foliation, indicating lower deformation temperatures and strain (Figure 3s).

3.6. Eastern Shakhdara-Dome Hanging Wall

We investigated the hanging wall of the eastern Shakhdara dome at two locations separated by ~30 km along
strike; they feature small (<0.3 km?) exposures of N-dipping sedimentary-basin strata that were tentatively
assigned a late Paleogene depositional age (Figures 2a and S1; Stations J4615A and J4616C; Yushin et al.,
1964). Station J4615A (to the west) is in the hanging walls of both the SPSZ and a younger, ENE-dipping nor-
mal fault. The strata comprise ~40° NNW-dipping, massive red beds of clast-supported pebble-cobble con-
glomerate with randomly oriented, well-rounded granitic clasts and rare sandy intervals (Figure 3t). An ~25°
E-dipping, minor fault cuts the conglomerate beds (Figure S1); both bedding and the shallow fault dip imply
rotation of the strata in the hanging wall of the SPSZ. Station J4616C (to the east) is located ~4 km east of the
easternmost mapped mylonites in the hanging wall of the brittle SPSZ (Figures 2a and S1). The massive
pebble-boulder conglomerate beds dip ~40° N and contain poorly sorted clasts of well-rounded granite,
hypabyssal/volcanic rocks, and rare non-mylonitic Bt gneiss (Figure 3u); interspersed are medium-coarse-
grained sandstones. Matrix-supported conglomerates are more common than clast-supported ones. Minor,
normal-oblique, top-NNW faults and steeply N- and W-dipping joints record extension (Figure S1).
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The N dip of strata in both hanging-wall basins indicate deposition prior to or coeval with top-S slip along the
SPSZ. The abundance of granitoid and hypabyssal/volcanic clasts suggests derivation from upper-middle-
crustal levels. Whereas the granitoid clasts resemble the South Pamir batholith, the gneiss clasts resemble
the Zorkul gneisses. The rocks and structures of these basin relicts resemble the lower syn-extensional
deposits of the larger (~15 X 1 km) Zebak basin of the southwestern SPSZ hanging wall along strike in
Badakhshan, Afghanistan (Figure 1; Desio, 1975; Stiibner, Ratschbacher, Rutte, et al., 2013; section 6.5).
The clasts of the pre-extensional and lower syn-extensional deposits of the Zebak basin contain >50% horn-
fels, ~15% granitoids, 5% volcanic rocks, and <30% quartzite and graphitic metapelite; there are no gneisses
or mylonites. These rocks signify derivation from the highest levels of a magmatic-arc sequence, possibly the
South Pamir batholith, and part of its roof, likely the commonly graphitic Permian-Triassic Wakhan forma-
tion. In contrast, the <1 m (diameter) clasts of the majority of the syn-extensional deposits include ~70%
orthogneiss, partly with cross-cutting leucogranite dikes, non-deformed two-mica leucogranite, and mylo-
nites. The syn-extensional clasts are identical to those exhumed in the Shakhdara-dome footwall.

3.7. The Gunt Shear Zone (GSZ) and the Turumtai Host

The GSZ remains incompletely studied due its limited accessibility. Here, we extend Stiibner, Ratschbacher,
Rutte, et al.'s (2013) Stiibner, Ratschbacher, Weise, et al. (2013) study by adding structural data from its wes-
ternmost segment and new thermochronologic data (section 6.3). Figure S1 provides an updated map of the
GSZ area and summarizes the available structural data. The structural complexity of the GSZ arises from is
transitional position between the generally openly folded, rigid Shakhdara-dome gneisses and granitoids of
the Shugnan range in the south and the tightly isoclinally folded, rheologically weaker Permian-Triassic
metasedimentary rocks in the north (Figures 1 and S1); the latter—intruded by mostly Cretaceous granitoids
(Vlasov et al., 1991)—are equivalents of the Permian-Triassic strata north of the Alichur dome. The South
Pamir batholith of the eastern Shugnan range is intruded by a dike complex resembling that of the
Alichur dome.

Stiibner, Ratschbacher, Rutte, et al. (2013) described the GSZ as a segmented shear/fault zone with, in gen-
eral, a prominent subvertical, E(NE)-striking, dextral shear fabric. This formed in an early stage as gently
dipping shear zones with normal-shear kinematics. Folding, identical to that north of the Shakhdara dome,
rotated this early normal-shear fabric into a subvertical position. Ongoing deformation preferentially accen-
tuated steep fold limb sections under dextral shear. Late-stage normal shear/fault zones cut all structures.
Deformation temperatures—350-500 °C—resemble those of the ASZ. The fold tightness changes from west
to east along the different segments of the GSZ. It is most pronounced along the central section of the wes-
tern GSZ, whereas its eastern segment—in crystalline basement rocks and granitoids—generally features
open folds (Figure S1). The following description, mainly based on Stiibner, Ratschbacher, Rutte, et al.
(2013), outlines key segments of the GSZ, and provides a basis for interpreting the expanded radio-isoto-
pic-age database.

We mapped a western segment of the GSZ in Afghanistan (Figure S1). There, foliation, c-planes, and shear
bands in Kfs and Tur + Bt + Wm + Grt gneisses dip ~60°SE (Stations 13910A and 13910B); Qz-rich layers in
the leucogranites were mylonitized at low temperature (Qz-ductile and Fsp-brittle). This segment extends
eastward along strike into Tajikistan, where similar pegmatitic and leucogranitic gneisses intruded
Triassic shales (Station 6905C). It is unclear whether the top-SSW dextral-normal fabric has been rotated
from its primary orientation; a possibly initially shallower foliation would imply normal shear zones with
an ~200° extension azimuth.

Another segment—here called the western GSZ—is accessible along the lower Gunt river and its tributaries.
Stations 1191A and 1192A in Bt + Ms + Grt gneiss, schist, and pegmatite dikes show flexure-type shear
zones with ductile Qz. The kinematics are dextral-normal along SSE dipping planes. Deformation at
Station 1192B is exceptional as it progressed from high-temperature ductility to cataclastic. The early fabric
is associated with mylonite layers in Qz + Fsp + Tur pegmatite and adjacent Bt + Sil + Grt schist. This fabric
shares the top-SSW kinematics of stations 1191A and 1192A but has ~W-dipping foliation and shear bands
with sinistral-normal slip; the low-temperature fabric is purely normal. Stations 1192C, 6904M-6904Q,
6905A, 6905B, and 4727C (Figure S1) cover the width of this segment; here, the shear zone is subvertical.
Most of the section is in homogeneously deformed orthogneisses with Bt + Qz-ductile and Fsp-brittle dex-
tral-shear fabrics. A weak foliation and a pervasive lineation outline L-tectonites, that is, constrictional
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strain as result of vertical and horizontal shortening. At Stations 6905A, 6905B, and 4727C, the low-
temperature fabric is tightly isoclinally folded along stretching-lineation-parallel axes; the axial planes are
again folded. Here, unfolding of the early-formed fabric indicates top-SW normal-shear kinematics. In a later
stage, dextral shear bands overprinted and accentuated the fold limbs. Segregation or late aplitic dikelets,
intruded along the foliation, are strongly sheared; both dikelets and shear bands are tightly folded.
Stations 6904A-6904H cover the northern western GSZ. Again, overprinting relationships indicate that early
fabrics comprised shallowly dipping, top-SW shear zones/bands/s-c mylonites, which were folded into a sub-
vertical position; later fabrics indicate dextral shear along the subvertical, NE-striking foliation. Along the
northern GSZ margin, shear zones produced foliation boudins in the Permian-Triassic shales. Cross-cutting
aplite dikes are locally sheared into low-temperature s-c mylonites; most of the granitoids are, however, non-
deformed. Station 1192D in the southern western GSZ segment shows (ultra)mylonite in orthogneiss and
quartzite. This fabric was isoclinally to tightly folded with NW vergence; these folds are openly refolded.
The quartzites show high strain under intermediate-low-temperature deformation. Shear sense is mostly
dextral but locally there was sinistral asymmetric boudinage. The early, pre-folding fabric may constitute
a top-NE normal shear zone.

Deformation along the eastern GSZ segments and in the Turumtai host is overwhelmingly brittle. An excep-
tion occurs at Station 4726H (in the eastern GSZ). Here, a top-N, s-c fabric contains fibrolite in an ~20.5 Ma
(section 6.3) pegmatite mylonite. Stations 6902B-6902G characterize one of the shear/fault zones of the
Turumtai horst; locally strong deformation along mostly approximately NW-striking, low-temperature
shear/fault zones is sinistral normal. Paleogene-Neogene (Pg, 3-N;?) strata (Yushin et al., 1964) in its hang-
ing wall are tilted >30° toward the fault. These alluvial-fan deposits fine upward and have little sandstone,
dominantly unsorted conglomerate with pebbles of sandstone, limestone, and layers rich in volcanic clasts.
A parallel fault has an ~15 X 5 km hanging-wall basin with possibly Pliocene (N,) strata (Yushin et al., 1964)
dipping up to 40° toward the fault (Figure S1).

4. Fluid-Inclusion Analysis

We analyzed fluid inclusions in thick sections of samples from the eastern SPSZ and the ASZ (Figures S3
and S4). Analytical procedures for the University of Toronto laboratory are discussed in Text S2 (Bakker,
1997; Bodnar et al., 2003; Bodnar et al., 2014; Bodnar & Bethke, 1984; Diamond & Tarantola, 2015; Duan
et al., 1995; Hacker et al., 2017; Hollister, 1988, 1990; Passchier & Trouw, 2005; Steele-Maclnnis, 2018;
Steele-MacInnis et al., 2012; Van den Kerkhof & Thiery, 2001). Central-eastern SPSZ Sample J4614A1
is a Bt gneiss, eastern SPSZ Sample J4615D1 is a mylonitic Bt + Sil paragneiss, and ASZ Sample
J4707B1 is a mylonitic orthogneiss. The fluid inclusions are hosted in secondary assemblages of mostly
Qz and rare Cal that trace healed fractures and cut across grain boundaries, indicating late syn-deforma-
tional to mostly post-deformational fluid entrapment during exhumation of the domes.

We interpret the fluid inclusions to represent fluids trapped during the early stages of fracture healing as the
rocks passed through the ductile-brittle transition during exhumation. Microstructural analysis (Figure S2)
indicates that the fluid inclusions were mostly trapped at temperatures below subgrain-rotation recrystalli-
zation in Qz (<~300-450 °C) that dominates deformation in the shear-zone gneisses/mylonites. The fluid
inclusions themselves indicate variable flux of fluids derived from metamorphic devolatilization and possi-
ble incursion of deeply circulating meteoric water. Combining the temperature estimates from the Qz micro-
textures with the fluid-inclusion estimates, crude minimum pressures for each sample can be derived: ~3
kbar for central-eastern SPSZ Sample J4614A1, ~1.2 kbar for eastern SPSZ Sample J4615D1, and ~1.5 kbar
for ASZ Sample J4707B1 (Figure S4).

5. Geothermochronology: Techniques
5.1. Acquisition of Radio-Isotopic Ages

We quantified the timing and rates of crystallization, cooling, and exhumation of the Alichur-dome region
(see Figure S3 for sample locations) using the following chronometers: zircon/titanite/rutile (U-Th)/Pb,
ZUPb/TUPb/RUPb and monazite Th/Pb, MThPb (Table S4 and Data Sets S1 and S2); detrital-zircon
(U-Th)/Pb (Table S5); amphibole/white-mica/biotite/K-feldspar/plagioclase “OAr/*Ar, AmpAr/WmAr/
BtAr/KfsAr/PlAr (Table S6 and Data Sets S3 and S4); zircon and apatite (U-Th)/He, ZHe/AHe (Table S7);
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zircon/apatite fission track, ZFT/AFT (Tables S8 and S9). For the sake of completeness, we report our new
data together with previously published intermediate-low-temperature data for the South Pamir (Chapman,
Robinson, et al., 2018; Hacker et al., 2017; Hubbard et al., 1999; Schmidt et al., 2011; Stearns et al., 2013;
Stearns et al., 2015; Stiibner, Ratschbacher, Weise, et al., 2013; Yuan et al., 2004). The ages constrain (re)crys-
tallization or cooling of minerals through a 700-110 °C temperature window.

Our ZUPb/TUPb/RUPb/MThPD data set was generated at six labs, analytical procedures for which are out-
lined in Text S3 (Frei & Gerdes, 2009; Gehrels et al., 2008; Kylander-Clark et al., 2013; Linnemann et al., 2011;
Ludwig, 2000; Ludwig, 2008; Paton et al., 2011; Spear et al., 2008; Spencer et al., 2013; Van Achterbergh et al.,
1999; Wiedenbeck et al., 1995; Williams, 1998). We used Isoplot (Ludwig, 2008) to calculate, depending on
context, the most geologically meaningful Concordia, weighted-mean, and lower-intercept ages possible with
common-Pb-corrected and/or non-common-Pb-corrected data. To ensure reproducibility of the reference
material, we report all <2% calculated 2o crystallization-age uncertainties as 2%.

Our “°Ar/*Ar data set was generated via stepwise degassing using a CO,-laser or a high-temperature cell
coupled to an ARGUS noble-gas mass spectrometer at the TU Bergakademie Freiberg, Germany. Three pro-
tomylonites were ablated in thick sections at multiple spots along and across Wm, Bt, and Kfs grains that
were partly dragged into shear bands; these analyses employed an ArF-excimer laser and an ARGUS VI mass
spectrometer. The ages include weighted-mean and inverse-isochron ages; we report the ablation dates as
the median of all spot analyses. “°’Ar/*°Ar analytical and data reduction procedures are outlined in Text
S4 (Dalrymple & Lanphere, 1969; Ludwig, 2008; McDougall & Harrison, 1999; Renne et al., 2010; Renne
et al., 2011; Sperner et al., 2014).

Our ZHe and AHe data set was generated at three labs: The Geochronology Center Gottingen, Germany, the
(U-Th)/He Lab at the Universitdt Tiibingen, Germany, and the Arizona Radiogenic Helium Dating
Laboratory in Tucson, AZ, USA. We analyzed three grains per sample for Zrn and four grains per sample
for Ap and report the ages for all samples as the nonweighted mean +20y, of the Fr-corrected, single-grain
ages. ZHe and AHe analytical procedures are outlined in Text S5 (Farley, 2002; Farley et al., 1996; Reiners
et al., 2004; Reiners et al., 2005). Our new Zrn and Ap fission-track data set was generated by three counters
at TU Bergakademie Freiberg (ZFT and AFT) and at the University of Arizona (AFT only). AFT and ZFT ana-
lytical procedures are outlined in Text S6 (Carlson et al., 1999; Donelick et al., 1999; Donelick et al., 2005;
Gleadow, 1981; Gleadow et al., 2015; Hurford & Green, 1983; Jonckheere et al., 2003; McDowell et al., 2005).

We omit from consideration calculated ages that do not likely represent cooling ages, including: (i) Two new
ZFT (9911D1 and 9914B1), one new ZHe (4726G1), and three published AFT (6824F1, 6828A1, and 6904M2)
ages that exhibit >1c intrasample age inversion with respect to higher- or lower-temperature thermochrono-
metric data; (ii) Both of our two AHe (J3709B1 and J4619B3) that exhibit >50% 2¢ uncertainty; and (iii) One
published AFT age (9914D4) that does not overlap within 2o uncertainty with other AFT ages from the same
outcrop (published ages from Stiibner, Ratschbacher, Weise, et al., 2013). The inverted thermochronometric
ages may reflect heating-related annealing, slow cooling through the ZFT/ZHe/AFT/AHe partial
annealing/retention zones, and/or radiation-damage accumulation (e.g., Flowers et al., 2009; Guenthner
et al., 2013; Reiners & Brandon, 2006).

5.2. Closure-Temperature Estimates

We used CLOSURE (Brandon et al., 1998; Ehlers et al., 2005) to estimate effective closure temperatures (T..)
(Dodson, 1973) for all thermochronologic ages reported in this and previous studies. User-defined inputs for
CLOSURE, including diffusion-kinetic parameters and effective diffusion domain size (EDDS), are dis-
cussed below. We selected output T, from sets of cooling-rate-dependent T, based on cooling rates that we
prescribed for different structural domains in the South Pamir, which themselves are based on single-sample
cooling-rate regressions obtained in this study and Stiibner, Ratschbacher, Weise, et al. (2013). The pre-
scribed cooling rates are highest for the footwalls of the Alichur (50 °C/Ma) and Shakhdara (40, 50, or 60
°C/Ma) domes, lowest for the Alichur-dome hanging wall (3 °C/Ma), intermediate for the Shakhdara-dome
hanging wall (20 °C/Ma), and variable for the Turumtai horst (2 or 10 °C/Ma) and the GSZ (15, 35 or
50 °C/Ma) (Tables S6-S9). We used the following diffusion parameters in CLOSURE to estimate T.:
Harrison (1982) for AmpAr (437-540 °C); Robbins (1972) and Hames and Bowring (1994) for WmAr
(315-412 °C); Grove and Harrison (1996) for BtAr (186-373 °C); Foland (1994) for KfsAr (279-362 °C);
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Reiners et al. (2004) for ZHe (165-209 °C); Farley (2000) for AHe (56-80 °C); the radiation-damaged Zrn
model of Brandon et al. (1998) for ZFT (217-250 °C); and Ketcham et al.'s (1999) “average apatite composi-
tion” model (after Table 4 in Carlson et al., 1999) for AFT (107-132 °C).

CLOSURE-based T, estimates for “°Ar/*’Ar and (U-Th)/He data implement an additional, EDDS input. For
“OAr/*°Ar, we input analysis-specific %>°Ar released and averaged the infinite-cylinder EDDS computed
from minimum and maximum grain diameters for sieved mineral separates following Rutte,
Ratschbacher, Khan, et al. (2017). For ZHe and AHe, we computed T, for samples as the averages of those
for the component grains. Single-grain T, were computed with CLOSURE using available equivalent sphe-
rical radii (ESR) (Text S5). For the published ZHe data (Stiibner, Ratschbacher, Weise, et al., 2013), we use
the reported sample ESR and T.. For ZHe samples without ESR data, we define T, as the mean of T, for all
samples within the same structural-thermochronologic domain. For the KfsAr and PlAr analyses of grains
that may contain multiple diffusion domains (Lovera et al., 1989) or complex phase changes, sericite,
and/or fluid inclusions (Cassata & Renne, 2013; Villa & Hanchar, 2013), we assigned variable, empirically
derived T,. This is based on whether the dates reflect gas released at high, intermediate, or low temperatures
during degassing and what microstructural, hydrothermal-alteration, and deformation features we observed
in outcrop and thin sections. The large uncertainties for these KfsAr and PlAr T, impose negligible con-
straints on the derived cooling-rate estimates.

5.3. Cooling-Rate Estimates

We used Isoplot (Ludwig, 2008) to compute weighted temperature-time regressions of multi-thermochrono-
metric data to estimate and compare cooling rates (d7/dt) for: (i) Individual samples and multiple samples
from spatially confined (m-scale) outcrops; and (ii) Bulk structural domains. We used 20 age uncertainties
for all chronometers and, following Rutte, Ratschbacher, Khan, et al. (2017), we defined 2o T, uncertainties
for alllow-intermediate-temperature thermochronometers as 10% of the value we computed using
CLOSURE. We used 25% T, uncertainty for BtAr for samples that represent cooling ages for fine-grained
Bt (~10 um) grown on rims of coarse-grained Amp (80-500 um). Each regression represents an average,
monotonic cooling rate through the regressed T-t domain. To address the possibility of non-monotonic cool-
ing for single-sample/-outcrop cooling rates (“single-sample cooling rates” for simplicity), we prioritized
regressions using a greater number of T-t domains over regressions using a greater number of datapoints.
For bulk-average cooling-rate estimates of structural domains, we regressed through the medians +2oy; of
cooling ages and their T..

5.4. Exhumation-Rate Estimates

Estimating local exhumation rates (vertical cooling age trends) based on sample elevations in the Alichur
region is problematic and imprecise due to the low relief and lack of an elevation-age transect in this study.
Compared to Stiibner, Ratschbacher, Weise, et al.'s (2013) 2000-2250 m elevation range for transects in the
Shakhdara dome spanning ~3 km horizontal distance, our samples span 700-1100 m and are horizontally
clustered over tens of km (Figure S3). Vertical cooling-age trends are therefore difficult to resolve within ana-
lytical uncertainty over a comparatively small elevation range and cannot reliably be deconvolved from hor-
izontal cooling-age trends. Local exhumation rates are similarly difficult to estimate in the GSZ due to its
structural complexity.

As an alternative, we estimated bulk-average exhumation rates for the structural domains by regressing
through the medians of the pooled thermochronometric ages and their corresponding median closure
depths assuming geothermal gradients of 30-50 °C/km. We compare these results to exhumational
steady-state erosion rates for the median ages of the relevant thermochronometers determined using
AGE2EDOT (Brandon et al., 1998; Reiners & Brandon, 2006).

6. Geothermochronology: Results and Interpretations

We collectively discuss the new and published radio-isotopic-age data for the structural domains in the
Alichur region to provide an updated assessment of available geologic age constraints. The data sources
are provided in Table S2. The full (U-Th)/Pb and *’Ar/*’Ar data sets and plots are provided in Data
Sets S1-S4.
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6.1. Alichur Dome

Fifteen new ZUPb crystallization ages for mylonitic and non-mylonitic leucogranite samples from the
Alichur dome span 22-17 Ma (Figures 4a and 5 and Table S4). The youngest, 16.7 Ma age is for deformed
leucogranite J3612B1 (Figure 3i) in the proximal footwall of the ASZ where supra-solidus top-S flow con-
trasts with mylonitic and gneissic (sub-solidus), top-N deformation for the ASZ samples. We interpret the
22-17 Ma ZUPb ages to date crystallization of the leucogranite-injection complex and the commencement
of slip along the ASZ. Zircons in the host granitoids—and inherited in the leucogranites—yielded 112-103
Ma ages, dating granitoid intrusion or migmatization.

Our new “°Ar/**Ar step-heating ages comprise 17 WmAr and 14 BtAr analyses that span 16-11 Ma and cor-
respond to a 412-316 °C T, range (Figures 4b and 5 and Table S6). Although the WmAr (15.7-11.6 Ma) and
BtAr (15.5-11.5 Ma) ages span the same range, the medians differ by 1 Ma (13.4 +1.5/—1.3 and 12.4 +1.5/
—0.4, respectively). One ~14.7 KfsAr age for pegmatite sample 4726B2 is identical to its WmAr age; the
~9.1 Ma PIAr age for Sample 9911D1 is the youngest age. Six new “’Ar/*Ar spot-ablation WmAr, BtAr,
and KfsAr ages from protomylonitic orthogneisses (Table S5 and Data Set S3) span 17-13 Ma, within uncer-
tainty of the step-heating ages. Despite age differences of up to ~10 Myr between the spots, there is no sys-
tematic intra- or inter-grain variation of the spot ages, and no younging of the spot ages closer to shear
bands. Whereas spatial variation in spot ages could signify deformation effects, we interpret the lack thereof
to signify cooling, albeit through unresolved closure temperatures. The high 14.5 +2.2/—1.9-Ma median for
these ages reflects the large EDDS of these coarse-grained gneisses.

The (U-Th)/He data set comprises 17 ZHe ages that span 12-8 Ma and correspond to 202-190 °C T, esti-
mates (Figures 4c and 5 and Table S7). A lack of correlation between ZHe Fr-corrected single-grain ages
and [eU] or ESR supports our representation of the non-weighted single-grain ages as cooling ages. The
fission-track data set comprises two new ZFT ages (Figures 4c and 5 and Table S8) and 14 AFT ages
(Figures 4d and 5 and Table S9). The ZFT ages are ~12.6 and 8.6 Ma and correspond to a 248 °C T, estimate.
The AFT ages collectively correspond to a 130 °C T, estimate and span 11-4 Ma (median 7.3 +0.8/—1.5 Ma).

We interpret the narrow range of thermochronometric ages for the Alichur dome to reflect rapid,
exhumation-related cooling (Figure 5). Regressing through the medians of the ages and T of the pooled
WmAr, BtAr, ZFT, ZHe, and AFT data for the Alichur dome yields bulk-average cooling rate of
~42 °C/Myr over ~375-130 °C from 13.4-7.3 Ma (Figure 6a). With that rate, surface temperatures would
have been reached at ~5 Ma. Thermal resetting due to leucogranite-intrusion-related re-heating does not
account for any of the thermochronometric ages because the 16-4 Ma cooling-age range for all thermo-
chronometers is younger than the 22-17 Ma crystallization-age range for the leucogranites, and single-
sample ZUPb ages are older than and do not overlap in uncertainty with the intermediate-temperature
(*°Ar/*°Ar) ages (Figure S5). Broadly similar single-sample cooling rates for the Alichur dome corroborate
the ~42 °C/Myr bulk-average cooling rate (Figure 6b).

The pooled thermochronometric data for the Alichur dome are equivalent to bulk-average exhumation rates
spanning 0.8-1.4 km/Myr (assuming a 30-50 °C/km geothermal gradient). Exhumational steady-state
values for the WmAr, BtAr, ZFT, ZHe, and AFT systems span 0.6-1.1 km/Myr and underestimate the true
bulk-average exhumation rate due to surface temperatures being attained at ~5 Ma (Figure 6a).
Our preferred bulk-average exhumation-rate estimate is ~1.1 km/Myr, consistent with a 40 °C/km
geothermal gradient.

6.2. ASZ Hanging Wall and Turumtai Horst

The ASZ hanging wall and Turumtai horst exhibit similar radio-isotopic-age patterns for all available chron-
ometers (Figure 4). Seven ZUPb and two TUPb ages for non-deformed or weakly deformed granitoids span
120-103 Ma; Turumtai-horst sample 6901D1 yielded two ZUPb age clusters at ~104 and ~88 Ma (Figure 4a
and Table S4). The 4OAr/*°Ar data set (five AmpAr, four WmAr, eight BtAr, one KfsAr, and one PlAr) spans
118-83 Ma (Figure 4b and Table S6). Nearly all samples show Ar loss in the low-temperature part of the spec-
tra. Four of the AmpAr ages span 107-104 Ma, one overlaps within its large uncertainty with this range; the
T. estimates span 492-477 °C. Three WmAr ages span 107-102 Ma, one is at 116 Ma; T, estimates span 349—
325 °C. Six BtAr ages span 108-101 Ma, two are at ~118 and ~83 Ma; T, estimates span 296-262 °C. Three
imprecise ages for fine-grained Bt grown on rims of Amp cluster at ~55 Ma (58-54 Ma) with T, estimated
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