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Abstract At the northwestern tip of the India‐Asia collision zone, the Pamir orocline overrides the Tajik
Depression and the Tarim Basin and collides with the Tian Shan. Currently, the Pamir's northern edge
exhibits localized shortening rates of 13–19 mm/yr. While the eastern Pamir and the Tarim Basin move
northward nearly en block, north‐south shortening decreases westward along the Pamir front into the Tajik
Depression. In the northeastern Tajik Depression, the wedge‐shaped crustal sliver of the Peter the First
Range is squeezed between the dextral‐transpressive Vakhsh and the sinistral‐transpressive Darvaz faults.
Global Navigation Satellite System (GNSS) data collected along two densely surveyed profiles detail the
kinematics of north‐south shortening and westward lateral extrusion in the northwestern Pamir. The 2016
campaign data suggest a short‐duration dextral‐slip activation of the Darvaz fault, which we interpret as a
far‐field effect triggered by the 2015, Mw7.2 Sarez, Central Pamir earthquake. 2013–2015 interseismic
GNSS velocities and kinematic modeling show that the Darvaz fault zone accommodates ~15 mm/yr
sinistral shear and ~10 mm/yr fault‐normal extension below a locking depth of 9.0 + 0.4/−1.1 km. The
Vakhsh fault shows shortening rates of 15 + 4/−2 mm/yr and dextral shear rates of 16 ±3 mm/yr. Jointly,
these faults accommodate NW‐SE shortening and southwestward material flow out of the Peter the First
Range into the Tajik Depression. Together with seismic and geologic data, our and published geodetic
surveys showcase the prolonged interaction of shortening and lateral material flow out of a plateau margin.

Plain Language Summary The Pamir Mountains, Central Asia, are the result of the northward
indentation of the Indian continent into Eurasia. In average, the Pamir Plateau is ~3,000 m higher than the
adjacent Tajik Depression to the west. We present time‐series of high‐precision point positioning data
that show in great detail how the upper crust of the Pamir is flowing out into the lower lying Tajik
Depression. This westward transport occurs on shallow‐dipping, low‐friction sedimentary layers that reach
surface at the beginning of the Tian Shan Mountains further north. These sediments accommodate a
total slip of around 2 cm, which is extremely high for continent‐continent plate boundaries. In addition, our
data observed a few centimeters of slip on the Darvaz fault that most probably was triggered by a large
earthquake occurring in some 200 km distance. Such phenomena have so far rarely been observed.

1. Introduction

The Pamir at the northwestern tip of the India‐Asia collision zone (Figure 1a) is a seismically active orogen,
producing magnitude M6–7 earthquakes approximately every 10 years. Over the last 50 years, those
occurred mainly along the Pamir's northern perimeter (Figure 1b). Seismicity in the Pamir interior is less
frequent, as recorded in both long‐term, global (Storchak et al., 2013) and temporary, local catalogs
(Schurr et al., 2014). Modern geodetic observations show that the Pamir thrust system along the Pamir's lead-
ing edge has the highest shortening rates of the whole India‐Asia collision zone, accommodating 13–19
mm/yr across a ~75 km N‐S distance (Ischuk et al., 2013; Zubovich et al., 2010, 2016). This corresponds to
~50% of the total shortening rate between India and Asia (DeMets et al., 2010).
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The eastern Pamir, that is, the Pamir east of the Sarez‐Karakul fault system, and the Tarim Basin advance
toward stable Asia at nearly the same rate (Zubovich et al., 2010), allowing little shear along the easternmar-
gin of the Pamir. In contrast, the western Pamir—west of the Sarez‐Karakul fault system—moves both north
and west, involving lateral extrusion (cf. Ratschbacher et al., 1991) of material from the Pamir Plateau into
the Tajik Depression (Ischuk et al., 2013). The latter hosts the Tajik Basin that was inverted in the Neogene
to form the thin‐skinned Tajik‐basin fold‐thrust belt, which is detached along a basal décollement in Jurassic
evaporites (Figure 1b) (e.g.,Bourgeois et al., 1997 ; Chapman et al., 2017 ; Nikolaev, 2002).

While today's shortening at the northern edge of the Pamir is mainly accommodated across the Pamir thrust
system (Zubovich et al., 2010, 2016), two fault systems accommodate the more complicated relative motion
between the western Pamir and southwestern Tian Shan, confining the northeastward narrowing Tajik
Basin (Figure 1c): The N to NE striking, sinistral‐transpressive Darvaz fault zone separates the Pamir from
the Tajik Basin (Leith & Alvarez, 1985; Trifonov, 1978); the WSW striking, dextral‐transpressive Vakhsh
fault zone constitutes the leading thrust of the Tajik‐basin fold‐thrust belt in the northwestern Pamir and
marks the boundary to the southwestern Tian Shan. How exactly surface motion is partitioned between
these two faults is unclear (Ischuk et al., 2013). The Vakhsh fault transitions westward into the approxi-
mately east striking, dextral Ilyak fault zone (Babaev, 1975; Leith & Simpson, 1986) and continues eastward
along the southern border of the Alai valley as a south dipping décollement along Jurassic evaporites
(Nikolaev, 2002; Skobelev & Florenskiy, 1974). In between the Vakhsh and Darvaz fault zones, the
wedge‐shaped Peter the First Range hosts focused seismicity, indicating its NW‐SE shortening and NE‐
SW lengthening (Hamburger et al., 1992; Kufner et al., 2018) (Figures 1b and 2).

Figure 1. (a) Tectonic setting and main tectonic structures of the Pamir (in brown, Schurr et al., 2014) and published GNSS rates (Eurasia‐fixed arrows, Ischuk et al.,
2013; Mohadjer et al., 2010; Zubovich et al., 2010). TB = Tajik Basin; TMB = Tarim Basin. (b) Close‐up of (a), highlighting the main active faults and their slip
sense. (c) Close up of (a), highlighting (re)measured GNSS sites installed in 2013 (yellow squares) or earlier (black) along Profiles P1 and P2, seismicity observed by a
regional network (2008–2010 and 2012–2014, bright blue, Kufner et al., 2018) and by teleseismics (1970–2008, dark blue, Engdahl et al., 1998), focal mechanisms
of instrumentally recordedM6–7 earthquakes (Dziewonski et al., 1981; Ekström et al., 2012; Kulikova et al., 2015; Sippl et al., 2014) and the rupture extent of theMw7.2
Sarez earthquake (orange line, Metzger et al., 2017). DF = Darvaz fault; VF = Vakhsh fault; PTS = Pamir thrust system; SKFS = Sarez‐Karakul fault system.
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The long‐term history of bulk N‐S shortening and westward material flow at the northwestern Pamir‐Tibet
plateau margin is evident from the geologic record in the Pamir interior and shortening in the Tajik‐basin
fold‐thrust belt (Chapman et al., 2017; Nikolaev, 2002; Rutte et al., 2017; Stübner et al., 2013;
Worthington et al., 2019). Paleogene fold nappes in the Central Pamir record crustal thickening but accom-
panying along‐strike flow lineations imply orogen‐parallel material transport. Dextral wrenching and fold‐
axis parallel, E‐W extension in upper crustal thrust sheets, and the pinch and swell geometry of the Pamir
gneiss domes record Neogene orogen‐parallel material transport at shallower crustal levels. Whereas cur-
rently and over most of the Neogene, the Pamir crust has been collapsing into the Tajik Depression, lateral
material transport thickened the crust in the western Hindu Kush of Afghanistan in the Paleogene (Robert
et al., 2017; Rutte et al., 2017).

Herein, we present Global Navigation Satellite System (GNSS) time series acquired between 2013 and 2016
along two densely spaced profiles—P1 and P2—ranging from the western Pamir Plateau across the north-
eastern Tajik‐basin fold‐thrust belt of the Peter the First Range into the southwestern Tian Shan
(Figure 1b).We first review the regional tectonics (section 2), focusing on the regional seismicity, large earth-
quakes that were instrumentally observed in the region, geologic evidence of Quaternary fault‐slip on the
Vakhsh and the Darvaz fault zones, and recent rate estimates by geodetic measurements. In section 3, we
introduce the new campaign GNSS data collected across the Vakhsh and Darvaz fault zones (Metzger
et al., 2019). We detail the GNSS data collection, the data processing, and the rate estimation from the result-
ing time series. This includes measures for the effect of the 2015, Mw7.2 Sarez, Central Pamir, earthquake
(Metzger et al., 2017; Sangha et al., 2017) on the rate estimates (section 4). We also assess the slip type
and slip rate of the Darvaz and Vakhsh fault zones using kinematic modeling. In section 5, we integrate
the geodetic, geologic, and seismic data and propose a conceptual model of the kinematic relationships
between the western Pamir Plateau, the Tajik Depression, and the southwestern Tian Shan.

Figure 2. Seismic setting of the western Pamir, Tajik Depression, and southwestern Tian Shan. Crustal seismicity (Hamburger et al., 1992; Kufner et al., 2018), focal
mechanisms (Dziewonski et al., 1981; Ekström et al., 2012; Kufner et al., 2018; Kulikova, 2016), and GNSS markers (yellow squares).
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2. Neotectonic Setting

In the Pamir, northward displacement and crustal shortening is currently accommodated along the Vakhsh
fault system and the Pamir thrust system in the north (e.g., Zubovich et al., 2010, 2016), the sinistral Darvaz
fault zone in the west and northwest (Ischuk et al., 2013; Mohadjer et al., 2010), the dextral Aksu‐Murghab
(Ruzhentsev, 1963, 1968; Schurr et al., 2014; Strecker et al., 1995), and Karakorum (Chevalier et al., 2015;
Sridevi et al., 2004) fault systems in the southeast, and the Kongur Shan‐Tashkorgan normal fault system
in the Chinese eastern Pamir (Chen et al., 2011; Liu, 1993), which also has a weak dextral component
(Chevalier et al., 2015; Fan et al., 1994). Under the Pamir, Asian lithosphere forms a subduction arc that
is retreating north and westward as traced by intermediate‐depth (60–300 km) seismicity (Schneider et al.,
2013; Sippl et al., 2013; Sippl et al., 2013). Kufner et al. (2016) suggested that Asian slab retreat is forced
by indentation of the Indian lithosphere, bulldozing into the cratonic lithosphere of the Tajik‐Tarim Basin
at mantle depth.

In the Pamir interior, the active displacement field is composed of bulk northward movement combined
with E‐W extension (Ischuk et al., 2013; Zhou et al., 2016). The crust hosts both sinistral strike‐slip faulting
on NE striking or conjugate planes and—to a lesser degree—normal faulting on approximately north strik-
ing planes (Schurr et al., 2014). The only NE striking sinistral‐transtensive fault system of the Pamir interior,
which has a clear morphologic expression and is seismically active, is the Sarez‐Karakul fault system that
stretches from south of Lake Sarez to north of Lake Karakul (Figure 1b) (Rutte et al., 2017; Schurr et al.,
2014; Strecker et al., 1995). The E‐W extension is driven by westward gravitational collapse of thickened
Pamir‐Plateau crust into the Tajik Depression (Rutte et al., 2017;Schurr et al., 2014 ; Stübner et al., 2013),
causing NW‐SE shortening of the ~7–12 km thick sedimentary rocks of the Tajik Basin (Leith & Alvarez,
1985; Nikolaev, 2002). In the western Pamir Plateau, distributed strike‐slip faulting accommodates shear
between the northward moving Pamir and the Tajik Depression. The Darvaz fault splays off from the
Pamir thrust system in a WSW direction and then curves south (Figures 1b and 1c). Farther southeast, the
Badakhshan fault runs in parallel to the Darvaz fault. Offset morphologic features in central Badakhshan,
Afghanistan, suggest dextral‐transpressive slip (Schurr et al., 2014; Stübner et al., 2013), but neither geodetic
nor seismic data constrain its kinematics.

2.1. Recent Crustal Seismicity

Crustal microseismicity (i.e., events with local magnitude smaller 4; hereafter called “seismicity”) is focused
along the perimeter of the Pamir, where it coincides with the Pamir thrust system in the north, the Peter the
First Range in the northwest and the eastern Tajik Basin in the west (Figure 1b) (Kufner et al., 2018; Schurr
et al., 2014). The interior of the Pamir also hosts seismicity following the Sarez‐Karakul fault system (Schurr
et al., 2014). The Badakhshan fault does not feature instrumentally recorded earthquakes.

In the Peter the First Range, seismicity is mostly located along the Darvaz fault and in between the Darvaz
and the Vakhsh faults (Figure 1b) (Hamburger et al., 1992). Along the Darvaz fault seismicity clusters along
its northern and southern segments. Three event catalogs, one combined from Schurr et al. (2014) and
Kufner et al. (2018) with events recorded in 2008–2010 and in 2012–2014, respectively, one including events
from the Soviet/US‐CSE network operated during 1955–1979 (Hamburger et al., 1992), and events from tele-
seismic data recorded between 1970 and 2008 (Engdahl et al., 1998) all show the same seismically active fea-
tures and areas of quiescence (Figure 2). In the Tajik Depression, seismicity is less prominent but distributed
at the base and above the sedimentary cover at ~11 km. Sparse events occur in the basement down to 40 km
depth, plus activity at the southern end of the Darvaz fault and where the Darvaz and the Vakhsh faults run
in parallel, at ~71.5°E (Figure 1b).

Focal mechanisms available from the regional and global catalogs exhibit a nodal plane parallel to the
curved outline of the Pamir (Figure 2) (Dziewonski et al., 1981; Ekström et al., 2012; Kufner et al., 2018;
Schurr et al., 2014). The mechanisms along the Darvaz fault zone are mostly strike‐slip but rotate to thrust-
ing farther northeast. Earthquakes along the Ilyak fault zone have strike‐slip mechanisms. Farther north-
east, where the Ilyak transitions into the Vakhsh fault, thrusting becomes dominant and the epicenters
are mostly located on the southeastern, downdip side of the fault. Even farther to the east, the global
(M4.5+) CMT catalog (Storchak et al., 2013) contains a few strike‐slip events that have similarities to the
1949, Mw7.6 Khait earthquake. A series of NW‐SE aligned strike‐slip events links the Darvaz and the
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Vakhsh fault just close to our GNSS profile P1. The Tajik Depression west of the southern Darvaz fault hosts
mostly thrust earthquakes with one subhorizontal nodal plane, likely indicating E‐W oriented slip along a
horizontal interface. There, features like the 800 m high Hoja Mumin diapir 20 km SW of Kulyab (Dooley
et al., 2015) are attributed to salt tectonics (Figure 2).

Over the last 110 years, the Pamir region was struck by four M7+ crustal earthquakes: The 1949 Khait earth-
quake occurred at the northwestern perimeter of the Pamir, the 1974Markansu earthquake at the northeast-
ern perimeter and the 1911/2015 Sarez earthquakes in the Central Pamir (Figure 1b). The 1949, Mw7.6 Khait
earthquake affected the area where the Darvaz and Vakhsh faults run in parallel (Figure 1b). This earth-
quake shows a NE‐striking, sinistral and a NW striking dextral focal plane, probably rupturing a fault of
~60 km length (Kondorskaya & Shebalin, 1982; Kulikova, 2016; Storchak et al., 2013) either on the
Vakhsh fault or in the southern Tian Shan (Schurr et al., 2014). We did not find reports on surface ruptures,
but many landslides occurred (e.g., Evans et al., 2009), mostly in the area ~20 km northwest of the instru-
mentally derived epicenter (Figure 1b). The 1974, Mw7.1 Markansu earthquake activated the Pamir frontal
thrust (Sippl et al., 2014).

The 1911, Ms~7.7 Lake Sarez earthquake was observed by a few analog, teleseismic stations and was located
—with large uncertainties—~80 km west of the southern Sarez‐Karakul fault system (Kulikova et al., 2015).
Kulikova et al. (2015) and Schurr et al. (2014) argued that this earthquake ruptured the Sarez‐Karakul fault
system. The 2015, Mw7.2 Sarez, Central Pamir, earthquake has a strike‐slip focal mechanism comparable to
the 1911 Lake Sarez earthquake (USGS, 2015). Surface displacement maps from satellite imagery and neo-
tectonic field mapping traced the rupture surface along the Sarez‐Karakul fault system. The earthquake
nucleated near Lake Sarez and propagated northeastward (Sangha et al., 2017). Metzger et al. (2017)
observed coseismic slip of up to 3 m and modeled the source as a subvertical ~80 × 25 km fault plane com-
prising three segments. In addition, continuous GNSS stations in the eastern Alai valley (Figure 1b), ~120
km from the epicenter, and in northeastern Afghanistan, ~250 km from the epicenter, recorded horizontal
offsets of a fewmillimeters up to 2 cm (see supporting information Figure S3 inMetzger et al., 2017). Stations
on profile P1 are in a similar distance from the epicenter and thus might have been affected by the event as
well (section 4.1).

2.2. Quaternary Deformation Rates

Quaternary faults in the western Pamir parallel the topographic margin of the Pamir Plateau (Burtman &
Molnar, 1993; Trifonov, 1978). Neotectonic mapping located their activity primarily along the Darvaz fault
zone. Offset geomorphologic markers—i.e., 20 m of late Holocene landforms, 120–150 m of early Holocene
terraces and alluvial fans and 300 m of late Pleistocene landforms—suggest a sinistral slip rate of 10–15
mm/yr along the southern Darvaz fault at ~37.8°N (Trifonov, 1978). Farther north, at 38.5–38.7°N, the
~21 m displacement of a ~1,500 or 2,200 yr old, man‐made defense structure suggests 10–40 mm/yr of sinis-
tral slip (Kuchai & Trifonov, 1977). Offsets of Holocene (~160 m) and late Pleistocene (~800 m) valleys in the
same area suggest 5–16 and 4–12 mm/yr, respectively (Nikonov, 1975, 1977; Trifonov, 1983).

Farther northeast, at ~39°N and ~71°20′E, Trifonov (1983) mapped 50–170 m sinistral and ~10 m vertical
offsets of moraines, implying to 3–4 to ~8 mm/yr sinistral‐transpressive slip rates since the last glacial max-
imum, assumed at ~20 ka (Burtman &Molnar, 1993). The mapped fault segments strike approximately E‐W
but an association with either the Vakhsh or the Darvaz fault is unclear. Where the Darvaz fault enters the
Trans‐Alai Range, at ~71.4°E, it seems to become inactive.

Neotectonic deformation along the Vakhsh fault comprises a 9–12 km wide belt of thrust and reverse faults
along the northern slope of Peter the First Range (Burtman &Molnar, 1993). Trifonov (1983) reported 10–15
m of dextral offsets of dry valleys at 70.5°E, east of Garm. Furthermore, 14C ages of 670 ± 40, 1470 ± 100, and
2000 ± 100 yr from swamp deposits dammed by tectonic scarps suggest recent tectonic activity.

The Tajik Basin shortens NW‐SE, indicated by Quaternary, right‐lateral displacements along the major
faults at its northern rim (Zakharov, 1948, 1955, 1958). Dextral displacements of Holocene landforms
(~15 m) occurred along approximately east striking faults (Legler & Przhiyalgovskaya, 1979), and of late
Pleistocene terraces (~90 m) along approximately NE striking faults (Trifonov, 1983). These faults are likely
part of the Ilyak fault system and the faults of the Tajik‐basin fold‐thrust belt that are dragged right‐laterally
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into the Ilyak fault zone. Within the fold‐thrust belt, sinistral offsets of late Pleistocene and Holocene land-
forms occurred along N‐NE striking, oblique‐reverse faults (Nikonov, 1970; Trifonov, 1983).

2.3. Geodetic Deformation Rates

The estimated geodetic slip rate for the Darvaz fault from a sparse regional geodetic array is 10 ± 1 mm/yr
(Ischuk et al., 2013). Given the interstation distance of 250 km, it is unclear whether this deformation is
accommodated by the Darvaz fault or within the Tajik‐basin fold‐thrust belt. Zhou et al. (2016) estimated
~7 mm/yr of N‐S shortening either on the Vakhsh fault, the Darvaz fault, or on any structure in‐between.
Farther north, where the Darvaz fault approaches the Vakhsh fault and links with the Pamir thrust system,
continuous GNSS stations indicate a minimum of 5.6 ± 0.8 mm/yr dextral shear and 2.2 ± 0.8 mm/yr N‐S
shortening on one of the fault strands of the Pamir thrust system (Zubovich et al., 2016).

Slip on the Vakhsh fault near the Garm region, the northwestern Peter the First Range (Figure 1b) was
observed using leveling and laser‐ranging techniques since 1948/1950 and 1968, respectively. A 317° trend-
ing, 6 km long triangulation and leveling network revealed a relative rate of 16 ± 1 mm/yr between the Peter
the First Range and the southern Tian Shan (Guseva, 1986; Konolpatsev, 1971). Given the fault strike, this
corresponds to ~6 mm/yr of dextral shear along and ~15 mm/yr of shortening across the Vakhsh fault,
but this may only capture a portion of the full strain accumulation across the fault and could point to (post-
seismic) fault creep. The rates were confirmed by an independent networkmeasured in 1972 and 1980, span-
ning less than 1 km across the fault scarp: The relative horizontal rate was 15.9 ± 0.5 mm/yr with respect to
the markers in the southern Tian Shan (Guseva, 1986). A remeasurement of the original profile using laser‐
ranging devices in 1974–1984 resulted in a more complicated pattern, with ~8 mm/yr of convergence across
the Vakhsh fault, and ~4 mm/yr of shortening within the northernmost 4 km of Peter the First Range. If the
pattern changes are significant, they might reflect the return from the postseismic (afterslip or creeping)
stage after the 1949, Mw7.6 Khait earthquake to the (locked) interseismic stage.

The leveling data acquired over 5 to 29 years showed no uplift on the northwestern side of the Vakhsh river
in the southwestern Tian Shan, but 7–9 mm/yr of relative uplift on its southeastern side that rapidly
decreased to 1–4 mm/yr southeastward (Guseva, 1986), suggesting a listric geometry for the Vakhsh fault
with a rapidly decreasing southeast dip (Burtman & Molnar, 1993). Another 1 km profile across the
Vakhsh thrust revealed even higher uplift rates, 18.6–21.6 mm/yr. A 200 m long dense leveling profile in
a tunnel dug across the Vakhsh thrust yielded a relative uplift rate of 14.6 ± 0.3 mm/yr between 1973 and
1976, pointing to a steeply S dipping fault. Using borehole data across the Vakhsh thrust, Guseva (1986)
determined a 48° dip.

3. GNSS Data Collection, Processing, and Rate Estimation
3.1. Marker Installation and Instrument Setup

In 2013, we installed 21 GNSS markers in the northwestern Pamir with a focus on the Vakhsh and the
Darvaz faults (Figure 1b). We placed the network such that it forms two profiles (P1 and P2), crossing these
faults subperpendicularly. The network also included four stations of the survey of Ischuk et al. (2013),
where we prolonged the time series. Profile P1 crosses the Peter the First Range and includes 14 points. It
has a length of ~230 km and extends from ~50 km NW of Garm to ~40 km SE of the Panj‐Bartang river junc-
tion (Figure 2). Profile P2 is located ~100 km farther southwest and covers the Pamir foothills and the north-
eastern Tajik Basin from the Panj river to 50 km ESE of Dushanbe with a total length of ~200 km. It contains
seven new data points, of which one was destroyed in 2014. The profile has a kink to better image fault‐
parallel and fault‐perpendicular rates (section 4.2). Average interstation distances are 10 km and 15 km
for P1 and P2, respectively.

The GNSS markers are 10 cm long stainless steel bolts of 1 cm diameter that were drilled and glued into the
bedrock. The minimalistic design contains only a small dimple to fix the tip of the tripod (Figure S1a in the
supporting information).

We used three Trimble Zephyr Geodetic Model 1 antennas (TRM 41249.00) and three Trimble R7
receivers to acquire the data. The antennas were installed on top of portable, short‐braced aluminum tripods
(Figure S1b), locked to the ground with rocks to stabilize the set up (Figures S1b and S1c). The antenna was
aligned to true North. We recorded data for 40–48 hr per campaign (i.e., two consecutive nights) with a
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sampling rate of 30 s. To minimize seasonal loading signals, we collected the data in fall (September to
November) of the years 2013 to 2016. The slope steepness near the measurement sites in the northwestern
Pamir reaches 45° leading to limited space aperture (Figures S1c and S1d).

3.2. Data Processing

The raw data were converted into daily, receiver‐independent exchange format (RNX) files, which were pub-
lished in Metzger et al. (2019). They were processed together with 24 reference stations of the International
Global Navigation Satellite System Service (IGS) network and RNX data of Ischuk et al. (2013) and Zhou
et al. (2016), using the Earth Parameter and Orbit System software (Deng et al., 2016). The processing
includes ionosphere‐free linear combination, undifference carrier phase and pseudo‐range observables,
IGS08 absolute phase center variations (Schmid et al., 2016) and the FES2004 ocean tide loading model
(Lyard et al., 2006). Apriori zenith hydrostatic delay is obtained using the Global Pressure and
Temperature model (GPT2) and the Vienna mapping function in a grid file database. Station coordinates
and tropospheric wet zenith delays are estimated using random‐walk parameters for every two hours

Figure 3. East (left column), north (center), and vertical (right) GNSS time series residuals after removing a linear velocity
fitting the data until 2015. The stations are sorted along Profiles P1 (here) and P2 (continued figure). The vertical blue line
marks the Mw7.2 Sarez earthquake. Rates obtained from data acquired before the earthquake are indicated in each
subfigure.
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(Gendt et al., 2013). In order to ensure consistency in the processing, we applied reprocessed GNSS precise
satellite orbits as well as clock products obtained by the Earth Parameter and Orbit System software using
the same parameter setup as for the station coordinate estimation (Gendt et al., 2013). Additionally,
station coordinates were estimated in network mode and aligned to the IGS 2nd combined daily
coordinate product (ITRF14), reducing the impact of the Earth rotation parameter (Altamimi et al., 2016;
Rebischung et al., 2016). As a quality measure, daily observation files with continued observations shorter
than 1 hr were excluded. With very few exceptions, the data quality is very good and the positions are
consistent. The standard deviation of the daily positions per measurement is 2.1 mm (Figure 3). In the
vertical direction, the standard deviation is 4 times larger (8.1 mm).

3.3. Rate Estimates

From the daily positions, we built time series and estimated the interseismic deformation rates individually
for each station and component. By a visual inspection, we excluded outliers and then applied a two‐
parameter, linear rate estimation using a least squares inversion (Figure 3). All data points were weighted
with their instrumental error. Following (Geirsson et al., 2006), we normalized the estimated rate uncer-
tainty σ by the total observation period ΔT between the first and the last measurement of the time series,
with N being the total number of positioning data points, and the daily position yi being predicted by model
point ŷi,

σ ¼ ∑N
i¼1 yi−byið Þ2

ffiffiffiffiffiffiffiffiffiffi
N−2

p ·
1
ΔT

:

This means that for time series with a short observation period of 2 or 3 years the rate uncertainty can be
rather large. The average misfit of the rate estimation is 0.8 mm/yr in North, 0.5 mm/yr in East and 2.0
mm/yr in the vertical component, which is good, given the steep topography and limited space aperture.
The derived rates and uncertainties are provided both in the ITRF14 no‐net‐rotation (NNR) reference frame
(Altamimi et al., 2016) and in a Eurasian‐fixed reference frame (Table 1) (Altamimi et al., 2017) in the
supporting information (“GNSSratesITRF14_NNR.txt,” “GNSSratesITRF14_EU.txt”). The data show no
apparent bias in the residuals apart from a distinct offset between data collected until the 2015 campaign
and after (Figure 3), which will be discussed in section 4.1.

Figure 3. (continued)
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The obtained rates were then compared to an independent processing run using the GAMIT/GLOBK soft-
ware package (Herring et al., 2018a, 2018b). In this run, we combined positions of 25 regional continuous
and IGS stations with 66 campaign stations throughout the region using GAMIT to calculate initial daily
positions, which were then edited, averaged, and weighted over ~2 week long intervals. Then, GLOBK's
Kalman filter (Herring et al., 2015) was used to estimate linear horizontal velocities from the position
averages within the ITRF08 reference frame (Altamimi et al., 2012), incorporating a random walk noise
model to account for systematic errors. The mean difference between the two data sets is 1.7 ± 2.3 mm/yr
in the east direction and −0.3 ± 1.2 mm/yr in the north direction.

4. Results and Interpretation
4.1. Potential Influence of the 2015, Mw7.2 Sarez Earthquake on the Time Series

Some GNSS positions of the 2016 campaign show a clear offset from the (assumed) linear rate trend provided
by the measurements acquired prior to 2016 (in Figure 3 and Table S1). This is most prominent at stations
T270, GF11, GF12, GF13, GF14, and GF02, with 5–20 mm offsets toward the west. Station GF03 exhibits
an 11 mm offset toward the east. Together, these stations suggest dextral motion on the Darvaz fault, which
is opposite the sense of interseismic loading. This signal is not a measurement bias, for example, from sea-
sonal variations, which are to be expected to be in the order of a few millimeters (Dong et al., 2002) or
neglected firmware updates. We also rule out artifacts caused by instrument types or setup (Table S1).
Therefore, we interpret the signal to reflect real ground displacements. Stations with large offsets between
the 2015 and 2016 campaigns are located near the Darvaz fault, with amplitudes generally decreasing from
SE to NW and an abrupt sign change across the Darvaz fault (Figure 4 and Table S1). Station GF15 is an
exception but was not measured in 2015. The displacement pattern resembles either a dextral slip event or
transient creep on the Darvaz fault with fault slip of centimeters to decimeters.

Table 1
Eurasian‐Stable Rates v and 1σUncertainties (Altamimi et al., 2017) for East, North, and Vertical Components, Obtained From a Combined Network Solution of New
and Updated Data (Ischuk et al., 2013; Zhou et al., 2016; Zubovich et al., 2010)

Name Lon. (°) Lat. (°)

Rates 2013–2015 (mm/yr) Rates 2013–2016 (mm/yr)

vE vN vU σE σN σU vE vN vU σE σN σU ΔT (yr)

GF01 70.2383 38.7988 −16.8 5.4 3.6 0.9 0.8 6.7 −17.0 6.1 0.2 0.7 0.7 5.0 3/2
GF02 70.7105 38.6884 −13.5 9.4 −5.8 1.3 1.2 3.8 −17.6 11.0 −0.9 1.7 0.9 3.0 3/2
GF03 70.6252 38.7486 −17.4 9.0 3.0 2.2 1.1 3.0 −14.0 9.2 −0.6 1.8 0.7 2.1 3/2
GF04 70.3533 38.7334 −19.4 8.1 −1.6 2.3 1.8 9.7 −20.1 8.8 3.1 1.3 1.2 6.0 3/2
GF05 70.3262 38.7770 −19.6 5.4 2.3 2.3 2.1 8.6 −18.1 6.7 −0.3 1.4 1.3 4.9 3/2
GF06 70.1889 38.8340 −15.4 1.4 7.2 1.4 1.0 3.9 −15.4 1.4 7.2 1.4 1.0 3.9 3/3
GF07 69.9355 38.9064 −2.2 3.4 9.1 0.9 1.4 8.4 −3.5 1.6 −0.4 0.9 1.0 6.1 3/2
GF08 70.1893 39.1908 −0.5 3.6 6.1 1.7 0.6 10.0 −0.5 3.6 6.1 1.7 0.6 10.0 1/1
GF11 70.7643 38.5774 −11.0 11.9 −2.3 1.3 1.0 2.7 −17.9 10.0 1.3 2.7 0.9 2.7 3/2
GF12 70.8109 38.4467 −6.1 14.2 −7.5 2.8 1.7 4.8 −12.8 13.0 −5.6 3.1 1.2 4.4 3/2
GF13 71.0280 38.4664 −5.8 11.2 4.1 5.3 3.5 9.8 −13.9 12.0 −1.7 2.4 1.0 4.1 3/1
GF14 71.2691 38.3146 −14.5 19.2 −9.2 1.5 1.8 3.9 −19.5 15.6 −6.9 2.5 1.7 2.7 3/2
GF15 71.3850 38.1908 −19.8 14.9 8.6 2.7 4.8 6.3 −20.8 13.0 −6.7 1.4 1.6 4.6 3/1
GF16 70.4449 38.1034 −10.1 17.4 4.2 1.9 1.1 10.5 −10.1 17.4 4.2 1.9 1.1 10.5 2
GF17 70.1721 37.9496 −13.5 8.9 −2.4 2.5 0.7 4.3 −16.4 7.6 −4.0 1.8 0.9 3.3 3/2
GF18 69.8604 38.0061 −15.2 6.0 −4.3 0.9 0.8 3.0 −15.2 6.0 −4.3 0.9 0.8 3.0 3
GF19 69.5762 37.9839 −5.0 6.0 2.3 1.2 0.4 4.6 −5.0 6.0 2.3 1.2 0.4 4.6 3
GF20 69.2454 38.3459 −7.0 6.7 −9.5 1.0 0.6 3.5 −7.0 6.7 −9.5 1.0 0.6 3.5 3
GF21 69.1845 38.4673 −9.3 4.2 −1.6 1.7 1.4 3.6 −9.3 4.2 −1.6 1.7 1.4 3.6 2
T120a 69.4213 38.5852 −0.9 2.4 −0.8 1.6 0.4 2.7 −0.9 2.4 −0.8 1.6 0.4 2.7 8
T170a 70.2012 39.1204 −1.2 4.3 −1.7 1.2 0.4 2.6 −1.2 4.3 −1.7 1.2 0.4 2.6 7
T200a 70.0563 38.8691 −2.9 7.0 0.1 0.4 0.3 1.0 −2.9 7.0 0.1 0.4 0.3 1.0 7
T270a 71.6630 38.0032 −11.2 13.4 3.0 1.0 1.0 6.0 −13.7 13.2 2.4 1.7 0.8 4.8 7/6

Note. ΔT indicates time series length, if the 2016 data acquisitions are excluded or included, respectively. The full network solution (with additional rates of 51
locations) is available in the supporting information (GNSSratesITRF14_EU.txt and GNSSratesITRF14_NNR.txt).
aExtended time series of Ischuk et al. (2013).
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Several instrumentally recorded earthquakes occurred between the two measurement periods in fall 2015
and 2016. To understand their effect on our time series, we investigated if these events could have caused
a coseismic displacement of the order of a few centimeters on the mentioned stations. We consider both,
the 7 December 2015, Mw7.2 Sarez earthquake discussed above (Metzger et al., 2017; Sangha et al., 2017)
and a series of crustal M4–5 earthquakes near the Darvaz fault (Figure 4 and Table S2) (GEOFON Data
Centre, 1993). For the largest event of this series, the M5.1, 1 July 2016 earthquake, we checked, if satellite
radar interferometry (Sentinel‐1, acquired on 27 May and 14 July 2016) shows a signal comparable to the
GNSS‐derived offsets, but did not find one. We forward modeled a series of slip events with random
source‐parameter combinations following scaling laws (Mai & Beroza, 2000) to see if they cause a displace-
ment pattern similar to the observed GNSS offsets. We used rectangular dislocations in an elastic half‐space
(Okada, 1985) and refer to section 4.3 for more modeling details. None of the synthetic models predict more
than 1 cm offset, unless the source is located only a few hundred meters deep. But according to these models,
a shallow source would not have affected stations at distance of 100 km, like station GF14 and T270. We
therefore suggest that the offset signal was caused by the Mw7.2 Sarez earthquake. This hypothesis is also
supported by satellite radar interferometry (Metzger et al., 2018) and 1 Hz‐GNSS data acquired across the
Pamir thrust system in the Alai valley (Zubovich et al., 2016) (Figure 1b): The coseismic interferograms show
a distinct surface rupture of a strand of the Pamir thrust system of a fewmillimeters to centimeters. The 1 Hz‐
GNSS stations recorded coseismic static displacement of a couple of centimeters, with a slip‐sense opposite
to the expected loading direction, in a similar distance to the earthquake epicenter as the stations presented
here (Metzger et al., 2018). Using the distributed slip model of Metzger et al. (2017), we predict the expected
displacement in the region of the Darvaz fault (Figure 4). The results match the amplitudes, but do not
explain the rapid signal decay across the Darvaz fault or the eastward offset of station GF03. Instead the off-
set azimuth remains constant and the amplitudes decay quasi‐linear with increasing distance to the Sarez

Figure 4. GNSS positioning differences between the 2015 and 2016 data surveys (yellow arrows, 2σ confidence level) in comparison to the coseismic displacements
(pink arrows) of the Mw 7.2 Sarez earthquake (green focal mechanism) as predicted using the slip model of Metzger et al. (2017). Green stars mark the M4–5
earthquakes that occurred between the 2015 and 2016 surveys (see also Tables S1 and S2 in the supporting information).
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rupture. The GNSS observations on the sinistral‐transpressive Darvaz fault and the dextral‐transpressive
Pamir thrust system show a pattern which is opposite to the interseismic loading sense, suggesting fault
loading, probably triggered by the Sarez earthquake. We thus decided to exclude the data acquired in
2016 from the analysis of the interseismic deformation rates below.

4.2. Interseismic Rates 2013–2015

Based on the acquisitions between 2013 and 2015 we present horizontal and vertical interseismic GNSS rates
relative to stable Eurasia (Altamimi et al., 2017) in map view (Figure 5). We also decompose the rates along
profiles P1 and P2, into profile‐perpendicular and profile ‐parallel components, where the former roughly
represent shortening/extension and the latter shear across the Darvaz and or Vakhsh or Ilyak faults
(Figure 6). In doing so, we projected all GNSS points and seismologic data in a 120 km wide profile swath
onto the profiles.

The western Pamir‐Plateau stations move at ~17 mm/yr toward northwest relative to Eurasia
(Figure 5a). When crossing the Darvaz fault the rates of the profile P1 stations decrease slightly and
the displacement vectors rotate from NW toward WNW (GF04, GF01, GF05, and GF06). Across the
Vakhsh fault, the rates drop to 5 mm/yr N (T200, GF07, T170, and GF08). Along profile P2, the stations
exhibit an increasingly more westerly orientated motion when crossing the Darvaz fault from east to
west (GF16, GF17, GF18, and KULC). This westerly displacement vanishes across the Ilyak fault
(T120 and OBGA). The slow rate at GF19 stands out from the adjacent stations GF18, KULK, and
LAKA. This station—located within the salt withdrawal basin near Kulyab—might be influenced by
the active salt tectonics. Overall, the strongest internal deformation is observed in the Tajik‐basin
fold‐thrust belt and along its northern margin, whereas the western Pamir‐Plateau and the southwestern
Tian Shan exhibit minor internal deformation.

Vertical velocities obtained from stations with more than two measurement campaigns (Figure 5b) are less
significant but suggest that the southwestern Tian Shan north of Dushanbe is subsiding 5–10 mm (e.g., sta-
tion OBGA) while the southwestern Tian Shan farther east appears stable (T170 and T200). In the Peter the
First Range, uplift is gradually increasing toward the Vakhsh fault (GF05, GF01, and GF06). In the western
Pamir Plateau, the values are more heterogeneous and vary between ±10 mm/yr. Stations in the Tajik
Depression show mostly subsidence.

Along profile P1, the most significant feature of the profile‐perpendicular and profile‐parallel rate
(Figures 6c and 6e) is the rate change across the Vakhsh fault, which amounts to ≥17 mm/yr in the
profile‐parallel direction (shortening) and ≥ 13 mm/yr in the profile‐perpendicular direction (consistent
dextral slip sense). The profile‐perpendicular rate gradient is steeper than in profile‐parallel direction and
could be classified as an offset. In classic screw dislocation models the steepness of the rate change across
a fault is inverse proportional to the locking depth (Segall, 2010); thus, a step function suggests that a fault
is freely creeping. Consequently, shear and shortening might be partitioned in the upper part of the Vakhsh,
with its most shallow section dominated by strike‐slip and the deeper part by shortening. Along the Darvaz
fault, the data suggest a locked fault that accommodates ~10 mm/yr of profile‐parallel extension and ~15
mm/yr of sinistral (profile‐perpendicular) shear (Figures 6c and 6e). The Badakhshan fault may accommo-
date 5–10 mm/yr dextral shear, but the uncertainties are large and the station spacing is large.

The geodetic data are in agreement with the focal mechanisms of Kufner et al. (2018) that suggest thrusting
with a dextral component along the Vakhsh fault and predominantly sinistral shear along the Darvaz fault
(Figures 2 and 6a). The abundant seismicity underneath Peter the First Range reaches in excess 20 km.
Below 5–10 km it probably outlines steeply NW dipping faults in the crystalline basement rocks underneath
the Tajik‐basin deposits (Kufner et al., 2018). Along the southeastern margin of the Peter the First Range the
seismicity delineates a near‐vertical structure along the Darvaz fault; it then significantly decreases toward
SE (Figure 6a). Local, vertically aligned seismicity occurs near the Badakhshan fault, but in map view, it is
apparent that this seismicity is associated with a small cluster and not outlining amajor fault zone (Figure 2).

In general, the rate changes along profile P2 are harder to interpret than along profile P1, as the station dis-
tances are larger. Both the Ilyak fault and the Darvaz fault seem to be less active than along profile P1
(Figures 6d and 6f). The Ilyak fault accommodates ~5 mm/yr of shortening and 8–15 mm/yr of dextral slip,
which is in agreement with the dextral focal mechanisms (Figure 6b) associated with earthquakes occurring
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Figure 5. Horizontal and (b) vertical GNSS rates measured between 2013 and 2015 with 2σ uncertainties in a Eurasian reference frame (Altamimi et al., 2017). Pink
arrows in (a) are the modeled rates (see section 4.3). Note the different rate scale in (a) and (b). Yellow lines mark Profiles P1 and P2, crustal seismicity of
Hamburger et al. (1992) in red, and Kufner et al. (2018) in blue.
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Figure 6. (a) and (b) Topography (enhanced by factor 10) and seismicity of a 120 km wide swath (Kufner et al., 2018) along Profiles P1 and P2, respectively. Violet
lines mark model Segment A and auxiliary Segment B including slip sense, dashed lines symbolize the locking depths of the Vakhsh fault and the Darvaz fault
(section 4.3). Note in (b) that the Vanj cluster is not along the Badakhshan fault (BF). IF = Ilyak fault; VF = Vakhsh fault. The GNSS velocities with 1σ uncertainties
along Profile P1 (c, e, and g) and Profile 2 (d, f, and h) are resolved in profile‐parallel (c and d), profile‐perpendicular (e and f), and vertical components
(g and h). The gray velocities include the 2016 campaign data; the blue rates exclude them. In (c) and (e) the slip model predictions are plotted for each GNSS data
point (olive green squares) and—within 2σ uncertainties—for profile P1 (olive green band).
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in the basement rocks below the Tajik‐basin strata (Kufner et al., 2018). The rate change between station
GF16 and GF17, at ~20 km profile‐perpendicular distance across the Darvaz fault zone, suggests 8 ± 1
mm/yr sinistral shear and 2 ± 2 mm/yr extension along the Darvaz fault zone. Also along profile P2, the
Darvaz fault is outlined by focused seismicity: The only constrained focal mechanism is in agreement with
its sinistral kinematics (Figure 6b).

The vertical rates along profile P1 imply a gradual increasing uplift of a fewmillimeters of the stations NW of
the Darvaz and a gradual subsidence of 5–7 mm/yr on the SE side of the fault (Figure 6g). The stations SE of
the Badakhshan fault show uplift of 0–10 mm/yr. The stations along profile P2 indicate a gradual change
from uplift of 0–5 mm/yr in the western Pamir Plateau to subsidence of 0–10 mm/yr in the Tajik
Depression (Figure 6h).

4.3. Kinematic Modeling

To numerically assess the kinematic parameters of the Darvaz and the Vakhsh faults, we simulated
fault slip using rectangular dislocations in an elastic half‐space (Okada, 1985) with a rigidity of 30
GPa. The complex geologic structure of the Peter the First Range would be best represented with a
three‐dimensional model. However, since the GNSS data are aligned along profiles P1 and P2, with
the highest station density along profile P1, a three‐dimensional model would rely on strongly con-
strained geometric model parameters. Consequently, we simplified the geometry to two dimensions by
focusing on the rates observed along profile P1, which is sub‐perpendicular to the Darvaz and the
Vakhsh faults. We neglected the curved fault geometry while assuming infinite fault length and down-
dip extent. We tested fault geometries with up to five segments, also to come up with the potential slip
partitioning in the upper part of the Vakhsh fault (section 4.2; Figures 6c and 6e), but the amount of
data was too sparse to stabilize the results. The best data fit—using the smallest number of free model
parameters—was obtained with a 10° SE dipping plane representing the Vakhsh thrust, following the
basal décollement in the Jurassic evaporites. This geometry corresponds on first order to the geologic
cross sections of Chapman et al. (2017) and Hamburger et al. (1992) and the seismicity (Kufner
et al., 2018) (Figure 6a). Our modeling setup implies that the Darvaz fault is locked until it merges with
the basal décollement. Free parameters are the fault strike and location, the locking depth, that is, the
depth of the upper edge of the dipping plane (Figure 6a). We further solved for dip‐slip, along‐strike slip
and fault strike on two subsegments—Segments A and B—with the downdip extent of Segment A as
another free parameter (Figure 6a). Including two parameters for a reference frame correction we solve
for ten free parameters. The best fit model parameters were first constrained by a Monte Carlo type,
simulated annealing approach (Cervelli et al., 2001) that over time gradually favors parameter combina-
tions producing low misfits. This approach minimizes the chance to get trapped in a local minimum of
the multidimensional parameter space. Then, we used the outcome of the annealing as a starting point
for a classical nonlinear least squares inversion. The model parameter uncertainties were assessed in
500 additional runs using bootstrapping, in which the input of one GNSS station is randomly replaced
by another (Efron, 1979).

The preferred model has a fault strike of 049° + 6°/−8°, which is similar to the average strike of the
Darvaz and the Vakhsh faults along profile P1. Slip only occurs below 3.1 + 0.5/−0.8 km, meaning that
the upper part of the Vakhsh fault is locked (outlined by the dashed line in Figure 6a). Under the Peter
the First Range, Segment A accommodates 16 ±3 mm/yr of profile‐parallel dextral shear and 15 + 4/−2
mm/yr of profile‐perpendicular shortening. Segment B begins near station GF03 (Figure 6a) and shear
flips to a sinistral 1 + 2/−3 mm/yr rate but with a constant 16 + 1/−1 mm/yr shortening rate. Segment
B represents the northwestward (block) motion of the western Pamir‐Plateau crust; its geometry is quite
arbitrary, except that the intersection between Segments A and B places the connection between the
Darvaz fault and the basal décollement of the Vakhsh thrust at 9.0 + 0.4/−0.8 km (dashed lines in
Figure 6a). Thus, the difference in shear between Segments A and B is interpreted to be accommodated
by the Darvaz fault; the along‐strike slip difference is 15 + 4/−5 mm/yr. Apart from a few stations near
the Badakhshan fault, which we do not include in our model and which also exhibits large rate uncer-
tainties, the fit between the observations and the model is good (Figure 5a). In the Peter the First
Range, the shear and shortening rates are systematically underrepresented by a few millimeters (olive
green squares in Figure 5a). The model slightly underestimates the profile‐parallel rates of GF03‐05
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and is unable to reproduce the abrupt rate decrease, in particular the profile‐perpendicular rates
between T200 and GF06 across the Vakhsh fault. This shows that near the surface, the
locking regime must be more complex than our preferred model can predict; this is in accordance with
our inference (section 4.2) of slip partitioning and possible creep in the shallow section of the
Vakhsh fault.

The parameter uncertainty analysis reveals strong correlation among several parameters, manifested by
elongated and curved scatter plots of best fit parameters obtained from bootstrapping (Figure S2): A deeper
locking depth of the Vakhsh fault calls for a shorter width of Segment A, higher dextral shear rates on
Segment A and (in opposite sense) Segment B, and amore easterly fault strike. Even within the 2σ uncertain-
ties (95% confidence), themodel fails to fit the profile‐parallel rate of GF04 and the profile‐perpendicular rate
of GF06 (olive green band in Figures 6c and 6e).

5. Discussion

Given the low temporal resolution of survey mode GNSS data, we cannot uniquely link the offsets observed
on GNSS stations between the 2015 and the 2016 campaigns to the 2015 Mw7.2 Sarez earthquake or other
nearby earthquakes (see section 4.1). If we include the 2016 data for the estimation of the GNSS rates, the
observed fault slip rates on the Darvaz drop to a few mm of shortening and ≤9 mm/yr of sinistral slip (gray
data in Figure 6a), which is less than what the neotectonic slip rates suggest. If true, the estimated slip rates
presented in section 4.2 would reflect an upper bound only and/or the Darvaz fault would be less active than
presumed. We also tried to correct the 2016 positions using the surface displacement predicted by the coseis-
mic slip model of the 2015 Sarez earthquake of that exhibits sinistral slip of up to 3 m on a subvertical, NE
striking, 80 km long fault (Figure S3) (Metzger et al., 2017). This increases the slip rates only slightly and
the quasi‐linear decay of the predicted displacements from ENE to WSW (Figure 4) does not explain the
observed offsets satisfyingly. Therefore, we suggest that the Darvaz fault was activated during the
2015 Sarez earthquake and produced dextral coseismic slip of a few centimeters, opposite to its
interseismic slip.

Triggered slip phenomena are not yet well studied, as the focus of the scientific community lies on the activ-
ity of the main event. But due to an increased spatial resolution, e. g. using Synthetic Aperture Radar inter-
ferometry (Price & Sandwell, 1998; Wei et al., 2011; Wright et al., 2001) or high instrumental sensitivity, for
example, using creep meters (Bodin et al., 1994; Victor et al., 2018), we begin to observe coseismic response
on adjacent or even remote faults. A recent observation of such activity is the 2019 Ridgecrest seismic
sequence that ruptured an unmapped fault of the Eastern California Shear Zone dextrally, and simulta-
neously triggered sinistral activity along the Garlock fault that strikes subperpendicular to the unmapped
fault (Barnhart et al., 2019). If the triggered fault (in our case the Darvaz fault) is farther than a few fault
lengths away from the main fault (in our case the Sarez‐Karakul fault zone), Coulomb failure stress changes
become insignificant (Tingay et al., 2008). Then, transient dynamic unclamping or triggering can be evoked
by the surface waves passing through, as it has been observed on faults separated by up to 5 km (Freed, 2005).
This is often the case along disconnected structures at immature fault systems (e.g., Gomberg, 1996).
Another reason may be sudden pore pressure changes (Brodsky, 2003; Brodsky & Prejean, 2005).
Significantly, the Darvaz fault (this study) and the Pamir thrust system (Metzger et al., 2018) slipped opposite
to their loading sense, which would indicate that the coseismic mass movements outweigh the local stress
field, even 150–200 km away from the epicenter of the Sarez earthquake in the southern Sarez‐Karakul fault
segment. In other words, the surface displacement predicted by the homogeneous half‐space model of
Metzger et al. (2017) (pink arrows in Figure 4) dominate the sense of displacement until they hit a structural
discontinuity—the Darvaz fault or the evaporitic décollement underneath Peter the First Range—and then
quickly drop below significance.

As we were not able to correct the 2016 campaign data for the (potential) coseismic displacement due to the
Sarez earthquake, we omitted them for the interseismic slip rate estimates. The observed ~15mm/yr sinistral
slip across the Darvaz fault zone, measured on profile P1, is consistent with the 4–16 mm/yr of offset in the
Holocene and Pleistocene (e.g., Burtman & Molnar, 1993). Farther south—along profile P2—we observed 8
± 1mm/yr sinistral shear, which is less than the 10–15mm/yr offset measured by Trifonov, (1978, 1983). The
GNSS data further suggest extension of ~10 mm/yr across the northern part of the Darvaz fault (profile P1),
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which has not been observed in neotectonic studies. Along the southern part of the Darvaz fault, geologic
mapping indicated sinistral transtension (Kuchai & Trifonov, 1977; Trifonov, 1978, 1983), which
corresponds to our GNSS results. No neotectonic slip rates are available for the Vakhsh fault. However,
the geologic and geodetic findings agree on the slip sense.

While the sparse and widely distributed published GNSS rates (Ischuk et al., 2013; Mohadjer et al., 2010;
Zhou et al., 2016) are in general agreement with our findings, the leveling results of Guseva (1986) and
Konolpatsev (1971) acquired across the Vakhsh fault near Garm are systematically lower with 8–16
mm/yr shortening and ~6 mm/yr dextral shear, compared to our 12–19 mm/yr shortening and 13–19
mm/yr dextral shear. This might be explained by the shorter measurement profile and/or the possibility that
their data were affected by postseismic deformation following the 1949, Mw7.6 Khait earthquake.

The seismicity along our GNSS Profile 1 (Figure 6a) shows significant, vertically aligned activity underneath
Peter the First Range and along the Darvaz fault. This activity extends into the basement rocks underneath
the evaporitic décollement, which is mimicked in our kinematic model by the Segments A and B. The updip
end of Segment B ends just between these two highly active zones, probably because we have not included an
additional (subvertical) segment to account for slip underneath Peter the First Range. Our model also likely
underestimates the magnitude of the rate changes for the profile‐parallel and profile‐perpendicular GNSS
components across the Vakhsh fault. This might be due to slip partitioning in the upper segment of the fault
zone or even due to a three‐dimensional rotation of the Peter the First Range that also includes
vertical motions.

We combine our findings with other geodesy‐based results (Zubovich et al., 2010, 2016; Metzger et al., 2017)
to create a conceptual model for the northeastern Tajik Basin and the western and northern Pamir, high-
lighting the kinematics of the key structures, that is, the Vakhsh and Darvaz faults, the Pamir thrust system
and the Sarez‐Karakul fault system (Figure 7). The Pamir is shortening approximately N‐S and is flowing
westward at the same time, that is, experiencing lateral extrusion from the Pamir Plateau toward the
Tajik Depression. In the Pamir interior this combined N‐S shortening and E‐W extension is mostly accom-
modated by the NE striking Sarez‐Karakul fault system (Figure 1b), which interseismically exhibits ~5
mm/yr sinistral shear and 1–3 mm/yr of extension (see Figure S11 in Metzger et al., 2017); however, the
entire western Pamir Plateau shows this deformation pattern. The due west motion of the Tajik

Figure 7. Same as Figure 1b, indicating the kinematics in the western Pamir and Tajik Depression. The gray arrows
indicate the main direction of motion with respect to stable Eurasia observed by GNSS, the orange arrows indicate
shear, the green arrows shortening or extension. The values are deducted from models and/or GNSS observations of
Zubovich et al. (2010, 2016), Metzger et al. (2017), and this study. Rates of Zubovich et al. (2016) represent a lower limit,
given the limited profile length toward south.
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Depression upper crust commences west of the Darvaz fault zone, which shows sinistral shear of ~15 mm/yr
and ~10 mm/yr E‐Wextension. Along the northwestern rim of Peter the First Range, the SE dipping Vakhsh
fault separates the Tajik Depression from the southwestern Tian Shan; the latter marks the nearly rigid back-
stop for the material flow out of the Pamir Plateau. The Vakhsh fault absorbs dextral shear of 16 ±3 mm/yr
and 15 + 4/−2 mm/yr of NW‐SE shortening. Along the Ilyak fault farther west, N‐S shortening drops to ~5
mm/yr but dextral shear remains high (8–15 mm/yr). On the Pamir thrust system farther east, dextral short-
ening (and thus Pamir‐Plateau mass outflow) decreases to ~7 mm/yr, while the Pamir's northward advance
keeps constant at a rate of 13–19 mm/yr (Zubovich et al., 2016, 2010). The Peter the First Range, an upper‐
crustal wedge of strongly shortened Tajik‐basin strata squeezed between the Vakhsh and the Darvaz faults,
extrudes as a southwestward widening crustal sliver. Although the lateral extrusion of the upper‐crustal
wedge is facilitated by the low‐frictional properties of the evaporitic basal décollement, subdécollement seis-
micity indicates a thick‐skinned sliver extrusion, demonstrated to be active within the adjacent Tian Shan
from the late Miocene to Recent (Käßner et al., 2016).

6. Conclusion

New GNSS campaign data collected over 4 years (2013–2016) in the western Pamir and the adjacent Tajik
Depression along two profiles crossing the Vakhsh and the Darvaz faults zone show steady interseismic
motions from 2013‐2015 and static offsets of up to 2 cm between the 2015 and the 2016 measurements, con-
sistent with dextral fault slip on the Darvaz fault, opposite to its interseismic and long‐term slip history. We
propose that the 2015, Mw7.2 Sarez earthquake triggered the dextral movements along the Darvaz fault.

Velocities obtained from data prior to the 2016 observations show that theW(SW) striking Ilyak and Vakhsh
faults and the Pamir thrust system constitute the highly active boundary zone between in the Pamir, the
Tajik Depression, and the nearly stable foreland, the southwestern Tian Shan. FromW to E, these structures
accommodate shortening of ~5 mm/yr (Ilyak fault), 15 + 4/−2 mm/yr (Vakhsh fault), and 13–19 mm/yr
(Pamir thrust system). Dextral shear rates are high at the northern edge of the Tajik Depression (8–15
mm/yr along the Ilyak fault; 16 ±3 mm/yr along the Vakhsh fault) but decrease eastward to ~7 mm/yr along
the Pamir thrust system. For the Darvaz fault we obtained 10–15 mm/yr sinistral slip and ~10 mm/yr of
approximately E‐W extension. We further surmise that the Pamir Plateau and the hanging wall of the
Vakhsh thrust in the Peter the First Range are still growing vertically by a few millimeters per year, while
the Tajik Depression is subsiding.

Our geodetic data indicate, in accordance with the geologic and seismic record that the eastern Tajik
Depression, including the Peter the First Range, is collapsing (lateral extruding) toward the west. The south-
western Tian Shan acts as a backstop and deforms little. The gravity‐driven mass‐outflow from the Pamir
Plateau to its west induces shortening of the Tajik‐basin deposits, forming the Tajik‐basin fold‐thrust belt,
facilitated by the near‐horizontal, evaporitic basal décollement of the fold‐thrust belt. The Ilyak fault marks
a major tear fault, disconnecting the shortening in the Tajik basin fold‐thrust belt from the weakly deform-
ing Tian Shan backstop. Thus, combining the geodetic results with the geologic and thermochronologic con-
straints from the Pamir Plateau, Tajik Basin, and Tian Shan foreland, it appears that northward
displacement and westward lateral extrusion of the Pamir Plateau into the Tajik Depression have been active
since the late Miocene.
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