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Abstract The 1949 M,, 7.6 Khait earthquake, Tajikistan, was one of the most destructive of the Pamir—
Tien Shan region, killing over 7,000 people by building collapse and landsliding. It occurred at the transition
between the Pamir and Tien Shan mountain ranges, which converge along the narrow Vashkh river valley.
Therefore, it is important in understanding the tectonic and structural development at the junction of these two
major mountain ranges, as well as yielding important information regarding hazard and risk to local populations
and infrastructure. Although widespread landsliding and intensities of shaking were recorded, no surface
ruptures were mapped, and the earthquake epicenter and source are poorly known. To determine the location,
magnitude, and focal mechanism of the 1949 earthquake we combine calibrated earthquake relocations with
body-wave amplitude ratios from digitized paper seismograms. Our analysis shows that the earthquake
nucleated within the Tien Shan basement with strike slip kinematics. Using high-resolution digital elevation
models and orthophotos derived from high-resolution satellite imagery, we identify earthquake ruptures within
the epicentral zone consistent with NW-SE right-lateral faulting. Relocated aftershocks and later seismicity also
follow a NW-SE trend through the Tien Shan north of the Vakhsh river. Mapping tectonically offset moraines
dated in previous literature, we find a Vakhsh Fault slip rate of only half the present day strain accumulation rate
derived from GNSS. Our results suggest a significant proportion of the regional deformation may occur away
from the geomorphologically well expressed Vakhsh and Darvaz faults, and on faults with little prior expression
of activity.

1. Introduction

The 10 July 1949 Khait, Tajikistan earthquake (M,, 7.6) occurred at 09:45 local time (03:53 UTC) and was
particularly destructive, leading to over 7,000 deaths predominantly as a result of widespread landsliding (Chen &
Molnar, 1977; Evans et al., 2009; Yablokov, 2001). From Kondorskaya and Shebalin (1982): “in an instant all the
buildings in Khait were destroyed...; dust rose from the mountain slides; the entire area became cloudy and
instantly grew dark. The ground shook so much that the trees bent to the ground. A car on the road...was tossed
and the passengers were flung from the vehicle.....” A shallow earthquake from 1941 of M ~ 6.4 is reported by
Kondorskaya and Shebalin (1982) west of Khait (70.5°E, 39.2°N), which caused some damage in the Yasman
Valley, but it is unclear if anyone was killed. The 1949 earthquake played an important historical role, triggering
the establishment of the Garm Research Station nearby, which became a center of Soviet earthquake research,
including into earthquake prediction (Rautian et al., 2007; Sadovsky & Nersesov, 1974).

The Khait earthquake occurred near the Northern margin of the Pamir continental plateau, which is rapidly
converging with the Tian Shan to the north at ~13—-19 mm/yr: half the north-south India-Eurasia shortening rate at
this longitude (Altamimi et al., 2017; Ischuk et al., 2013; Metzger et al., 2020a, 2020b; Zubovich et al., 2010). The
faulting accommodating this shortening appears to change along the margin, with relatively simple overthrusting
of the Pamir into the Alai Valley, between 72°E and 74°E, contrasting with an increased right-lateral strike-slip
component across the Vakhsh river valley of Tajikistan (between 70°E to 72°E). Whether the motion is localized
on the geomorphologically well-expressed Vakhsh Fault, or whether strain is accommodated within the basement
rocks of adjacent parts of the Pamir and Tian Shan is not resolved.

Despite the high number of earthquakes in the Pamir region, the Khait earthquake is one of only five M, > 7
instrumentally-recorded earthquakes within the Pamir, of which two are recorded near the Northern Pamir Margin
(Figure 1), the other being the 1974 Markansu Earthquake (Jackson et al., 1979). Understanding the source
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parameters and causative faulting of the 1949 earthquake thus offers a rare insight into the kinematics and
earthquake potential of the Pamir margin. The 1949 earthquake occurred before the establishment of a global
standardized seismic network, so the location, magnitude, and focal mechanism are not well resolved. Previous
estimates for source parameters and locations are shown in Table 1 and Figure 2. Contemporary scientists were
unable to locate surface rupturing from this event but mapped a suite of coseismic landslides including the 4 km-
long Khait Landslide, which buried the towns of Khait and Khisorak (Figure 6b) (Gubin, 1960; Leonov, 1960).

To address the existing gaps in knowledge relating to the 1949 earthquake source, we determine an epicenter and
focal mechanism from analysis of digitized analog teleseismic records. We use modern regional networks
deployed by GFZ Potsdam (Kufner et al., 2018; Schurr et al., 2014) and use multi-event relocation software mloc
(Bergman et al., 2023) to provide an updated epicenter of the 1949 earthquake, along with a catalog of well-
located moderate magnitude earthquakes spanning 1949 to 2017. To map evidence of active faulting and po-
tential earthquake rupturing we acquired 0.3 m resolution Worldview 3, and 0.7 m Pleiades, stereo optical im-
agery of the northern Yasman Valley and along the major Vakhsh fault, using these to generate 0.5 m Digital
Elevation Models (DEMs) and orthophotos. We conclude that the 1949 Earthquake was likely hosted in the Tian
Shan basement rock and is unlikely to have activated the major Vakhsh Fault. This shows that while simple
overthrusting occurs in the Alai Valley, in the Vakhsh Valley, where the previous sedimentary basin has
completely closed, the zone of deformation has expanded to include the Tian Shan basement.

2. Seismotectonic Setting

The Pamir Mountains form an extensive high-altitude continental plateau within the ongoing India-Eurasia
collision, west of the larger Tibetan plateau (Burtman, 1993). They are bounded to the east by the low-lying
and relatively undeformed Tarim basin (Neil & Houseman, 1997); to the north by a series of narrow and
partially consumed sedimentary basins that separate the Pamir from the Tien Shan mountain ranges (Leith &
Alvarez, 1985; Sobel et al., 2013); and to the northwest and west by the Afghan-Tajik depression, which is a large
sedimentary basin that is deforming internally (Gagata et al., 2020; Kufner et al., 2018; Sobel et al., 2013)
(Figure 1).

The Pamir are composed of accreted terranes from the Paleozoic to Cenozoic with arcuate sutures. Terrane sutures
are offset northward within the Pamir relative to Tibet and the Hindu Kush by 300-700 km indicating the Pamir
have moved northward toward Eurasia relative to the Tibetan Plateau and Hindu Kush during Cenozoic times
(Burtman, 1993; Schwab et al., 2004).

The Pamir Frontal Thrust (PFT) and Main Pamir Thrust (MPT) accommodate around 10 mm/yr north-south
convergence (Arrowsmith & Strecker, 1999; Coutand et al., 2002; Patyniak et al., 2021; Zubovich
et al., 2016). Westward, the north-south compression is taken up by the Vakhsh Thrust System and Darvaz Fault
(Figures 1 and 2). Subduction beneath the southern and northern margins of the Pamir to depths of ~300-350 km
is indicated by earthquake locations (Sippl, Schurr, Tympel, et al., 2013) seismic tomography (Kufner et al., 2016;
Sippl, Schurr, Yuan, et al., 2013), receiver functions (Schneider et al., 2013, 2019), guided wave observations
(Mechie et al., 2019). The Alai Valley is thought to be subducting beneath the Pamir, but along strike near Khait,
subduction has terminated.

The Vakhsh Thrust is the leading thrust of the Peter  Range: a fold and thrust belt formed by compression of Tajik
Basin sediments between the Tian Shan and Pamir (Gagata et al., 2020; Leith & Alvarez, 1985). Thrust earth-
quake focal mechanisms strike parallel to the surface trace of the Vashkh fault (Hamburger et al., 1993; Kufner
et al., 2018; Schurr et al., 2014). The fault is exposed as a plane of evaporite, with quaternary scarps, near to the
Obikhingou river (70.1114°E, 38.8536°N) (Gagata et al., 2020). GNSS velocity profiles perpendicular to the
Vakhsh valley near Garm show both 17 mm/yr shortening and 13 mm/yr right-lateral shear, and it has been
suggested that the Vakhsh fault accommodates the strike-slip motion aseismically while accommodating the
thrusting seismically (Metzger et al., 2020a, 2020b). Closer to Khait, however, the shortening across the Vakhsh
Fault appears to be ~5 mm/yr. Aseismic creep has been observed along the westward continuation of the Vakhsh
fault (Metzger et al., 2021). It is currently unknown whether the Vakhsh Thrust has hosted a large historical
earthquake.

Near Khait, PT axes from earthquake focal mechanisms indicate WNW-ESE compression (Kufner et al., 2018;
Lukk et al., 1995; Schurr et al., 2014) (Figure 2b). This deformation is thought to be concentrated onto the Vakhsh
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Figure 1. Earthquake mechanisms of the Pamir and surroundings from the gWFM (Wimpenny & Watson, 2020), and gCMT (Dziewonski et al., 1981; Ekstrom
etal., 2012) catalogs, with locations from the ISC-EHB catalog where available (Engdahl et al., 1998, 2020; Weston et al., 2018). gCMT mechanisms are split into those
above and below 70% double couple. Earthquakes of M, > 7 since 1900 are shown in red, with mechanisms and locations from Elliott et al. (2020), Jackson et al. (1979),
Kulikova (2016), Mikhailova et al. (2015). Faults are from the Central Asia Fault Database (Mohadjer et al., 2016). Mechanisms along the Northern Pamir Margin and
show shortening in this region. This is consistent with GNSS studies which show 13—-19 mm/yr convergence between the Pamir and Tian Shan. In the Pamir interior,
crustal earthquakes are focused along the strike-slip Sarez-Karakul Fault Zone and in a normal earthquake zone in the southern Pamir. These accommodate east-west
extension across the Pamir Plateau observed in the GNSS. This east-west extension is accommodated in the Tajik Basin by folding along north-south axes. The strike
slip Darvaz Fault is picked out by left lateral strike slip mechanisms, but the right lateral Vakhsh Fault appears to be a mixture of right-lateral strike-slip and thrusting.
Along the Northern Pamir Margin, the Pamir overthrust the Alai Valley along the Pamir Frontal Thrust. Near Khait, this shortening is accommodated across several
faults, including the Vakhsh Fault.

and Darvaz Faults (Hamburger et al., 1993; Metzger et al., 2020a, 2020b; Schurr et al., 2014; Trifonov, 1978).
However, earthquake location uncertainty and the prevalence of landslides and mass movement scarps make it
difficult to positively identify earthquake surface ruptures and fault scarps (Strom & Abkhmatov, 2018). Where
fault scarps are present, they are discontinuous along strike.

The Darvaz fault runs down the western side of the Pamir, with earthquake focal mechanisms indicating it to be a
vertically dipping left-lateral strike-slip fault (Kufner et al., 2018; Lukk et al., 1995; Schurr et al., 2014). GNSS
profiles perpendicular to the fault in the western Pamir show 10-15 mm/yr left lateral shear with ~10 mm/yr
extension. Soviet-era paleoseismic studies of the Darvaz Fault near Saghirdasht (70.66°E, 38.64°N) suggested
strike-slip rates of 12—14 mm/yr, but their dating is uncertain (Trifonov, 1978). It is suggested the Darvaz fault
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Table 1
Previous Estimates of 1949 Khait Earthquake Source Parameters
Longitude/deg Latitude/deg Depth/km Strike/deg Dip/deg Rake/deg Magnitude Reference
70.8706 39.3364 22+5 50 + 20 80 + 10 —-20 + 10 MS 7.8/mg 7.6/M,, 7.6 This Study
70.8915 39.1739 20 (fixed) - - - MS 7.3 ISC—Storchak et al. (2017)
70.8 39.2 16 - - - MLH 7.4 Kondorskaya and Shebalin (1982)
- - - - - - M,, 7.5 Chen and Molnar (1977)
- - - - - - M,, 7.5 Chen and Molnar (1977)

continues to the northern margin of the Pamir and links up with the Main Pamir Thrust (MPT) (Schurr et al., 2014;
Sobel et al., 2013) although this is difficult to follow in the landscape. Our own mapping and earthquake locations
suggests a more complicated junction between these faults where N-S shear zones act to accommodate differ-
ential longitudinal convergence rates (Section 4.1, Figure 10).

The northern Pamir margin has very high relief and is glaciated. Lying at the convergence between the Indian
Summer Monsoon and the Mid-Latitude Westerlies, Pamir glaciation is modulated through time by the relative
strength of these weather systems (Benn & Owen, 1998). This leads to incomplete and asynchronous preservation
of glacial stages within the Pamir (Dortch et al., 2013). There is evidence of glacial advances in the Pamir at
16-12 ka, 24-28 ka, ~65-40 ka, ~80-60 ka, ~200-100 ka, and >200 ka (Abramowski et al., 2006; Rohringer
et al., 2012; Seong et al., 2009; Stiibner et al., 2017, 2021; Wang et al., 2011; Zech et al., 2005).

Closer to Khait, the Fedchenko Glacier is the largest in the region, lying at the north-western edge of the Pamir. It
feeds into the Muksu Valley which joins the Vakhsh near Sary Tala (Figure 7). This has deposited lateral and
recessional moraines in the Vakhsh Valley at ~18 kyr which are tectonically offset (Grin et al., 2016) (Figure 7).
South of Sary Tala, in the Peter I Range, there is a small complex of moraines within a region ~10 km X 8 km
showing evidence of up to nine advances, which are also cut by a tectonic scarp (Figures 2c and 8). We suspect
these smaller moraines postdate 18 ka, because they are not as extensive as we might expect and there is evidence
for at least one Little Ice Age advance in the nearby Abramov Glacier over the past thousand years (Saks
et al., 2024).

This glacial history has produced steep sided valleys throughout the region prone to landsliding and has
concentrated human activity into comparatively little space on terraces. These factors present challenges in
finding and assessing evidence of active faulting in the geomorphology, but also allow some age constraint on the
tectonic geomorphology.

For these reasons, geomorphic evidence for the 1949 Khait Earthquake has so far been limited to damage and
landsliding. These were mapped in the decades following the earthquake (Gubin, 1960; Leonov, 1960)
(Figure 2a). When contoured, these data show a WSW-ENE elongation, consistent with both a shallow (i.e.,
crustal) earthquake source and a fault striking sub-parallel with the Vakhsh Fault. Coseismic landslides are
concentrated north of the Vakhsh river valley, concurring with damage to settlements in the region (Figure 2a). In
the remote mountainous regions north-east of Khait mapping and damage data are lacking, so the intensity
contours are unconstrained. Taken together, the available macroseismic evidence suggests the 1949 earthquake
ruptured a fault north of the Vakhsh Fault. The maximum intensity close to Khait was 10 on the MSK scale
representing “general destruction of buildings” (Medvedev et al., 1965). Dushanbe, ~200 km away, suffered
“light damage to brick buildings” and cities as far away as Samarkand, ~350 km, felt enough shaking to “awaken
people.”

3. Materials and Methods
3.1. 1949 Source Parameters Determination Using Analog Seismic Data

The 1949 Khait earthquake was recorded by many seismic stations worldwide providing a wide azimuthal
coverage (Figure 3a) for seismic data. The old seismic bulletins (e.g., Storchak et al., 2015) offer arrival times for
various phases, which significantly contributes to the data required for determining epicenter location. However,
many of the original analog seismic records (the original paper seismograms) have not been available to us.
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Figure 2. (a) Isoseismals from the earthquake based on data (red crosses) from Gubin (1960) and Leonov (1960) using the
MSK64 scale (Medvedev et al., 1965). Previous location estimates for the 1949 earthquake epicenter are shown along with
the location from this study (labeled mioc). The elliptical damage contours are consistent with a crustal depth earthquake, and
the long axis is roughly parallel to the Vakhsh Valley suggesting a source roughly parallel to this valley. The contour shapes
may be biased by the lack of data to the north-east of Khait, and by the landslide susceptibility of the Yasman Valley, further
discussed in the text. (b) Earthquake focal mechanisms and epicenters relocated using mloc. Our relocation puts the 1949 M,
7.6 Khait Earthquake (dark green) ~30 km north of the Vakhsh Valley and waveform modeled mechanism indicates right
lateral strike-slip on a N-W or S-W-striking fault. The Vakhsh Fault is defined by a cluster of right-lateral strike-slip/thrust
mechanisms in a diffuse alignment with the Valley. In cross section (d) (section line and width in panel b) these thrusts lie on
a ~50° dip angle, roughly parallel to the mechanism focal planes. We do not observe earthquakes at around (71.2°E, 39.0°N).
Around where the Darvaz and Vakhsh Faults would be projected to intersect. (c) Solid red lines show high confidence fault
mapping based on long term geomorphic offsets, and dashed lines show lower confidence mapping based on earthquake
mechanism alignments. GNSS vectors from Metzger et al. (2020a, 2020b) show both right-lateral motion along the Vakhsh
valley, and contraction across it. The station spacing is such that this motion cannot be allocated onto discrete faults.
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Figure 3. (a) Azimuthal distribution of all (according to the information provided in seismic bulletins) seismic stations (gray triangles), which recorded the 1949 Khait
earthquake (red star); dark blue triangles show seismic stations whose records were digitized for focal mechanism determination. (b) Digitized Z components from
European stations show a mixture of strong and weak P wave arrivals, consistent with Europe's location near the nodal plane of the focal sphere. The upper trace shows
normalized to the maximum sum of all the traces (SUM). The apparent source time duration estimated from apparent P wave duration by visual inspection lies between
25 (colored dark red) and 35 (colored light red) seconds which suggests a similar rupture duration. (c) (Upper plot) The dynamics of the misfit function concerning the
earthquake's depth shows a minimum occurring at depths ranging from 22 to 24 km. The top 5% of solutions, represented by the dark green beach ball, illustrates the
focal mechanism that exhibits the lowest misfit.

Altogether we have collected the records from 42 seismic stations (gray triangles Figure 3a). But only records
from 12 stations were suitable for digitization due to the poor quality of the scanned paper records.

The nearest stations, within the former USSR located closer than 3,000 km to the epicenter had to be excluded for
waveform modeling as their amplitudes exceeded the amplitude range of the seismometer, clipping the data. The
remaining stations were mainly located in Europe, with three in Japan and the United States. Among the 12
stations used, eight were situated in Europe, with seven of them being in close proximity to each other. Therefore,
the seismic network in Europe served as a large aperture seismic array. This allows the alignment and stacking of
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records, thereby enabling the identification of coherent wavelets generated by the source. For P-waves, this
process is relatively straightforward (see Figure 3b), allowing us to generate a summation trace (SUM Z,
Figure 3b) which tells us the rupture duration. We use this in Section 5.1 to estimate the length of the 1949 rupture.
While the azimuthal coverage is not ideal, and greater coverage would reduce source parameter uncertainties
(Table 1), we have stations that sample at least two quadrants of the focal sphere. In addition, one focal plane
should pass through Europe and the other focal plane should pass between the Japanese and American stations,
providing additional constraints, although having one nodal plane constrained by two stations is not ideal.

The majority of available analog seismograms were recorded by the instruments consisted of mechanical pendula
hinged to a stylus writing onto a slowly rotating drum. Minute marks tracked time on the records, and different
stations were synchronized to a universal clock. The paper records were scanned at high resolution, and manually
digitized using vector graphics software (we have used GIMP, (The GIMP Development Team, 2025)). The lines
were smoothed with Bezier Curves, resampled at a 0.1 s interval and converted to ASCII text format. Curvature of
the trace due to the cylindrical drum was corrected using the method of Cadek (1987) and Grabovec and
Allegretti (1994).

We derived a preliminary epicenter location for the 1949 using HYPOSAT (Schweitzer, 2001, 2018). This
software can use absolute arrivals as well as arrival times (e.g., S-P) differences. By using both, we determined the
epicenter location and origin time of the earthquake. We observed timing errors on the order of up to 5 s between
different stations, which may be attributed to uncertainties in phase picking, errors in minute marks on the
digitized seismograms, or time misalignment across various stations. This resulted in a considerable location error
ellipse of up to 20 km in latitude and 40 km in longitude. Consequently, the calibrated earthquake relocations
(Section 3.2) was necessary.

A number of issues preclude using routine moment tensor inversion techniques (Dahm & Kriiger, 1999, 2014) for
focal mechanism and seismic moment determination of the earthquake in our case. Firstly, the bandwidth of the
analog seismic instruments at that time was not always sufficient to record the lower frequencies of large
earthquakes (M,, > 7). Teleseismic moment tensor inversion is often performed using 15-100 s bandwidths
(Talebian & Jackson, 2004) but instruments in 1949 had bandwidth between 4 and 10 s (Wiechert inverted
pendulum), sometimes going up to maximum 20 s (Bosch-Omori instruments) (McComb & West, 1931;
Wood, 1921). Secondly, frequency artifacts caused by the writing needles dislocating during strong shaking, and
steps introduced when interpolating the trace across paper records affected the moment tensor solution. Thirdly,
different components of motion could be misaligned in time or absent. For example, we were able to acquire only
the Z component for station BER, and only the E-W component for station DBN. This is problematic, as moment
tensor inversion often requires recordings from all perfectly aligned in time three components (NS, EW, and Z) in
order to derive radial and transverse components of motion. Finally, instrument calibration information was not
always available or certain for every station and sometimes needed to be extracted from the literature
(Wood, 1921; Appendix D) where only reference values are given—not those for a specific day and time. This
information is necessary to deconvolve the instrument response from the trace and extract the actual displacement
(Scherbaum, 2006).

Given the problems in using conventional moment tensor inversion to determine the focal mechanism, we instead
used a comparison of amplitude ratios between observed and synthetic seismograms in order to determine the
focal mechanism. Synthetic waveforms were produced using synthetic Greens function database calculated with
the FOMOSTO tool in the PYROCKO (Heimann et al., 2017, 2019) framework. In a grid search the synthetic
records were simulated for different strike, dip and rake and their amplitude ratios (for P, PP, S, SS phases) were
compared to corresponding amplitude ratios of the observed seismograms and misfit was calculated. These
calculations were repeated for different test depths using a depth increment of 2 km. The minimum misfit between
observed and modeled amplitude ratios determines the strike, dip and rake angle (focal mechanism, Figure 3c
Bottom) and the most probable depth (Figure 3¢ Top) of the earthquake. For a more detailed account of this
method see (Kulikova & Kriiger, 2015; Ou et al., 2020). It is frequently observed that paper records lacked distinct
polarity indicators; consequently, the first motion polarity on the Z-component, which serves as a definitive
marker for the compressional and dilational quadrants, could not be ascertained. In such instances, we must
depend on alternative data, such as geological observations, to accurately identify the true fault plane. Regarding
the 1949 Khait earthquake, there was one station (ROM, Italy) that provided a clear indication of the polarity,
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which was subsequently used. The focal mechanism is constrained to be a double-couple, although our
geomorphic analysis indicates the source was probably more complex (Section 5.1).

For the 1949 Khait earthquake, we computed three distinct types of magnitude: mg, Mg and My,. The broadband
body wave magnitude mg (Bormann & Saul, 2009; Bormann et al., 2013; Appendix A) and the surface wave
magnitude MS (using the Prague-Moscow Formula (Karnik et al., 1962)) were derived from the amplitude and
period values obtained from the digitized waveforms (see Appendix B). While the measurement of amplitude and
period for body waves is relatively straightforward and yields reliable values, the amplitude measurement for
surface waves presents complexities. The Prague-Moscow Formula (Karnik et al., 1962) for Mg necessitates
measurements at longer periods, approximately 20 s. However, this poses challenges for analog instruments, as
previously noted, since most instruments of that era had bandwidths ranging from 4 to 10 s. Consequently, the
recorded surface wave signals experience amplitude saturation and insufficient amplitude measurement at lower
frequencies. M,, was calculated by fixing the focal mechanism (as determined with amplitude ratios comparison)
and generating synthetic seismograms at different magnitudes to find the closest match to the observed amplitude
(Appendix C). For a more detailed account of this method see (Kulikova & Kriiger, 2015; Ou et al., 2020).

3.2. Calibrated Earthquake Relocations
3.2.1. Overview

There is significant uncertainty and variance in reported epicentral location of the 1949 earthquake (Kondorskaya
& Shebalin, 1982; Storchak et al., 2015). The preliminary location determined using HYPOSAT in the previous
section still has a 40 km uncertainty, and this is not sufficient to assign the earthquake to a fault in this region, and
so elucidate the tectonic role of this earthquake.

Previously reported estimates of epicentral location were based on macroseismic evidence (Kondorskaya &
Shebalin, 1982; Storchak et al., 2015). These are sited close to Khait town, though this may be due to a lack of
regionally extensive data. Damage report coverage (Figure 2a, red crosses) is unevenly distributed, with a
particular gap to the north-east of Khait, so the exact shape of the damage contours is uncertain, and additionally
the damage data do not always distinguish between damage caused by shaking and landsliding. Kondorskaya and
Shebalin (1982) report that “The village of Khait and 20 kishlaks [settlements] were buried by the slides in the
Yasman River valley.” Evans et al. (2009) have argued that sediments in the Yasman Valley would have had a
particularly high susceptibility to shaking-induced landsliding, being composed of loess and saturated from rain
during the night of 9—-10 July 1949 (Stanyukovich, 1997). Therefore, there is reason to believe the very high
amounts of landsliding may not correlate well with the region of greatest ground motion, so do not help us
pinpoint the earthquake epicenter.

Previous seismotectonic studies are unclear whether the Khait earthquake nucleated and was hosted on the large-
scale Vakhsh Fault or on faults in the Tian Shan (Hamburger et al., 1993; Schurr et al., 2014). We were unable to
find extensive surface ruptures on the southern side of the Vakhsh Valley, and recent GNSS and satellite radar
measurements further west imply the Vakhsh Fault may be creeping (Metzger et al., 2020a, 2020b, 2021),
possibly due to evaporites within the fault, as observed in surface outcrops of the fault plane near the Obikhingo
river (Gagata et al., 2020).

We refine the location of the 1949 earthquake by including it in a calibrated cluster of earthquakes analyzed with
the program mloc (Bergman et al., 2023). mloc is based on the hypocentroidal decomposition (HDC) algorithm
introduced by Jordan and Sverdru (1981) but it incorporates additional procedures to produce (if appropriate data
are available) hypocenters that are minimally biased by unknown Earth structure and that have realistic parameter
uncertainties based on the variability of the data used. Relocations with these properties are referred to as
“calibrated.” The use of mloc in this study exactly parallels the relocation studies contributing to the Global
Catalog of Calibrated Earthquake Locations (GCCEL), as described in Bergman et al. (2023).

Like all multiple event relocation algorithms mloc uses differences in observed arrival times of seismic phases to
improve the relative locations of a set of earthquakes within a limited area (termed a “cluster”’). Uniquely among
such algorithms, however, the hypocentroidal decomposition method uses projection operators to split the
relocation problem into two parts. At each iteration, improvements to the relative locations, or “cluster vectors,”
of the events in the cluster (relative to a reference point called the hypocentroid) are determined. Next, im-
provements to the absolute location of the hypocentroid are determined in close analogy to a single event location,
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but using data selected from all the events in the cluster. After each iteration the cluster vectors are added to the
hypocentroid to obtain absolute locations for the individual events. The choice of data used for the hypocentroid
determines whether a converged relocation can be considered calibrated or not. For example, to relocate clusters
in oceanic or remote continental areas lacking nearby seismograph stations, the hypocentroid might be located
with teleseismic P arrivals. Such a cluster would not be considered calibrated, as the arrival time data would be
biased by unknown Earth structure.

For this study, the hypocentroid was determined from direct-arriving local phases (Pg and Sg) within 1.0° of each
event in the cluster. Since the relative locations (cluster vectors) of all events have been determined in the first step
of the relocation, these arrival times can be utilized to locate the hypocentroid as if it were an earthquake. Since
the ray paths of the arrival time data used to establish the absolute location of the cluster (i.e., all the included
events) are short, the biasing influence of unknown Earth structure is minimized. There is an obvious tradeoff
between the limiting distance for data used to estimate the hypocentroid and the number of data used (and thus
statistical power). The epicentral distance limit used here, 1.0°, is very typical for the calibrated clusters in
GCCEL. To the extent that this distance range still encompasses significant lateral heterogeneity, the scatter
introduced in the arrival time data will be reflected in the so-called empirical reading errors used for inverse
weighting, and the parameter uncertainties will reflect that heterogeneity. Figure 4 illustrates this application of
mloc.

The relocation process is iterative, both in a single run of mloc, but also in the sense that many runs are needed to
properly deal with outlier readings and other sources of bias.

3.2.2. Treatment of Errors

Multiple event relocation allows for error treatment using the statistics of the arrival time data, which is not
possible for single-event relocation. Errors in reported phase arrival times arise from multiple sources, including
varying signal-to-noise levels, variations in analyst (or automatic) picking strategies, interference from multiple
phases arriving close together, timing errors and differences in the precision to which arrival times are reported.
At each run mloc produces an output file of the spread and mean of arrival times for each distinct station-phase
pair (“empirical reading error”), using a robust estimator of spread. After the first run the empirical reading errors
from the previous run are used for inverse weighting of the arrival time data. Empirical reading errors have a
minimum value of 0.1 s so they cannot become unrealistically low.

It is essential to use a robust estimator of spread, meaning one that is insensitive to gross outliers, in this process so
that outlier readings are exposed. mloc employs the “Sn” algorithm (Croux & Rousseeuw, 1992). Outlier readings
are flagged in the event data files by the user between runs, either manually or with a utility program. This needs to
be done gradually, taking only the greatest outliers each time, until the set of residuals for each station-phase
approximates a normal distribution when normalized by the empirical reading error and mean residual
(Figures 4b and 4c; Figure S7 in Supporting Information S1). The mean residual is interpreted as the correction for
whatever velocity model has been used to calculate the theoretical travel time for that station-phase, but this
information is not relevant in mloc, except for the local-distance readings used for the hypocentroid, because all
other arrival time data are utilized only as differenced travel times.

For the 1949 earthquake timing synchronization errors to a world clock may have been an issue for some stations.
We don't have a good idea of the magnitude of this uncertainty, but the HYPOSAT single event location analysis
indicates that all residuals between observed and modeled travel times are of the order of 5 s (Section 3.1). This
suggests the timing errors arising from synchronization problems are less than this. Assuming synchronization
errors between different stations that recorded the 1949 earthquake are independent, these would contribute to a
larger location uncertainty, and not a systematic bias in the location. Therefore mloc likely deals with these
synchronization errors as well as any other random error described above.

3.2.3. Depth Control and Velocity Model

We use the ak135 global 1-D velocity model (Kennett et al., 1995) with a modified crust such that the travel time
residuals in the distance range used for the hypocentroid are minimized (see Appendix E). The crustal velocity
model and event depths were refined during the initial runs with a set of events having especially good local data,
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Figure 4. (a) Flowchart for the Hypocentroidal Decomposition Algorithm that mloc uses to determine calibrated locations. Calibration events are those with regional
station data from the TIPAGE (2008-2012) seismometer deployment (Schurr et al., 2014). The calibration is then used to determine an unbiased location for the 1949
Khait Earthquake, despite there being limited contemporaneous seismometer coverage. (b and c) Sketch histograms of P phase arrivals for a station where many
earthquakes in the cluster were recorded. (b) Shows the case where there is a random error introduced by picking mistakes, and a systematic error introduced by a
combination of picking strategies, consistent misidentification of a phase, and station timing error. These errors are automatically dealt with by the algorithm. In (c) we
see the case where there is a systematic error affecting the phase arrivals, but it only affects some of the data. This is not dealt with by the algorithm and requires manual
data cleaning using tools in mloc. (d, e, f) Histograms of magnitude (d), year (e), and depth (f) for earthquakes within the cluster. The bar in (f) labelled “cluster depth”
shows events with no depth constraint which were arbitrarily fixed to 10 km.

with near-source arrivals (less than about 1.5-2.0 focal depths) to constrain focal depth. Once the crustal part of
the model is established the crustal thickness is adjusted to fit the observed Pn arrivals.

Once the velocity model is set, the depths of other events lacking near-source arrivals can often be usefully
estimated. If events only have one or two direct arrival times ~1° epicentral distance, and their depth can't be
found using direct arrivals alone, another approach for depth constraint can be used. The “Local Distance
Method” exploits the dominance of Pn arrivals in most event data sets. With epicenters stabilized by the abun-
dance of data at all distances and azimuths, the Pn data tend to dominate the estimate of origin time, for a given
assumed depth. If there are any direct crustal arrivals in the range beyond near-source but closer than the Pg/Pn
crossover distance, their travel times are mainly influenced by the origin time, not focal depth, since for shallow
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events the raypath is nearly horizontal. Therefore shifting the focal depth causes changes in the residuals of those
far-local arrivals in the same sense (but less precision) as for near-source arrivals, and thus gives a way to estimate
focal depth. Focal depths determined in this way are vulnerable to the arrival time errors for the direct arrivals, as
usually there are only one or two of these (Karasozen et al., 2016, 2019).

Depths can also be usefully estimated from teleseismic depth phases, various types of waveform modeling and
fault models derived from InSAR data.

3.2.4. Event Selection

The cluster for this study includes 133 earthquakes that were large enough to have arrival time data at teleseismic
distances from the ISC Bulletin (Storchak et al., 2017, 2020) (Table 1). Other arrival time data came from the
TIPAGE and TIPTIMON earthquake catalogs (Kufner et al., 2018; Schurr et al., 2014) and the historical seis-
mogram digitization described in Section 3.1. Arrival time data for early aftershocks of the 1949 event was hand
digitized from the ISS bulletin (Villasefior & Engdahl, 2005).

We prioritized an even time distribution of events in order to strongly link the locally-recorded events of 2008—
2010 to the 1949 earthquake (Figure 5b). We chose events on the basis of having >100 phase arrivals rather than
magnitude, as some of the pre-1960 events lacked magnitude information. This cluster included all events with a
gCMT focal mechanism (Dziewonski et al., 1981; Ekstrom et al., 2012) and provided a magnitude range of M,,
3.8-6.9 (Figure 5a). We also prioritized events close to a regional seismometer as this gave us better depth control
(see Section 3.2.3). Where no depth control was possible, we assigned a default cluster depth of 10 km
(Figure 5c). This does not affect the epicentral estimate when there is good azimuthal coverage, as any bias in
depth is compensated in the origin time (Shearer, 2019, p. 127).

3.2.5. Relocation Strategy

Because of the large changes in the constellation of observing stations across this cluster, we adopted a gradualist
strategy for the relocation, beginning with a set of seven events, ranging in magnitude from 3.7 to 5.1, that were
closely observed by the TIPAGE deployment between October 2009 and May 2010; they were also recorded by
regional and teleseismic stations. In the process of relocating these events, which have good depth control from
near-source stations, the crustal velocity model was also refined.

Starting from this kernel of well-located events, the cluster was gradually expanded by adding the events nearby
in time. At each increment in building the cluster, several runs are used to refine the hypocentral parameters and
arrival time data sets, flagging outliers and estimating empirical reading errors.

The final calibrated hypocenters of the cluster are listed in Table 2.

3.3. Geomorphic Analysis

We acquired high-resolution stereo optical satellite imagery and constructed digital elevation models (DEMs) of
the Vashkh fault and the 1949 epicentral region, in order to identify evidence of recent fault slip, to measure scarp
heights, slip vectors, and to map out geomorphic units displaced by faulting. We used 0.3 m Worldview 3 stereo
and 0.5 m Pleiades stereo imagery. Point clouds for the satellite DEMs are available for download on Open-
Topography (add DOI).

The DEM construction approach uses the disparity between satellite images taken from different positions of the
same point, disparity being the vector required to map a pixel from one image onto the equivalent pixel in the
other image. Position, orientation and camera model are read from the Rational Polynomial Coefficients (RPCs)
supplied with the imagery. Once the RPC model is accounted for, the remaining disparity in the images is
assumed to be stereoscopic distortion from topography and can be used to construct a 3D point cloud. This can be
gridded based on the average point height inside a cell to produce a DEM. The hillshaded DEM is then used for
mapping and profiling possible fault scarps. The Pleiades imagery was processed using Agisoft Metashape
Professional version 1.6 (https://www.agisoft.com/downloads/installer/). The Worldview 3 was processed with
the NASA Ames Stereo Pipeline version 2.6.2 (Beyer et al., 2018, 2021; Shean et al., 2016). Gridding at a higher
resolution allows us to resolve small scale features in the point cloud, but also increases the noise in the DEM, so
care is required when interpreting features.

JOHNSON ET AL.

11 of 35


https://www.agisoft.com/downloads/installer/

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2024TC008777

660000

Mw 7.5

‘| mechanism
{ Mw 5.2
MLOC
epicentre

Mapped
Iangglides
(this study)
— Beddin
plane slip
O Settlement

/| Fault traces
—— High
confidence
~—~— Moderate
confidence
---- Low
confidence

[
1,720 4,000

662000 664000 666000 668000

Figure 5. (a) Mapped surface ruptures in the Vakhsh Valley. mloc relocated earthquakes are shown, including the M,, 7.4 1949 Earthquake, these indicate the site of
rupture initiation. The focal mechanism provides an average radiation pattern for the duration of the earthquake. The Worldview 3 0.3 m satellite imagery and DEM is
shown by the pink polygon. Within this we mapped surface ruptures, categorized into confidence levels, and mapped recent landslides. We observe clear surface
ruptures in the western end of the Vakhsh valley and can trace these east along the northern side of the valley to the town of Khait. East of Kahit, we find parallel scarps
which may be bedding plane slip or sackungen (Figure S2 in Supporting Information S1). (b) Close up of the Khait landslide, triggered by the 1949 Earthquake, which
covered large parts of the towns of Khait and Khisorak.

For Agisoft Metashape, we aligned the images using the in-build RPCs. To optimize the camera model we filtered
the resulting tie points, removing the poorest 10% of points according to the Gradual Selection function. Having
filtered the tie points, we used the Optimize Cameras function to improve the camera model. After that we built
the point cloud and constructed the DEM from this. The point cloud was not filtered further, and the DEM's
horizontal resolution is 1 m.

For Ames Stereo Pipeline, we first orthorectify the raw stereo images using the JAXA AWd30 Digital Elevation
model (Tadono et al., 2014; Takaku et al., 2014) This removes most of the disparity from the image pair, and
allows us to use a smaller search area when correlating features between images, increasing reliability and
reducing computing time. We then use ASP's MGM algorithm with a 7 X 7 correlation kernel and subpixel
refinement to determine the remaining distortion in the images. The result is then gridded to 0.5 m resolution and
smoothed using a 9 X 9 pixel median filter, and outlier point removal based on triangulation error (see Appendix E
for processing parameters). For regions of particular interest, we rerun the above at 0.3 m resolution. We project
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Table 2
mloc Relocated Events
Event number Date Time Lon Lat Depth  Strike  Dip Rake Magnitude  Depth constraint ~ Calibration code
1 10/07/1949  03:53:37  70.87061  39.3366 22 50 80 -20 7.6 Mw 1 CHO04
2 10/07/1949 14:13:21  71.26403  38.9969 10 - - - 5.0 ml ® CT04
3 10/07/1949 15:49:13  71.39584  39.21076 20 - - - 6.7 MS 1 CHO4
4 10/07/1949 16:24:01  71.10634  39.25517 20 - - - 6.5 Ms 1 CHO5
5 14/04/1951 04:10:06  71.65266  39.11131 15 - - - - n CHO4
6 12/05/1951 22:07:52  71.35382  39.55589 15 - - - 53 MS 1 CHO06
7 18/08/1954  23:32:11  70.67238  39.11505 15 - - - - 1 CHO5
8 15/06/1955  01:03:56  71.57675  39.17804 15 - - - 52 MS n CHO5
9 11/04/1956  01:45:12  70.38085  38.88154 15 - - - - n CHO5
10 13/01/1957 11:38:17  70.60721  38.789 10 - - - - n CHO3
11 07/01/1958  06:05:09  70.40051 38.92502 10 - - - - n CHO02
12 31/07/1959 19:53:03  70.48573  38.89856 10 - - - - n CHO02
13 16/03/1963  22:28:50  71.77883  39.08796 54 - - - - 1 CHO3
14 24/10/1964  06:50:56  70.76353  38.68794 15 - - - - 1 CHO4
15 25/10/1964  22:56:05  70.77611  38.69069 28.7 - - - - n CHO4
16 02/12/1964 12:31:40  70.66577  38.90327 33 - - - 4.7 mb n CHO7
17 11/04/1966 16:42:50  70.61553  39.00357 10 - - - - n CHO4
18 14/04/1966  21:06:14  70.59585  38.94022 10.3 - - - - n CHO3
19 06/07/1966 11:57:22  71.3672 39.04672 15 - - - - 1 CHO5
20 08/09/1967  05:23:40  70.48121 38.45464 12 - - - 4.9 mb 1 CHO5
21 22/03/1969  04:52:33  70.56975  38.93353 10 - - - 5.3 mb n CHO3
22 27/03/1969 11:19:25  71.81149  39.1282 20 - - - 4.9 mb 1 CHO4
23 27/03/1969 19:37:41  71.81734  39.16763 20 - - - 4.6 MS 1 CHO4
24 09/10/1970 13:48:47  71.53075  39.19212 10 - - - - 1 CHO3
25 08/12/1970 11:53:14 7029964  38.8334 10 - - - 4.5 mb n CHO06
26 03/01/1973 14:31:02  71.8851 39.17562 27.4 - - - 5.5 mb n CHO02
27 03/01/1973 15:05:12  71.90237  39.1811 20 - - - 4.8 mb 1 CHO06
28 13/09/1973  06:40:33  70.55489  38.93078 9.2 - - - 4.5 mb n CHO4
29 29/12/1974  04:59:01  71.67186  39.24657 15 - - - 52 MB 1 CHO3
30 09/06/1975 18:36:46  70.30393  38.90781 3.6 - - - 5.1 mb n CHO3
31 02/10/1975 19:33:44  71.53063  39.20663 15 - - - 4.3 mb 1 CHO4
32 10/07/1976 10:21:21  70.66452  39.29765 32 - - - 5.2 mb ® CTO03
33 03/09/1976  21:52:41  70.71432  38.9613 9.9 - - - 5.1 mb 1 CHO3
34 01/06/1977  20:07:26  70.24838  38.67493 0 - - - 4.5 MB 1 CHO5
35 20/06/1977  03:07:38  71.22997  38.96185 0 - - - 4.5 MB 1 CHO06
36 25/12/1977 16:18:50  70.70458  38.94938 29 - - - 5.4 MB n CHO4
37 15/06/1978 17:00:06  71.64034  39.30632 33 - - - 49 MB ® CT04
38 26/09/1978 19:21:46  70.76115  38.99837 10 - - - 5.1 MB 1 CHO3
39 30/12/1978  05:06:54  70.58215  38.50185 10 - - - 4.9 mb 1 CHO3
40 16/04/1979  04:56:17  70.58546  38.86304 11.9 - - - 4.8 MB @ CTO5
41 20/10/1979 19:40:39  70.61967  39.01075 13.4 - - - 4.7 mb 1 CHO3
42 17/01/1980  22:47:13  71.6597 39.29582 3 - - - 5.0 MB @® CTO5
43 19/03/1981  09:59:44  70.33974  38.9182 3 - - - 4.7 Mb 1 CHO3
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44 14/04/1981  03:03:00  71.63194  39.10764 20 - - - 5.1 Mb @ CTO5
45 23/02/1982  21:09:49  71.92982  39.31759 33 - - - 4.8 MS d CHO4
46 15/04/1982  16:15:35  71.75262  39.41529 20 - - - 4.7 Mb € CTO05
47 06/04/1983  22:18:44  71.42824  38.896 5 - - - 5.3 Mb 1 CHO02
48 01/10/1983  07:15:16  70.49506  38.83492 3 - - - 4.9 Mb n CHO3
49 19/02/1984  13:57:50  70.43224  38.95599 3 - - - 4.5 Mb ® CTO5
50 26/10/1984  20:22:18  71.33522  39.25227 3 37 77 9 6.1 Mw 1 CHO02
51 26/10/1984  21:33:34  71.3146 39.25652 3 - - - 5.1 Mb 1 CHO3
52 27/10/1984  00:47:30  71.4117 39.24921 34 - - - 4.3 Mb G CT04
53 30/10/1984  22:55:24  71.29742  39.27645 43 - - - 4.8 Mb € CTO05
54 06/01/1985  01:06:10  71.33633  39.22615 10 - - - 4.7 Mb n CHO02
55 16/03/1985  09:12:45  71.39088  39.25253 3 - - - 5.1 Mb n CHO02
56 01/10/1985 17:17:55  70.47604  39.25897 3 - - - 5.0 Mb n CHO3
57 31/10/1986  11:24:37  71.40377  39.24342 15.4 - - - 4.8 Mb n CHO3
58 23/02/1987  00:21:17  70.61222  38.99633 3 173 55 36 4.9 Mw 1 CHO3
59 17/07/1987 17:23:23  70.70097  38.95215 3 - - - 5.0 Mb 1 CHO4
60 21/12/1987  04:28:23  70.74636  38.84312 3 - - - 5.1 Mb 1 CHO02
61 09/01/1988  03:55:01  71.50925  39.17878 3 275 41 148 5.1 Mw 1 CHO02
62 10/01/1988  02:34:35  71.52753  39.18367 10 - - - 4.8 Mb € CTO3
63 28/01/1988 18:05:56  71.90644  39.20758 3 - - - 4.7 Mb 1 CHO02
64 16/05/1988  06:05:41  71.20319  39.25649 29.6 - - - 4.7 Mb ® CT04
65 30/05/1988  20:48:51  71.13059  39.25717 3 - - - 4.5 Mb ® CTO5
66 10/06/1988  21:11:13  71.66122  39.26106 3 - - - 5.1 Mb @ CTO03
67 20/09/1988 14:41:39  71.37408  38.54937 3 - - - 4.8 Mb 1 CHO3
68 03/10/1988  00:24:46  70.75941  38.75999 3 - - - 5.0 Mb 1 CHO02
69 14/12/1988 11:45:55  71.75731  39.30695 3 3 51 127 5.3 Mw 1 CHO02
70 03/05/1989 19:59:16  70.72493  39.05821 3 - - - 5.1 Mb 1 CHO02
71 01/07/1989 18:27:09  71.55833  39.21179 10 - - - 4.9 Mb ® CTO03
72 06/11/1989 19:42:31  71.65889  39.31899 3 - - - 5.1 Mb 1 CHO4
73 30/09/1990  21:22:58  70.90736  38.9707 3 - - - 5.2 Mb 1 CHO02
74 03/11/1990  16:39:51  71.39521  39.11377 3 215 33 67 5.4 Mw 1 CHO02
75 11/11/1990  03:19:41  71.8169 39.33453 3 - - - 5.3 Mb @ CTO03
76 26/02/1991 07:28:42  71.62002  39.36655 10 - - - 4.9 Mb G CT04
77 03/03/1991 18:08:59  71.63497  39.2776 3 - - - 5.3 Mb € CTO02
78 26/04/1991  22:24:00  70.95485  39.02845 10 193 43 46 52 Mw 1 CHO02
79 11/01/1992  20:09:18  70.60247  38.86383 16.6 - - - 4.8 mb 1 CHO3
80 27/12/1992  21:09:35  71.74422  39.63576 33 - - - 5.0 Mb ® CT04
81 08/08/1993  22:41:42  70.4263 38.68899 3 - - - 4.9 mb @ CT04
82 02/10/1993  01:17:29  70.00493  39.06828 14.2 - - - 5.0 mb G CT04
83 10/02/1994  02:24:34  71.59596  39.2171 10 - - - 5.1 mb € CT04
84 01/05/1994 21:17:17 71.6433 39.25938 16 1 24 60 5.2 Mw @® CTO03
85 04/05/1994  10:40:12  70.30777  38.89116 9.6 - - - 4.6 mb ® CT04
86 10/06/1994  03:00:42  70.55871  38.77624 16 - - - 5.2 mb ® CTO03
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Continued
Event number Date Time Lon Lat Depth  Strike  Dip  Rake  Magnitude  Depth constraint ~ Calibration code
87 20/02/1995  04:12:23  70.95072  39.30802 20.2 1 71 —6 5.3 Mw d CHO3
88 23/11/1996  01:56:53  70.76528  39.04081 15 - - - 4.7 mb @ CT04
89 05/03/1998  23:58:40  71.63692  38.89764 17.6 - - - 5.1 mb € CTO03
90 23/03/1998 10:11:49  70.74047  38.93106 15 - - - 4.3 mb € CTO05
91 14/06/1998 14:12:04 70.20366 38.67724 10.6 - - - 4.5 mb d CHO5
92 11/09/1998  05:53:49  70.33167  38.84949 35 - - - 4.7 mb ® CTO03
93 22/09/1998  01:08:21  71.41234  39.11301 15 - - - 4.6 mb ® CT04
94 13/07/2003 14:36:15  70.56624  38.8916 32 - - - 4.7 mb @ CT04
95 20/10/2004  11:57:49  70.47137  38.55699 0 - - - 5.2 mp G CTO02
96 17/11/2004  07:34:25  71.73488  39.26509 33 195 83 4 5.1 Mw € CTO03
97 17/11/2004 20:58:19 71.80075 39.24652 14 185 88 -1 5.8 Mw @® CTO02
98 18/11/2004  02:30:35  71.77162  39.22501 10 49 75 =5 5 Mw ® CTO02
99 18/11/2004  21:18:52  71.8633 39.17276 201 63 18 4.8 Mw ® CTO02
100 21/11/2004  20:45:20  71.77027  39.19962 322 42 —105 5 Mw ® CTO02
101 06/07/2006  03:57:50  71.79269  39.16844 0 283 59 146 5.8 Mw d CHO02
102 02/02/2007  22:02:42  71.33539  39.07028 0 213 45 58 52 Mw @ CTO02
103 31/07/2007  02:47:05  71.34367  39.1237 16 50 41 83 5 Mw d CHO3
104 29/09/2008 13:15:13  70.29797  38.86585 7.4 - - - 3.8 mb n CHO02
105 13/10/2008 17:16:09  70.35134  38.69936 10.4 47 28 128 5.3 Mw 1 CHO02
106 13/10/2008 17:35:44 7034377  38.72358 10.4 - - - 4.2 mb 1 CHO02
107 25/05/2009 15:18:52  70.57591  38.85828 12.6 - - - 4.8 mb m CHO02
108 26/08/2009  07:26:37  70.65869  38.96666 12.3 83 79 178 4.9 Mw m CHO02
109 13/10/2009 12:47:15  70.7757 38.72603 14.8 47 86 3 5.1 Mw m CHO02
110 02/01/2010  02:15:04  71.45055  38.28074 7.3 232 58 —24 5.5 Mw m CHO02
111 14/02/2010  20:32:43  71.73 39.70472 13.7 - - - 4.0 mb m CHO02
112 21/02/2010  02:05:18  71.44749  38.24696 8.6 - - - 3.9 mb m CHO02
113 28/02/2010 01:01:31 71.43404 38.29802 6.4 - - - 4.3 mb m CHO2
114 25/04/2010  01:13:54  71.45145  38.24351 7.2 - - - 3.7 mb m CHO02
115 14/05/2010  07:02:08  71.42536  38.31184 5.7 - - - 4.0 mb m CHO02
116 04/07/2010  01:56:47  70.34364  38.85169 0 - - - 4.4 mb 1 CHO02
117 20/08/2010  16:57:13  71.82544  39.30531 0 - - - 53 mb 1 CHO02
118 07/10/2010  01:40:03 ~ 70.26825  39.22232 5 - - - 44 MS 1 CHO02
119 09/10/2010  10:15:14  70.288 39.23854 10 - - - 4.7 mb 1 CHO02
120 11/10/2011  01:17:14  70.57779  38.83686 0 - - - 4.8 mb 1 CHO3
121 05/11/2011 03:22:26 71.78772 39.4027 12.8 - - - 4.3 MS 1 CHO3
122 29/12/2011 15:27:17  70.72045  38.67907 424 - - - 4.3 mb ® CT03
123 12/05/2012  23:28:41  70.35395  38.66795 0 - - - 6.8 mb ® CTO02
124 01/02/2014  08:31:17  70.5445 38.87171 10.1 - - - 4.1 mb n CHO02
125 29/08/2014  01:03:59  71.5763 39.21823 15 92 61 156 4.9 Mw 1 CHO02
126 01/10/2014  03:12:51  70.4751 38.87388 0 - - - 4.0 mb 1 CHO3
127 20/05/2015  03:31:40  70.19637  38.64161 0 78 26 155 52 Mw n CHO02
128 17/02/2016 ~ 23:58:01  71.42539  39.10115 24.3 - - - 4.4 mb n CHO02
129 24/03/2016  08:37:34  70.70731  38.98664 17.3 - - - 4.8 mb 1 CHO02
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Event number Date Time Lon Lat Depth Rake Magnitude  Depth constraint Calibration code
130 15/01/2017 13:18:09  70.76455  39.05527 12 - 4.4 mb n CHO03
131 03/05/2017  04:46:53 71.40902  39.52523 0 - 4.5 mb n CHO03
132 03/05/2017  04:47:11 71.47045  39.47744 5 - 6.4 MS n CHO02
133 03/05/2017 20:03:10  71.50573  39.50698 5 - 4.6 MS n CHO02

Note. Depth constraint codes: c: fixed at arbitrary depth; d: depth fixed with teleseismic depth phases; m: mloc solution with free depth; n: depth fixed using near source
direct arrivals; /: depth fixed using local distance method (described in Section 3.2.3); Calibration code (how constrained is the location): CHO1-best; CHO5-worst.

the DEMs and orthoimages into the WGS84/UTM zone 42°N coordinate reference system (EPSG:32642) to
allow us to make accurate meter-scale measurements.

For analysis of faulting we use the orthorectified optical imagery to identify surface ruptures and other features such
as sag ponds and stream channel offsets not visible in the DEM. We use the DEM for measuring vertical offsets and
providing constraint on the relative ages of geomorphic deposits cut by faults. The DEM also provide additional
context for features whose interpretation is ambiguous based on orthophotos alone. We use the NIR band in the
multispectral orthophotos to aid in linear vegetation patterns, potentially caused by lines of springs along faults. For
measuring offsets we use the Measure Line tool in QGIS 3.28.3 (https://doi.org/10.5281/zenodo.7575913) using
EPSG:32642 UTM Zone 42°N. We manually measure lateral offsets due to the high gradients on the surfaces and
DEM noise which preclude use of automatic tools such as LaDiCaoz (Zielke & Arrowsmith, 2012). We estimate
uncertainty by manually fitting the maximum and minimum possible offsets on streams using the orthoimagery
(e.g., Figure 9). For vertical displacements we fit footwall and hangingwall surfaces using linear regression and use
the difference in intercepts at the fault trace (Tsai et al., 2022).

Mapped active faults are assigned a confidence level (1 = high, 2 = moderate, 3 = low). High level confidence
refers to linear traces that are clearly visible and are either associated with offset landforms, are nearby along
strike of offset landforms, and may also be associated with springs. Moderate confidence indicates a linear feature
which aligns with high confidence features. Low confidence features appear visually similar to faults, but may
also align with bedrock geological structures and so scarps may relate to differential erosion of bedrock, rather
than active faulting.

4. Results
4.1. Regional Seismicity and Source Parameters of the 10th July 1949 Khait Earthquake

We used digitized analog seismograms determine the source parameters of the 1949 mainshock as described in
Section 3.1. We calculated surface wave, body wave and moment magnitudes of Ms 7.8 &+ 0.4, mg 7.6 + 0.2, and
M,, 7.6 £ 0.2. These are slightly higher than previous magnitude estimates (see Table 1). Then we model the focal
mechanism for the 1949 mainshock using amplitude ratios comparison of observed (digitized analog) and syn-
thetic data. We find that the earthquake had a strike-slip mechanism of strike 50 + 20, dip 80 £ 10 and rake
—20 % 10. The mechanism's PT axes show north-south compression: consistent with the pattern represented by
other moderate magnitude earthquakes in the region, and agreeing with geological and geodetic observations of
N-S compression (Leith & Alvarez, 1985; Metzger et al., 2020a, 2020b). The calculation were repated for
different test depths from O to 40 km with a step of 2 km, showing minimum misfit for the depth of 22-24 km. We
improved the 1949 epicentral location, producing a catalog of 133 well located events within 1° distance of Khait,
spanning 1949-2020, as described in Section 3.2.1 (Figures 2b and 5). These events are presented in Table 1. We
find the 1949 mainshock occurred further north than previously reported, north of the Obi-Khabud valley
(Figure 5a) at 39.3366°N, 70.8706°E. The formal uncertainties from MLOC are around ~5 km, but this represents
alower bound. The initial estimation of the source time duration for the Khait earthquake was derived from the P-
wave duration observed in teleseismic records from European stations. The P-wave records for the Z components
of these European stations (refer to Figure 3b) were aligned and stacked to create a normalized summation trace
(SUM_Z, as shown in Figure 3b, top). This stacked trace indicates that the source duration is between 25 and 35 s
(highlighted in red). A visual inspection of the trace does not reveal a definitive single value for the source time
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duration; therefore, we refer to it as a range. We will now describe the key patterns visible in the 133 well located
earthquakes and discuss their significance.

In the western part of the cluster, the seismicity forms an ellipse with long axis roughly parallel to the Vakhsh
valley (Figure 10a-1). In cross section, the earthquake hypocenters align along a plane dipping south at ~50°
which intersects with the Vakhsh Fault plane at the surface. This alignment appears robust, as our depth errors are
less than ~5 km and the focal mechanism planes align with We interpret the 50° plane as a thick-skinned
component of thrusting. Focal mechanisms show right lateral oblique thrusting on planes striking WSW-ENE,
sub-parallel to the Vakhsh Thrust surface trace. This sense of motion agrees with GNSS and InSAR data (Metzger
et al., 2020a, 2020b, 2021).

Between (71°E, 39°N) and (71.3°E, 39°N) (Figure 10), where the Darvaz and Vakhsh faults converge, there is a
~30 km long region where we do not observe earthquakes (Figure 2b). This behavior may be due to lateral
variability in the properties of the Vakhsh Thrust décollement, with varying proportions of seismic to aseismic
slip. It may also be due to our catalog being incomplete and so not capturing the full earthquake cycle on all parts
of the fault.

East of this, at (71.4°E, 39.1°N) (Figure 10a-2), there are three thrust mechanisms, striking northeast-southwest,
one of which occurred in 1990 (M,, 5.9) and two in 2007 (M,, 5.5 and M,, 4.9). These are collocated with a linear
east-west earthquake rupture visible in open-source imagery. We acquired a polygon of Pleiades imagery to
investigate these ruptures (Figure 8, Section 4.2.1).

Further east, there are two distinct groups of earthquakes. One group (center 71.6°E, 39.2°N) (Figure 10a-2)
trends northeast, and appears to be the continuation of the three thrusts discussed above. The mechanisms are
oblique left-lateral thrusts. The other group (center 71.7°E, 39.2°N; Figure 10a-3) trends north-south is pre-
dominantly right-lateral strike slip earthquakes, but also contains both a reverse and normal earthquake. Taken
together with the wide range of geologically-derived PT axis orientations in this area (Kufner et al., 2018), these
mechanisms indicate a complex zone of faulting likely due to the intersection of the Vakhsh, Darvaz and Pamir
Frontal Thrust Faults.

At the confluence of the Kyzyl-su and Muksu rivers (71.4°E, 39.2°N; Figure 10a-4) there is an alignment of
epicenters trending WNW for ~50 km from the Vashkh river valley in the east, to the 1949 mainshock at its
western end. The three largest earthquakes in the group are the 1949 M,, 7.6 earthquake, and the two largest
aftershocks which occurred on the same day MS6.7 and MS6.5. These are followed by a sequence which unfolded
over the period 1984-88, culminating with an earthquake in 1995 that is SE of the 1949 event. This alignment in
seismicity may represent activation of a tectonic structure, the full length of which was activated in 1949. We
were not able to find surface ruptures in the open-source imagery, though this was either low resolution or
obscured by snow.

4.2. Geomorphology of the 1949 Khait Epicentral Zone

In this section we assess geomorphic evidence for active faulting, both along the Vashkh fault itself, and also in
the regions surrounding our relocated epicenter and in the regions of highest seismic intensity (Figure 2a). We
analyse digital elevation models (DEMs) derived from 70 cm Pleiades optical satellite data along the Vashkh fault
(region shown in Figure 8) and 30 cm Worldview three optical imagery on the north-side of the Yasman valley,
where the largest macroseismic intensity was observed (Figure 6).

4.2.1. Vakhsh Valley

The Vakhsh Fault runs along the southern side of the Vakhsh Valley and is left-stepping. Large scale dip-slip
offsets are visible, likely accumulated over many earthquake cycles (Figure 2c). Past literature has proposed
the 1949 Khait Earthquake was hosted on the Vakhsh Fault. We examined the region between the Muksu River
and the Obikhingou River (Figure 2c) using Open-Source imagery for signs of single-event earthquake ruptures
consistent with this. We identified two possible sites and acquired high-resolution satellite imagery over the most
promising of these. This was then used for 0.5 m DEM construction. For the other sites we rely on freely available
30 m DEMs and Open Source Imagery.
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Figure 6. (a) Dip-slip and right-lateral strike-slip ruptures in the upper western end of the Yasman Valley. We observe a scarp
crossing a wine-glass shaped drainage at (39.1991°N, 70.6059°E), which is not deflected by topography, implying a near-
vertical fault dip. This crosses a smaller drainage showing a 5 m right-lateral stream deflection (b). In the hill-shaded DEM
we measure a scarp with 2.1 m vertical separation (profile A-A’) in the western wall of the drainage consistent with a near-
vertical right-lateral fault. Further east, at (39.18999°N, 70.63390°E) we observe a scarp in the hillside, picked out by the
areas of high Near-Infrared (green) in the false color images (c). We interpret this to mark vegetation along springs associated
with the fault. By projecting stream levees downhill we measure a right-lateral stream deflection of 9.8 m. Finally, at
(39.17609°N, 70.67037°E) north of the village of Musofiron, observe a scarp running across two different surfaces (d).
Along profile B-B” we measure 1.3 m dip slip offset and along C-C’, we measure 2.8 m dip-slip displacement. The disparity
between these offsets may be due to C-C’ scarp being modified to make the field boundary and canal, or could represent
multiple earthquakes. The surfaces for profile B-B” and profile C-C’ are less than 10° so in this case vertical separation is
approximately equal to vertical tectonic offset.
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Figure 7. Last Glacial Maximum (LGM) moraine complex near Dzhaligan with dip slip offsets on both sides of the Muksu River. Profile A-A’ shows lateral moraines
dated to ~18 kyr by Grin et al. (2016) are offset with ~75 m vertical separation on the south side of the river and the fault zone is ~200 m wide. Profile B-B’ shows a
similar magnitude vertical separation in a fan deposit which postdates the LGM situated north of the Musku River, with a fault zone ~300 m wide. The geomorphic
surfaces on are near-horizontal for both offsets, meaning vertical separation should correspond to the vertical component of the tectonic offset. Taking together the age
of the surfaces and the vertical tectonic offset, we can calculate a slip rate on this fault of ~5.5 mm/yr assuming a 50° dip suggested by earthquake depths and
mechanisms (Figure 10). We interpret this to be a continuation of the Vakhsh/Darvaz Faults which joins up to the Pamir Frontal Thrust near Dzhaligan. Three
earthquakes 4.3-5.1 mg close to the offset further imply a tectonic origin for the offsets. Topography is from the ALOS AWD 30 m Global DEM.

Firstly, we identify two scarps that displace lateral moraines near Sary Tala (71.429°E, 39.246°N) and alluvial
fans near the Karakendzha (71.494°E, 39.250°N) (Figure 7). The heights of these scarps are very similar:
76 £ 4 m at Sary Tala and 74 = 1 m near Karakendzha, implying the two displacements formed by a fault which
bends/steps east as it crosses the Musku River. The moraines at Sary Tala are aged ~18 kyr according to
cosmogenic exposure dating of boulders (Grin et al., 2016). The alluvial fans near Karakendzha have not been
dated, but must be younger than the Sary Tala moraines assuming the scarp began growing after the glacier
retreated. The Karakendzha alluvial fan offsets peter out north-westwards, possibly due to sedimentation from the
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Dara River. However a scarp becomes clear again near the town of Dzhaligan where it bounds the mountains from
the Kyzyl-Suu river valley. This continues eastwards and presumably joins the Pamir Frontal Thrust.

We also identify active fault traces within a glacial moraine complex on the south side of the Vakhsh valley. The
moraines are cut by scarps younger than the LGM (~17 ka). We acquired 0.5 m Pleiades imagery and DEMs over
this are (Figure 8). It is within a high valley ~1,000 m above the Vakhsh Valley floor and divides the Peter I Range
and the wider Pamir mountains. This site contains the divides between three major catchments, with rivers
flowing into the Musku River (east) the Vakhsh River (north) and into the Obikhingou River (west). At the base of
the valley are a complex of glacial moraines, fed in the past by three small glaciers to the south. During the LGM,
these glaciers likely filled this small valley and flowed into the Obikhingou catchment. Evidence for this is a
WSW-oriented lateral moraine pair perched in the Obikhingou Catchment at (71.199°E, 39.033°N). Today, we
observe a complex set of glacial moraines in the flat valley, representing about nine advances. These glacial
deposits are cut by linear scarps which are co-located with thrust earthquake mechanisms described in Section 4.1
(Figure 10a-2).

We identify a prominent east-west scarp traversing undulating but overall low-relief glacial terrain. It is continuous
for ~10 km and has a straight trace even across highly undulating ground, suggesting a steeply-dipping (near
vertical) planar slip surface. It contains both up- and downhill facing scarps, and a right-stepping en-echelon
arrangement of scarps suggestive of a near-vertical strike-slip fault (McCalpin, 2009). However, direct lateral
offsets of gullies and ridge crests are not clear. The scarps traverse multiple generations of moraine deposits. They
are clearly expressed in the youngest geomorphic surfaces and are higher in older moraines (Figure 8). Two
possible interpretations for these scarps exist. One is that they are backthrusts of the Vakhsh Thrust, as in
Schultz (2000), where overburden of the fold and thrust belt forces a gravitational collapse in the back of the fold.
This could be aided by the steeply dipping bedding of the geology in the area. Another possibility is that they are a
thrust-termination of the Darvaz Fault. As the left-lateral Darvaz fault bends from a NE-SW orientation to an E-W
orientation, an unchanged slip vector would result in a change from strike-slip to thrust motion.

The final example of recent scarps is further west at (70.8125°E, 39.0256°N) (Figure 9). The hillslopes here are
dissected by numerous short but prominent scarps. The scarps are short, linear and present in subparallel sets of
~20. They frequently appear at the base of steep triangular facets, whose aspect appears approximately parallel to
bedding planes. We interpret most of the scarps as landslip scarps. There are, however, some more laterally
continuous scarps, that may have a tectonic origin, and these are mapped in red in Figure 9.

To conclude, although we find abundant evidence for post-glacial fault slip along the south side of the Vashkh
fault, we find limited evidence of recent earthquake scarps developed on the fault. It is possible, at least along
some sections, that the steep topography and extensive landsliding has erased all traces of the 1949 earthquake.
However, considering the geodetic evidence for creep, the presence of evaporites in the fault, and the lack of
mapped coseismic landsliding, we believe it unlikely the Vakhsh Fault ruptured in the 1949 earthquake.

4.2.2. Yasman Valley

The Yasman Valley is a tributary leading into the Vakhsh Valley, west of Khait (Figure 2). It is the site of highest
reported damage and landsliding. We find compelling evidence for recent active faulting and potential single-
event surface rupturing along its northern side, over a distance of ~25 km. We also mapped landsliding which
likely occurred post-1949 based on visual comparison of vegetation growth to the Khait landslide. We acquired
0.3 m Worldview-3 imagery with a near-infrared (NIR) band for observing vegetation which we used to map
surface ruptures and generate a DEM for scarp height measurement.

The clearest evidence of surface rupturing is observed along a 3 km-long section at the westernmost end of the
valley (Figure 6a), where stream channels and ridge crests show ~2-5 m of right-lateral displacement, and
patches of vegetation retain evidence for recent displacement (Figures 7—10).

In Figure 6b we observe right lateral stream offsets of between 5 £ 2 m and 2.1 £ 0.1 m. The fault trace continues
north-west, beyond the limits of Figure 6b to the next catchment (Figure 6a), cutting across topographic contours.
This implies a steeply dipping fault. We map two more high confidence potential ruptures about 600 and 1,300 m
further south (Figure 6a). Further east, we identify a scarp crossing a hill slope, and measure a 9.8 £ 0.8 m right-
lateral stream deflection (Figure 6¢). We measure this displacement by projecting the stream levees above the
fault to below the fault, and measure the offset between the present and projected stream.
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Figure 8. Pleiades-derived DEM showing glacial moraine complex on the south side of the Vakhsh Valley cut by linear, right-stepping scarps. There are progressive
offsets in the older moraine sediments, implying multiple events on the fault. These scarps sit south of kilometer scale folding which is likely tectonic, and so we suggest
are near-vertical splays whose motions no not reflect the underlying tectonic stresses. This is backed up by the mloc mechanisms which are relocated to beneath the
scarps. Profile A-A’ is in the oldest material, and shows vertical separation of ~33 m over a ~100 m interval; profile B-B’ is in Unit 3, and shows vertical separation of
~10 m over an interval of ~20 m; and profile C-C’ is in Unit 7 shows vertical separation of ~20 m over an interval of ~40. Profiles A-A’ and B-B’ show downhill-facing
scarps, whereas profile C-C’ shows an uphill-facing scarp. Assuming the fault is near vertical, these measurements of vertical separation should correspond to tectonic
offset.
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Google Earth

Figure 9. (a) South-facing perspective Google Earth Imagery of a section of the Vakhsh Valley showing surface ruptures likely not from the 1949 Earthquake (see
Figure 2 for location). Interpreted tectonic surface ruptures are in red. Scarps associated with landsliding are in black. Triangular facets in white are interpreted as
exposed planes along which slumping has occurred. (b) And (c) show uninterpreted close-ups of the boxes shown in (a).

Areas of high NIR (bright green) along the fault scarp represent vegetation, likely associated with a line of small
springs. Further south, we observe a parallel alignment of springs, implying a parallel fault, but cannot identify
any associated offset (Figure S6 in Supporting Information S1).

Near Musofiron, we observe a south-facing scarp modified along a field boundary (Figure 6d). The fields under
cultivation show up as areas of high NIR (bright green), with a fallow field showing as pale purple near the
bottom-center of the figure. A small landslide is visible in the top right of the figure. We measure a2.8 + 0.1 m
dip-slip offset (profile C-C’) where the scarp is part of the field boundary. To the west, across a stream, we observe
a smaller 1.3 = 0.1 m dip-slip offset (profile B-B’). It is possible that these two dip-slip measurements represent
single and double event scarps, as the offset on profile B is approximately double that of profile B-B’, though it is
possible that the scarp height has been modified where it runs along the field boundary, and we have assigned only
moderate confidence to this part of the fault. The stream which runs to Musofiron appears deflected ~25 m in a
left-lateral slope, but we interpret this to result from the stream flowing around the raised field-boundary scarp,
rather than a tectonic offset. On the hillside west of these examples, we observe fault traces of moderate con-
fidence, as it is also possible that these are geological bedding planes (Figure S3 in Supporting Information S1).

Further east, near Safebod, we find a scarp with apparent dip-slip offsets of around 1.4 + 0.2 m. This is sharp in
the orthophoto but not visible in the hillshaded DEM. A small stream cuts the scarp at a ~90° angle, after which it
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Figure 10. Interpreted version of Figure 2. (a) mloc-relocated epicenters and mechanisms grouped into clusters discussed in
Section 5.1. (b) Interpretation of tectonic regime based on our relocated earthquakes and geomorphic mapping. High
confidence faults are those for which we have geomorphic evidence, moderate confidence faults are those we have inferred
based on epicenter and mechanism alignments. Geologic slip rate sites (green circles) suggest only half the geodetic slip rate
is accommodated by the Vakhsh Fault. We suggest that in addition to the already known Vakhsh and Darvaz Faults, there
exist a set of NW-SE trending right-lateral faults within the Tian Shan accommodating part of the convergence between the
Pamir and Tian Shan. This is in contrast to previous tectonic models which localize this motion on the Vakhsh Fault.

(c) Cross section showing mloc-relocated events. Epicenters with the better depth control are shown in hotter colors, and the

uncertainty of depths is up to ~5 km. The alignment of hypocenters with mechanism focal planes suggests a fault dipping
~50° which connects to the surface trace of the Vakhsh Fault.

spreads out into several smaller channels (Figure S4 in Supporting Information S1). Near Khurramshahr, we
observe a linear surface trace visible both in the elevation model and in the orthophoto. This scarp appears to
offset a drainage ~6—12 m in a left-lateral sense, in the opposite sense to the examples described earlier. Here the

JOHNSON ET AL.

23 of 35



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2024TC008777

site interpretation is complicated by the presence of a recent landslide along-strike of the trace, and also by human
modification, and we interpret the apparent left-lateral displacement as non-tectonic.

East of Khait the evidence for active faulting is less clear. We observe parallel scarps that follow topographic
contours. These imply a moderate to shallow dip and align with bedding plane strikes in Soviet geological maps
(Berezyuk, n.d.). We therefore interpret them as slope failure scarps (sackungen). It is possible that they are
simply scarps formed due to differential erosion of layers of variable resistance, though we would expect purely
lithological scarps to be more laterally continuous.

5. Discussion
5.1. Causative Fault of the 1949 Earthquake

Our relocated 1949 epicenter is based on arrival time data, and thus locates the nucleation point of the earthquake.
Together with macroseismic and landsliding data, our epicenter indicates the earthquake did not occur on the
well-known Vakhsh fault, south of the Vashkh river, but on an unmapped fault within the Tian Shan basement
north of the river. Surface rupturing has previously been difficult to map in the area due to inaccessibility and the
steep, rapidly eroding landscape. The potential ruptures that we have identified from high-resolution optical
satellite data are in the epicentral region, are relatively recent and have meter-scale lateral offsets along the
Yasman Valley. This is consistent with the size and focal mechanism of the 1949 earthquake, though whether they
were formed in the earthquake can only be resolved by detailed field study.

The 1949 Earthquake had a magnitude of M, 7.6 (Table 1), equivalent to a scalar moment of ~3.2 x 10?° Nm. We
have determined the hypocenter depth of 22—-24 km using amplitude ratio comparison method. This is similar to the
mloc derived depth of 22 km (Table 1). However, the misfit function has demonstrated limited dynamics, sug-
gesting that the method is not very responsive to the centroid depth. As a result, the issue of the certainty regarding
centroid depth and the dependency of the scalar moment estimate emerges. Therefore, we conducted tests on the
bias related to MO and magnitude using full-wavefield synthetics that were filtered with a standard Wiechert
response for hypocenter depths between 10 and 30 km. Our findings revealed relative amplitude discrepancies of
1.1 for P waves on Z components and 1.3 for S waves on horizontal components. Consequently, we deduce that the
uncertainties arising from the bias of the hypocenter and MO fall within a range of 0.1 for Mw, which lies within our
Mw error estimate of +£0.2. We can now use this magnitude to estimate the length of the rupture.

Seismic moment is the product of the modulus of rigidity (~3 x 10'® Pa), the area of the rupture plane, and the
average amount of slip (Aki & Richards, 2002). For the down-dip width we assume a vertical fault and rupture of
the entire seismogenic thickness of ~20 km based on the maximum depths from this study which is consistent
with the base of crustal seismicity recorded by previous studies (Kufner et al., 2018; Schurr et al., 2014). Taking
the slip measurement from satellite imagery of ~5 £ 2 m (Figure 6b), we can then calculate a fault rupture length
of 105 (+70/—30) km assuming vertical geometry. Another method to estimate fault rupture length uses the
apparent P wave duration and assumes represents the apparent source time duration. The ~25-35 s
P-waveduration at stations in Europe (Figure 3b) suggests a 75-105 km end-to-end rupture length, assuming a
typical rupture propagation speed of ~<3 km/s (Bouchon et al., 2001), and up to ~150-210 km if the rupture
propagated bilaterally from the center of the fault. Super-shear rupture velocities >3 km/s are possible, but tend to
occur only on straight, simple, well developed faults (Ansal, 2015), unlike the area where the 1949 earthquake
occurred. Therefore, a total rupture length for the 1949 earthquake of ~75-120 km is consistent with both
estimation methods.

To the west of Khait we map ~25 km of surface ruptures in the Yasman Valley. East of Khait, we also map
another ~10 km length of recent surface deformation, in addition to either bedding plane slip or sackung (Figure
S2 in Supporting Information S1). We therefore assume that most of the fault rupture remains unidentified, either
because it failed to break the surface, or has been removed from the landscape by landsliding.

Regional seismicity may help to determine the missing parts of the potential earthquake source. We observe a
NW-SE alignment of epicenters and mechanisms, from the relocated 1949 epicenter in the NW to the confluence
of the Musku and Kyzyl-Suu Rivers in the SE (71.35°E, 39.25°N) (Figure 10a-4), as discussed in Section 4.1. This
alignment includes two major aftershocks which occurred on the day of the 1949 earthquake, and the focal planes
of subsequent earthquakes align well with this epicenter alignment. This suggests part of the 1949 rupture
occurred on a WNW-trend delineated by these earthquakes (Figure 10a-4). We are unable to see ruptures in this
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area, however it is covered only by relatively coarse open-source imagery, and the terrain is extremely steep and
prone to landsliding (Figure 2a): making it difficult to preserve ruptures.

Combining the observations, we infer that the 1949 Khait earthquake involved ~85 km length of predominantly
right-lateral rupture within the Tian Shan. This included ~25 km length of rupture along the Yasman Valley,
along which we see discontinuous surface rupture in satellite imagery, and ~50 km rupture on a separate WNW-
trending fault from the confluence of the Muksu and Kyzyl-Suu rivers (Figure 10). The relocated 1949 epicenter
is sited at the NW end of this second fault, and roughly mid-way along the total combined fault. Nucleation at the
relocated epicenter implies a westward rupture propagation along the Yasman Valley and a ESE-ward propa-
gation toward the river confluence. If we assume ~3 km/s rupture velocity, that implies a ~16 s source time
function, which is similar to the ~20 s we estimate from P wave records in Europe (Figure 3).

These two parallel WNW ruptures match up with a set of ruptures and earthquakes that follow the same trend. The
ruptures are at (71.8047°E, 39.5045°N) and the earthquake alignment is highlighted in Figure 10a-5. These faults
bound blocks which accommodate N-S shortening by rotation on a vertical axis, playing a similar role to the much
larger Dzhungarian and Talas-Fergana faults (Figure 10b) (Campbell et al., 2013; Rizza et al., 2019).

5.2. Seismicity of the Vakhsh Fault

Our study finds little evidence for the Vakhsh Fault rupturing in the 1949 earthquake, with faults in the Tian Shan
interior likely being responsible. This result then prompts the question of whether the Vashk fault has potential for
producing significant earthquakes.

GNSS and InSAR (Metzger et al., 2020a, 2020b, 2021) velocity profiles across the Vakhsh Fault near Gharm
show a steep gradient in fault-parallel velocity, implying shallow creep on the fault. However, fault perpendicular
displacements have a much shallower gradient, and implies that thrusting is locked at depth. This is could be due
to partitioning of strike-slip and thrust kinematics across different structures, analogous to the Main Recent Fault
and the High Zagros Fault in Iran (Nissen et al., 2011).

The Vakhsh Fault itself evidently hosts moderate earthquakes up to M,, 5.9 (Figure 2b and Table 1). However,
aside from the 1949 Earthquake we have no record of a M,, > 7 earthquake within ~200 km of Khait (Mikhailova
et al., 2015). Either the historical catalog is incomplete, or the Vakhsh fault is incapable of hosting earthquakes
this large. To better understand the behavior of the Vakhsh Fault further geodetic analysis is required. The terrain
and snow cover makes small-baselines time series InSAR difficult (Metzger et al., 2021), so deploying dense
arrays of GNSS stations or corner-reflectors for PS InSAR may be required to better understand the earthquake
potential of the Vakhsh Fault.

On a regional scale, we propose a two-stage model of intramontane convergence between the Pamir and Tian
Shan. In the first stage, the convergence is accommodated by simple underthrusting and subduction, as in the Alai
Valley (Patyniak et al., 2021; Sobel et al., 2013; Zubovich et al., 2016). In the second stage, once all of the low-
lying basin has been subducted (as it has near Khait), the kinematics change and shortening is accommodated by
NW-SE striking right lateral faults, similar to the Dzungarian and Talas-Fergana Faults north of the Tian Shan
(Rizza et al., 2019; Tsai et al., 2022) and the Kopeh Dagh Fault System in NE Iran (Hollingsworth et al., 2006).
The Vakhsh Fault was likely site of this subduction in the past, analogous to the Pamir Frontal Thrust today. The
relative convergence taken up by thrusting on the Vakhsh Fault and vertical axis rotations is unclear, and a
question for future research.

5.3. Slip Rate of the Vakhsh Fault

We can estimate long term slip rate on the Vakhsh Fault by examining how glacial moraines are tectonically
offset. In Section 4.2.1 we identified two areas where moraines are offset.

One site is on the banks of the Muksu River (ure 7) where lateral moraines of ~18 kyr age (Grin et al., 2016) are
offset by 75.5 m. The alluvial fan on the north side of the river (deposited after glacial retreat) has a similar 73.5 m
offset. Both surfaces are near-horizontal, so we can take the vertical separations observed in Figure 7 to be
approximately equal to the vertical component of a tectonic offset on a dipping fault (Mackenzie & Elliott, 2017).
This gives a vertical uplift rate of ~4.2 mm/yr, which projected onto a 50° dipping fault, as indicated by
earthquake cross sections (Figure 10), would give a slip rate of 5.5 mm/yr.

JOHNSON ET AL.

25 of 35



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2024TC008777

The other site is situated in the Peter I Range (Figure 8) where we observe sub-vertical backthrust faults cutting a
moraine complex we suggest is younger than the LGM (18 kyr) but for which we have no firm dating. Given the
fault is near-vertical, we can again assume that vertical separation observed in topographic profiles is equivalent
to the vertical component of the tectonic offset (Mackenzie & Elliott, 2017). If we assume the oldest mapped
moraine coincides with the LGM, the offset since the LGM would be 20.1 m (Figure 8 profile B-B’), giving a
vertical uplift rate of 1.1 mm/yr. If we assume instead the surface below the mapped moraines is coincident with
the LGM, the LGM offset would be 32.7 m (Figure 8 profile A-A"), giving a vertical uplift rate of 1.8 mm/yr. This
would give a fault slip rate of ~1.1-1.8 mm/yr.

To synthesize these results, we suggest that the Musku River site represents an estimate of the Vakhsh Fault and
the Peter I site either represents movement on a backthrust (Schultz, 2000), or else a thrust-termination of the
Darvaz fault. We therefore suggest the long term slip rate on the Vakhsh Faultis ~5.5 mm/yr. This is less than half
the rate derived from geodetic estimates, which suggest >13 mm/yr present-day dip-slip strain accumulation on
the fault (Metzger et al., 2020a). This adds to the evidence the Vakhsh Fault, rather than being the dominant
structure taking up convergence between the Pamir and Tian Shan, is one of several structures around the Vakhsh
Valley accommodating this convergence since the LGM.

5.4. Implications for Hazard in the Region

Determining the source of the 1949 Khait Earthquake and characterizing the earthquake potential of active faults
in the region have a particular present-day relevance for earthquake hazard.

Hydroelectricity is the main source of electricity for Tajikistan, and the country exports this to its neighbors
(IEA, 2022). Several hydroelectric dams have been built along the Vakhsh River, including at Nurek and Rogun
(150 and 110 km from Khait respectively (Figure 1)). Further expansion of hydroelectricity requires an under-
standing of the distribution of tectonic deformation through the region and knowledge of earthquake-hosting
faults. In the worst case, earthquake shaking and fault movement may present risks to downstream commu-
nities from flooding and disruptions to power supplies across Central Asia if dams are damaged.

Earthquake shaking could impact flood risk within the Pamir by destabilizing existing natural dams, such as the
Usoi landslide dam, built by a 2 km® landslide mobilized by shaking from the 1911 M,, 7.3 Sarez Earthquake
(Emmer et al., 2020; Hanisch, 2002; Kulikova et al., 2016). At a smaller scale, hundreds of glacial lakes have been
identified across the Pamir, many of which are growing as glaciers retreat (Mergili et al., 2013). These represent
both a source of water, and a hazard if the dams holding them fail. In 2002 the village of Dasht in the southern
Pamir was inundated in such an event, killing tens of people and destroying many houses (Mergili &
Schneider, 2011). Large earthquakes in the Vakhsh Valley may, therefore, pose risks outside the immediate
epicentral region.

5.5. Do Observations of Small Earthquakes Elucidate Sources of Large Earthquakes?

A common method of understanding the seismo-tectonics of a region is to deploy a dense network of seis-
mometers for periods ranging from months to years, and use the small, very frequent earthquakes of M < ~4 to
find active faults, and to understand whether visible geological faults are active and whether they have the po-
tential to produce large earthquakes (Duverger et al., 2018; Frepoli et al., 2011; Kufner et al., 2018; Schurr
et al., 2014). This can be very valuable for highlighting the subterranean geometry of the faults (e.g., Kufner
etal., 2018), as well as observing crustal thicknesses (Schneider et al., 2019), and may illuminate areas of locking
or creeping on certain faults, essential for understanding their mechanics and hazard (e.g., Lin & Lapusta, 2018).
Finally, it makes calibrated earthquake relocation studies, like this one, possible.

In our study the earthquakes >M6 highlight a trend that is not evident from micro-seismicity, namely the WNW
alignment identified in Figure 10a-4 which we hypothesized in Section 5.1 consituted the greater part of the 1949
earthquake rupture. This fault is not highlighted by microseismicity in the same way as the Vakhsh Fault
(Figure 10a-1), possibly because the 1949 released all stress on this fault and it is now locked and accumulating
strain.

This has implications for hazard, because 1949 earthquake is part of a wider pattern of deadly continental
earthquakes which have occurred on “cryptic” faults—faults which remain unknown until a major earthquake
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happens on them within instrumental records. This risk has been highlighted for oceanic convergent margins
above megathrusts (Jara-Mufioz et al., 2022), but is present within convergent continental settings as well.

One example is the 2020 M,, 6.4 Koryak Earthquake, in eastern Siberia (Salomon et al., 2025). This earthquake
bears many similarities to the 1949 Khait Earthquake. Firstly, it nucleated on a previously unknown fault, which
was not well expressed in the surface geomorphology prior to the earthquake. Secondly, it occurred in a
convergent continental setting of the Pacific Cordillera in high mountains, far from the plate boundary. Thirdly,
the causative fault has a strike inclined ~45° to the nearby geological suture, which we might expect to be the line
of weakness likely to break in an earthquake.

A further example is the 2017 earthquake doublet that occurred near the Eastern Denali Fault (EDF) in
Southern Alaska (Choi et al., 2021). These M,, 6.2 and M,, 6.3 earthquakes both ruptured more than 10 km
from the EDF, with fault plane strikes at ~30°—45° inclination to the EDF. Choi et al. (2021) suggest the EDF
is now a geological suture, with the active deformation now occurring over a ~50 km wide zone further south.
The Vakhsh Fault appears to be presently only taking up around half the deformation between the Pamir and
Tian Shan, so it may be on its way to becoming a geological suture, with all strain distributed across the Pamir
and Tian Shan.

6. Conclusions

We combine seismology and geomorphic analysis to shed light on the tectonic circumstances of the 1949 M, 7.6
Khait Earthquake and how it relates to the large Vakhsh Fault. Using historical seismograms, we determined a
focal mechanism with strike, dip and rake of 50 £ 20, 80 £ 10, and —20 % 10 respectively. We used multiple event
relocation algorithm MLOC to perform a relative relocation of 133 earthquakes of M, > 4, including the 1949
earthquake. We used regional seismometer deployments from the 2000s to “calibrate” these locations and remove
biases introduced by an assumed global seismic velocity model, resulting in locations with ~5 km formal un-
certainty. We located the 1949 earthquake epicenter at (70.870°E, 39.336°N) at a depth of 22-24 km—signifi-
cantly refining previous estimates of the 1949 earthquake location.

By analysing high resolution Worldview-3, Pleiades, and Open-Source imagery we mapped ~35 km of earth-
quake surface rupture. We found evidence for faulting in the Yasman Valley, north of the Vakhsh River, and
discovered right-lateral strike slip offsets of 5-9 m. In addition, we found smaller dip slip offsets of ~1-2 m. From
alignments of 1949 earthquake aftershocks, we suggested that a further 50 km fault rupture occurred between the
1949 epicenter and the confluence of the Muksu and Kyzyl-Suu Rivers. In addition we estimate the slip rate of the
Vakhsh Fault to be ~5.5 mm/yr since 18 kyr, about half the geodetic convergence rate between the Pamir and
Tian Shan.

We conclude that the 1949 earthquake probably did not occur on the Vakhsh Fault, instead rupturing a previously
unknown fault within the Tian Shan basement. The 1949 Earthquake demonstrates a change in tectonic regime
caused by the recent closure of the intramontane Vakhsh basin. Compared to the simple overthrusting of the Alai
Valley further east, in the Vakhsh Valley shortening is accommodated by a mixture of slip on the Vakhsh Fault,
extrusion of the Peter I Range, and vertical axis rotations in the Tian Shan. The 1949 earthquake demonstrates the
hazards posed by “cryptic” faults, and shows how studying early-instrumental earthquakes may elucidate them.

Appendix A: Arrivals Times and mg Estimates From Digitized Waveforms of 1949
Khait Earthquake

The list of stations along with their respective arrival times for all phases recorded during the 1949 Khait
earthquake, derived from the digitized waveforms. This table additionally presents the distances and azimuths to
each station, as well as the amplitude and period values where applicable. In cases where the amplitude and period
columns are left blank, it indicates that the actual amplitude cannot be determined.
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Station name  Distance [°] Azimuth [°] Comp  Phase  Arrival time T [sec] Amp [pum] mg
ABU 50,812 73,406 z P 04:02:43,00 9 56 7.5
ABU 50,812 73,406 zZ PP 04:04:22,00 12 59 74
ABU 50,812 73,406 N 04:10:04,00 16 98 7.4
BER 45,283 320,178 zZ P 04:01:56,00 3 22 7.6
BER 45,283 320,178 zZ PP 04:03:19,00 3 38 7.8
BER 45,283 320,178 E S 04:08:36,00 9 107 7.6
BER 45,283 320,178 E SS 04:08:39,00 - - -
COL 72,026 16,328 Z P 04:04:58,00 9 37 7.5
COL 72,026 16,328 z PP 04:07:39,00 12 41 7.6
COL 72,026 16,328 N 04:14:21,00 15 65 7.6
DBN 46,333 308,839 zZ P 04:02:02,00 3 17 7.6
DBN 46,333 308,839 zZ PP 04:03:50,00 5 21 7.3
DBN 46,333 308,839 E S 04:08:54,00 5 31 7.4
DBN 46,333 308,839 E SS 04:12:44,00 - - -
GTT 43,444 307,416 Z P 04:01:32,00 4 45 7.6
GTT 43,444 307,416 zZ PP 04:03:16,00 7 65 7.6
GTT 43,444 307,416 E S 04:03:16,00 9 87 7.5
HUA 139,672 302,663 Z Pdiff ~ 04:13:04,00 9 21 7.4
HUA 139,672 302,663 E PP 04:16:04,00 10 27 7.4
HUA 139,672 302,663 E SS 04:20:32,00 12 54 8.0
PAD 43,613 298,125 Z P 04:01:35,00 3 25 7.4
PAD 43,613 298,125 Z PP 04:03:26,00 6 39 74
PAD 43,613 298,125 E 04:03:26,00 6 167 7.9
PAS 106,708 7,851 zZ P 04:07:58,00 5 4 7.7
PAS 106,708 7,851 zZ PP 04:12:09,00 5 19 8.0
PAS 106,708 7,851 N S 04:18:28,00 5 44 8.2
PAV 45,059 298,394 V4 P 04:03:01,00 4 23 7.7
PAV 45,059 298,394 E S 04:13:17,00 9 51 7.5
PRT 44,081 296,083 Z P 04:01:46,00 3 32 79
PRT 44,081 296,083 E S 04:08:15,00 6 87 7.9
ROM 44,052 292,756 z P 04:01:41,00 5 59 7.6
ROM 44,052 292,756 zZ PP 04:03:05,00 5 32 7.5
ROM 44,052 292,756 E S 04:08:19,00 12 253 7.9
TAR 47,822 292,799 Z P 04:01:18,00 2 13 7.7
TAR 47,822 292,799 Z PP 04:02:55,00 3 12 7.4
TAR 47,822 292,799 E S 04:07:24,00 4 26 7.5

Averagemp 7.6 + 0.2
Median m; 7.6 + 0.6

Appendix B: 1949 Surface Wave Magnitude Estimates

The amplitudes (Amp) and periods (T) of the surface waves generated by the 1949 Khait earthquake. The surface
wave magnitude, indicated in the third column, is computed using the Prague-Moscow formula (Karnik
et al., 1962) for each station, and the average magnitude Ms is provided along with one standard deviation.
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Station (Instrument) Period [sec] Amplitude [pm] Ms
ABU 22 1083 7.8
BER 16 623 7.6
COL 25 588 7.8
DBN 16 282 7.3
GTT 18 1223 7.9
HUA 27 86 7.4
PAD 13 617 7.7
PAS 25 145 7.4
PAV 15 600 7.6
ROM 19 647 7.6
Median 7.6
Average 7.6
Appendix C: 1949 Scalar Moment and Moment Magnitude (M,,) Estimates
Station Lat Lon Mo/Nm M,,
ABU 34,8603 135,5739 4,23E + 20 7.7
BER 60,3958 5,3050 2,00E + 20 7.5
COL 64,9000 —147,7933 5,20E + 20 7.7
DBN 52,1000 5,1800 5,72E + 20 7.8
GTT 51,5500 9,9667 1,76E + 20 7.4
HUA —12,0384 —75,3228 1,05E + 21 7.9
PAD 45,4086 11,8878 5,68E + 20 7.8
PAS 34,1485 —118,1711 2,01E + 20 7.5
PAV 45,1833 9,1736 5,16E + 20 7.7
PRT 43,8800 11,0942 1,96E + 20 7.5
ROM 41,9033 12,5133 2,14E + 20 7.5
TAR 40,4750 17,2910 4,32E + 20 7.7
Average 7.6 + 0.2
Median 7.7 + 0.2

Appendix D: Instrument Constants for the Analog Instruments Whose Records Were

Digitized and Used in This Study

The majority of analog seismic were defined by specific values of instrument constants: free period, damping, and

an additional parameter for the magnification of the recording system. These parameters are presented in the
Table and were derived from Charlier and Tison (1953) and McComb and West (1931), or from handwritten
station books when available.

Nr Station Component Instrument Magnication (V)  Period (T, [sec]) Damping (h)
1 ABU (Abuyama. Japan) zZ Wiechert 180 4 0.46
EW Wiechert 200 12 0.46
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Nr Station Component Instrument Magnication (V)  Period (T, [sec]) Damping (h)
NS Wiechert 200 12 0.46
2 BER (Bergen. Norway) V4 Wiechert 330 43 0.24
EW Wiechert 275 9.0 0.11
NS Wiechert 175 9.2 0.27
3 COL (College. USA) VA Sprengnether 4,000 2
EW Sprengnether 4,000 16
NS Sprengnether 4,000 16
4 DBN (De Bilt. Netherlands) V4 Galitzin 740 12
EW Galitzin 310 25
NS Galitzin 310 25
5 GTT (Gottingen. Germany) zZ Wiechert 233 3.6 0.26
EW Wiechert 145 10.5 0.43
NS Wiechert 154 9 0.29
6 HUA (Huancayo. Peru) Z Benioff 1,550 0.5
EW Wenner 1,550 9 0.63
NS Wenner 1,550 8 0.68
7 PAD (Padova. Italy) Z Vicentini 100 6.2 0.22
EW Vicentini 100 6.2 0.22
NS Vicentini 100 6.2 0.22
8 PAS (Pasadena. USA) Z Benioff 2,000 90 0.8
EW Benioff 2,000 90 0.8
NS Benioff 2,000 90 0.8
9 PAV (Pavia. Italy) Z Wiechert 124.6 3.4 0.27
EW Wiechert 140.4 33 0.31
NS Wiechert 111.2 3.5 0.32
10 PRT (Rocca di Papa. Italy) Z Agamennone 100 6
EW Agamennone 100 8
NS Agamennone 100 8
11  ROM (Rome. Italy) V4 Galitzin 800 10.00
EW Galitzin 800 9.80
NS Galitzin 800 10.20
12 TAR (Tarente. Italy) V4 Vicentini 120 0.8
EW Vicentini 100 2.40
NS Vicentini 100 2.40
Appendix E: Modified AK135 Crustal Velocity Model Used in mloc Inversion
Depth/km Vp/km/s Vs/km/s
0.000 5.800 3.150
5.000 5.800 3.150
5.000 5.900 3.500
20.000 5.900 3.500
20.000 6.300 3.750
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Continued
Depth/km Vp/km/s Vs/km/s
50.000 6.300 3.750MOHO
50.000 8.100 4.550
77.500 8.100 4.550
120.000 8.100 4.550
165.000 8.175 4.550
210.000 8.300 4.550
210.000 8.300 4.553
260.000 8.483 4.609
310.000 8.665 4.696
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