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Variable fault geometry controls the
cascading 2023 Herat, Afghanistan
multiplet sequence

Check for updates

Lei Zhao1,2, Edwin Nissen2,3, Wenbin Xu 1 , Mohammadreza Jamalreyhani 4, Eric A. Bergman5,
Dezheng Zhao 6 & Lei Xie1

Earthquakemultiplets are an important but poorly understood class of seismic sequence. OnOctober
7th–15th 2023, a multiplet comprising five damaging, moment magnitude (Mw) 5.9–6.4 earthquakes
struck northwestern Afghanistan, a region previously lacking in well-recorded seismicity. Wemapped
ground deformation with Interferometric Synthetic Aperture Radar (InSAR) and characterized the
causative faulting using elastic dislocation modelling. Because of the tight clustering in time, only the
fifth mainshock is ever imaged on its own, so we apply independent seismological constraints from
epicentral relocations and moment tensor inversions to distinguish the contribution of each
mainshock to the observed surface deformation. Our results support sequential rupture of five
colinear, shallow (~5 km), north-dipping, blind reverse faults, with successive mainshocks stepping
initiallywestwards andsubsequently eastwards.Ourmodelling implies that gentle (10–15o) fault bends
and/or step-overs may have halted rupture propagation in individual mainshock, acting to divide the
sequence into its five distinct events. The epicentral region shows abundant geomorphic evidence for
active shortening, including a ~70 km-long anticlinal ridge whose growth is likely driven by the
underlying reverse faults. This sequenceconfirms thatwhile to a first degreenorthwesternAfghanistan
is part of stable Eurasia, slow internal deformation can nevertheless generate damaging earthquakes.

Multiplet earthquake sequences are those dominated by two or more dis-
tinctmainshock events, separated by periods ranging froma few seconds up
to several years. In addition to the additive hazards that they entail, multi-
plets pose methodological challenges to seismic hazard analyses and
operational earthquake forecasting, challenging the basic assumption of
quasi-periodic earthquake recurrence and raising the spectre that thehazard
following a mainshock event may go up, rather than down1. Those that
rupture in quick succession can also be complicated to interpret, generating
overlapping surface deformation signals and, at the shortest intervals,
concurrent seismic wave trains2–8. However, when carefully characterized,
multiplets can offer valuable insights into earthquake processes such as
rupture nucleation, propagation, and arrest, static and dynamic stress
triggering, and other mechanisms of fault interaction. In recent decades,
several notable examples have involved reverse faulting within fold-and-
thrust belts, most numerously in the Zagros mountains of southern Iran8–18

but also in themountains of Kerman Province in central Iran19, the Afghan-

Tajik depression20, the Sulaiman ranges in Pakistan7,21, the Kepintag and
North Qaidam thrust systems in western China22,23, and the Mackenzie
mountains inCanada24.Given their apparent frequency in these settings, it is
important to understand whether the sequences share common char-
acteristics and mechanisms.

Over the span of a few days in October 2023, five damaging earth-
quakes struck near the city of Herat in northwestern Afghanistan (Fig. 1a),
killing nearly 1500 people and destroying more than 10,000 homes
according to theWorldHealthOrganization.Thequintuplet comprised two
Mw 6.2–6.3 earthquakes on October 7th, only 32min apart (hereafter ‘EQ1’
and ‘EQ2’), followed 28min later by aMw 5.8–5.9 earthquake (‘EQ3’); aMw

6.2–6.3 earthquake on October 11th (‘EQ4’); and aMw 6.3–6.4 earthquake
on October 15th (‘EQ5’) (Fig. 1b). The United States Geological Survey
Comprehensive Earthquake Catalog (USGS ComCat) places these earth-
quakes within 20 km of one another; similar to likely uncertainties in
individual catalog epicenters25 and rendering exact spatial relations obscure.
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Automated source mechanisms from the USGS, Global Centroid Moment
Tensor (GCMT) and GEOFON catalogs show that each of the earthquakes
involved reverse faulting on nodal planes trending roughly E-W and dip-
ping at moderate angles of ~45° ± 20° (Table S1). Automated centroid
depths (4–17 km) imply upper crustal faulting, but these catalogs are usually
unable to refine this parameter with any more precision26–29. According to
the USGS ComCat, the sequence also includes seventeen smaller earth-
quakes of Mw 4.5–5.4 up to October 28th 2023. The Herat sequence thus
provides a rich dataset for learning more about the mechanics of multiplet
earthquakes in thrust belt settings.

Since they are also the first instrumentally well-recorded, large earth-
quakes in central or western Afghanistan—an area completely lacking in
either Global Navigation Satellite System (GNSS) velocities or robust fault
slip rate data—the 2023 Herat quadruplet sequence also offers valuable
insights into regional tectonics. Afghanistan lies between three major plate
boundary systems (Fig. 1a). To the south, Arabian oceanic lithosphere
subducts northwards at ~30mm/yr beneath the Makran accretionary
prism, generating intermediate depth (up to ~150 km) seismicity along
Afghanistan’s southern border at ~30° N30. To the west, in eastern Iran, the
N-S trending, right-lateral Nayband and Sistan faults and the conjugate,
left-lateral Dasht-e-Bayaz and Doruneh faults together accommodate
~15mm/yr of northwardmotion of central Iran with respect to Eurasia31,32.
To the east, the NNE-trending, left-lateral Chaman fault in eastern
Afghanistan and the Kirthar and Sulaiman ranges in neighboring Pakistan
accommodate~30mm/yr of northwardmotionof the Indian continent33–35,
while localized subduction is manifest in intermediate depth (up to
~250 km) earthquakes beneath the Hindu Kush in northeastern
Afghanistan36. This eastern tectonic boundary is responsible for the great

majority of recorded seismicity in Afghanistan37. In the absence of an
obviously active fault system in the north, and given its sparse instrumental
seismicity and relatively gentle topographic relief, the intervening region of
central andwesternAfghanistan is often considered a southern promontory
of the stable Eurasia plate38,39.

The most likely candidate for an active fault in this region is the right-
lateral Herat (or Hari Rud) fault, which strikes ~E-W for ~700 km across
northern Afghanistan, from its intersection with the Chaman fault north of
Kabul in the east to close to the Iranian border in the west40–42 (Fig. 1a).
According to historical records, the city of Herat, along the western part of
the fault, was impacted by earthquakes in AD 847, 1102, 1364, 1908, 1931
and 1950, while the Bamyan district, on the eastern part of the fault, was
widely damaged in aM 7.4 earthquake in 1950, though this likely occurred
on a neighboring, NE-trending structure37,43,44. The Herat fault follows the
early Jurassic suture of the Farah block, a fragment of Gondwana, to the
Turan (Northern Afghan) platform, which marks the southern margin of
Laurasia42,45. Regional shortening continued during the late Jurassic and
early Cretaceous driven by the accretion of a second Gondawan terrane,
the Helmand block, to the south. Subsequent Cenozoic right-lateral slip on
the Herat fault was driven by the westward, lateral extrusion of central
Afghanistan out of the way of the India-Eurasia collision42. Narrow pull-
apart basins filled with Oligo-Miocene sediment suggests that strike-slip
motion peaked at this time, while numerous, smaller geomorphic offsets of
tens to hundreds of meters attest to continued, but likely slower, activity
during the Quaternary46,47. Sborshchikov et al.41 estimated a Quaternary slip
rate of ~2mm/yr based on assigning 5 km-wide drainage offsets an age of
2Myr, but more precise determinations based on dated rocks or landforms
are currently lacking.

Fig. 1 | Tectonic setting of Afghanistan. a Focal
mechanisms of Mw > 6 earthquakes from 1900 to
2022 are taken from the USGS ANSS Comprehen-
sive Earthquake Catalog (ComCat), with shallow
(<30 km) events in black (the one labelled
2017.04.05 is theMw 6.1 Sefid Sang earthquake77,
referred to in Methods) and deep (> 30 km) ones in
grey. Black lines are active faults from the Global
Earthquake Model (GEM)92. Carmine and light blue
rectangles indicate the Sentinel-1 SAR scenes used in
this study. Blue arrows are interseismic GNSS
velocities in a stable Eurasia reference frame64,93. Red
diamonds are the main cities. The black rectangle
shows coverage of (b). b Regional setting with faults
from the USGS46. Colored stars and beach balls are
USGS epicenters andW-phase focal mechanisms of
the five 2023 Herat mainshocks, and red lines are
surface projections of our initial InSARmodel faults. K
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For much of its length the Herat fault closely parallels the Hari river
(HarīRōd), butwest of 63.3° E it bifurcates into twomain strands, one in the
south following the southern margin of the Paropamisus mountains (Sel-
seleh-ye Safīd Kūh), and the other following parallel sub-ranges to the
north46,47 (Fig. 1b). TheUSGShave termed these thewestern (W)andnorth-
western (NW) sections, respectively. The October 2023 earthquake
sequence occurred between these two strands, in a basin containing incised
Miocene, Pliocene and Pleistocene clastic sediments and crossed by an
abundance of shorter, secondary faults46,48. The two strands project west-
wards towards SE-trending rangesof the easternmostAlborz in eastern Iran,
but both appear to die out short of the border.

In this paper, we carefully characterize the 2023 Herat quintuplet
earthquakes using the best available geodetic and seismological data.Weuse
InSAR measurements derived from 11 independent Sentinel-1 SAR scenes
coupled with Bayesian inversion methods to solve for the best fitting fault
geometries and slip distributions. These models are then checked and
revised using independent seismological constraints from calibrated
hypocentral relocations and teleseismic and regional waveformmodels.We
finishbydiscussing implications for themechanics ofmultiplet sequences in
reverse faulting settings, whether there is a geomorphic signature to the
causative faulting in the landscape, and how the Herat sequence helps
illuminate the active tectonics of western Afghanistan.

Results
Coseismic deformation
We mapped coseismic surface deformation in the 2023 Herat earthquake
sequence using seven interferograms constructed from eleven individual
Sentinel-1A scenes captured from two ascending and twodescending tracks
(see Methods). The four descending and three ascending interferograms
each exhibit roughly elliptical patterns of deformation toward the satellite,
bordered in some cases by subtle, longer wavelength displacements away
from the satellite (Fig. 2a–f and Supplementary Fig. S1). The absence of any
sharp discontinuities between deformation toward and away from the
satellite is characteristic of buried reverse faulting8–12. Because the 12 day
Sentinel-1A revisit time greatly exceeds the ≤ 4 day intervals between suc-
cessive mainshocks, most of the interferograms capture multiple main-
shocks (Fig. 2m). The fullest spatial coverage of the sequence is provided by
ascending track A13 and descending track D20. Here, EQ1, EQ2, and EQ3
are imaged together as an elongated (~25 km×5 km), ESE-WNW-trending
deformationpatternwithpeakdisplacements of ~0.4–0.6m(Fig. 2g, h). The
subsequent acquisitions on tracks A13 andD20 capture EQ4 and EQ5 as an
elongated (~15 km× 5 km), ENE-trending deformation zone with peak
displacements of ~0.6–0.8 m, centered east of the main EQ1–EQ3 signal
(Fig. 2j, k). Themain fringe ellipse is bordered to the southby a long, narrow,
~E-W trending uplift signal with maximum displacement of ~0.2m
(Fig. 2d–f), which is colocated with the straight southern edge of the earlier
EQ1–EQ3 fringe ellipse (Fig. 2a–c). The adjacent ascending track A115 and
descending track D122 capture only the eastern part of the deforming area.
Onepair ofA115 andD122 interferograms capture EQ1–EQ3togetherwith
EQ4 (Fig. 2i and Fig. S2). EQ5 is the only earthquake to be imaged solitarily,
in a single descending track D122 interferogram containing a smaller
(~10 km× 5 km) deformation pattern with peak displacement of ~0.6 m,
centered east of the signals from EQ1–EQ4 (Fig. 2l).

InSAR slip modelling
We firstmodelled EQ1, EQ2 andEQ3using uniformly downsampled data49

from the interferograms in Fig. 2a, b, having found that a conventional
quadtree decomposition49 undersampled the longer-wavelength deforma-
tion lobes. In our initial non-linear inversion for fault geometry (see
Methods), we found that a single, north-dipping fault plane can fit the data
reasonably well, with a narrow peak in each posterior probability distribu-
tion indicating a tightly-constrained uniform slip solution (Fig. S3). For our
subsequent linear inversion for the slip distribution on this plane, a
smoothing factor of 0.03 was selected after using the L-curve to minimize
residuals without overfitting50 (Fig. S2). The resulting model interferogram

matches the data well, with residuals of up to 5 cm (Fig. S4c, S4f).Model slip
is distributed across a ~20 km× 5 km fault patch, consistent with the
elongate pattern observed in the interferograms, with peak slip of ~1.1m
occurring at a depth of 5–6 km (Fig. 3a). The model moment of
6.5 × 1018 Nm (equivalent to Mw 6.5) is similar to the sum of the seismo-
logicalmoments ofEQ1, EQ2 andEQ3 (Table S1), indicating that themodel
captures all three earthquakes. However, while the optimal strike of ~281.5°
andnorthwarddip of~38° closelymatch theWNW-strikingnodal planesof
the available seismological solutions for EQ2, they are misaligned with the
WSW-striking nodal planes of EQ1 and EQ3. This hints that our simple,
one fault model and its smooth slip distribution may mask additional fault
complexity, a point we revisit by incorporating seismological constraints.

Considering that EQ4 is only imaged together with either EQ1–EQ3
(Fig. 2c and S2) or EQ5 (Fig. 2d, e), we considered EQ5 next, modelling it
using uniformly downsampled data from the descending interferogram in
Fig. 2f. The nonlinear inversion results in a best-fitting fault strike of ~243°,
dip of ~36.5°, and rake of ~71° (Fig. S5). These parameters lie within a few
degrees of the WSW-striking nodal planes of the seismological models
(Fig. 3a), suggesting that our reliance upon a single InSAR look-angle has
not proven problematic. The linear inversion yields an elliptical,
~10 km× 5 km slip patch with maximum slip of ~2.35m at ~4 km depth
(Fig. 3a). The model moment of 3.2 × 1018 Nm closely matches seismolo-
gical estimates (Table S1) and theRMSof the residuals is ~1.2 cm, indicating
that the simulated data fit the observations well (Fig. 4p–r).

To determine the fault geometry of EQ4, we first removed the
deformation contributions predicted by our best-fitting models of EQ1,
EQ2, EQ3, and EQ5 from the interferograms in Fig. 2c, d, e, yielding
residual interferograms that should contain only EQ4 (Fig. 4g, j, m).
These were then downsampled and inverted in the usual way. The
nonlinear inversion yields an optimal strike of ~259° and dip of ~36.5°
(Fig. S7), consistent with the northward dipping nodal planes of the
seismological EQ4 models (Fig. 5). The linear inversion suggests that the
coseismic slip is distributed across an elliptical fault patch of ~10 km ×
5 km, with peak slip of ~2.5 m at ~5.1 km depth (Fig. 3a). We
acknowledge several residual fringes, especially at the southern (up-dip)
edge of the fringe ellipse, but these are inevitable due to our corrections
for EQ1-EQ3 and EQ5 being applied to interferograms spanning a mix of
acquisition dates (Fig. 4g–o). The model moment of 6.2 × 1018 Nm
(equivalent toMw 6.5) is at least twice any of the seismological estimates,
implying that our model incorporates some aseismic afterslip, though we
note that there are also significant uncertainties in seismological moment
from its known trade-off against centroid depth.

Our InSARmodelling thus supports sequential rupture of at least three
discrete reverse faults or fault segments (red lines in Fig. 1b), each dipping
northward at ~37° but whose strikes curve from ~WNW in the west (in
EQ1–EQ3) through ~W centrally (in EQ4) to ~WSW in the east (in EQ5).
EQ1,EQ2 andEQ3 cannot be distinguished from the InSARdata alone, and
are fit reasonably well by a continuous, ~20 km-long slip patch on a single
fault plane, while EQ4 and EQ5 are each shorter at ~10 km-long (Fig. 3).
Rupture in all five events is buried at depths of ~2–8 km, peaking at
~4–6 km. In the following section,we further test these interpretations using
independent seismological data.

Multiple-event hypocentral relocations
We relocated epicenters of the Herat sequence using arrival times from
regional Iranian and teleseismic stations (see Methods). The relocated
epicenters of EQ1–EQ3 and EQ4 lie centrally within their corresponding
InSAR deformation patches (Fig. 2a–e), confirming our interpretations
from InSARmodelling and justifying our approach to performing the direct
calibration with data relatively far from the events of interest and relying on
far regional and teleseismic data to provide the needed connectivity for
accurate relative locations. Following EQ1, the sequence propagated along
strike in both directions, first westwards in EQ2, and then progressively
eastwards in EQ3, EQ4 and EQ5. This pattern is also evident in the
migration of smaller aftershocks (Fig. 3c).
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Seismic moment tensor inversion
Wecalculated the focalmechanisms of thefivemainshockeventsusinghigh
signal-to-noise ratio seismic records at both teleseismic and regional dis-
tances (seeMethods). This approach refines estimates of source parameters
from those listed in the USGS, GCMT and GEOFON catalogs, particularly
centroid depth which is often fixed for the automated solutions26–29. Our
enforced double couple (DC) solutions show pronounced variations in the
trend of the N-dipping nodal planes, with EQ1 and EQ5 striking ~WSW
and EQ2–EQ4 striking ~W, relative differences also observed in the USGS,
GCMT, and GEOFON mechanisms (Fig. 5 and Table S1). Our N-dipping
DC nodal planes are generally in close agreement with our InSAR model
fault planes, with discrepancies in strike, dip and rake of mostly just a few
degrees and always less than 20o, thus lying within typical uncertainties for
waveform inversions of thrust earthquakes11,26. Our DC centroid depths are

also in very close agreement with the InSAR slip models for EQ2 and EQ3,
but a few kilometers deeper (at 9–10 km) for EQ1, EQ4, and EQ5.

To explore uncertainties in centroid depth further, we relaxed the
double couple requirement and solved for the non-double couple (non-DC)
moment tensors (seeMethods). Freeingupparameter space in thiswaydoes
not significantly improve the visualfit to thewaveforms over theDCmodels
(Figs. S8–S9), but does result in quicker convergence into stable solutions,
reflected in well-defined fuzzy moment tensors (Fig. 6a), narrow, single
peaks in the centroid depthprobability distribution function (Fig. 6b-c), and
smoothbootstrap optimization curves (Fig. 6d). For EQ2 andEQ3, non-DC
moment tensors retain the shallow (4–5 km) centroid depths of the DC
mechanisms, indicating tightly-constrained depths in close agreement with
the InSAR slip models (~4 km). For EQ1, EQ4 and EQ5, non-DCmoment
tensors are significantly shallower than the DC solutions (at 4–6 km versus
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9–10 km), indicating uncertainties of a few kilometers in centroid depth, as
is typical for this approach26–29. The shallow end of this acceptable centroid
depth range is in close agreement with the InSAR slip models (Fig. 5 and
Table S1). Compensated linear vector dipole (CLVD) components of
20–40% are similar to those resolved independently by the USGS, GCMT,
and GEOFON, and could be explained by a more complex fault geometry
than is resolved by the InSAR data51. However, the strikes, dips, and rakes of
the best double couple approximations to our non-DC solutions vary little
from the earlier, DC solutions (Fig. 5 and Table S1), which suggests that the
overall geometry is unchanged.

The seismology thus supports our interpretation of the InSAR that
the Herat mainshocks progressed bilaterally along strike at first, and
then unilaterally eastwards, along fault segments that rotate frommore
westerly trends in the west (in particular in EQ2) to more south-
westerly trends in the east (in EQ5). The spatial and geometric rela-
tionship between EQ1, EQ2 and EQ3 remains obscure, though they
nucleated in close proximity (within about 10 km of one another) and

are misaligned by ~30° in strike. The shallow (~4–6 km) center depths
of the InSAR-derived slip distributions are in close agreement (EQ2
and EQ3) or within error (EQ1, EQ4 and EQ5) to centroid depths from
waveform modelling.

A seismologically-informed InSAR slip model for EQ1-EQ3 and
further refinements to EQ4 and EQ5
Our preferred, non-DC waveform models contain differences in strike of
~28° between EQ1 and EQ2 and ~26° between EQ1 and EQ3, similar to
variations in the respective USGS, GCMT and GEOFONmodels (Table S1
and Fig. 3). This implies that our initial InSAR model for these three
earthquakes, involving a smooth slip distribution on a single fault plane
(Fig. 3a), is overly simplistic. To distinguish the separate contributions of the
three earthquakes, we therefore assembledmulti-faultmodels that aremore
consistent with the available seismological data (Table S1). Since EQ1 and
EQ2 have two to three times the seismic moment of EQ3, we began with a
two fault model. We took the average strike and dip values of the

Fig. 3 | Slip distribution of the 2023 Herat sequence. a InSAR model slip dis-
tributions of (left) EQ1, EQ2 and EQ3, assuming a single fault plane, (center) EQ4,
and (right) EQ5. Blue arrows showmovement of the hangingwall with respect to the
footwall, and slip contours are at increments of 1 m. b Refined model slip dis-
tribution for EQ1, EQ2 and EQ3, assuming separate fault planes. c Relocated

epicenters coloured by event date (relative to EQ1). Ellipses show the same coseismic
slip contours of EQ1–EQ3 (black, single fault model), EQ1 (red), EQ2 (yellow), EQ3
(green), EQ4 (cyan), and EQ5 (blue); coloured straight lines are the model fault
surface projections. Black lines are mapped surface faults from the USGS46.
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seismologically-determined fault planes (EQ1: 250o/31o; EQ2: 275o/37o),
projected these upwards to the surface from the calibrated hypocenters, and
solved simultaneously for the slip distributions on these planes. The linear
inversion yields an elliptical, 10 km×4 kmslip patch on theEQ2 fault plane,
with peak slip of ~1.66mat~5.4 kmdepth (Fig. S10b), and two elliptical slip
regions on the EQ1 fault plane (Fig. S10a), a deeper, 7 km × 4 kmpatchwith

a peak slip of ~1.65m at ~5.1 km depth, and a shallower 3 km× 2 km patch
with peak slip of ~1.3 m at ~2.3 km depth. RMS residual displacements for
the ascending and descending models reduce from 20.4mm and 22.7 mm
for the initial, single fault model to 14.9mm and 15mm for the two fault
model. However, the two fault model interferograms fail to match the dis-
tinctly linear, ~E-W trending fringe pattern along the southeastern edge of

a) b) A13 EQ1–EQ3 model deformation c) A13 EQ1–EQ3 residual deformation

d) e) D20 EQ1–EQ3 model deformation f) D20 EQ1–EQ3 residual deformation

g) h) D122 EQ4 model deformation i) D122 EQ4 residual deformation

j) k) A13 EQ4 model deformation l) A13 EQ4 residual deformation

m) n) D20 EQ4 model deformation o) D20 EQ4 residual deformation

p) q) D122 EQ5 model deformation r) D122 EQ5 residual deformation
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Fig. 4 | InSAR observations, best fitting models and residuals. (Left) Observed,
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the observed deformation ellipse. As this area is immediately up-dip from
the relocated hypocenter of EQ3, we assume a causative link.

We therefore added a third model fault in this area, striking 274°
(matching the linear fringe trend and within 9–14° of the seismological
nodal planes) and dipping 31° northwards (the average of the seismological
nodal planes), and inverted linearly for slip on the three model fault planes
together. The modeled data recover the observations well, including in the
south-eastern region that was previously poorly fit (Fig. 4a–f), and RMS
residuals reduce further to 11.3 mm(ascending) and11.8 mm(descending).
EQ1 now forms a single, elliptical, 8 km × za× h4 km slip patch with peak
slip of ~1.5 m at ~4.4 kmdepth (Fig. 3b). EQ2 still lies west of EQ1, forming
a 9 km× 5 km slip patch with peak slip of ~1.9m at ~4.5 km depth, while
EQ3 is narrower (3 km× 2 km), shallower (with peak slip of ~1.51m at
~3.4m depth), and to the east of EQ1. InSAR derived moments are
~2.9 × 1018 Nm (equivalent to Mw 6.3), 2.2 × 1018 Nm (equivalent to Mw

6.2), and 1.5 × 1018 Nm (equivalent to Mw 6.1) for EQ1, EQ2 and EQ3
respectively.We acknowledge that the EQ3 InSARmoment is about double
that of the seismological values, suggesting some contribution from afterslip
driven by EQ3 and/or the proximal parts of nearby EQ1. This is consistent
with a narrow deformation pattern observed in later post-seismic imagery
(Fig. S11).

Finally, we note that modelled interferograms for EQ4 and EQ5 show
narrow, near-field residuals distributed along and directly eastwards of the
EQ3 model fault (Fig. 4i, l, o, r). To improve the model fit further, we
consideredwhether shallowafterslipmayhaveoccurred along this extended
fault plane during the period spanned by the EQ4 and EQ5 interferograms.
We extended the EQ3 model fault as far east as the largest aftershock,
restricting it to shallow (<2 km) depths to prevent overlap with other fault
planes, and then repeated the inversions for EQ4 and EQ5 with added slip
on EQ3. Due to masking of the narrow uplift region in the two descending
track interferograms, the two fault EQ4 model did not initially improve
results much (Fig. S12c, S12f, S12i). However, when only using the
ascending data to constrain the two fault model, modelled slip appears on
the shallow EQ3 fault, helping recover the narrow deformation signal well

and reducing RMS residual displacements from 36.1mm for a single fault
(Fig. 4i) to 25.3 mm for two faults (Fig. S12l). The two fault model for EQ5
also recovers the southern uplift region well, reducing RMS residuals from
16.1mm for the single fault model to 8.1 mm for the two faults model
(Fig. S13). We conclude that the pronounced residuals south of the main
EQ4 and EQ5 fringes are mainly caused by afterslip along the EQ3
fault plane.

Discussion
The role of fault geometry in the separation of multiplet thrust
earthquakes
Our results show that within eight days, five strong earthquakes rup-
tured five, sub-parallel thrust faults, migrating first to the west (in EQ2)
and then progressively eastwards (in EQ3, EQ4 and EQ5) for a total
fault zone length of about 50 km. Each of the five mainshocks ruptured
for 4–10 km along strike, and over a depth range of 2–8 km. Coulomb
stress calculations using our preferred five fault model suggest that
each mainshock brought parts of the neighbouring segments as much
as 0.5–2 MPa closer to failure (see Methods and Fig. S14), a pattern
often observed in multiplet sequences52–56. However, this does not rule
out other potential causes of triggering, such as dynamic stresses7 or
afterslip, nor does it explain the relative timing of the successive
earthquakes. To us, a more interesting question is why overall slip is
partitioned into five moderate earthquakes rather than one much
larger one. Here, we consider whether variable fault geometrymay have
controlled this rupture segmentation.

Fault geometrical complexities such as bends, step-overs, and gaps, are
well known to influence earthquake rupture propagation and arrest57–61. An
analysis of 67 historical strike-slip ruptures found that fault bends of 25°
have a probability of 50% of terminating rupture propagation61, but the
influence of fault bends on thrust-slip propagation is still unclear. Our
InSAR derived strikes for EQ1–EQ5 are ~250°, ~275°, ~274°, ~259° and
~243°, respectively, but for inclined faults, bend angles also require con-
sideration of dip. We calculate62 a ~ 16° fault bend west of EQ1 with EQ2,
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Fig. 5 | Estimated focal mechanisms of the five Herat mainshocks with the
interpreted N-dipping fault plane shown in bold and labelled with strike/dip/
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USGS W-phase, USGS body wave, GCMT, and GEOFON catalogs; their centroid
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umns show our best double couple (DC) and non-double couple (non-DC) wave-
form solutions and our InSAR models.
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a ~ 12° bend east of EQ1 with EQ3, and fault bends of 9°–10° together with
step-overs of ~2 km between both EQ3 and EQ4 and EQ4 and the EQ5.
These geometric relations suggest that bend angles of ~10° to ~15° might
often be sufficient to terminate rupture propagation in thrust belt settings.

We can also compare theHerat earthquakes with seven other similarly
well-recorded multiplet sequences involving shallow reverse faulting in
continental fold-and-thrust or transpressional belts (Fig. 7). Several of these
sequences involve along-strike segmentation similar to the Herat sequence,

but the compilation does not reveal a well-defined limiting angle across
which thrust earthquakes cease to propagate in the way that there is for
strike-slip earthquakes61. For example, the first and second earthquakes in
the 2017Hojedk triplet appear separated into distinct ruptures by a bend in
fault strike of just 6°, whereas single mainshocks in the 2005–2008 Qeshm,
2008–2009 Qaidam, and 2020 Khalili sequences propagated across greater
bends of 40°, 22°, and 13°, respectively9,15,19,23. The 1997Harnai earthquakes
differ by 13° in fault strike, though the secondmainshock nucleated~40 km

Fig. 6 | Comparison ofDC andNon-DC inversions of EQ1 (upper two rows), EQ4
(middle two rows), and EQ5 (lower two rows). a Fuzzy full MT solutions illus-
trating the uncertainty of each solution, withPwave first polarities. bCentroid depth
probability distribution functions across the 1–20 km model space. The solid and
dashed red vertical lines give the median and mean values, respectively, while the
pink shaded areas show 90% and 68% confidence intervals (darker shadings) and the
range (lightest shading). Dark grey vertical lines show reference centroid depths

from GEOFON. c The sequence of centroid depths as a function of optimization
through 140,000 iterations, coloured by misfit from high (blue) to low (red). d The
unitless Bootstrap Misfit (y-axis) decreases in bootstrap chains (red lines) through
140,000 iterations (x-axis). This represents the sorted misfit values of individual
bootstrap chains, indicating howmodels are ranked by their misfit in each bootstrap
configuration. The black line among the red lines shows the decrease of global misfit
value. The horizontal black lines indicate the final misfit values.
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from the first indicating that the bend played at most a secondary role in
rupture segmentation7. Moreover, more exotic geometries are also possible:
the second earthquake of the 2014Murmuri sequence ruptured a synthetic
thrust in the hanging wall of the first11; the 2017 Hojedk and 2021 Fin

earthquakes involved antithetic thrust faulting17,19; and the 2008–2009
Qaidam doublet involved depth segmentation, with the second earthquake
rupturing up-dip of the first23. Overall, this shows that there are no simple
commonalities in the geometries of thrust multiplet sequences.
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Geomorphology in the epicentral region
Next, we consider the geologic and geomorphic context of the reverse
faults that ruptured in the 2023 Herat sequence. These underlie a rela-
tively low-relief region of Neogene clastic sedimentary rocks between the

W and NW strands of the Herat fault, that contrast with older bedrock
exposed in steeper topography immediately north of either strand
(Fig. 8a). Though surface projections of our EQ1–EQ5 model faults do
not match any of the scattered faults mapped previously by the USGS46,

Fig. 8 | Regional faulting and geomorphology. aRevised faultmap of the epicentral
region. Thin black lines are faults from the USGS46 while thicker lines are additional
faults we mapped ourselves. b Cross-sections of topography and InSAR coseismic

deformation from the lines A-A’, B-B’ and C-C’ in (a). c Annotated Google Earth
(Image © 2025 Airbus) perspective looking roughly northwestwards across the
western part of the epicentral area. There is × 3 vertical exaggeration.
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our additional analysis of our Google Earth imagery reveals an abun-
dance of evidence for active N-S shortening in this area. Coseismic
deformation is centered on a planar, southward-tilted surface that is
heavily incised (Fig. 8b), likely in response to long-term uplift. A low-
lying, E-W-trending ridge with a sharp southern flank marks the
southern edge of the planar surface, and in one place appears to mark a
gentle anticline (Fig. 8c). This anticline ridge parallels the surface pro-
jections of the faults responsible for EQ2 and EQ3, is only a little mis-
oriented from the EQ1 and EQ4 faults, and matches the location of the
narrow fringe lobe seen in InSAR imagery spanning EQ4 and EQ5
(Fig. 4j, m, p). We therefore interpret it to be the surface expression of at
least two and possibly four of the fault segments responsible for the Herat
sequence, and that it grew co- and post-seismically due to slip on the
underlying thrust faults, patterns seen in analogous regions of neigh-
bouring eastern Iran63. Scattered NE- and NW-trending faults mapped
north and east of the anticline ridge may represent oblique fracture sets
associated with long-term, N-S folding, rather than primary tectonic
faults (Fig. 8a, c). The ridge can be traced for ~20 km west of EQ2 and
~15 km east of EQ4, with patterns of river incision and oblique fracture
sets observed up to ~50 km further eastwards still, suggesting that only
part of a much longer thrust system ruptured in the 2023 sequence. This
strongly motivates additional geomorphic and geologic mapping over a
much broader area in the future.

Active tectonics in northwestern Afghanistan
The collision of the Arabia and Eurasia plates results in northward
motion of central Iran with respect to Eurasia, with velocities decreasing
eastward to near zero at the Iran-Afghanistan border31,64,65. As such,
Afghanistan is often considered a promontory of the stable Eurasia
plate38,39, but the 2023 Herat sequence shows that western Afghanistan is
internally deforming below the resolution of the sparse regional GNSS
data. The pure, north-dipping thrust faulting yielded by our inversions
suggest that northwestern Afghanistan accommodates slow, N-S short-
ening of the Farah and Helmand blocks (making up western and
southern Afghanistan) against the Turan platform in southern Eurasia.
The 2023 sequence therefore highlights complex structural branching
and slip partitioning at the western terminus of the Herat fault. There
may also be a strike-slip component to this motion, and slip-partitioning,
if the Herat strike-slip fault is also active at this longitude, but there is no
evidence for or against this from the 2023 sequence.

Field mapping suggests that the Herat fault reactivated a steeply-
dipping suture zone in the Tertiary42, but its dip angle is much steeper than
those implicated in the 2023 sequence. The thrust faults involved in the
2023 sequence have consistent strikes as those in the easternmost Alborz
mountains. Field geological surveys show that the eastern Alborz shares a
similar pre-Jurassic structural history with the Paropamisus mountain66,67;
the two rangesare co-linear butwith significantly reduced topography in the
intervening region along the Iran–Afghanistan border (Fig. 1b). This region
of muted topography may reflect the transition between sinistral trans-
pression along the Doruneh fault in eastern Iran and dextral transpression
along the Herat fault system in Afghanistan.

Summary
The 2023 Herat quintuplet earthquakes ruptured five north-dipping
thrust faults sequentially along strike, westwards initially, and
thereafter eastwards. The faults have consistent, moderate (30–40o)
dip angles but variable strikes, from ~WNW in the west to ~ENE in
the east. Relatively modest fault bends of ~10–15o and step-overs of
~2 km likely played a role in terminating slip propagation in indi-
vidual earthquakes. Coseismic slip is concentrated in the depth range
of 2–8 km, but there was likely some triggered afterslip on the
shallow, up-dip portion of at least one of the faults. The shallow
faulting is expressed in the geomorphology as a low-lying anticline
ridge, but this was not mapped prior to the earthquake sequence.

Methods
Sentinel-1 C-band InSAR data
We mapped coseismic surface deformation in the 2023 Herat earth-
quake sequence using seven interferograms constructed from eleven
individual Sentinel-1A scenes captured from two ascending and two
descending tracks. These were processed in GAMMA software68 and
multilooked with a 10:2 range:azimuth ratio. The 30-arc-second
Shuttle Radar Topography Mission (SRTM) Digital Elevation Model
(DEM) was used to simulate and correct the topographic phase. We
manually masked incoherent parts of the interferogram, likely dec-
orrelated through steep phase gradients and/or strong ground shaking,
in order to reduce the impact of unwrapping errors in our subsequent
fault modelling (Fig. S15). The interferograms were cleaned using an
adaptive filter and unwrapped using the minimum cost flow (MCF)
method69.

InSAR slip modelling
We downsampled the unwrapped interferograms uniformly (Table S2)
before employing a two-step inversion strategy to solve first for the main-
shock fault geometries and subsequently for their slip distributions. In the
first step, we used the Geodetic Bayesian Inversion Software (GBIS)
implemented in a Bayesian framework70 to invert non-linearly for the
optimum strike, dip, length, width, depth, strike- and dip-slip components
of uniform slip, with their uncertainties, of a rectangular fault plane
embedded within a homogeneous elastic half-space. We use open search
bounds for strike, dip and rake, and allow for broad ranges of slip, length,
width, and depth (Table S3, ranges in parentheses). Finding that all the
earthquakes are best fit by a north dipping fault geometry, we then repeated
the inversion with a N-dipping constraint on fault strike (Table S3, ranges
outside parentheses). In the second step, we extended the model fault by
several kilometers along strike and up and down dip, subdivided it into
1 km× 1 km sub-fault patches, and used the steepest descent method71 to
invert linearly for the coseismic slip distribution, allowing for rake angles of
45°–135°. For this second step, we calculated the Green’s functions using
layered elasticities derived from the Crust 1.0 model72 (Table S4).

As a further check on the reliability of the coseismic slip models, we
employed a Jackknife resampling technique73.We randomly selected 40%of
the downsampled InSAR data from each dataset and reinverted for the
coseismic slip distribution, repeating this process 50 times to calculate the
standard deviation of slip for each sub-fault patch. Themaximum standard
deviations are ~0.03m, ~0.03m, ~0.04m, ~0.1 and ~0.12m for EQ1, EQ2,
EQ3, EQ4, and EQ5, respectively (Fig. S16). These values account for ~2%,
~3%, ~4%, ~5% and ~5% of the coseismic slip, indicating that our models
are well constrained by the InSAR observations.

For thrust-slip earthquakes oriented roughly E-W, InSAR line-of-sight
displacements are dominated by the vertical component of surface defor-
mation. When such earthquakes are buried, it can therefore be difficult to
determine the fault dipdirection from “bullseye” InSARdeformation signals
without additional constraints such as fromGNSS data, subsurface geology,
or locally recorded aftershock distributions8,10, none of which are available
here. In order to verify the reliability of our north-dipping fault geometries
for EQ1–EQ3, EQ4, and EQ5, we also solved for the best fitting south-
dipping faults, and then compared the two sets of models. While the
observed EQ1–EQ3 interferograms can be fit well with a south-dipping
fault, the thrust-slip component of slip reaches an unreasonable ~13.5m
(Fig. S17). The S-dipping model fault inversion for EQ4 was particularly
unstable (Fig. S18), while for EQ5 the thrust-slip component of slip reaches
an unreasonable ~40m (Fig. S19). Collectively, these tests therefore strongly
support our favoured interpretation of N-dipping faulting in all five of the
Herat mainshocks.

Earthquake relocation
We used the Hypocentroidal Decomposition multiple-earthquake reloca-
tion procedure74 implemented in mloc software75,76 to determine improved
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epicenters for the five October 2023 mainshocks, sixty-two of the best-
recorded aftershocks up to December 2023, and fifty-eight background
events since 2013. This approach minimizes location biases arising from
unknown velocity structures by separating the relocation procedure into
two distinct steps. In the first, arrival times reported in the bulletins of the
International Seismological Centre (ISC), USGS National Earthquake
Information Center (NEIC), the permanent Iranian networks operated by
the International Institute for Earthquake Engineering and Seismology
(IIEES), the Institute of Geophysics, University of Tehran (UTIG), and the
University of Mashad, for all phases at all distances, are inverted to deter-
mine cluster vectors that describe the relative location and origin time of
each individual event with respect to the geometrical mean of all events (the
hypocentroid; Fig. S20). In the second step, the absolute location and origin
time of the hypocentroid is determined using only arrival time data at local
distances (to 1.1° epicentral distance, Figs. S21–24), which, when added to
the cluster vectors, establishes the absolute coordinates of all events. With
virtually no local-distance data for the Herat sequence itself, we calibrated
the sequence by including in the cluster thewell-recordedApril 2017Mw 6.0
Sefid Sang sequence77, located around 180 kmWNWof theHerat sequence
in north-eastern Iran (Fig. 1a).While the geographic extent of this cluster is
greater than normally considered for the purposes of direct calibration78, we
find that the resulting calibrated relocation places the epicenter of EQ5—the
only of the mainshocks to be captured solitarily with InSAR—exactly over
the deformation centroid in the Fig. 2f interferogram. As such, our results
are nearly indistinguishable from those of an alternative approach, in which
the cluster is calibrated indirectly byfitting thepatternof relative locations to
the pattern of ruptures derived from InSAR analysis79,80. Without close-in
stations to provide sensitivity to focal depth, we used a default focal depth of
12 km and a default crustal structure modified from the global ak135
model81 (Table S5) and developed over many years of doing calibrated
relocations in Iran76.While this default depth is below thebase of the rupture
planes imaged with InSAR, by repeating the relocation at a range of default
depths we found that there is negligible impact on epicentral accuracy,
similar to our experience with other clusters that lack close-in stations82,83.

Moment tensor inversion
Wecalculated the focalmechanisms of thefivemainshockeventsusinghigh
signal-to-noise ratio seismic records at both teleseismic and regional dis-
tances, employing an approach that has been successful in neighboring
Iran15,84. For EQ1, EQ4 and EQ5, we estimated deviatoric moment tensors
through inversion of long-period (10–100 s) teleseismic (30°–80°) P and SH
body waves in the time domain (Figs. S9, S25–S28, 29). The occurrence of
EQ2 and EQ3 so shortly after EQ1 hinders the proper processing and
modeling of their P waves at teleseismic distances, since these overlap the
waveformand coda of EQ1.As a result, EQ2 andEQ3moment tensorswere
instead determined using regional data in the time and frequency domains
(Figs. S25, S26, 27). We used the network of the Iranian Seismological
Center plus two Incorporated Research Institutions for Seismology (IRIS)
stations, filtered in the frequency band of 0.008–0.03Hz, the dominant
periods of Rayleigh and Love waves at these distances. For all five earth-
quakes, synthetic seismogramswere computed using pre-calculatedGreen’s
functions85. For the teleseismic waveform inversions of EQ1, EQ4 and EQ5,
we used the global ak135model81, while for regional waveform inversion of
EQ2 and EQ3we used the same,modified ak135model as for ourmultiple-
event relocation in “The role of fault geometry in the separation ofmultiplet
thrust earthquakes” (Table S6).

For all five events, we employed the Grond probabilistic earthquake
source inversion framework85. This utilizes a Bayesian bootstrap approach86

to explore the entire model space, and delineates model parameters and
their relevant uncertainties and trade-offs. The Bayesian bootstrap opti-
mization method initiates the model space exploration by sampling from a
uniform distribution within specified parameter bounds. All bootstrap
realizations were evaluated in parallel. Based on the performance of the
tested models, the proposed distributions for new models were gradually

and independently updated for every bootstrap realization until they
became smaller84,87. For each earthquake, we computed two solutions: firstly
a best double couple (DC) approximation parameterized by strike, dip and
rake, and secondly a complete, deviatoric non double-couple (non-DC)
moment tensor. In each case, we also inverted for centroid time, location,
depth, and a duration parameter governing a half-sinusoid-shaped source
time function.

Static Coulomb stress changes
Sequential fault rupture is often attributed to Coulomb stress loading, with
static stresses arising from slip in one earthquake promoting failure of the
next52–56. The Coulomb failure criterion is expressed as:

Δσf ¼ Δτs� μ0Δσn ð1Þ

whereΔσf is theCoulombstress changeona receiver fault resulting fromslip
on a source fault (positive values indicate receiver faults brought closer to
failure),Δτs is the shear stress change (positive in the direction of slip),Δσn is
the normal stress change (positive when unclamped), and μ′ is the effective
coefficient of friction88.

To explore its role in the Herat sequence we used Coulomb
3.3 software89 to calculate Coulomb stress changes on the 2023 thrust fault
segments produced by each successivemainshock. Using our preferred, five
segment InSAR slip model as both source faults and receiver fault geome-
tries (Table S1), and taking μ′ as 0.4 following precedent52,90. wemappedΔσf
on each successive fault plane arising from slip in all precedingmainshocks.
In other words, we calculated Δσf on the EQ2 fault plane resulting from slip
inEQ1, on theEQ3 fault plane resulting fromslip inbothEQ1andEQ2, and
so on. We find that EQ1 loads the middle eastern portion of the EQ2 fault,
with a peakΔσfof ~2MPa (Fig. S14a). Similarly, themiddle-westernportion
of the EQ3 fault, the northern portion of the EQ4 fault, and the middle-
western portion of the EQ5 fault, are located in regions of positive Δσf,
averaging ~0.5–1.0MPa (Fig. S14g). Other studies have found that Δσf of
just 0.1MPa can result in receiver fault slip88,91, hinting at a role for static
stress triggering in the Herat sequence. However, when we account for
where slip in EQ2–EQ5 actually initiated, the triggering relations are more
obscure. Using the same set of source faults, we estimated Δσf at our best
estimate of where slip in EQ2–EQ5 initiated, namely our relocated
EQ2–EQ5 epicenters and their non-DC centroid depths (Figs. S14b, S14d,
S14f, S14h). EQ2, EQ3, EQ4 and EQ5 each initiated close to boundaries
between regions of positive and negative Δσf. Since these calculations are
sensitive to small variations in both source and receiver fault geometry and
location, it is therefore unclear whether static stresses played a significant
role in triggering each successive rupture.

Data availability
InSAR data were downloaded from the Alaska Satellite Facility (ASF)
(https://search.asf.alaska.edu/#/). We used focal mechanisms from the
Global Centroid Moment Tensor project (https://www.globalcmt.org/
), the U.S. Geological Survey’s Comprehensive Earthquake Catalog
(https://earthquake.usgs.gov/data/comcat/), and the GEOFON Data
Centre (1993) of the GFZ German Research Centre for Geosciences
(https://geofon.gfz-potsdam.de/) which are based on data from the
GEOFON Extended Virtual Network (GEVN) partner networks. The
seismic waveforms of the Iran network were downloaded from the
Iranian Seismological Center (http://irsc.ut.ac.ir/), and are freely
available for events larger than M 4. Teleseismic waveforms were
obtained from the Incorporated Research Institutions for Seismology
(IRIS). The interferograms, earthquake relocation and slip model can
obtained in https://zenodo.org/records/14736494.
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