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Abstract We provide the first geomorphic evidence for active right-lateral strike-slip faulting at the east-
ernmargins of the Greater Caucasus andwesternmargins of the South Caspian Basin. TheWest Caspian Fault
comprises several parallel strands, exhibiting numerous right-lateral stream deflections, following mud vol-
canoalignments. Mudvolcanoesoccurpredominantlyatbendsand foldsalong theotherwise strike-slip trace,
indicating a structural control on emplacement. Mud volcano distribution and alignments in seismicity allow
us to infer a total fault length of ~150 km. We estimate a Holocene slip-rate of 3.9–4.8 mm/yr, based upon a
displaced terrace riser of assumedage. Twopaleoseismic trenches reveal between five and six surface rupture
events over the last 3000 years, and an average recurrence interval of 500–600 years. The events are unevenly
spaced in time, with a cluster of 3 events in the last 650 years, and longer intervals earlier. From earthquake
scaling relationships we expect rupture of the entire fault length to produce Mw 7.5 events with average slip
of 3 m, consistent with the smaller measured lateral offsets. However, a lack of historical earthquakes com-
bined with inferences on fault behaviour within the fluid-rich over-pressured Kura basin sediments lead us to
speculate that the ruptures may represent aseismic slip or low-magnitude surface-rupturing earthquakes.

1 Introduction
Complex deformation occurs in fault boundary zones
where multiple tectonic blocks meet. Understanding
the behaviour of these complex fault zones is funda-
mentally important to quantify the rates of relative plate
motion and regional seismic hazard. The junction be-
tween the Greater Caucasus, South Caspian, and Kura
basins is an important example of a complex boundary
(Fig. 1). Little is known about the active faulting occur-
ring between the Kura and South Caspian basins and
how this zone fits within the regional tectonic frame-
work. Active faulting within and around the Kura basin
is likely to play an important role in accommodating
motion of the South Caspian Basin, which is believed
to be an aseismic block within the Arabia-Eurasia colli-
sion zone (Jackson et al., 2002). Active faulting within
the Kura basin also poses potential hazards to rela-

∗Corresponding author: neill.marshall@oma.be

tively large populations and important transport and
energy infrastructure. However, rapid sedimentation
within theKurabasin andmultiple transgressions of the
nearby Caspian Sea have acted to largely conceal the ge-
omorphic expression of faulting such that both the ex-
istence of major fault zones, and descriptions of their
kinematic roles, are debated (e.g. Jackson et al., 2002;
Vernant et al., 2004; Copley and Jackson, 2006; Reilinger
et al., 2006; Kadirov et al., 2012; Gunnels et al., 2020).

A further complexity is the role basin rheology plays
in effecting deformation. High rates of sedimenta-
tion leading to overpressure, combined with high pore
fluid pressures and tectonic compression in Kura basin
raises the potential for shallow aseismic deformation.

In this paper we map active fault traces using opti-
cal satellite imagery, field observations, published seis-
micity (Gunnels et al., 2020), and the distribution of
mud volcanoes, to confirm north-south right-lateral
strike-slip faulting at the eastern margins of the Kura
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basin. We show results from paleoseismic trenches
near Salyan on theWest Caspian Fault, determining the
first geologic constraints on slip-rate, earthquake recur-
rence, displacement, and fault geometry (Fig. 1). We
then discuss the role of the West Caspian fault zone in
the context of the regional tectonics and triple junctions
and whether observed active faulting results from seis-
mic or aseismic slip.

2 Geographic and tectonic setting
The active faulting in Azerbaijan and the South-eastern
Caucasus is related both to north-south shortening
within the Arabian-Eurasian continental collision zone,
and to the motion of the South Caspian basin (e.g. Jack-
son and McKenzie, 1984; Jackson et al., 2002).

2.1 The Kura Basin
The West Caspian Fault zone sits at the eastern mar-
gin of the Kura Basin, a depression between the Greater
Caucasus mountains to the north and Lesser Caucasus
mountains to the south (Fig. 2). The sedimentary thick-
ness of theKuraBasin is thought to be~15km(Piip et al.,
2012), underlain by a granitic-metamorphic basement
(Nadirov et al., 1997).
The Kura Fold and Thrust Belt is believed to be the

southward propagation of the Greater Caucasus into the
Kura foreland basin, and the centre of shortening in the
region, initiated 1.5 Ma (Forte et al., 2009, 2013). Paleo-
seismic studies show evidence for three surface ruptur-
ing earthquakes along the Kura Fold and Thrust Belt in
the last 2300 years, and a maximum Holocene dip-slip
shortening rate of 8.0 to 8.5 mm/yr (Pierce et al., 2024).
Crustal thickness of the Kura Basin decreases, due to

thinning, from west (~60 km) to east (~45 km) where it
borders the South Caspian Basin (Mangino and Priest-
ley, 1998). The Kura River flows eastwards through the
basin to the Caspian Sea, leading to relatively high sed-
imentation rates at the present day. In the north, the
Kura Fold and Thrust Belt and Greater Caucasus are be-
ing actively uplifted by thrust faulting with seismicity
focussed on the frontal thrusts (Fig. 2) (Allen et al., 2004;
Copley and Jackson, 2006; Gunnels et al., 2020; Jack-
son et al., 2002; Forte et al., 2009, 2013). GNSS survey
data by Kadirov et al. (2012) and Reilinger et al. (2006)
shows northwardmotion of the Kura Basin with respect
to Eurasia of 13.2 ± 0.5mm/yr (Fig. 2 & S1).
Most well-constrained earthquakes in the Kura Basin

are moderate in magnitude and have depths that ex-
ceed 10 km (e.g., Copley and Jackson, 2006; Gunnels
et al., 2020; Jackson et al., 2021, 2002; Engdahl et al.,
2006). There are few recorded significant historical
earthquakes on or near theWest Caspian fault zone over
the last 2000 years (Shebalin andLeydecker, 1997), apart
from one event in the vicinity of Salyan in 1881 with
magnitude 4.0 and intensity V. Ambraseys and Melville
(2005) report no earthquakes in the Salyan region al-
though there are two earthquakes in Azerbaijan of un-
knownorigin in 1305 and 1436 (Ambraseys andMelville,
2005).

Eastern Azerbaijan has a high concentration of mud
volcanoes, distributed both in the Kura basin onshore
and the offshore South Caspian Basin (Fig. 2), with
mud sourced from the Oligocene Maykop formation,
which underlies the ~10 km thickness of sands of the
so-called Productive Series (Allen et al., 2002; Mangino
and Priestley, 1998; Piip et al., 2012; Abdullayev et al.,
2017). Mud volcanism is driven by sediment over-
pressure and the presence of hydrocarbons, with tec-
tonic compression from the Arabia-Eurasia collision
further contributing to elevated pore pressures within
the basins (Feyzullayev et al., 2015; Mazzini and Etiope,
2017).

2.2 The South Caspian Basin
The South Caspian Basin (SCB) is bounded to east,
south, and west by the actively deforming Kopeh Dagh,
Alborz, and Talesh mountain belts, with its northern
boundary at the Apsheron ridge (Fig. 1). Receiver func-
tion analysis and seismic reflections studies show, from
top to bottom, a low-velocity layer 15–20 km thick, then
a 10–18 km thick high-velocity basaltic-like layer be-
neath (Jackson et al., 2002). The 15–20 km low veloc-
ity layer is modelled as a series of sedimentary layers
with the Miocene basin fill deposits starting at a depth
of ~8–9km(Abdullayev et al., 2017). TheQuaternary lay-
ers make up the top 3 km of the basin fill (Allen et al.,
2002; Abdullayev et al., 2017).
The basin has few recorded earthquakes within its in-

terior and is believed to be an independent block (Jack-
son et al., 2002;Walker et al., 2021). The SCBmoveswith
a rate of 10.4 ± 1.1mm/yr in direction 333° ± 5° relative to
Eurasia, and 4.8 ± 0.8 mm/yr in direction 236° ± 14° rela-
tive to Iran (Copley and Jackson, 2006; Djamour et al.,
2010; Jackson et al., 2002; Walker et al., 2021). North
of the Apsheron ridge, earthquakes with depths greater
than 80 km occur and are thought to be a result of the
basement of the South Caspian subducting north be-
neath Eurasia (Jackson et al., 2002, 2021; Walker et al.,
2021). Westward underplating of the SCB beneath the
Talesh and Kura basin is also inferred from deep thrust
fault earthquakes, to depths of around 40 km (Jack-
son et al., 2002). The onset of subduction is often as-
sumed to correlate to increased sediment accumulation
in the basin at 5.5 Ma (Allen et al., 2002), though analy-
sis of deep seismic lines through theApsheron ridge and
South Caspian instead suggest that the subduction dates
earlier, to the Miocene (e.g. Green et al., 2009).
In the east, the relative motion of the SCB relative to

Eurasia and Iran is accommodated via conjugate mo-
tion on the dextral Main Kopeh Dagh Fault and sinistral
Shahrud Fault zone, as shown in Fig. 1, (Dodds et al.,
2022; Hollingsworth et al., 2008; Jackson et al., 2002;
Walker et al., 2021). Faulting along the southern side
of the SCB changes from east to west, with decreas-
ing amounts of left-lateral slip and increasing short-
ening components as the Alborz ranges curve around
the south side of the SCB. GNSS velocities indicate that
the Talesh and Kura basin move northwards relative
to Eurasia at 10–13 mm/yr. GNSS studies by Kadirov
et al. (2012) and Reilinger et al. (2006) show a north-
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Figure 1 A: Tectonic map of the South Caspian Basin. Black arrows show GNSS velocity relative to Eurasia after Khorrami
et al. (2019). Thick red lines are faults mapped in this study, thick dark grey lines are from Walker et al. (2021), and thin
light grey lines are taken from Zelenin et al. (2022). Lines with teeth indicate thrusting. The map shows the northern zone
of Arabian-Eurasian collision with the main fault zones named in the white boxes. The yellow box is the study area. Note
that GNSS velocity vectors drop significantly north of the Greater Caucasus. Themotion of the GNSS and on the faults shows
the westward extrusions of the South Caspian Basin and the subduction beneath the Alborz and Talesh. B: Velocity triangle
showingmotion of the South Caspian Basin relative to Eurasia (Dodds et al., 2022). The Turkish-Iranian Plateau (TIP) motion
is determined by averaging GNSS velocity vectors from Khorrami et al. (2019) relative to Eurasia. The dashed lines show the
relative north (Vn) and east (Ve) velocities used to determine the TIP-EUR velocity vector. Solving between these two vectors
gives SCB-TIP motion of 5.4 – 8.9 mm/yr. C: Projects the SCB-TIP motion onto the average strike of the West Caspian Fault
(345º). This estimates the rate of shortening (5.2 – 8.2 mm/yr) and right-lateral shear (1.9 – 3.3 mm/yr).

eastwards directional change and decreasing magni-
tude of the velocity vectors between Salyan and Baku
(Fig. 1, 2, and S1). Kinematic modelling from GNSS
data show thatN-S strike-slip is possible (Djamour et al.,
2010; Kadirov et al., 2012). By forming a velocity trian-
gle from GNSS-derived Talesh-Eurasia velocity and the
9.7 ± 1.8 mm/yr SCB-EUR velocity (Dodds et al., 2022),

we estimate ~7.5 mm/yr of motion between the SCB
and the Turkish-Iranian Plateau (TIP) and Kura basin
(Fig. 1). Resolving this velocity onto the north-south
structures of theTIP estimates 1.9mm/yr of right-lateral
motion, and 7.2mm/yr of range-perpendicular shorten-
ing. Some of this shortening should be accommodated
by reverse faulting uplifting the Taleshwith the remain-
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Figure 2 A: Seismotectonic map of Azerbaijan and Trans-Caspian region (inset). GNSS velocity vectors are from Khorrami
et al. (2019), relocated seismicity is from Gunnels et al. (2020), and focal mechanisms are taken from the ISC catalogue (In-
ternational Seismological Centre, 2026). Black lines are active faults from Zelenin et al. (2022). Digital elevation data is from
SRTM (30 m resolution) NASA SRTM (2013) and bathymetric data is from the Global Oceans (https://www.gebco.net/data_
and_products/gridded_bathymetry_data/). B: Dotted black lines show lineations of mud volcanoes in five main areas (1a –
Shamakhi to Shirvan, 1b – Salyan to offshore South Caspian Basin, 2 – offshore southwest Alat, 3 – Alat (NW-SE) trend, 4 –
north Alat offshore). Trend 5 is a linear NNW-SSE trend in seismicity.

der across theWest Caspian fault zone.
The structures that accommodate relative motion be-

tween the Talesh and Kura basin are not well con-
strained, leaving questions regarding the kinematics of
faulting. A number of north-south right-lateral earth-
quakes are known from the Talesh region of Iran, in-
cluding the Mw 6.1 Ardebil earthquake in 1997, and
right-lateral geological and geomorphic displacements
are mapped on north-south faults within the Talesh
(Aziz Zanjani et al., 2013). Gunnels et al. (2020) show
a NNW-SSE striking linear trend of seismicity (greater
than 30 km deep) in the Kura Basin (Fig. 2b – trend 5)
and interpret this as a dextral strike-slip fault zone, the
West Caspian Fault. An abrupt alteration in sedimen-
tary thickness (Allen et al., 2002) and gravity anoma-
lies (Khain et al., 1966) are thought to be indicative of
the presence of the West Caspian Fault. Trifonov et al.
(1986), Allen et al. (2002), and Khain et al. (1966) de-
scribe right-lateral shear andmap active faults between
topographic highs near Shirvan and Salyan, document-
ing evidence for en echelon folding.

2.3 Caspian Sea level
The Caspian Sea is the largest landlocked body of wa-
ter globally, with occasional outflow to Black Sea during
some interglacial periods (Leroy et al., 2020). The closed
nature of the Caspian Sea means that water levels vary

depending on climatic and river inflow changes. The
main sources of water into the Caspian are the Volga,
Kura, and Amu-Darya rivers and occasionally the Aral
Sea.
The Caspian sea level is presently at -28 m a.s.l.

and has changed dramatically since the Miocene, with
transgressions peaking above 150 m and regressions
as low as -1500 m (Forte and Cowgill, 2013; Kroonen-
berg et al., 1997). Radiocarbon dating of marine shells
around the Caspian indicates two significant late Pleis-
tocene transgressions at around 35 ka and 11–13.5 ka
with highstands of 48–50 m and 0 m above global mean
sea level (a.s.l.), respectively (Arslanov et al., 2016;
Dolukhanov et al., 2010; Kakroodi et al., 2012; Kroo-
nenberg et al., 1997; Pánek et al., 2016). During the
Holocene, the Caspian Sea level has fluctuated with fre-
quent transgressions and regressions, and with a max-
imum highstand of -20 m a.s.l. (Kakroodi et al., 2012;
Kroonenberg et al., 2007; Ollivier et al., 2016).

3 Methods
3.1 Satellite imagery
We obtained high-resolution stereo imagery from the
Pléiades satellite mission to build digital elevation
models (DEMs) of onshore topography around the
Shirvan fault zone (https://portal.opentopography.org/
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dataCatalog, 19/05/2021, SO21034807-2). We use Agisoft
Metashape software to match points from pairs of im-
ages and calculate elevation point data. The point data
is then interpolated to build a surface model or DEM
with 1m/pixel resolution. Faultswere remotelymapped
using hillshade images of these Pléiades DEMs, Google
Earth, and Bing Aerial images prior to field mapping
in May 2022. Using the satellite images and derived
DEMs, we identified key sites for further field investi-
gation. The Pléiades-derived elevation data is geoid-
adjusted using the emg2008-5model derived by satellite
gravity data and cubic interpolation (Karney, 2019). We
use the geoid-adjusted elevation data to determine rela-
tive topographic heights.

3.2 Structure from motion (Surveys using
Uncrewed Aerial Vehicle)

Key study sites near Salyan (Fig. 2b) were surveyed us-
ing a Teokit-equipped DJI Phantom 4 Pro v2 drone, col-
lecting ground surface images. The Teokit is a dGPS
and provides precise photo locations that are corrected
to the Emlid Reach RS2 dGPS base station (e.g., Zhang
et al., 2019). We use Agisoft Metashape software to
process the surveyed photographs into an orthomosaic,
and a DEM with a horizontal 2.6 cm/pixel resolution
(https://portal.opentopography.org/dataCatalog).

3.3 Geomorphic and fault mapping
We produced geomorphic maps using a combination of
field observations, satellite imagery, and drone-derived
DEMs. At the Salyan site, we identified fault scarps and
measured deflected drainage channels using the drone
imagery.
We used abandoned terrace risers as piercing lines to

measure deflections at the Salyan site as the thalweg is
still the active channel at the site. Deflectionsweremea-
sured in QGIS using the distance between the thalwegs
and risers (e.g., Kurtz et al., 2018), in the field and using
the LaDiCaoz (version 2) tool (e.g., Haddon et al., 2016;
Zielke and Arrowsmith, 2012). The tool uses a best-fit
method to restore drainage channels and terrace riser
slope. We use this tool with elevation data from our UAV
derivedDEM, and our fault and geomorphicmapping to
determine the amount of drainage deflection.

3.4 Paleoseismic Trenching
At the Salyan site, two paleoseismic trencheswere exca-
vated, cleaned, gridded, photographed, and logged. As
a base for the trench logging, we used an orthophoto
mosaic constructed using photographs captured with
a Samsung Galaxy S20 Ultra and processed in Agisoft
Metashape software. The orthophoto has been scaled
and oriented using reference points extracted from
iPad-lidar scans of the trenchwalls (Pierce andKoehler,
2023). Logging was performed on an iPad using Adobe
Illustrator software. Units, faults, and folds were distin-
guished, divided, and described following paleoseismic
methods described in (McCaplin, 2009). Using the Em-
lid ReachRS2 dGPS base station and rover, wemeasured
an elevation profile along each trench. In addition, a

sediment sample pit 2.3 m deep was excavated into a
terrace at the Salyan site, to obtain datable sediment to
establish constraints on geologic slip.

3.5 Quaternary dating
Samples were collected for both radiocarbon and infra-
red stimulated luminescence (IRSL) dating (Table S1).
Charcoal nodules in a burn layerwere found in very fine
aeolian sands at 2.1 m depth in the sample pit and sam-
pled for radiocarbon dating. We also sampled two intact
marine bivalve shells inTrench 1. Charcoal nodules and
marine shells were analysed at Beta Analytic laboratory
in Miami, Florida. Results were calibrated using OxCal
v4.4 (Bronk Ramsey, 1995) with the Marine 20 calibra-
tion curve and DR adjustment (-128) for the Caspian Sea
shown in Table S2.
For IRSL dating we analysed 10 sediment samples

from Trench 1 and 3 samples from Trench 2. Sam-
ple tubes were hammered into the sediment layer and
sealed from light contamination. The ends of the tubes
were wrapped in aluminium foil and taped to seal. The
samples were processed in the Luminescence Dating
Laboratory at the University of Sheffield and analysed
using IRSL dating techniques on single feldspar grains
(Rhodes, 2015). The IRSL dating results are provided
in full in Table S1 and are detailed on the trench logs.
We apply the finite mixture model to identify grouping
within the equivalent dose distributions (Galbraith and
Green, 1990).

4 Right-lateral strike-slip faulting in
the Kura basin

The West Caspian Fault zone comprises a system of
faults, notably the Shirvan and Alat faults that have
a clear surface expression. Other faults in the West
Caspian fault zone are inferred by lineation and concen-
tration of mud volcanism and seismicity (Fig. 2 and S1).

4.1 The Shirvan fault
From satellite imagery and field observation we iden-
tify a zone of right-lateral strike-slip faults at the east-
ern margins of the Kura basin. We describe three sec-
tionswhere faulting is clearly visible in geomorphic sur-
faces. Each of these sections is associated with larger-
scale topography caused by fault bends and mud vol-
canism. Mud volcanoes are aligned along the fault
trace, with concentrations near bends in the fault, cor-
responding to pressure ridges. We note that the align-
ment in mud volcano activity extends south of the ob-
servable end of the fault zone, providing further evi-
dence that the fault is longer than visible in the geo-
morphology. We infer that the fault zone extends be-
tween the three parts described here, but with a subtle
geomorphic expressionwithin the low-lyingparts of the
Kura basin. Seismicity follows an ~150km-long NNW-
SSE alignment, with depths of 40 km, which extends
from Shamakhi through Shirvan and Salyan, and ~100
km offshore into the Caspian Sea (Fig. 2).
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In Fig. 3we showeast-facing scarps running along the
apex of topography and an alignment of mud volcanoes
south of Shamakhi. We identified lateral displacements
across this section of the fault and we infer that a ma-
jor component of the slip is right-lateral, based on the
scarpmorphology, deflected drainages, and aligned val-
leys and hills.
Linear scarps cutting across higher topography adja-

cent to Shirvan are shown in Fig. 4. The scarps are both
uphill and downhill facing (shown in profiles in Fig. 4a
& d). We find several right-laterally offset drainages.
There are too few identifiable offsets in our dataset to
give a robust statistical analysis. However, wefind right-
lateral deflections between 5 and 20 m for a series of
continuous creeks.
There are stepovers along the fault trace that are both

left and right stepping (Fig. 4b and c). At the left step we
see a topographic high bounded on each side by a rup-
ture strand (Fig. 4b), indicative of right-lateral motion.
We also see a depression within a right step in the sur-
face rupture trace in this zone (Fig. 4c), consistent with
transtension and right-lateral faulting.
Near Salyan we identify a linear fault trace bounding

the western side of a flat-topped region of raised topog-
raphy, in which steeply dipping strata crop out and have
been eroded during a highstand (Fig. 5). Shelly marine
terrace deposits are preserved on the surface in places.
The fault trace along the western side of the fold

bends from almost N-S in the north (Fig. 6) to NW-SE
in the south (Fig. 5). Small antithetic left-lateral faults
displace vertically dipping beds (Fig. S2f).
We visited a section of the fault in the field, where the

main fault trace runs along an~8m-high scarp along the
base of a marine terrace. At this site we used an UAV to
produce a DEM, excavated two paleoseismic trenches
through the fault zone, and opened a soil pit in an ad-
jacent terrace surface. From the UAV-derived DEMs
andfieldmappingwemeasured offset terrace risers dis-
placed right-laterally by 8 m and 54 m across the main
fault trace (Fig S2).
The Shirvan fault bend at Salyan (Fig. 5) also shows

other antithetic structures away from the main fault
trace. We observe antithetic left-lateral faulting trend-
ing N-S shown by fractures and offset bedding planes
in vertically dipping bedrock (Fig. 5 and S2f). The N-
S orientation of these left-lateral structures is antithetic
to the trend of the Shirvan fault at this bend. There is
no expression of these faults in the recent geomorphic
surfaces, leading us to speculate that these do not ex-
tend far and are secondary to the main Shirvan fault.

4.2 The Alat fault system
To the west and northwest of Alat there are scarps with
right-laterally offset drainage channels, trending NW-
SE toWNW-ESE along the westernmargins of a range of
folds andmud volcanoes (Fig. S3). The right-lateral dis-
placements are particularly clear in the region shown
in Fig. S3, where a sharp linear fault trace tracks across
the slopes of a large mud volcano crosscutting topogra-
phy. A series of small channels and their interfluves are
consistently displaced by ~10 m.

Further south, right-lateral offsets are again visible
where the fault scarp cuts across mud flows (Fig. S3(e)).
In this example the lateral offsets are less well defined,
though larger, than in Fig. S3(b). Incised channels show
displacements of several tens of metres.
The Alat fault system as mapped from the geomor-

phology coincideswith analignment inmudvolcanoac-
tivity, which extends offshore and splits into three sep-
arate trends, numbered 2, 3, and 4 in Fig. 2. There is
also a close correlation between the mapped fault and
an alignment in shallow seismicity, with depths to ~20
km (Fig. 2), and appears to merge with the Shirvan fault
zone seismicity near Shamakhi (Fig. 2).

4.3 Faulting inferred from mud volcanism
and seismicity

We have described the Shirvan and Alat fault systems
(alignments 1–4 on Fig. 2). These are expressed in the
geomorphology, alignment of mud volcanoes, and re-
located seismicity in the Kura Basin by Gunnels et al.
(2020). We use these alignments to infer that the Shir-
van and Alat faults are longer than geomorphically ex-
pressed at the surface and extend offshore into the
Caspian Sea (Fig. 2 and 3).
We observe another alignment of seismicity with an

NNW-SSE trend parallel to those we have already de-
scribed, but sited further west in the interior of the
Kura basin (Fig. 2, alignment 5). Regional seismicity ob-
served in Gunnels et al. (2020) and the ISC/GEM seis-
mic catalogue also show strike-slip focal mechanisms
along this trend. The seismicity is mostly deep along
this trend (>20 km). However, we do not observe a sur-
face expression of faulting or mud volcanism in this re-
gion.

5 Paleoseismology of the West
Caspian Fault

5.1 Geomorphology at the Salyan trench site
At the Salyan site, a small stream cuts through the ma-
rine terrace/platform. Incision of this stream, possibly
due to a combination of faulting and decreasingmarine
base level, has left behind a suite of terraces. These ter-
races and the margin of the marine platform are cut by
a clear NW-striking fault.
We interpret fluvial, alluvial, aeolian, and marine de-

posits demonstrating changes in depositional environ-
ment. Qt1 is the youngest fluvial terrace bound by the
active channel and an older terrace riser (Fig. 6). The
grain size ranges from silt to medium sand with scat-
tered pebbles. The vegetation is mainly scrub bushes
forming in mounds up to 0.5 m wide, and we observe a
change in the concentration of vegetation at a small 0.2
m NNW-SSE scarp across the terrace (~25 m in length).
Qt2 is separated fromQt1 by a 0.5m-high terrace riser

and consists of brown silt with grass and small scrub
bushes. The surface has a slight slope towards the active
channel, and it has a smooth surfacewith little incision.
Qt3 sits at a higher elevation than Qt2 and is sepa-

rated from Qt1 by a terrace riser. Qt3 sits only on the
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Figure 3 NNW-SSE striking strike-slip faulting between Shirvan and Shamakhi (Fig. 2). A: Active faulting on Pléiades 1m
DEM. Mud volcanoes form in a lineation along fault strike. B: A scarp forming along a linear valley. C: Multiple scarps with
offset drainages (right-lateral). White arrows indicate the fault trace.

NE side of the fault trace and higher in the channel than
Qt1 and Qt2. The surface consists of a brown silty soil
with sparse grass and scrub bush vegetation and has a
slight incline of 10º towards the north-west. The surface
is bound by a 10 m terrace riser and a 1 m fault scarp to
the south-west.

Qt4 is a flat 10 x 10 m terrace deposit higher in the
drainage channel and only found on the NE side of the
fault trace. Qt4 sits at a 5 m higher elevation than Qt3
and is bound to the SE by a 5 m riser. There is sparse
vegetation of grass and small scrub bushes and the ter-
race sediment is composed of light brown silt.

Qaf is a fan-shaped deposit that extends into a gully.
The surface sits topographically above the Qt1 surface
adjacent to the Qad surface. There is no riser between
Qaf and Qad. A riser exists between Qt1 and Qaf de-
posits and suggests that Qt1 was incised into Qaf. The
Qaf surface drains to the south-west andweobserve that
it traces back to the foot of the Qmt riser where there is
a small gully. The majority of the Qaf surface is offset
from this incision to the NWalong the fault scarp.

Qad is a bumpy, sparsely vegetated surface consisting
of light brown to straw yellow silty sediments. Abun-
dant marine shells are observed on its surface. From
the elevation data we observe that this deposit ramps
against the fault scarp to the east and the surface has a
slight incline. A sample pit was excavated into this sur-
face at the northwestern part of Fig. 6, in which we ob-
serve silts to very fine sands, with layers of pebbles. We
also found a layer rich in charcoal nodules within aeo-
lian deposits capping a marine sand layer, that we in-
terpret as a burn layer. We sampled and analysed these
charcoals from a depth of 1.4 m, and these yield an age
of 1744–2145 yrs cal BP.We also sampled and dated one
of the marine shells on top the terrace surface, yielding
an age of 35,280 ± 240 years cal BP. We interpret this as
scattered shells on the surface, reworked from numer-
ous marine and shelly deposits seen in the in-situ ma-
rine terrace above.

At the highest elevation in our study area (approx-
imately 0 m a.s.l.) is a flat terrace, mapped as Qmt
(Fig. 6). There are several small (~1 m wide) shallow
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Figure 4 Fault map near Shirvan shown on a DEM derived from the Pléiades satellite imagery (1 m resolution). A: The
rupture trace in three strands that have created scarps in the topography. The topographic profile XX’ shows the scarps. There
is also an offset drainage along strike of the rupture trace at the NW of the panel. B: The rupture trace and a transpressional
step-over (pop-up) structure. C: Rupture trace showing scarps and trantensional pull-apart basin within a step-over. This is
seen in the topographic profile YY’. D: Two rupture traces, scarp, and offset drainage channels with measurements between
5m and 22m. Scarps can be seen in the topographic profile ZZ’.

pits previously excavated into this surface up to 30 cm
deep and we observe brown silty sands containing bro-
ken marine shells in the surface. We interpret this sur-
face as a marine terrace. We did not sample in-situ
shells from the Qmt surface to confirm its age. The sur-
face elevation of 0 m a.s.l. is consistent with formation
during the 11–13.5 ka transgression. We interpret Qmt
as the oldest geomorphic surface in the Salyan study
area. Also, as the most recent Caspian transgression at
11–13.5 ka would have inundated the Salyan trench site,
we assume that the landscape was reset at that time,
with all terrace formation and incision (Qt1–4) being
younger than the highstand.

5.2 Trench 1
Trench 1 (Fig. 6) is 18 m long and 3 m deep from the
top of scarp to the bottom of the excavation. The topog-
raphy is raised forming a 0.5-m-high scarp across the
width of the Qaf surface (~6 m). The trench was exca-
vated across this 0.5 m scarp, into the Qaf and Qt3 de-
posits. An orthophoto mosaic and log of the northeast
wall is shown in Fig. 7. The trench exposes a sequence
of sedimentary deposits that are cut by two distinct
zones of vertical and sub-vertical fractures either side

of the scarp. At these fracture zones we observe sharp
contacts and changes in the sedimentary deposits.

5.2.1 Stratigraphy
We group sedimentary units exposed in trench 1 into
four groups. At the base of the trench, the oldest group
(Group 1) consists of two units; chocolate brown clays
(U10) and blue bedded sands (U20). The bedding planes
are delineated by lighter blue and darker blue/black
bands of fine to medium grained sand. We interpret
Group 1 as low energy lakebed sediments.
Group 2 (U50, U60 and U65) is found between the two

fracture zones and sits above Group 1. Group 2 con-
tains intactmarine shells, smallwell-sortedpebbles and
coarse to fine well-sorted sands (Fig. 7). U50 is a fine to
medium grained cross-bedded deposit that is capped by
a ripple-laminated sand unit (U60). We observe salt lay-
ers within units U60 and U65, leaching from the trench
wall. From the sedimentary structures and presence of
shellymaterial we interpret the sands as a near-shore or
beach deposit.
Group 3 consists of units U30, U40, U45, U80, U100,

and U130. Grain size ranges from fine sands to silts.
U30 is a bedded fine sand and silt deposit that extends
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Figure 5 A: Pleiades-derived DEM of the Salyan region of the Shirvan fault. White lines delineate active faulting from our
field and remotemapping. B: Study area fromA. The fault bends from aN-S to NW-SE trend. We identify antithetic R’ sinistral
faulting (Fig. S2f). Trench site is shown in the yellow box on panel B. Blue lines on inset panel show 0m a.s.l.

across the F2 fracture zone forming an erosional un-
conformity with the lower units. It has an undulating

contact and channel structure cutting into the blue sand
(U20). Southwest of F2, U30 forms a sharp angular un-
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Figure 6 UAV-derived DEM of the trench site near Salyan on the Shirvan fault zone. Panel A shows a geomorphic map and
the fault trace. PanelB is a hillshade of theUAVDEM showing the sample site, Trench 1 and Trench 2, and a riser right-laterally
offset by 53 m. Profile AA’ shows the marine terrace at an elevation of 0 m a.s.l. Panel C shows a slope map of from the UAV
DEM data, showing the offset Qt1 riser and Qt1 tread. The matched riser profiles are restored using LaDiCaoz method, and
the result is shown in panel D showing a 7.5 m offset.

conformity against U65 below. Above U30, northeast
of F2, there is a finer grained bedded silt unit (U40),
this layer is laterally truncated at a fracture zone. This
unit is capped by a bedded block silt layer (U45) that
also truncates at the fracture zone. Above U45 there
is a blocky silt unit (U130) that almost caps the entire
trench. Above U30 southwest of F2, there is a distinct
unit (U80) that has interstitial beds of fine sands and
laminated silts; this unit abuts U40 and U45 across F2.
U80 sits above U30, northeast of F1 and is a unit of lam-
inated fine sands and silts. U100 sits above U80 and is
a laminated silt layer with a varying thickness across

the trench. It is a distinct laminated silt layer, with-
out fine sand. Both U80 and U100 have bed thicknesses
changes at fault F1. We interpret these units as over-
bank or flood plain deposits, with thickness variations
being juxtaposedbecause of lateral fault displacements.
We interpret Group 3 as fluvial/alluvial in origin, with
sediment washing down from themarine terrace (Qmt)
above.
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Figure7 Trench1–photo-orthomosaic and trench logof theNNWwall of Trench1 (Fig. 6). The trenchhas two fault zones (F1andF2) and sevenpossible events (E1–7). A topographic
profile was measured along the extent of the trench wall and extended at either side using a dGPS.
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Figure 8 Trench 2 – photo-orthomosaic of the NNWwall of Trench 2. Trench log shows fluvial sediments in the Qt1 surface (Fig .6). There are two fault zones (F1 and F2) and up to
three events (E1–3). A topographic profile, measured using a dGPS, showing the trench location is shown in the top left corner.
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Group 4 consists of entirely of silts with differing sed-
imentary structures (U85, U90, U110 and U120). At the
base of the trench at the southwestern end there is a
thickunit ofmassive siltswithnodiscernible beddingor
lamination (U85). Above this unit there is a bedded silt
unit (U90) with a variable thickness at the southwestern
facture zone. Units U80 andU100 overlie U90 southwest
of F1, thinning in the fracture zone, and interrupting
the sequence of massive silt units. U110 sits above U100
and is a thin deposit of massive silts with no lamination
or apparent bedding. Above U110 there is a blocky silt
deposit, U120, that shows some lamination. We inter-
pret Group 4 as a package of wind-blown dust deposited
against a scarp.

5.2.2 Faulting and related deformation

The sediment deposits are deformed at two distinct ver-
tical boundaries in a series of fanning fractures form-
ing a flowermorphology. The fractures terminate at dif-
ferent levels throughout the sedimentary sequence. We
observe vertical offsets and bedding thickness changes
in the sedimentary layers (U80, U100, and U110) across
these fractures at the southwestern end of the trench.
The lower units (U60 and U65) have variable dip from
almost horizontal at the southwestern end to 30ºW to-
wards the northeast. There is an angular unconformity
between the marine sediments (U60/65) and the overly-
ing laminated silts and sands (U30).
The lateral truncation of sediments, across-fracture

bed thickness changes, vertical offsets in sediment lay-
ers, and the flower structure are diagnostic of strike-
slip faulting. We interpret that the clay (U10), blue sand
(U20), and the shelly sands (U50, U60, and U65) are
folded. The sedimentary structures within Group 2 do
not show evidence of onlap and do not appear to be high
angle slope deposits so were most like deposited hori-
zontally or on a slight incline.

5.3 Trench 2
We excavated an 11 m-long and 1.5 m-deep trench
across a subtle ~0.2 m high scarp in the Qt1 terrace
(Fig. 6). An orthophoto mosaic and trench log of the
northwestern trench wall are shown in Fig. 8.

5.3.1 Stratigraphy

In Trench 2 there is one sedimentary facies of fluvial
sediments consisting of seven units. The units fine
upwards and all show sedimentary structures ranging
from channel cross stratification to lamination in the
upper units. Unit 1 (U1) consists of medium to coarse
sands containing pebble layers; above this sits a coarse
sand layer (U2) and then a layeredmedium sand deposit
containing salts (U3). This is then topped by a relatively
thickmedium sand layer (U4). On the downthrown side
of the fault U4 is capped by a laminated fine sand layer
(U5). Wecannot trace this layer on thenortheastern side
of the fault. The length of the trench is then capped by
laminated silts (U6) and a blocky silt deposit (U7).

5.3.2 Faulting
We observe two zones of vertical fractures offsetting
and truncating sedimentary units. The first zone is 3 to
4 m from the southwestern end of the trench. The frac-
tures do not extend to the surface. The second zone oc-
curs beneath the subtle scarp at 6 to 7m from the south-
western end. The fractures extend to the surface and
are vertically corrugated, with splays terminating in the
lower units. We interpret these two fracture zones as
faults. Both faults rupture layers U1 to U5 and with the
F2 fault also rupturing to the modern ground surface in
terrace Qt1. Units U4 and U6 cap fault ruptures suggest-
ing two earlier earthquakes. Overall, we interpret three
events from the two fault zones.

5.4 Geochronology
Our age control comes predominantly from single
grain infra-red stimulated luminescence (IRSL) dating
of feldspar grains, due to the absence of suitable organic
remains for radiocarbon dating in most of the strati-
graphic layers. The detailed results of the 13 IRSL sam-
ples we processed and analysed are shown in Table S1
(calendar age before 1950). The results from Trench 1
show a consistent stratigraphic order increasing in age
with depth from 350 ± 50 to 4520 ± 280 BP years (Fig. 7).
At the southwestern side of fault F1 in Trench 1, sedi-
ment age increases by ~1000 years per 0.5 m of depth.
Across F1 we see good agreement in age between the
base of U80, with ages 2970 ± 230 and 2850 ± 310 BP
years, supporting our interpretation that these layers
are part of the same deposit.
Near the bottom of Trench 1 we sampled a fine to

medium tabular cross-bedded deposit (U50) yielding an
age of 4520 ± 280 BP years. Above this sample two in-
tact marine shells were extracted from U65 and dated
using radiocarbon (Table S2), yielding ages of 14175
–14921 and 14106–14854 cal. BP at an elevation of -13.8
m (a.s.l.). The sedimentary structures within Group 2
are interpreted as shallowmarine or shoreface environ-
ment, and the elevation is consistentwith thehigh stand
at 11,000–13,500 years ago, but the IRSL age suggests in-
stead that the deposit is younger (4520 ± 280 BP years)
and postdates all major Caspian transgressions. In the
following sections we base our interpretations on the
assumption that the IRSL ages are correct, and that the
Group 2 units represent reworked marine debris.
In Trench 2 the IRSL ages are inverted with U6 dated

at 530 ± 90 BP years, U5 420 ± 60 BP years, and U2 at
460 ± 70 BP years, albeit within error. The age results of
layers U2 and U5 are in stratigraphic order with the up-
per younger layer U6 measured at a slightly older age.
All the samples are taken from Qt1 fluvial terrace and
are within the error of each other. We therefore con-
clude that this terrace was formed by a series of sedi-
ment pulses most likely occurring between 360–620 BP
years.

5.5 Paleo-earthquake history
To constrain the timing of paleoearthquakes, we de-
veloped a Bayesian chronological model using OxCal
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based exclusively on IRSL ages from Trench 1. This ap-
proach was adopted because stratigraphic correlations
and event horizons between Trenches 1 and 2 are not
sufficiently robust to justify a combined model. Al-
though several units and event indicators appear sim-
ilar across both trenches, lateral variability and expo-
sure limitations introduce uncertainty in their equiva-
lence. We therefore chose a conservative strategy that
avoids propagating potential miscorrelations into the
age model. Nevertheless, the three youngest events
identified in both trenches are interpreted as likely cor-
relative based on their stratigraphic position and over-
lapping age constraints. This correlation is consid-
ered reasonable but cannot be demonstrated unequiv-
ocally, and we acknowledge the possibility of missing
or misidentified events in either trench.

Event 1 In Trench 1 fractures propagate through all
the sedimentary units and terminate in the uppermost
deposit (U130) at both faults (F1 and F2 in Fig. 7). We ob-
serve that sediment fill in buried fissures beneath U130
has a sheared fabric at the top of fault F1 (Fig. 9). In
Trench 2 fractures also reach the present-day surface at
the top of fault F2 but note that fault F1 does not appear
to rupture the present-day surface. Based on the sed-
iment deposits in Trench 1 we bracket this event must
postdate U120, but its age relative to the dated sample
within U130 is uncertain. From the single-grain IRSL
results this event has most likely occurred after 560 ± 90
years. In Trench 2 we likewise have only a lower bound
on the age of theMRE from the single-grain IRSL results
of 530 ± 90 years BP (Fig. 9). We are unable to tie this
event to the historical archive of seismic events > M6.

Event 2 The penultimate earthquake is marked by
filled fissures in Trench 1 (Fig. 7 & 9) and capped fault
terminations in Trench 2 (Fig. 8 & 9). The fissure fillma-
terial in Trench 1 is U130 and has been dated at 350 ±
50 years BP. Therefore, the event is bracketed between
U130 and U120 which yields an age of 457 ± 76 BP years.
In Trench 2 there are fracture terminations in the unit
U5 at both the F1 and F2 faults. These fractures are
clearly capped by the U6 laminated silt layer. We also
observe small vertical offsets at the base of the U5 unit
at both faults (Figs 8 & 9). U6 yields an age of 530 ± 90 BP
years, which provides constraint on the timing of event
2 in this trench. It does not fully correlate with the age
of Event 2 in Trench 2. Given the younger age of U5 (420
± 60 BP years) beneath U6, and the proximity of Trench
2 to Trench 1, it is likely that this was the same event.

Event 3 We observe evidence for the third most re-
cent event in both Trench 1 and 2. In Trench 1, we ob-
serve terminating fractures and a buried fissure at the
top of unit U110 (Fig. 9). These fractures are capped
by a laminated silt layer (U120) and the buried fissure
is filled with similar material (colour and composition).
The age of U120 is provided by IRSL sample SAL1-17
at 560 ± 50 years BP (Fig. 9, Table S1), and provides a
minimum age of rupture. The bottom of U110 yields
an age 1310 ± 100 BP years, providing a maximum age

constraint. These constraints provide a probable age
of event 3 of 941 ± 224 BP years (Fig. S4). Trench 2
shows faults terminating and capped bedding in layer
U4 (Fig. 8 & 9), which also supports the hypothesis of
an additional event. However, the age constraints from
Trench 2 bracket this event between 420 ± 60 BP years
(U5) and 460 ± 70 BP years (U2). This is much younger
than the constraints provided in Trench 1.

Event 4 In Trench 1, we observe a series of faults and
fractures terminating at the top of unit U100. These
terminations are capped by a massive silt layer (U110)
(Fig. 7 & 9). The capping layer (U110) was sampled and
dated at 1310 ± 100 years BP, with the layer beneath
(U100) dated at 2290 ± 200 years BP. Therefore, we have
constraint on the timing of Event 4 between those two
ages. From the termination of the fault rupture in the
stratigraphy the event timing is closer to 1310 ± 100 years
BP.

Event 5 We observe a set of three buried fissures and
a cluster of sealed fractures terminating in unit U80.
These features are capped by laminated silts (U100).
Themiddle of U100 was sampled and yields an IRSL age
of 2290 ± 200 years BP. We took two samples from the
base of U80 at either side of F1 and these yield an IRSL
ages of 2970 ± 230 and 2850 ± 310 BP years (Fig. 7 & 9).
We conclude that this event probably occurred around
2547 ± 236 BP years.

Event 6 In Trench 1, on the southwest side of fault F1,
the base of U80 caps a set of clustered fractures and a
small fissure in abedded silt layerU75. On thenortheast
side, ruptures break through U30 and are capped at the
base of U80. We sampled the base of U80 on both sides
of fault F1. IRSL samples on the northeast and south-
west sides of fault F1 yield ages of 2850 ± 310 years BP
and 2970 ± 230 years BP respectively. These results are
within error, showing agreement on either side of the
fault (Fig. 7 & 9). We have IRSL age constraint on unit
U50 near the bottom of the trench on the western side
of fault F1 of 4520 ± 280 years BP. Therefore, we can only
provide a wide constraint on Event 6 of 4724–2964 BP
years. However, if the radiocarbon ages of the shells in
U65 accurately reflect the timeof deposition, thenEvent
6 is poorly constrained between 2850 ± 310 years BP and
14548 ± 373 years cal. BP. Since the samples constrain-
ing the upper age are taken near the base of the rup-
ture capping layer, we speculate that this event occurred
nearer to ~ 3000 years BP.

Event 7 At the base of the southwestern side of fault F1
we observe a capped fissure and sealed fractures. We do
not have age constraint of this event evidence other than
it occurred sometime before 2970 ± 230 years BP. Fault
F2 in Trench 1 shows additional rupture terminations
capped by U50 (dated at 4520 ± 280 years BP). However,
we do not have a lower age bound on these events.
We evaluate that there is firm evidence to support at

least three surface-rupturing earthquakes in last 3000
years BP with the possibility of four others. Events 2,
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Figure 9 Event evidence from Trenches 1 and 2. Units and event labels are consistent with the trench logs in Fig. 7 & 8.
Trench 1 has evidence for at least 4 and up to 7 events. Ages are from IRSL and radiocarbon dating techniques (Tables S1 &
S2).

3, and 6 provide the most compelling evidence for co-
seismic rupture, given the large fissures and upwards
terminating ruptures. These features are unlikely to
have formed otherwise. Events 1 and 4 could have
formeddue to aseismic slip processes rather than earth-
quakes, as evidenced by upwards termination of rup-

ture, sheared sediments, and a lack of fissuring. Events
5 and 7 are even less confidently identified as earth-
quakes, as evidenced by capped fissures and fractures
with no clearly tracible fault rupture or vertical off-
set. Additionally, we did not identify colluvial wedges
in either trench, which also could suggest aseismic pro-
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cesses. However, the fine-grained nature of the sedi-
mentation and lack of soil developmentmake it difficult
to distinguish colluvium in the trench exposure. There
are between three and six earthquakes in the last 3000
years giving a surface rupturing event every 500–1000
years on average. We exclude Event 7 from the estimate
as we are unable to constrain the age of the overlying
deposit.

6 Fault displacement and slip rate of
the Shirvan fault

6.1 Displacement and slip rate of the Shirvan
fault

The preservation of measurable fault displacements is
limited along the fault. These measurements could be
made in only a few locations where both a) there is suf-
ficient relief across the fault to preserve displaced fea-
tures and b) there is not destruction of the fault zone
by anthropogenic modification. We were able to locate
only 20 lateral displacements in total along the entire
60-km-long fault (Fig. 10).
At the Salyan trench site, we measured a 7.5 ± 0.5

m terrace riser offset in the field, which we confirmed
by restoring the slope of the terrace riser using the La-
DiCaoz program (Fig. 6). The terrace riser marks the
boundary between the older Qt3 and younger Qt1 ter-
races. At the southeastern end of Trench 1, we observe
a channel carved into the clay layers that has been filled
with U30 sediments. We interpret the base of Qt3 to be
the contact between U20 and U30 in Trench 1. The base
of this unit is constrained between 2850 ± 310 and 4520
± 280 years BP (Fig. 7).
Trench 2 was excavated into the upper layers of the

Qt1 terrace. Fromour IRSL results, we constrain the age
of the upper layers of Qt1 between 460 ± 70 and 530 ± 90
years BP (Fig. 9). This provides a poor constraint on the
terrace riser offset between 530 ± 90 years BP and 4520
± 280 years BP. Given the fluvial stratigraphy in Trench 1
it is reasonable to use an age of 2850 ± 310 years BP as a
rough age for the Qt3 terrace with a measured offset of
7.5 ± 0.5 m. This yields a late-Holocene slip rate of 2.6
± 0.3 mm/yr, in the range of the estimated geodetic slip
rate of 1.9–3.3 mm/yr (Fig. 1c).
From our field and remote observations, we identi-

fied three offsets below 5 m and four offsets between 5
and 10 m (including the 7.5-meter displacement at the
Salyan trench site). We infer that the offsets below 5 m
occurred in theMRE and the 5–10m offsets represent at
least two events

6.2 Latest-Pleistocene slip rate
To determine a longer-term slip rate on the fault we
use the 53 ± 4 m right-lateral displacement of a riser
between Qad (upper surface) and Qt2 (lower surface)
(Fig. 6). Charcoals from a sample pit excavated into the
Qad terrace yielded ages of 1744–2099 and 1824–2145
years cal. BP, giving a slip rate of 28 mm/yr if the sam-
ple age is representative of the terrace formation age.
This slip rate is an order of magnitude higher than what

we expect from the geodetic data. The charcoal nodules
arewithin theQaddeposit and thereforewe suspect that
these were either deposited with the aeolian sediment
or from an anthropogenic source. We also dated a ma-
rine shell from the present-day surface of Qad at ~35 ka,
which yields a slip rate of less than 2 mm/yr. However,
we cannot be certainof the sourceof the sample as these
were not extracted from the logged stratigraphy, andwe
note that shells can be reworked from other older de-
posits. Therefore, these slip rate estimates are unreli-
able.
The lastmajor highstand in theCaspian Sea is thought

to be between 11,000–13,500 cal BP, with levels reaching
an elevation of 0 m (Arslanov et al., 2016; Dolukhanov
et al., 2010; Kakroodi et al., 2012; Kroonenberg et al.,
1997; Pánek et al., 2016), which would have submerged
the trench site in about 15 m of water. We assume
that geomorphic surfaces pre-dating this last highstand
would have been reset, such that all fluvial incision and
terrace formation must postdate the last highstand. At
the last highstand, themarine terrace (Qmt)was formed
and as sea level dropped incision began constructing a
series of fluvial deposits. During this period active fault-
ing and lateral displacements offset the terraces. If the
53 ± 4 m offset of the terrace riser started to accumu-
late at a maximum of 11,000–13,500 cal. BP it allows us
to infer a minimum geologic slip-rate between 3.6–5.2
mm/yr. This is higher than our late-Holocene slip rate
of 2.6 ± 0.3 mm/yr. It is possible that 53 ± 4 m offset
riser is exaggerated byfluvial processes after formation,
which would imply that the latest-Pleistocene slip rate
is overestimated and is an explanation for the different
slip rates over different timescales.

6.3 Earthquake recurrence
The estimated recurrence interval, assuming no aseis-
mic slip, from Trench 1 and 2 of 500–1000 years is
based on 3 to 6 events in 3000 years. If the earthquake
recurrence has remained consistent since the latest-
Pleistocene, the ~53 m riser offset over 13,500 years
could have been produced by 23–27 earthquakes. This
provides a slip per event of 2–3 m to accumulate a 53
m offset, which is consistent with the smallest offset
drainages we measured on the Shirvan fault. If we also
consider the 7.5 m offset riser, displaced over ~3000
years and assuming the same slip per event of 2–3 m,
we get a recurrence interval of 750–1000 years. How-
ever, because a substantial portion of this slipmay have
accumulated aseismically, we cannot draw robust con-
clusions about coseismic slip-per-event.

7 Discussion
From GNSSmeasurements, we estimate that the geode-
tic right-lateral shear totals 1.9 mm/yr on the West
Caspian Fault zone (Fig. 1). We have determined a min-
imum Holocene/latest-Pleistocene slip rate of 3.6–5.2
mm/yr for the Shirvan strand of West Caspian Fault,
about double the dextral geodetic rate. Geodetic mea-
surements are limited by relatively fewGNSS stations in
the Kura Basin. Therefore, the estimated geodetic rate
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includes an estimated 7.2 mm/yr component of short-
ening that is accommodated by the Talesh thrust. Fur-
thermore, the geodetic measurements have been made
for a relatively short period of time and may not reflect
variability in fault slip rates over thousand-year time
scales. The 7.5 ± 0.5 m offset terrace riser at the Salyan
trench site yields a late-Holocene slip rate of 2.6 ± 0.3
mm/yr, which is comparable with the estimated geode-
tic rate. This implies that either fluvial erosion has ex-
aggerated the ~54 m offset, or the slip rate on this fault
varies through time.
We have mapped the Shirvan fault in detail for a

length of more than 60 km (Fig. 3). Linear trends in
seismicity andmud volcano alignments suggest that the
fault reaches 150 km in length, stretching at least 30
km offshore to the south, andmerging northwards with
the Greater Caucasus (Fig. 1 and 2), in agreement with
the mapping of Zelenin et al. (2022). If the entire 150
km fault were to rupture in an earthquake, log-linear
scaling relationships for strike-slip faults in Wesnousky
(2008) suggest a maximum slip of 5.9 m and an aver-
age slip of 3.0 m. From these displacements we cal-
culate a maximum moment-magnitude of 7.5. The dis-
placements are consistent with the smallest among the
limited number of stream offset measurements that we
have collected along the fault (Fig. 10). An important
result from our Quaternary dating is that although the
average recurrence interval is 500–1000 years, the slip
events are far from even in timing and show an ap-
parent clustering of two or three events within the last
500 years. However, there are few historical records
of large magnitude earthquakes attributed to this area
(Ambraseys and Melville, 2005).
Relative relocation of seismicity between 2015 to 2018

(Gunnels et al., 2020) and the ISC-GEM catalogue (Di Gi-
acomo et al., 2018; Storchak et al., 2013, 2015) show
shallow seismicity along the fault zone, but with no
event larger than Mw6. The pre-instrumentational
earthquake catalogue shows no large events within the
Salyan-Shirvan region since 3000 BCE (Ambraseys and
Melville, 2005), which conflicts with evidence for earth-
quake clustering over the last 500 years. It is feasible
that the absence ofmajor historical earthquakes results
from a lack of documentation in this area due to its re-
moteness or an incomplete historical archive. Alterna-
tively, it is possible that the absence of recorded large
earthquakes is real, with the surface ruptures result-
ing from aseismic processes, lower magnitude earth-
quakes, or secondary slip events.
Aseismic slip in the West Caspian Fault zone is plau-

sible, as it cuts through ~15 km thickness of sediments
of the Kura basin, with high fluid pressures and over-
pressure demonstrated through active mud volcanism.
However, the sedimentation and structure are sugges-
tive of punctuated fault movement in at least a few dis-
crete events, with successive sediment packages cap-
ping discrete fracture zones. Another possibility is that
there is continuous creep and punctuated sedimenta-
tion events create the appearance of discrete slip events
in the trench. The slip events seen in our trenches may
result from triggered aseismic slip in discrete events,
either during fluid mobilization events, or by deeper

earthquakes within the basement beneath the Kura
basin (Fig. 1 & 2). The 1983 Mw5.8 Kum Dag earth-
quake, in the Caspian lowlands of Turkmenistan, is a
possible analogy for this type of behaviour (e.g. Jackson
et al., 2002). This moderate magnitude earthquake had
a hypocentral depth of 27 km and yet created a 20 km-
long surface rupture and maximum dextral slip of 0.5
m (Trifonov et al., 1986). The surface slip following the
Kum Dag earthquake is inferred to have been aseismic
and triggered by the deep moderate-magnitude earth-
quake in the underlying basement. Physical factors
such as lithology, sedimentary overpressure, and pore
fluid pressure can lead to aseismic slip on faults (e.g.,
Harris, 2017). Examples of aseismic creep on the Philip-
pineFault (Leyte Island) correlation tohigherfluidpres-
sures in a hydrothermal system (Dianala et al., 2020).
Mud volcanism is a surface phenomenon that occurs

in zones of high pore pressure believed to be derived
from overpressure, natural gases, and tectonic com-
pressive forces (Mazzini and Etiope, 2017). Compres-
sive tectonic stresses acting on sediments increase pore
pressure, create favourable conditions for eruptions,
and control mud volcano emplacement. In compres-
sional regions such as the Greater Caucasus and In-
donesia, mud volcanoes are found along the top of an-
ticlines with subsurface pathways controlled by the re-
gional stress field (Bonini, 2012). The relationship be-
tween strike-slip faulting and mud volcano emplace-
ment is widespread. Examples include the South Coast
and Central Range Faults in Trinidad-Tobago (Deville
andGuerlais, 2009;Dia et al., 1999;Weber et al., 2020), in
theGulf of Cadiz offshore Spain (Hensen et al., 2015), on
the Watukosek fault in Indonesia (Mazzini et al., 2009),
and at the southern Salton Sea in California (Onder-
donk et al., 2011). These examples suggest that verti-
cally dipping strike-slip faults provide a structural con-
trol onmud volcano emplacement. Additionally, where
faults bend localised compressive stresses cause fold-
ing (Cunningham and Mann, 2007). We observe that
mud volcanoes are aligned along active strike-slip faults
and appear to be particularly clustered at fault bends
(Fig. 2b). We speculate that strike-slip faults and fold-
ing from fault bends are controlling the emplacement
of mud volcanoes.

8 Conclusion
The West Caspian Fault zone consists of several fault
strands and segments that accommodate right-lateral
motion on the boundary of Kura and South Caspian
basins. From a combination of field observations and
satellite remote sensing data we conclude that sur-
face deformation is indicative of right-lateral strike-slip
faulting on multiple fault strands. We find geomorphic
evidence for surface rupturing earthquakes in theWest
Caspian fault zone during the last 3000 years. Paleo-
seismic evidence from the Shirvan fault reveals 3 to 6
surface rupturing earthquakes in the last 3000 years,
with a recurrence interval of 500 to 1000 years. At least
two of these events occurred within the last 500 years,
suggesting a possible cluster of earthquakes. We esti-
mate a minimum geologic slip rate of 3.6–5.2 mm/yr
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Figure 10 Pléiades stereo-derived digital elevation model of the Shirvan and Salyan sections of the Shirvan fault. On-fault
offset drainage measurements are shown by the yellow circles; white lines show the surface fault traces. Offset amounts
have been measured remotely (except at the Salyan trench site) and minimum and maximum amounts are measured using
the method described in Kurtz et al. (2018).

since the latest-Pleistocene, based on a marine terrace
of assumed age. However, this remains uncertain with
a lower estimated latest-Holocene slip rate of 1.6–2.7
mm/yrs. Mud volcanism appears to align with active
faulting in the West Caspian Fault zone and we find
that the Shirvan fault is at least 150 km in length. The
presence of mud volcanism, indicative of basin sedi-
ment over-pressure combined with tectonic compres-
sion could create favourable conditions for aseismic
deformation. This could explain the absence of large
earthquakes in historical records.
Fault activity in the late Holocene suggests that this

fault zone presents a significant seismic hazard for the
region and population centers in Azerbaijan.
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