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5 and L éa Pousse-Beltran 

1 , 6 

1 School of Earth and Ocean Science, University of Victoria, 3800 Finnerty Rd, Victoria, BC V8P 5C2, Canada. E-mail: guysalomon@uvic.ca 
2 College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, 101 SW 26th St, Corvallis, OR 97331 , USA 

3 Scripps Institution of Oceanography, University of California San Diego, 8622 Kennel Way, La Jolla, CA 92037 , USA 

4 Global Seismological Services, Golden, CO 80401 , USA 

5 Department of Geological Sciences, University of Cape Town, Rondebosch 7700 , South Africa 
6 ISTerre , Univer sit ́e Grenoble Alpes, Univer sit ́e Savoie Mont Blanc, CNRS, IRD, Grenoble , 38058 , France 

Accepted 2025 January 21. Received 2025 January 5; in original form 2024 October 30 

S U M M A R Y 

On 2020 January 9, an M w 

6.4 ear thquake str uck the central Koryak Highlands of eastern 

Siberia, northeast of the diffuse triple junction between the North American, Pacific and 

Eurasian plates. The largest earthquake recorded in the central Koryak Highlands to date, it 
provides an excellent opportunity to study the little-known active tectonics of this remote, 
sparsely instrumented region. We mapped coherent, coseismic surface deformation with Sen- 
tinel 1 Interferometric Synthetic Aperture Radar (InSAR), making this one of the highest 
latitude earthquakes to be captured successfully with satellite radar, in spite of the rugged, 
snow-covered terrain. Elastic dislocation modelling, teleseismic backprojections, calibrated 

hypocentral relocations and teleseismic moment tensor solutions are used to resolve a left- 
lateral fault trending northwestwards, proximal but perpendicular to a regional geological 
suture zone, the Khatyrka–Vyvenka Thr ust. The ear thquake probably r uptured unilaterally 

northwestwards along a 20 km long segment that appears indistinct in the local topography, 
and likely generated no surface rupture. We interpret that these observations are indicative of 
a structurally immature fault zone and estimate a seismogenic zone thickness of 10–15 km. 
The Koryak Highlands earthquake illustrates how terrane boundaries within cordilleran belts 
may continue to accommodate tectonic strain long after accretion, resulting in significant 
earthquakes even along hidden faults. 

Key words: Radar interferometry; Seismic cycle; Asia; North America; Seismicity and 

tectonics. 
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 I N T RO D U C T I O N  

n 2020 January 9 at 08:38 UTC, a shallow, M w 6.4 earthquake
tr uck the Kor yak Highlands of easter n Siberia, located in the west-
r nmost Nor th American cordillera and within a diffuse triple junc-
ion with the Eurasian and Pacific plates. The Koryak Highlands are
n amalgamation of mountain ranges created through the Mesozoic–
alaeogene accretion of terranes onto the North American plate via
orthward subduction of the Pacific (Fig. 1 ). A series of NE-trending
utures and faults such as the Khatyrka-Vyvenka zone (Imae v a
t al. 2017 ), bounded in the south by the Vatyna–Vyvenka thrust
Chekhovich et al. 2008 ), are relics of this process. Modern day
egional seismicity is concentrated in the south-western Khatyrka–
yvenka zone adjacent to the Kamchatka peninsula (Fig. 1 ), where
otable events include the 2006 M w 7.6 and 6.6 Olyutorskii and 1991

M w 6.6 Khailino reverse faulting earthquakes (Lander et al. 1996 ,
C © The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
010 ; Rogozhin et al. 2007 ). Seismicity decays northeastwards to-
ards the central Koryak Highlands, where the largest events prior

o 2020 were M w 5.6 and 5.3 strike-slip earthquakes in 1988 and
007 (Lander et al. 1996 ; Rogozhin et al. 2021 ). The larger, M w 6.4
020 earthquake thus offers an opportunity to better understand the
ittle known active tectonics of this region, and whether inherited
eological structures influence modern seismicity. 

This latter question is of much broader rele v ance. The geolo gical
ormation of the Koryak Highlands is characteristic of the nor ther n
acific Cordillera, defined here as the part of the circum-Pacific oro-
enic system where Pacific oceanic lithosphere subducts below the
ontinental North American plate, and stretching from Kamchatka
n the west to Haida Gwaii in the east (Fig. 1 , inset). Allochthonous
erranes accreted onto the western margin of the North Ameri-
an continent throughout the Mesozoic and early Cenozoic eras
Coney & Evenchick 1994 ; Dickinson 2004 ; Akinin et al. 2020 ),
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
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Figure 1. Seismicity and active faulting within the Koryak Highlands. Red dots are M 2.5 + epicentres for 1960–2024 from the International Seismological 
Centre ( 2024 ) and focal mechanisms are from the GCMT catalogue (Dziewonski et al. 1981 ; Ekstr öm et al. 2012 ); note the change from predominantly thrust 
faulting in the SW (near the Kamchatka Peninsula) to strike-slip mechanisms within the central Koryak Highlands. Faults are from Zelenin et al. ( 2022 ) with the 
Khatyrka–Vyvenka Zone marked by a red transparent polygon. Background topography is the Copernicus GLO90 DEM (European Space Agency, Singergise 
2021 ) and bathymetry is from the GEBCO Compilation Group ( 2023 ). Inset shows the location of the main map (yellow polygon) within the broader North 
Pacific Cordillera, with major structures in Alaska and Canada from the Yukon Geological Surv e y ( 2011 ). Vectors show relativ e v elocities of the Pacific (PA), 
North American (NA), Eurasia (EU) and Juan de Fuca (JF) plates from the ITRF2020 plate motion model (Altamimi et al. 2023 ). 
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with deformation apparently slowing into the late Cenozoic, but 
not stopping altogether. Understanding the causes and character- 
istics of crustal seismicity within the Koryak Highlands, and in 
particular its links to inherited geological structure, may therefore 
inform our understanding of the potential for large earthquakes in 
other parts of the northern Pacific Cordillera (e.g. Wetmiller et al. 
1988 ; Gaudreau et al. 2019 ). Though very few people live in the 
Koryak Highlands, large earthquakes may pose risks to vulnerable 
population centres and critical infrastructure in these neighbouring 
regions. 

The central object of this study is to characterize the 2020 earth- 
quake sequence in as much detail as possible, notwithstanding its re- 
mote location which poses a number of methodological challenges. 
We build on a preliminary seismological analysis of the sequence by 
Rogozhin et al. ( 2021 ) and an Interferometric Synthetic Aperture 
Radar (InSAR) study of the main shock by Svigkas et al. ( 2023 ), 
w hich notab ly disagree on which of the seismological nodal planes 
the ear thquake r uptured. We resolve this by perfor ming our own 
analysis and modelling of InSAR data, revealing the main shock 
geometry and slip distribution and in doing so helping to constrain 
the regional seismogenic layer thickness. Ho wever , we also add a 
number of new seismological constraints, relying upon teleseismic 
data in the absence of local and regional station coverage. We use 
body w aveform anal ysis to constrain and independentl y check the 
main shock geometry and centroid depth, a phase-weighted back- 
projection to reveal the main shock kinematics, and a calibrated 
earthquake relocation in order to assess the aftershock distribution 
which has the potential to delineate other, neighbouring active struc- 
tures. We finish by discussing implications for active tectonics and 
earthquake hazards within the northern Pacific Cordillera. 
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 M E T H O D S  

.1 InSAR 

he 2020 Koryak Highlands earthquake was captured by the Eu-
opean Space Agency’s (ESA) Sentinel 1A satellite on descending
rack 118D and ascending tracks 125A and 154A. All of the avail-
ble 12 or 24 day coseismic interferograms, including some post-
eismic pairs, were processed using GAMMA software (Werner
t al. 2000 ), topo graphic ef fects were removed using the 30 m-
esolution Copernicus digital ele v ation model (DEM, GLO-30),
nd the interferometric phase was unwrapped using the minimum
ost flow algorithm (Werner et al. 2002 ) before being converted
rom radar to geographic coordinates (WGS-84) and from radi-
ns to line-of-sight (LOS) displacement. Large parts of many of
he interferograms have poor coherency owing to the high latitude,
 ugged topog raphy, and winter time acquisitions, all of which can
ause decorrelation (Wang et al. 2020 ). The shorter repeat acquisi-
ion times of Sentinel 1 over earlier generations of SAR satellites
ffer an vast improvement for wintertime imaging at high latitudes
e.g. Elliott et al. 2007 ; Mikhailov et al. 2023 ). A clear coseismic
ignal is evident on a 12 day interferogram (2020 January 03–15)
n descending track 118D and on a 24 day interferogram (2019 De-
ember 23–2020 January 16) on ascending track 125A. A 12 day
nterferogram on the adjacent track 154A also exhibited coseismic
eformation but was too noisy to be useful in the modelling stage
nd is not discussed further. 

To characterize the causative faulting, the LOS displacements
ere first downsampled using a quadtree algorithm (J ónsson et al.
002 ) and then inverted for uniform slip on a rectangular disloca-
ion embedded within an elastic half-space with Lam é parameters

= λ = 3.2 × 10 10 Pa (Okada 1985 ). Weighting the two data sets
qually, we solved for the fault strik e, dip, rak e, slip, surface pro-
ection centre points, length and top and bottom depths, using a
onlinear , do wnhill P o well’s algorithm (Press et al. 2007 ) with 100
onte Carlo restarts to avoid local minima (Wright et al. 1999 ).

o account for satellite orbital errors and different unwrapping ref-
rence points, we also jointly solved for linear ramps and static
hifts in LOS displacement. To achieve the best possible fit to the
bserved data in a stable inversion, we found it preferable to fix
he slip to 0.9 m to ensure that the modelled deformation had the
ame number of fringes as the obser ved interferog ram. This value
as chosen on the basis of fault scaling relationships (Kanamori &
nderson 1975 ). 
To resolve finer details, we solved for the distribution of slip

cross the model fault plane. The fault plane was first extended
long strike and downdip, and then subdivided into 1 km × 1 km
atches. The slip on each patch was estimated using a Laplacian
moothing operator (Wright et al. 2004 ; Funning et al. 2005 ) and
 non-ne gativ e least-squares algorithm to ensure positiv e slip (Bro
 De Jong 1997 ). A range of smoothing factors were tested so as

o obtain a realistic, non-oscillatory slip gradient without unduly
ncreasing the misfit. 

.2 Seismic body wave analysis 

e used long-period teleseismic body-waveform modelling as an
n independent check of the main shock focal mechanism and cen-
roid depth. Waveform data were restricted to epicentral ranges of
0 ◦–90 ◦ for P waves and 30 ◦–80 ◦ for SH waves in order to avoid
omplications from unmodelled lithosphere and core phases. 26 ver-
ical component P -wave seismograms and 24 transverse component
H -w ave seismo grams were selected for modelling on the basis of
igh signal-to-noise ratios and an even global distribution without
ny large azimuthal gaps. We used the MT5 program (Zwick et al.
994 ) developed from the algorithms of McCaffrey & Abers ( 1988 )
nd McCaffrey et al. ( 1991 ) to minimize differences between the
bserv ed wav eforms and synthetic seismograms calculated using
 half-space with V p = 6.0 km s −1 , V s = 3.5 km s −1 and den-
ity = 2800 kg m 

−3 (values consistent with the elastic parameters
sed in our InSAR modelling). The synthetic seismograms incor-
orate direct P and SH phases and pP , sP and sS depth phases,
hus providing sensitivity to centroid depth (Molnar & Lyon-Caen
989 ; Wimpenny & Watson 2021 ), and represent the source time
unction as the combination of a series of triangular elements, with
he moment being their integral. Before inversion, the synthetic P
nd SH waveforms were aligned against their observed arri v als on
road-band vertical and transverse seismograms so as to remove any
otential influence from epicentral mislocation. The program uses a
east-squares routine to solve for the centroid strike, dip, rake, depth
nd source time function by minimizing misfits between observed
nd synthetic seismograms. To test the sensitivity of the solution
o varying centroid depth, we then fixed this parameter in 1 km
ncrements either side of the minimum misfit value and re-ran the
n version allo wing the strike, dip, rake and source time function to
ary (Molnar & Lyon-Caen 1989 ; Nissen et al. 2014 ). 

.3 Backprojection 

e assessed the rupture kinematics using the phase-weighted rela-
ive backprojection method (Schimmel & Paulssen 1997 ; Zhang &
e 2010 ; Tan et al. 2019 ). Relative energy (RE) was backprojected
nto a 0.01 ◦ ( ≈1 km) grid across the source region using a teleseis-
ic array in the contiguous United States and traveltimes estimated
ith the IASP91 reference model (Kennett & Engdahl 1991 ). We

lso tested a European array, but the results showed considerable
wimming artefacts (Meng et al. 2012 ), likely reflecting that while
ource–receiver paths to the US are approximately perpendicular to
he NW-trending fault, those to Europe lie roughly along strike. An
dditional issue could be the epicentral distance to the EU array be-
ng significantly larger (62 ◦–77 ◦) than to the US array (40 ◦–65 ◦), as
uch, the signal-to-noise ratio for the EU array is lower than for the
S array. The P seismograms were aligned using cross-correlation,

he wa veforms w ere then stacked using a 10 s sliding window. A
requency band of 0.2–2 Hz was used, the waveform amplitudes
ere normalized, and the RE was calculated using phase-weighted

tacking to reduce biases introduced by incoherent signals with
arge amplitudes. The sliding window produced some artefacts in
he form of energy radiators centred upon the same source grid node
ut at different times; here, the mean source times were chosen and
he rest were discarded. 

.4 Calibrated relocation 

he hypocentral locations of the 2020 main shock, an M l 4.1 fore-
hock, 15 aftershocks ( m b 3.6–M l 5.4), and 22 other events located
ithin a radius of 1.5 ◦ were re-e v aluated using the mloc calibrated

arthquake relocation software (Bergman & Solomon 1990 ; Walker
t al. 2011 ). We acquired phase data from the ISC bulletin (Interna-
ional Seismological Centre 2024 ) and only included events with 30
r more phase readings in the relocation. The mloc program min-
mizes location bias by exploiting the fact that ray paths of events
lustered in space and recorded at common stations sample roughly
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Figure 2. (a) Top row: (left) observed 24 day, (middle) model and (right) residual interferograms for Sentinel 1 ascending track 125. Bottom row: (left) 
observed 12 day, (middle) model and (right) residual interferograms for descending track 118. To better visualize the shape of the displacement field, all 
interferograms are left wrapped, with 2 π radians equi v alent to 2.77 cm LOS displacement. Large and small arrows show satellite track and LOS azimuths, 
along with the incidence angle measured from the vertical at the earthquake. The black line is the surface trace of our InSAR model fault. Coordinates are in 
UTM kilometres (Zone 59N). (b) Modelled slip distribution on 1 km × 1 km fault patches. (c) Uniform slip parameter sensitivity tests for (left) model fault top 
depth and (right) bottom depth, with root mean square error (black line) calculated at fixed 1 km increments and the inversion re-run with all other parameters 
free to vary. Focal mechanisms show how strik e, dip, rak e and magnitude parameters varied for each run. The red line is the implied rupture width for each 
inversion. 
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the same portion of the Earth, such that traveltime differences more 
likely represent the relative epicentre locations within the cluster 
rather than the 3D velocity structure. The relocation is split into two 
independent steps, each using a specific, tailored set of arri v al time 
data (Jordan & Sverdrup 1981 ). The first step estimates the relative 
locations of each hypocentre within the cluster using differences in 
arri v al times at common stations at all distances. For the second 
step, we used an indirect calibration to constrain the absolute loca- 
tion of the hypocentroid. Indirect calibration makes use of a precise, 
independent constraint on the epicentre of at least one earthquake 
in the sequence (Walker et al. 2011 ); we chose to place the main 
shock epicentre along the trace of our InSAR model fault where it 
roughly bisects the cloud of well-located aftershocks. 
Without any close-in stations or even much in the way of regional 
coverage, w e are hea vily reliant on teleseismic depth phases to 
solve for focal depths. Unfortunately, we find that those reported 
for earthquakes in our relocation cluster are often unreliable, with 
some stations offering only theoretical depth phase arrival times 
based on a preliminary hypocentre, and others listing identical pP 

and sP arri v al times. Because of this, w e w ere unable to solve for 
the best-fitting focal depths for most of the earthquakes within the 
2020 cluster. We were able to constrain a focal depth for the main 
shock, but for all other events the focal depth was set to 10 km, 
consistent with independent inferences of the main shock centroid 
depth and seismogenic layer thickness, described below. Based on 
prior experience, we do not anticipate there to be any meaningful 
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Table 1. Source parameters of the 2020 January 9 Koryak Highlands main shock, from the GCMT, USGS ANSS Comprehensi ve Earthquake Catalo g, 
GEOFON, Svigkas et al. ( 2023 ) InSAR model, and from our own modelling. Location refers to the GCMT and GEOFON centroids, the USGS epicentre 
and the peak slip patch our InSAR model (surface projection coordinates of our InSAR model fault planes are listed separately in Supporting Information, 
Table S1 ). Depth refers to the centroid depth for all of the seismological solutions, and the depth of peak slip for the InSAR solutions. The asterisks caution 
that automated centroid depths of the GCMT, USGS and GEOFON catalogues are unreliable for shallow continental earthquakes and are often assigned fixed 
values (e.g. Wimpenny & Watson 2021 ). 

Source Location Strike Dip Rake Depth Moment (Nm) M w 

GCMT 62.27 ◦, 171.00 ◦ 316 ◦ 86 ◦ −11 ◦ 12 km 

∗ 4.38 × 10 18 6.4 
USGS W-phase 62.358 ◦, 171.061 ◦ 317 ◦ 88 ◦ −13 ◦ 19.5 km 

∗ 4.60 × 10 18 6.4 
USGS body wave 62.358 ◦, 171.061 ◦ 320 ◦ 85 ◦ −3 ◦ 13 km 

∗ 3.09 × 10 18 6.3 
GEOFON 62.33 ◦, 170.94 ◦ 135 ◦ 85 ◦ 0 ◦ 10 km 

∗ 3.60 × 10 18 6.3 
Svigkas et al. ( 2023 ) 62.214 ◦, 170.931 ◦ 304 ◦ 86 ◦ −3 . 2 ◦ 2.5 km 3.87 × 10 18 6.3 
This study (InSAR) 62.203 ◦, 170.986 ◦ 132 ◦ 86 ◦ 4 ◦ 3.5 km 3.71 × 10 18 6.3 
This study (body waves) – 317 ◦ 85 ◦ 0 ◦ 9 km 3.22 × 10 18 6.3 
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mpact on epicentral accuracy from this choice of fixed focal depth
e.g. Ghods et al. 2012 ; Karas özen et al. 2016 ). 

 R E S U LT S  

.1 Main shock 

he InSAR data and modelling provide the best constraints on the
ain shock location and geometry. The interferograms are gener-

lly coherent, though steep topography and/or snow cover ( Fig. S1 ,
uppor ting Infor mation) ma y ha ve introduced noise to the moun-

ainous, easter n par ts (Fig. 2 a, left panels). Both interferograms also
ontain an NW-trending band of partial decorrelation, clearest in the
escending scene in which it is masked out in Fig. 2 (a) (lower left
anel). Never theless, coseismic defor mation appears clearly in both
nterferograms as two main fringe lobes, one on each side of the
ecorrelation band. The western lobes contain the peak displace-
ents, which are toward the descending track satellite and away

rom the ascending satellite, while the eastern lobes show the op-
osing sense of motion. This pattern is consistent with left-lateral
otion along a fault aligned northwest–southeast, roughly along

he observed band of decorrelation. The ascending interferogram
lso exhibits smaller deformation lobes at either end of the faulting,
hich is as expected since its look vector is more oblique to fault

trike than the descending one. 
Inversion of downsampled InSAR data for uniform slip on a

ectangular model fault can reproduce the observed deformation
ell, with root-mean-square residual LOS displacements of 2.17 cm

Figs S2 and S3 , Supporting Information). The best-fitting fault is
9.2 km long, trends NW–SE along the decorrelation zone (strike
32 ◦), dips steeply SW (86 ◦), and has left-lateral slip (rake 4 ◦).
iven elastic rigidity of 3.2 × 10 10 Pa, this gives rise to a moment
f 3.88 × 10 18 N ·m (equi v alent to M w 6.3), in the middle of the range
f available seismological estimates (3.1–4.6 × 10 18 N ·m, Table 1 ).
ur results are in reasonable agreement with those of Svigkas et al.

 2023 ), with discrepancies of < 15 per cent in uniform slip, fault
ength, and width, and of 8 ◦ in strike, < 1 ◦ in dip (which they
xed), and 7 ◦ in rake. Ho wever , our InSAR model fault geometry
as closer consistency than Svigkas et al. ’s with the NW-striking
eismological nodal planes, with discrepancies in strike, dip and
ake ranging from just 2 ◦–4 ◦ for the GEOFON model to 4 ◦–15 ◦ for
hose of the United States Geological Surv e y (USGS) and Global
entroid Moment Tensor (GCMT) catalogues (T able 1 ). T o explore

he possibility of along-strike rupture segmentation, we also tried
n versions with tw o rectangular uniform slip fault planes (Elliott
t al. 2012 ), but found that these did not visually improve the fit to the
ata despite double the number of free parameters (Figs S5 and S6 ,
uppor ting Infor mation). This result is consistent with the unusually
igh percentage (96–98 per cent) double couple components of
he reported USGS moment tensors, which imply a simple, planar
arthquake source (e.g. Zaccagnino & Doglioni 2022 ). 

We tested the sensitivity of our uniform slip model to fault top
nd bottom depths by incrementally altering these parameters and
ssessing the effects on model misfit. When the top depth is reduced
o zero, the misfit rises markedly, suggesting that the rupture did
ot reach the surface (Fig. 2 c). When the top depth is increased
o 2–3 km, the misfit remains low but the fault width becomes
nreasonably narrow. The bottom depth is less well constrained,
ith the misfit rising onl y graduall y as the bottom depth is lowered

rom ∼5 km. 
Our distributed slip InSAR inversion provides a more refined

ndication of the depth limits of coseismic slip as well as its variation
long strike. In our preferred model, root-mean-square residual
isplacements are reduced by about a quarter from those of the
niform slip model to 1.66 cm, and the visual fit to the data is
lso improved (Fig. 2 a and Fig. S3 , Supporting Information), with
emoval of some residual fringes present in the uniform slip model
nterferograms (Figs S1 and S2 , Supporting Information). Model
lip peaks at 1.9 m at a depth of ∼3.5 km along the middle portion
f the fault, with two distinct slip asperities near the NW and SE
ault ends (Fig. 2 b). Only a small proportion of the slip reaches
he shallowest row of model fault patches, supporting our earlier
nference of a substantial shallow slip deficit (SSD). At the base of
he model slip patch, slip tails of f abruptl y at 5–6 km depth beneath
he central slip asperity and more gradually at 7–10 km beneath
he distal ones. The InSAR moment of 3.71 × 10 18 N ·m (equal to
 w 6.3) is in agreement with the equi v alent seismolo gical v alues

f 3.1–4.6 × 10 18 N ·m (Table 1 ). Our slip model with its three
sperities and pronounced SSD qualitati vel y resembles the pattern
esolved by Svigkas et al. ( 2023 ), though a direct comparison is
mpossible since their model is not tabulated. 

Our body waveform modelling can reproduce observed teleseis-
ic P and SH wa veforms w ell with purely double couple motion

asting 12 s (Fig. 3 a), further confirmation of a simple, planar fault
ource. The best solution has an NW-trending nodal plane with strike
17 ◦, dip 85 ◦ NE and rake 0 ◦ (Table 1 ). This geometry is closely
onsistent with our InSAR model fault plane, with differences of
ust 4 ◦–9 ◦ in strik e, dip and rak e, accounting for the opposing dip
irection and application of the right-hand rule. The minimum mis-
t centroid depth of 9 km is somewhat deeper than our InSAR
odel fault centre and peak slip depths of ∼4–5 km. Ho wever , cen-

roid depth sensitivity tests (Fig. 3 b) reveal similarly low misfits for
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Figure 3. (a) Teleseismic body waveform model of the 2020 January 9 earthquake. The stereoplots show the (top) P and (bottom) SH focal spheres, with 
stations marked by capital letters and P - and T -axes in bold. Surrounding each focal sphere are the observed (black) and synthetic (red) vertical ( P ) and 
transverse component ( SH ) seismograms, with station codes written vertically beside the stereoplot characters, and vertical ticks marking the inversion window 

with the time scale shown middle right. The source time function is in the centre of the figure. (b) Results of our centroid depth uncertainty tests, with the per 
cent of weighted residual variance (R/D) plotted along with model strike, dip and rake at 1 km increments of fixed depth. 
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depths ranging from 3–10 km with relati vel y small consequences to 
model strik e, dip, rak e and magnitude. Only below 10 km do body- 
waveform model misfits increase markedly, while above 3 km, the 
misfit remains low but the NW-striking nodal plane inclines to an 
anomalously shallow angle. This result is within agreement with 
the focal depth of 13 km calculated during relocation in mloc, as- 
suming that slip propagated upwards after nucleating near the base 
of the rupture plane (e.g. Karas özen et al. 2016 ; Wei et al. 2015 ). 

To investigate discrepancies in fault plane geometry between the 
v arious av ailab le main shock focal mechanisms (Tab le 1 ), w hich 
are important for understanding regional kinematics, we tested the 
sensitivities to strike and dip direction of our InSAR and teleseismic 
body waveform models. We repeated our InSAR uniform slip and 
body wav eform inv ersions with strik e values k ept fixed at small 
(2 ◦–5 ◦) increments either side of the minimum misfit values, and 
recorded the root-mean-square error or normalized error for each 
model run (Fig. 4 ). When the waveform model is assigned our 
preferred InSAR model strike of 132 ◦ (Fig. 4 , red line), the resulting 
normalized error is only marginally greater than the minimum misfit 
value, w hereas w hen the InSAR model is assigned our preferred 
waveform model strike of 317 ◦ (green line), the resulting root- 
mean-square error is conspicuously larger than the minimum misfit 
value. This leads us to favour the strike and south-westward dip 
direction yielded by our InSAR modelling. The broader minima in 
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Figure 4. Strike sensitivity tests for InSAR and teleseismic body-waveform modelling of the 2020 January 9 Koryak Highlands main shock. InSAR (black) 
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InSAR model, the InSAR model of Svigkas et al. ( 2023 ) and our body waveform model, respectively. 

t  

g
1  

N  

w  

s  

(
 

o  

w  

t  

r  

a  

b  

c  

f  

∼  

f

3

T  

t  

t  

c  

t  

s  

t  

u  

s  

i  

t  

e  

a  

F

4

4
s

H  

w  

m  

u  

2  

I  

d  

t  

r  

s  

l  

r  

2  

s  

t  

g  

m  

d  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/advance-article/doi/10.1093/gji/ggaf031/7979021 by guest on 03 February 2025
he waveform modelling misfit curve may reflect the large azimuthal
ap to the SE (Fig. 3 ), though uncertainties in the order of ±5–
5 ◦ are common for this procedure (Molnar & Lyon-Caen 1989 ).
otably, the strike of the InSAR model of Svigkas et al. ( 2023 ),
hich at 304 ◦ is 12 ◦–16 ◦ different from any of the other available

olutions, falls outside of the minima in either of our misfit curves
Fig. 4 , green line). 

Our backprojection provides an independent check on the fault
rientation and our best indication of the rupture kinematics, though
e acknowledge that the earthquake is close to the M w limit of 6.5

hat this method can reliably resolve (Kiser & Ishii 2017 ). Our
esults indicate that slip propagated unilaterall y northwestw ards at
n average rupture velocity of ∼1.3 km s −1 (Figs 5 a and d). Coherent
ackprojected energy is released over a duration of ∼14 s (Fig. 5 b),
onsistent with the 12 s source time function duration estimated
rom body waveform modelling (Fig. 3 ), and over a distance of
15 km (Fig. 5 c), similar to the 22 km length of our InSAR model

ault, with peak energy release at ∼6 s close to the epicentre. 

.2 Aftershock distribution 

he original ISC epicentres for the 2020 sequence are highly scat-
ered, but generally are located upon a step-over along the SW-
rending Khatyrka–Vyvenka fault (Fig. 6 a). Relocation shifts and
ondenses the events southwards to between the mapped traces of
he Khatyrka–Vyvenka and Vatyn–Vyvenka faults, but the after-
hock cloud still lacks any obvious structure or preferred orienta-
ion (Fig. 6 b). Presumabl y, man y of these aftershocks are rupturing
nidentified faults secondary to both the main shock and the main
uture zones. Notably, there is no concentration of events in the
nferred northwestward direction of main shock rupture propaga-
ion; in fact, the aftershock distribution is perhaps more fav orab ly
xplained by a bilateral rupture. Additional maps, traveltime curves
nd residual plots associated with the relocation can be found in
igs S7 – S11 (Supporting Information). 

 D I S C U S S I O N  

.1 Fault g eomorpholog y, structural immaturity and 

hallow slip deficit 

aving located the main shock fault with InSAR, we investigate
hether its surface trace corresponds with any fault-related geo-
orphology such as scarps, shutter ridges or stream offsets. We

sed a section of the 2 m resolution ArcticDEM DEM (Porter et al.
022 ), downloaded with a buffer of several kilometres along the
nSAR fault bounds (Fig. 7 ). This was hillshaded from several
ifferent directions, in order to highlight potential tectonic fea-
ures no matter their orientation or facing directions. We observed
 ugged topog raphy, with the fault trace crossing several drainage
ystems and ridgelines, including sev eral cir ques and one large val-
ey, mostly at high angles. After inspection, there are no clear, fault-
elated lineaments or landforms in this area, so it is likely that the
020 M w 6.4 earthquake ruptured a structurally immature and/or
low slip-rate fault that has accumulated insufficient surface slip
o imprint the postglacial landscape. The Koryak Highlands were
laciated at least twice during the Pleistocene, although these were
ostl y v alley glaciers with little e vidence for large ice sheets and

omes (Glushkova 2011 ). This is consistent with the fault strike be-
ng orthogonal to the mature, terrane-bounding Khatyrka–Vyvenka
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fault (Zelenin et al. 2022 ), which by contrast is relati vel y well ex- 
pressed in the regional topography. 

Other aspects of the 2020 earthquake sequence are also consistent 
with immature faulting. The propagation of the main shock rupture 
front imaged by backprojection is just ∼1.3 km s −1 , consistent with 
the slow rupture velocities expected along immature faults with 
many remaining asperities along the fault plane (Perrin et al. 2016 ; 
Guo et al. 2023 ). The scattered, off-fault aftershocks are another 
indication of structural immaturity, with seismic sequences along 
mature faults expected to cluster more narrowly along the principle 
shear zone (Perrin et al. 2021 ). 

A final characteristic of the 2020 earthquake that may relate to 
fault structural immaturity is its pronounced SSD, the reduction in 
slip towards the Earth surface commonly observed in geodetic slip 
models (e.g. Simons et al. 2002 ; Fialko et al. 2005 ). Understand- 
ing the causes of SSDs is important for seismic hazard assessment, 
and off-fault deformation in earthquakes on immature faults is one 
proposed mechanism (Dolan & Haravitch 2014 ). By constructing 
a normalized slip profile from our distributed slip InSAR model 
(Fig. 2 b), we observe peak slip at 3–4 km depth diminishing by 
over 90 per cent at the surface (Fig. 8 a, thick b lack line). Super - 
imposing this onto a compilation of normalized slip profiles from 

29 large strike-slip earthquakes with published InSAR slip mod- 
els (Sethanant et al. 2023 ) highlights how a large subset of these 
earthquakes have similarly pronounced SSDs (Fig. 8 a). Following 
Sethanant et al. ( 2023 ), we further classify these earthquakes by 
the total offset of the host fault – a measure of structural maturity 
– and by magnitude (Figs 8 b and c). This sho ws ho w those with 
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Figure 6. (a) Reported International Seismological Centre (ISC) epicentres and (b) relocated epicentres of the 2020 sequence, scaled by magnitude and 
numbered and coloured chronolo gicall y. These include one foreshock, the main shock (blue star), 11 aftershocks and a few other regional events (grey). The 
red line is our InSAR modelled fault and black lines are other regional faults (Zelenin et al. 2022 ). In (b), black ellipses are 90 per cent confidence ellipses for 
individual cluster vectors (i.e. relative locations) and red circle of radius 5 km is for scale. 

Figur e 7. Hillshaded ArcticDEM topograph y (Porter et al. 2022 ) along our InSAR model fault (ends indicated by yellow arrows) with illumination from (a) 
45 ◦, (b) 135 ◦, (c) 225 ◦ and (d) 315 ◦. Coordinates are in UTM kilometres. 
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(a)

(b) (c)

Figure 8. (a) Normalized slip profiles for the Koryak Highlands earthquake and 29 large ( M w 6.4–7.9) continental earthquakes with predominantly strike-slip 
motion and InSAR-derived coseismic slip models, modified from Sethanant et al. ( 2023 ). Model slip along each row of slip patches was averaged, normalized 
b y di viding it b y the maximum v alue of average slip, and plotted against depth. SSD v alues plotted along the top of the graph refer to the shallowest data points 
of the profile, and are equal to one minus the normalized slip of the surficial row of model subfault patches expressed as a percentage (e.g. Fialko et al. 2005 ). 
(b) Normalized slip profiles coloured by total geological offset along the host fault and (c) by earthquake moment magnitude; see Sethanant et al. ( 2023 ) for 
details of the other earthquakes. 
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pronounced SSDs are linked not by fault structural immaturity, but 
rather by their moderate magnitudes: strike-slip earthquakes only 
consistentl y rupture full y to the surface, no matter their nucleation 
depths, once they reach magnitudes greater than about 7. 

4.2 Implications for active tectonics of the northern 

Pacific Cordillera 

Due to the slow rates of deformation, sparse instrumentation and 
limited exposure to earthquakes, active tectonics and seismic haz- 
ards in the nor ther n Pacific Cordillera are poorly understood relative 
to other major continental orogenic systems such as the main North 
American Cordillera or the Alpine-Himalayan belt. As one of the 
best-recorded earthquakes in the region up till now, the 2020 Ko- 
ryak Highlands event therefore offers an important new point of 
reference. 

One important parameter in continental tectonics is the seismo- 
genic layer thickness, which varies from about 10 to 40 km across 
most orogenic belts (Maggi et al. 2000a ). This parameter sets the 
lower depth limit for coseismic slip and thus helps control rup- 
ture area and magnitude. Routine earthquake catalogues are poor 
at resolving depths of cr ustal ear thquakes and, outside of the most 
densely instrumented regions, the best constraints on seismogenic 
layer thickness come from regional or teleseismic waveform mod- 
elling (Maggi et al. 2000b ; Engdahl et al. 2006 ; Wimpenny & 

Watson 2021 ). Unfortunatel y, onl y a handful of large earthquakes 
across the nor ther n P acific Cordillera hav e centroid depths resolv ed 
in this manner, and e ven fe w er ha ve slip distributions constrained 
by geodetic data (Fig. 9 ), leaving the seismogenic thickness largely 
obscure. 

Our InSAR analysis of the 2020 Koryak Highlands earthquake 
supports peak slip at 3–4 km depth, diminishing rapidly towards 
the base of the model fault plane at 11 km. Svigkas et al. ( 2023 ) 
yield a similar slip distribution but with small amounts of slip 
down to 14 km depth. Further SW within the Koryak Highlands, 
aftershocks of the 2006 M w 7.6 Olyutorski earthquake recorded by 
three temporary local stations concentrate above about 18 km, but 
the main shock itself, and the largest aftershock ( M w 6.6), are poorly 
constrained (Lander et al. 2010 ). 

Constraints on seismogenic layer thickness in the Koryak High- 
lands therefore remain sparse, but earthquake studies from Alaska 
and Canada suggest that, inboard of active forearcs, much of the 
nor ther n Pacific Cordillera may be characterized by shallow ( ∼10–
15 km) seismicity. In nor ther n Alaska, InSAR modelling of the 
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Figure 9. Terranes of the north Pacific Cordillera. Terrane boundaries, in black, are from a tectonic model of the Arctic (Shephard et al. 2013 ). Yellow circles 
indicate the location of large crustal earthquakes ( M > 6, with depths < 30 km) within the north Pacific Cordillera. Many of these large events have occurred 
close to, or along, major str uctures. The histog ram shows the depth distribution of these earthquakes. These events are from the ISC Bulletin for the period 
1964–2024. Several notable events (discussed in the text) are labelled and coloured by the depth of maximum slip (Suppporting Information, Table S3 ). Vectors 
show relative velocities of the Pacific (PA), North American (NA), Eurasia (EU) and Juan de Fuca (JF) plates from the ITRF2020 plate motion model (Altamimi 
et al. 2023 ). 
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018 M w 6.4 and 6.0 Kaktovik earthquakes reveals slip between
bout 2 and 9 km depth, and centroid moment tensors of after-
hocks recorded by the US Array Transportable Array are similarly
hallow (Gaudreau et al. 2019 ; Xu et al. 2020 ; Est ève et al. 2022 ).
n central Alaska, InSAR and global navigation satellite system
GNSS) models of the 2002 M w 7.9 Denali earthquake exhibit peak
lip within the upper ∼10 km, diminishing rapidly to about 18 km
epth (Wright et al. 2004 ; Hreinsd óttir et al. 2006 ; Elliott et al.
007 ), consistent with locally recorded seismicity along the Denali
ault (Eberhart-Phillips et al. 2003 ; Ratchkovski et al. 2004 ; Choi
t al. 2021 ; Biegel et al. 2024 ). Older wavefor m-modelled ear th-
uakes include the 1985 M w 6.7 and 6.8 Nahanni doublet in the
ackenzie mountains of Canada, placed at 6–7 km centroid depth

Choy & Boatwright 1988 ), consistent with local aftershock sur-
 e ys that indicate focal depths mostly above ∼12 km (Horner et al.
990 ). Additionally, the 1946 M s 7.2 Vancouver Island earthquake
as modelled by Rogers & Hasegawa ( 1978 ) to have a focal depth
f 20–30 km. Subsequent geodetic (Slawson & Savage 1979 ) and
alaeoseismic studies (Lynch et al. 2023 ) suggest that the peak slip
f this event was shallow ( < 5 km). The shallow seismicity across
laska and nor thwester n Canada are likely the result of thinned
ackarc lithosphere and high heat flow (Hyndman 2023 ), and the
imited results from the Koryak Highlands hint that the same may
e true further west. 

The regions that comprise the north Pacific Cordillera have un-
ergone similar tectonic histories of terrane accretion, deformation,
agmatism and batholith emplacement (Dickinson 2004 ; Miller

t al. 2002 ), and many of the major crustal earthquakes listed above
re closely associated with terrane boundaries along which crustal
ragments accreted to North America during the Mesozoic and early
enozoic (Fig. 9 ). For example, the 1991 M w 6.7 and 2006 M w 7.6
lyutorski earthquakes ruptured the major Khatyrka–Vyvenka fault
 t  
one, the 2002 Denali rupture closely follows the Mesozoic suture of
he Wrangellia and Yukon terranes (Fitzgerald et al. 2014 ), and the
018 Kaktovik earthquakes ma y ha ve partiall y reacti v ated terrane-
ounding reverse faults associated with construction or reacti v ation
f the Brookes Range (Gaudreau et al. 2019 ). This suggests that
hese first-order geological boundaries form long-lasting zones of
eakness along which seismic hazards remain ele v ated long after

errane accretion. Ho wever , in rupturing a fault in close proximity
ut orthogonal to a terrane boundary, the 2020 Koryak Highlands
arthquake demonstrates that hazards are not restricted to the major
errane bounding faults, but encompass secondary faults with min-
mal geomorphic or geological signatures. Like many other parts
f the nor ther n Pacific Cordillera, the Koryak Highlands likely ex-
ibits slow strain rates with faults that may have recurrence periods
f thousands to tens of thousands of years (Li et al. 2018 ), such that
leistocene glaciations may have eroded pre-existing geomorphic
ignals (e.g. Clague & James 2002 ). This is one of many challenges
o studying slowly deforming faults in high latitude, sub-Arctic
egions, along with sparse seismic and geodetic instrumentation,
NSS strain signals that are masked by locking of the subduct-

ng Pacific plate and/or by glacio-isostatic rebound, and remote,
ountainous and densely forested terrain. 

 C O N C LU S I O N S  

he 2020 M w 6.4 Koryak Highlands earthquake ruptured a previ-
usly unknown, SE-striking, left-lateral strike-slip fault, orthogo-
al to the main sutures that bound the Khatyrka–Vyvenka zone.
he earthquak e lik el y propagated unilaterall y northwestw ards at
pproximately 1.3 km s −1 . This slow rupture speed, together with
he lack of any clear fault-related geomorphology along the surface
race, indicates that the causative fault was structurally immature.

art/ggaf031_f9.eps
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggaf031#supplementary-data


2122 G. Salomon et al . 
D

ow
nloaded from

 https://academ
ic.oup.com

/gji/advance-article/doi/10.1093/gji/ggaf031/7979021 by guest on 03 February 2025
The earthquake also exhibits a pronounced SSD, though this may 
be related more to its moderate magnitude than to fault structural 
immaturity. The base of our slip model at 11 km depth hints at a 
relati vel y thin seismo genic layer thickness, consistent with other 
parts of the north Pacific Cordillera. Remote, mountainous and re- 
cently glaciated areas like the Koryak Highlands are particularly 
challenging to study, but modern, remotely sensed or teleseismic 
data still allow us to characterize the geometry and kinematics of 
this earthquake fairly precisely. Our study highlights how unknown 
or uncharacterized faults may accommodate potentially damaging 
earthquakes along or near terrane boundaries within the nor ther n 
North America plate. 
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DATA  AVA I L A B I L I T Y  

The supplemental material comprises of 11 figures ( Figs S1 –S11 ), 
3 tables and 2 data files. The figures show satellite imagery for the 
region, additional results from the InSAR modelling, and additional 
plots from the mloc relocation. Tables include the fault parameters 
and their search bounds for the InSAR inverse and forward models 
and the normalized slip profile from the distributed slip model. 
Data files include the full distributed slip model and our relocated 
hypocentres. Descriptions of each data field (column) in the data 
files are included in the supplemental pdf document. 

The images used to produce the interferograms are freely avail- 
able and were downloaded from the ESA’s open access hub (Eu- 
ropean Space Agenc y, 2020 ). Sev eral topography data sets were 
used in this study, including the Copernicus GLO-30 DEM (Eu- 
ropean Space Agency, 2021 ), the GEBCO bathymetry data set 
(GEBCO Compilation Group, 2023 ) and 2 m resolution Arctic- 
DEM data along the InSAR fault (Porter et al. 2022 ), all of which 
are available on OpenTopography ( https://opentopography.org/ , last 
accessed 2024 July). Earthquake arrival times were collected from 

the International Seismological Centre (ISC) bulletin ( https://doi.or 
g/10.31905/d808b825 ). Focal mechanisms were downloaded from 

the Global Centroid-Moment-Tensor Project (Ekstr öm et al. 2012 ). 
Figures were plotted using the Generic Mapping Tools, Version 6 
(Wessel et al. 2019 ). Fault lines in figures were acquired from the 
Active Faults of Eurasia Database (AFEAD, Zelenin et al. 2022 ). 
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