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SUMMARY

On 2020 January 9, an M, 6.4 earthquake struck 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 Thrust. The earthquake probably ruptured 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.

2010; Rogozhin et al. 2007). Seismicity decays northeastwards to-

I INTRODUCTION wards the central Koryak Highlands, where the largest events prior

On 2020 January 9 at 08:38 UTC, a shallow, M,, 6.4 earthquake
struck the Koryak Highlands of eastern Siberia, located in the west-
ernmost North American cordillera and within a diffuse triple junc-
tion with the Eurasian and Pacific plates. The Koryak Highlands are
an amalgamation of mountain ranges created through the Mesozoic—
Palacogene accretion of terranes onto the North American plate via
northward subduction of the Pacific (Fig. 1). A series of NE-trending
sutures and faults such as the Khatyrka-Vyvenka zone (Imaeva
et al. 2017), bounded in the south by the Vatyna—Vyvenka thrust
(Chekhovich et al. 2008), are relics of this process. Modern day
regional seismicity is concentrated in the south-western Khatyrka—
Vyvenka zone adjacent to the Kamchatka peninsula (Fig. 1), where
notable events include the 2006 M,, 7.6 and 6.6 Olyutorskii and 1991
M, 6.6 Khailino reverse faulting earthquakes (Lander et al. 1996,

to 2020 were M,, 5.6 and 5.3 strike-slip earthquakes in 1988 and
2007 (Lander ef al. 1996; Rogozhin et al. 2021). The larger, M,, 6.4
2020 earthquake thus offers an opportunity to better understand the
little known active tectonics of this region, and whether inherited
geological structures influence modern seismicity.

This latter question is of much broader relevance. The geological
formation of the Koryak Highlands is characteristic of the northern
Pacific Cordillera, defined here as the part of the circum-Pacific oro-
genic system where Pacific oceanic lithosphere subducts below the
continental North American plate, and stretching from Kamchatka
in the west to Haida Gwaii in the east (Fig. 1, inset). Allochthonous
terranes accreted onto the western margin of the North Ameri-
can continent throughout the Mesozoic and early Cenozoic eras
(Coney & Evenchick 1994; Dickinson 2004; Akinin et al. 2020),
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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; Ekstrom 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 Survey (2011). 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).

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 ef 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 ef al. (2021) and an Interferometric Synthetic Aperture

Radar (InSAR) study of the main shock by Svigkas et al. (2023),
which notably disagree on which of the seismological nodal planes
the earthquake ruptured. We resolve this by performing 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. However, 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 waveform analysis to constrain and independently 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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2 METHODS

2.1 InSAR

The 2020 Koryak Highlands earthquake was captured by the Eu-
ropean Space Agency’s (ESA) Sentinel 1A satellite on descending
track 118D and ascending tracks 125A and 154A. All of the avail-
able 12 or 24 day coseismic interferograms, including some post-
seismic pairs, were processed using GAMMA software (Werner
et al. 2000), topographic effects were removed using the 30 m-
resolution Copernicus digital elevation model (DEM, GLO-30),
and the interferometric phase was unwrapped using the minimum
cost flow algorithm (Werner et al. 2002) before being converted
from radar to geographic coordinates (WGS-84) and from radi-
ans to line-of-sight (LOS) displacement. Large parts of many of
the interferograms have poor coherency owing to the high latitude,
rugged topography, and wintertime acquisitions, all of which can
cause decorrelation (Wang et al. 2020). The shorter repeat acquisi-
tion times of Sentinel 1 over earlier generations of SAR satellites
offer an vast improvement for wintertime imaging at high latitudes
(e.g. Elliott et al. 2007; Mikhailov et al. 2023). A clear coseismic
signal is evident on a 12 day interferogram (2020 January 03—15)
on descending track 118D and on a 24 day interferogram (2019 De-
cember 23-2020 January 16) on ascending track 125A. A 12 day
interferogram on the adjacent track 154A also exhibited coseismic
deformation but was too noisy to be useful in the modelling stage
and is not discussed further.

To characterize the causative faulting, the LOS displacements
were first downsampled using a quadtree algorithm (Jonsson et al.
2002) and then inverted for uniform slip on a rectangular disloca-
tion embedded within an elastic half-space with Lamé parameters
w =X =23.2x 10'" Pa (Okada 1985). Weighting the two data sets
equally, we solved for the fault strike, dip, rake, slip, surface pro-
jection centre points, length and top and bottom depths, using a
nonlinear, downhill Powell’s algorithm (Press et al. 2007) with 100
Monte Carlo restarts to avoid local minima (Wright ef al. 1999).
To account for satellite orbital errors and different unwrapping ref-
erence points, we also jointly solved for linear ramps and static
shifts in LOS displacement. To achieve the best possible fit to the
observed data in a stable inversion, we found it preferable to fix
the slip to 0.9 m to ensure that the modelled deformation had the
same number of fringes as the observed interferogram. This value
was chosen on the basis of fault scaling relationships (Kanamori &
Anderson 1975).

To resolve finer details, we solved for the distribution of slip
across the model fault plane. The fault plane was first extended
along strike and downdip, and then subdivided into 1 km x 1 km
patches. The slip on each patch was estimated using a Laplacian
smoothing operator (Wright ef al. 2004; Funning et al. 2005) and
a non-negative least-squares algorithm to ensure positive slip (Bro
& De Jong 1997). A range of smoothing factors were tested so as
to obtain a realistic, non-oscillatory slip gradient without unduly
increasing the misfit.

2.2 Seismic body wave analysis

We used long-period teleseismic body-waveform modelling as an
an independent check of the main shock focal mechanism and cen-
troid depth. Waveform data were restricted to epicentral ranges of
30°-90° for P waves and 30°-80° for SH waves in order to avoid
complications from unmodelled lithosphere and core phases. 26 ver-
tical component P-wave seismograms and 24 transverse component

The 2020 My, 6.4 Koryak Highlands earthquake — 2113
SH-wave seismograms were selected for modelling on the basis of
high signal-to-noise ratios and an even global distribution without
any large azimuthal gaps. We used the MT5 program (Zwick et al.
1994) developed from the algorithms of McCaffrey & Abers (1988)
and McCaffrey ef al. (1991) to minimize differences between the
observed waveforms and synthetic seismograms calculated using
a half-space with ¥, = 6.0 kms™!, ¥, = 3.5 kms™! and den-
sity = 2800 kgm™3 (values consistent with the elastic parameters
used in our InSAR modelling). The synthetic seismograms incor-
porate direct P and SH phases and pP, sP and sS depth phases,
thus providing sensitivity to centroid depth (Molnar & Lyon-Caen
1989; Wimpenny & Watson 2021), and represent the source time
function as the combination of a series of triangular elements, with
the moment being their integral. Before inversion, the synthetic P
and SH waveforms were aligned against their observed arrivals on
broad-band vertical and transverse seismograms so as to remove any
potential influence from epicentral mislocation. The program uses a
least-squares routine to solve for the centroid strike, dip, rake, depth
and source time function by minimizing misfits between observed
and synthetic seismograms. To test the sensitivity of the solution
to varying centroid depth, we then fixed this parameter in 1 km
increments either side of the minimum misfit value and re-ran the
inversion allowing the strike, dip, rake and source time function to
vary (Molnar & Lyon-Caen 1989; Nissen ef al. 2014).

2.3 Backprojection

We assessed the rupture kinematics using the phase-weighted rela-
tive backprojection method (Schimmel & Paulssen 1997; Zhang &
Ge 2010; Tan et al. 2019). Relative energy (RE) was backprojected
onto a 0.01° (=1 km) grid across the source region using a teleseis-
mic array in the contiguous United States and traveltimes estimated
with the IASP91 reference model (Kennett & Engdahl 1991). We
also tested a European array, but the results showed considerable
swimming artefacts (Meng et al. 2012), likely reflecting that while
source—receiver paths to the US are approximately perpendicular to
the NW-trending fault, those to Europe lie roughly along strike. An
additional issue could be the epicentral distance to the EU array be-
ing significantly larger (62°—77°) than to the US array (40°—65°), as
such, the signal-to-noise ratio for the EU array is lower than for the
US array. The P seismograms were aligned using cross-correlation,
the waveforms were then stacked using a 10 s sliding window. A
frequency band of 0.2-2 Hz was used, the waveform amplitudes
were normalized, and the RE was calculated using phase-weighted
stacking to reduce biases introduced by incoherent signals with
large amplitudes. The sliding window produced some artefacts in
the form of energy radiators centred upon the same source grid node
but at different times; here, the mean source times were chosen and
the rest were discarded.

2.4 Calibrated relocation

The hypocentral locations of the 2020 main shock, an M, 4.1 fore-
shock, 15 aftershocks (my, 3.6—M, 5.4), and 22 other events located
within a radius of 1.5° were re-evaluated using the mloc calibrated
earthquake relocation software (Bergman & Solomon 1990; Walker
etal. 2011). We acquired phase data from the ISC bulletin (Interna-
tional Seismological Centre 2024) and only included events with 30
or more phase readings in the relocation. The mloc program min-
imizes location bias by exploiting the fact that ray paths of events
clustered 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 27 radians equivalent 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 InNSAR model fault. Coordinates are in
UTM kilometres (Zone 59N). (b) Modelled slip distribution on 1 km x 1 km fault patches. (¢) 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 strike, dip, rake and magnitude parameters varied for each run. The red line is the implied rupture width for each

inversion.

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 arrival time
data (Jordan & Sverdrup 1981). The first step estimates the relative
locations of each hypocentre within the cluster using differences in
arrival 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 InNSAR 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, we are heavily 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 arrival times. Because of this, we were 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 Comprehensive Earthquake Catalog,
GEOFON, Svigkas ef 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 InNSAR 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) My,
GCMT 62.27°, 171.00° 316° 86° —11° 12 km* 438 x 1018 6.4
USGS W-phase 62.358°,171.061° 317° 88° —13° 19.5 km* 4.60 x 1018 6.4
USGS body wave 62.358°,171.061° 320° 85° —3° 13 km* 3.09 x 10'8 6.3
GEOFON 62.33°, 170.94° 135° 85° 0° 10 km* 3.60 x 10'8 6.3
Svigkas et al. (2023) 62.214°,170.931° 304° 86° —3.2° 2.5km 3.87 x 10'8 6.3
This study (INSAR) 62.203°, 170.986° 132° 86° 4° 3.5km 371 x 1018 6.3
This study (body waves) - 317° 85° 0° 9 km 322 x 10'8 6.3

impact on epicentral accuracy from this choice of fixed focal depth
(e.g. Ghods et al. 2012; Karasozen et al. 2016).

3 RESULTS

3.1 Main shock

The InSAR data and modelling provide the best constraints on the
main shock location and geometry. The interferograms are gener-
ally coherent, though steep topography and/or snow cover (Fig. S1,
Supporting Information) may have introduced noise to the moun-
tainous, eastern parts (Fig. 2a, left panels). Both interferograms also
contain an NW-trending band of partial decorrelation, clearest in the
descending scene in which it is masked out in Fig. 2(a) (lower left
panel). Nevertheless, coseismic deformation appears clearly in both
interferograms as two main fringe lobes, one on each side of the
decorrelation band. The western lobes contain the peak displace-
ments, which are toward the descending track satellite and away
from the ascending satellite, while the eastern lobes show the op-
posing sense of motion. This pattern is consistent with left-lateral
motion along a fault aligned northwest—southeast, roughly along
the observed band of decorrelation. The ascending interferogram
also exhibits smaller deformation lobes at either end of the faulting,
which is as expected since its look vector is more oblique to fault
strike than the descending one.

Inversion of downsampled InSAR data for uniform slip on a
rectangular model fault can reproduce the observed deformation
well, with root-mean-square residual LOS displacements of2.17 cm
(Figs S2 and S3, Supporting Information). The best-fitting fault is
19.2 km long, trends NW—SE along the decorrelation zone (strike
132°), dips steeply SW (86°), and has left-lateral slip (rake 4°).
Given elastic rigidity of 3.2 x 10'° Pa, this gives rise to a moment
of3.88 x 10'® N-m (equivalent to M,, 6.3), in the middle of the range
of available seismological estimates (3.1-4.6x 10'® N-m, Table 1).
Our results are in reasonable agreement with those of Svigkas et al.
(2023), with discrepancies of <15 per cent in uniform slip, fault
length, and width, and of 8° in strike, < 1° in dip (which they
fixed), and 7° in rake. However, our InNSAR model fault geometry
has closer consistency than Svigkas et al.’s with the NW-striking
seismological nodal planes, with discrepancies in strike, dip and
rake ranging from just 2°—4° for the GEOFON model to 4°—15° for
those of the United States Geological Survey (USGS) and Global
Centroid Moment Tensor (GCMT) catalogues (Table 1). To explore
the possibility of along-strike rupture segmentation, we also tried
inversions with two rectangular uniform slip fault planes (Elliott
etal 2012), but found that these did not visually improve the fit to the

data despite double the number of free parameters (Figs S5 and S6,
Supporting Information). This result is consistent with the unusually
high percentage (96-98 per cent) double couple components of
the reported USGS moment tensors, which imply a simple, planar
earthquake source (e.g. Zaccagnino & Doglioni 2022).

We tested the sensitivity of our uniform slip model to fault top
and bottom depths by incrementally altering these parameters and
assessing the effects on model misfit. When the top depth is reduced
to zero, the misfit rises markedly, suggesting that the rupture did
not reach the surface (Fig. 2c). When the top depth is increased
to 2-3 km, the misfit remains low but the fault width becomes
unreasonably narrow. The bottom depth is less well constrained,
with the misfit rising only gradually as the bottom depth is lowered
from ~5 km.

Our distributed slip InSAR inversion provides a more refined
indication of the depth limits of coseismic slip as well as its variation
along strike. In our preferred model, root-mean-square residual
displacements are reduced by about a quarter from those of the
uniform slip model to 1.66 cm, and the visual fit to the data is
also improved (Fig. 2a and Fig. S3, Supporting Information), with
removal of some residual fringes present in the uniform slip model
interferograms (Figs S1 and S2, Supporting Information). Model
slip peaks at 1.9 m at a depth of ~3.5 km along the middle portion
of the fault, with two distinct slip asperities near the NW and SE
fault ends (Fig. 2b). Only a small proportion of the slip reaches
the shallowest row of model fault patches, supporting our earlier
inference of a substantial shallow slip deficit (SSD). At the base of
the model slip patch, slip tails off abruptly at 5-6 km depth beneath
the central slip asperity and more gradually at 7-10 km beneath
the distal ones. The INSAR moment of 3.71 x 10'® N-m (equal to
M,, 6.3) is in agreement with the equivalent seismological values
of 3.1-4.6 x 10'"® N-m (Table 1). Our slip model with its three
asperities and pronounced SSD qualitatively resembles the pattern
resolved by Svigkas et al. (2023), though a direct comparison is
impossible since their model is not tabulated.

Our body waveform modelling can reproduce observed teleseis-
mic P and SH waveforms well with purely double couple motion
lasting 12 s (Fig. 3a), further confirmation of a simple, planar fault
source. The best solution has an NW-trending nodal plane with strike
317¢, dip 85° NE and rake 0° (Table 1). This geometry is closely
consistent with our InSAR model fault plane, with differences of
just 4°-9° in strike, dip and rake, accounting for the opposing dip
direction and application of the right-hand rule. The minimum mis-
fit centroid depth of 9 km is somewhat deeper than our InSAR
model fault centre and peak slip depths of ~4—5 km. However, cen-
troid depth sensitivity tests (Fig. 3b) reveal similarly low misfits for

Gz0z Arenigad €0 uo 1senb Aq LZ06.6./1£0¥eB6/16/£601°01/10p/e10n1e-80URADE/IB/WO00 dno0lWapeoe//:Sdiy Woly pepeojumoq


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

2116 G. Salomon et al.

—_—
Y
~—

Koryak Highlands Earthquake 09/01/2020

strike = 317° | dip = 85° | rake = 360°

P waves centroid depth = 9 km | moment = 3.2 x 10"
GW ﬁxw BY EB* &
N M\Cﬁﬂv}v& W f%b.vqﬁﬂ.{
W A L
BU“WW ﬁv’*@ﬂ\ﬁvﬂb@ fAA’W ¥F
S Y E ¥ W
S N
TS NT QC \N/H
L |
Y W VAV \é\f‘“%v Wherhrs 3 EAST
ca PR* S
H M A \M EE L
5 L AT B Wy b
KO | P Jid” HG
A N 0 K
P *WM«AV— C W H mﬂW«Wﬁ o W
| N N

elsmogram scale
g é) r 0 : 60s
f/h\éAy—? Source Time Function

SH waves 12s
Aw" Lx cB' sc FD
N Y M S F
BU GV MA HF WE
O A K \'
TS MT PH TG
L A A F Y
¥ R K R N VA
Ca PR"
H L Ave A o)\ = (b) 90
5 K
HP ﬁO 80
AN - =
\?VN (IDL Tt 870
i -E\/p\cav*‘ T A %
é é —hy/ N aN——t R /\%&(—‘ Eso

A

K’AM {Vl._l JOI
G q\/m’**f@ \IZ’)V VPR et H Wk 50{ 333332122

0 5 10 15 20
Depth (km)

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 7-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.

depths ranging from 3—10 km with relatively small consequences to
model strike, dip, rake 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 m/oc, as-
suming that slip propagated upwards after nucleating near the base
of the rupture plane (e.g. Karasozen et al. 2016; Wei et al. 2015).
To investigate discrepancies in fault plane geometry between the
various available main shock focal mechanisms (Table 1), which
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 waveform inversions with strike values kept 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 InNSAR model strike of 132° (Fig. 4, red line), the resulting
normalized error is only marginally greater than the minimum misfit
value, whereas when 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 InNSAR modelling. The broader minima in
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Figure 4. Strike sensitivity tests for InNSAR and teleseismic body-waveform modelling of the 2020 January 9 Koryak Highlands main shock. InSAR (black)
and waveform (grey) focal mechanisms are plotted as a function of their fixed strike values and root-mean-square error or normalized error (defined as the
percentage ratio of the weighted residual variance to the weighted data variance, or R/D per cent). Red, blue and green lines shows strike values of our own
InSAR model, the InSAR model of Svigkas ef al. (2023) and our body waveform model, respectively.

the waveform modelling misfit curve may reflect the large azimuthal
gap to the SE (Fig. 3), though uncertainties in the order of +5—
15° are common for this procedure (Molnar & Lyon-Caen 1989).
Notably, the strike of the InSAR model of Svigkas et al. (2023),
which at 304° is 12°-16° different from any of the other available
solutions, falls outside of the minima in either of our misfit curves
(Fig. 4, green line).

Our backprojection provides an independent check on the fault
orientation and our best indication of the rupture kinematics, though
we acknowledge that the earthquake is close to the M, limit of 6.5
that this method can reliably resolve (Kiser & Ishii 2017). Our
results indicate that slip propagated unilaterally northwestwards at
an average rupture velocity of ~1.3 kms~! (Figs 5a and d). Coherent
backprojected energy is released over a duration of ~14 s (Fig. 5b),
consistent with the 12 s source time function duration estimated
from body waveform modelling (Fig. 3), and over a distance of
~15 km (Fig. 5¢), similar to the 22 km length of our InSAR model
fault, with peak energy release at ~6 s close to the epicentre.

3.2 Aftershock distribution

The original ISC epicentres for the 2020 sequence are highly scat-
tered, but generally are located upon a step-over along the SW-
trending Khatyrka—Vyvenka fault (Fig. 6a). Relocation shifts and
condenses the events southwards to between the mapped traces of
the Khatyrka—Vyvenka and Vatyn—Vyvenka faults, but the after-
shock cloud still lacks any obvious structure or preferred orienta-
tion (Fig. 6b). Presumably, many of these aftershocks are rupturing
unidentified faults secondary to both the main shock and the main
suture zones. Notably, there is no concentration of events in the

inferred northwestward direction of main shock rupture propaga-
tion; in fact, the aftershock distribution is perhaps more favorably
explained by a bilateral rupture. Additional maps, traveltime curves
and residual plots associated with the relocation can be found in
Figs S7- S11 (Supporting Information).

4 DISCUSSION

4.1 Fault geomorphology, structural immaturity and
shallow slip deficit

Having located the main shock fault with InSAR, we investigate
whether its surface trace corresponds with any fault-related geo-
morphology such as scarps, shutter ridges or stream offsets. We
used a section of the 2 m resolution ArcticDEM DEM (Porter et al.
2022), downloaded with a buffer of several kilometres along the
InSAR fault bounds (Fig. 7). This was hillshaded from several
different directions, in order to highlight potential tectonic fea-
tures no matter their orientation or facing directions. We observed
rugged topography, with the fault trace crossing several drainage
systems and ridgelines, including several cirques and one large val-
ley, mostly at high angles. After inspection, there are no clear, fault-
related lineaments or landforms in this area, so it is likely that the
2020 M,, 6.4 earthquake ruptured a structurally immature and/or
slow slip-rate fault that has accumulated insufficient surface slip
to imprint the postglacial landscape. The Koryak Highlands were
glaciated at least twice during the Pleistocene, although these were
mostly valley glaciers with little evidence for large ice sheets and
domes (Glushkova 2011). This is consistent with the fault strike be-
ing orthogonal to the mature, terrane-bounding Khatyrka—Vyvenka
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Figure 5. (a) Results of a phase-weighted backprojection using a contiguous US-based array. Colour scale shows the time since onset of the event while size
shows the RE. Red line marks the InSAR modelled fault, black lines are mapped faults (Zelenin ef al. 2022). (b) RE release versus time, where the RE has
been normalized to 1. (¢) RE and projected distance along the InNSAR modelled fault. (d) Time versus the projected distance along the InSAR fault. (e) Stations

(green triangles) used in the backprojection.

fault (Zelenin et al. 2022), which by contrast is relatively 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 kms™', consistent with
the slow rupture velocities expected along immature faults with
many remaining asperities along the fault plane (Perrin ez 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 ef 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 InNSAR model
(Fig. 2b), we observe peak slip at 3—4 km depth diminishing by
over 90 per cent at the surface (Fig. 8a, thick black line). Super-
imposing this onto a compilation of normalized slip profiles from
29 large strike-slip earthquakes with published InSAR slip mod-
els (Sethanant e al. 2023) highlights how a large subset of these
earthquakes have similarly pronounced SSDs (Fig. 8a). 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 8b and c). This shows how those with

Gz0z Arenigad €0 uo 1senb Aq LZ06.6./1£0¥eB6/16/£601°01/10p/e10n1e-80URADE/IB/WO00 dno0lWapeoe//:Sdiy Woly pepeojumoq


art/ggaf031_f5.eps

The 2020 M, 6.4 Koryak Highlands earthquake — 2119

(a) ISC locations (b) Calibrated locations

62.4°N 1 3 i 5 72 7 & 7 27 ] 2 D 77, s 72 e 62.4°N

622°N{

62.0°N

iy sl B Skmi - ’ =

171'.5°E . 170i5°E 171i0°E 171‘.5°E
/Mamshock

Event Number in Cluster (5 T T ) A

22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39
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Figure 7. Hillshaded ArcticDEM topography (Porter ez al. 2022) along our InSAR model fault (ends indicated by yellow arrows) with illumination from (a)
45°, (b) 135°, (¢) 225° and (d) 315°. Coordinates are in UTM kilometres.
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Figure 8. (a) Normalized slip profiles for the Koryak Highlands earthquake and 29 large (M, 6.4-7.9) continental earthquakes with predominantly strike-slip
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(b) Normalized slip profiles coloured by total geological offset along the host fault and (c) by earthquake moment magnitude; see Sethanant ef al. (2023) for

details of the other earthquakes.

pronounced SSDs are linked not by fault structural immaturity, but
rather by their moderate magnitudes: strike-slip earthquakes only
consistently rupture fully 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 northern 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 crustal earthquakes 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). Unfortunately, only a handful of large earthquakes
across the northern Pacific Cordillera have centroid depths resolved
in this manner, and even fewer have 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,, 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, 6.6), are poorly
constrained (Lander ef 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
northern Pacific Cordillera may be characterized by shallow (~10—
15 km) seismicity. In northern Alaska, InNSAR modelling of the
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et al. 2023).

2018 M,, 6.4 and 6.0 Kaktovik earthquakes reveals slip between
about 2 and 9 km depth, and centroid moment tensors of after-
shocks recorded by the US Array Transportable Array are similarly
shallow (Gaudreau et al. 2019; Xu et al. 2020; Esteve et al. 2022).
In central Alaska, InSAR and global navigation satellite system
(GNSS) models of the 2002 M,, 7.9 Denali earthquake exhibit peak
slip within the upper ~10 km, diminishing rapidly to about 18 km
depth (Wright et al. 2004; Hreinsdottir et al. 2006; Elliott et al.
2007), consistent with locally recorded seismicity along the Denali
fault (Eberhart-Phillips et al. 2003; Ratchkovski et al. 2004; Choi
et al. 2021; Biegel et al. 2024). Older waveform-modelled earth-
quakes include the 1985 M,, 6.7 and 6.8 Nahanni doublet in the
Mackenzie mountains of Canada, placed at 6—7 km centroid depth
(Choy & Boatwright 1988), consistent with local aftershock sur-
veys that indicate focal depths mostly above ~12 km (Horner et al.
1990). Additionally, the 1946 M, 7.2 Vancouver Island earthquake
was modelled by Rogers & Hasegawa (1978) to have a focal depth
of 20-30 km. Subsequent geodetic (Slawson & Savage 1979) and
palaeoseismic studies (Lynch ez al. 2023) suggest that the peak slip
of this event was shallow (<5 km). The shallow seismicity across
Alaska and northwestern Canada are likely the result of thinned
backarc lithosphere and high heat flow (Hyndman 2023), and the
limited results from the Koryak Highlands hint that the same may
be true further west.

The regions that comprise the north Pacific Cordillera have un-
dergone similar tectonic histories of terrane accretion, deformation,
magmatism and batholith emplacement (Dickinson 2004; Miller
et al. 2002), and many of the major crustal earthquakes listed above
are closely associated with terrane boundaries along which crustal
fragments accreted to North America during the Mesozoic and early
Cenozoic (Fig. 9). For example, the 1991 M,, 6.7 and 2006 M,, 7.6
Olyutorski earthquakes ruptured the major Khatyrka—Vyvenka fault

zone, the 2002 Denali rupture closely follows the Mesozoic suture of
the Wrangellia and Yukon terranes (Fitzgerald et al. 2014), and the
2018 Kaktovik earthquakes may have partially reactivated terrane-
bounding reverse faults associated with construction or reactivation
of the Brookes Range (Gaudreau ef al. 2019). This suggests that
these first-order geological boundaries form long-lasting zones of
weakness along which seismic hazards remain elevated long after
terrane accretion. However, in rupturing a fault in close proximity
but orthogonal to a terrane boundary, the 2020 Koryak Highlands
earthquake demonstrates that hazards are not restricted to the major
terrane bounding faults, but encompass secondary faults with min-
imal geomorphic or geological signatures. Like many other parts
of the northern Pacific Cordillera, the Koryak Highlands likely ex-
hibits slow strain rates with faults that may have recurrence periods
of thousands to tens of thousands of years (Li ef al. 2018), such that
Pleistocene glaciations may have eroded pre-existing geomorphic
signals (e.g. Clague & James 2002). This is one of many challenges
to studying slowly deforming faults in high latitude, sub-Arctic
regions, along with sparse seismic and geodetic instrumentation,
GNSS strain signals that are masked by locking of the subduct-
ing Pacific plate and/or by glacio-isostatic rebound, and remote,
mountainous and densely forested terrain.

5 CONCLUSIONS

The 2020 M,, 6.4 Koryak Highlands earthquake ruptured a previ-
ously unknown, SE-striking, left-lateral strike-slip fault, orthogo-
nal to the main sutures that bound the Khatyrka—Vyvenka zone.
The earthquake likely propagated unilaterally northwestwards at
approximately 1.3 kms™'. This slow rupture speed, together with
the lack of any clear fault-related geomorphology along the surface
trace, indicates that the causative fault was structurally immature.

Gz0z Arenigad €0 uo 1senb Aq LZ06.6./1£0¥eB6/16/£601°01/10p/e10n1e-80URADE/IB/WO00 dno0lWapeoe//:Sdiy Woly pepeojumoq


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

2122 G. Salomon et al.

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
relatively thin seismogenic 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 northern
North America plate.
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files are included in the supplemental pdf document.
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