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ABSTRACT

CyberShake is a high-performance computing workflow for kinematic fault-rupture and
earthquake ground-motion simulation developed by the Statewide California Earthquake
Center to facilitate physics-based probabilistic seismic hazard assessment (PSHA). CyberShake
exploits seismic reciprocity for wave propagation by computing strain green tensors along
fault planes, which in turn are convolved with rupture models to generate surface seismo-
grams. Combined with a faultwide hypocentral variation of each simulated rupture, this pro-
cedure allows for generating ground-motion synthetics that account for realistic source
variability. This study validates the platform’s kinematic modeling of physics-based seismic
wave propagation simulations in Southwest Iceland as the first step toward migrating
CyberShake from its original study region in California. Specifically, we have implemented
CyberShake workflows to model 2103 fault ruptures and simulate the corresponding two
horizontal components of ground-motion velocity on a 5 km grid of 625 stations in
Southwest Iceland. A 500-yr-long earthquake rupture forecast consisting of 223 hypothetical
finite-fault sources of M,, 5-7 was generated using a physics-based model of the bookshelf
fault system of the Southwest Iceland transform zone. For each station, every reciprocal sim-
ulation uses 0-1 Hz Gaussian point sources polarized along two horizontal grid directions.
Comparison of the results in the form of rotation-invariant synthetic pseudoacceleration spec-
tral response values at 3, 4, and 5 s periods are in good agreement with the Icelandic strong
motion data set and a suite of empirical Bayesian ground-motion prediction equations
(GMPEs). The vast majority of the physics-based simulations fall within one standard
deviation of the mean GMPE predictions, previously estimated for the area. At large magni-
tudes for which no data exist in Iceland, the synthetic data set may play an important role in
constraining GMPEs for future applications. Our results comprise the first step toward com-
prehensive and physics-based PSHA for Southwest Iceland.

KEY POINTS

® We perform physics-based earthquake fault rupture mod-
eling in the Southwest Iceland transform zone based on a
500-year earthquake rupture forecast.

® The physics-based ground-motion simulations carried out
using CyberShake are consistent with a suite of ground-
motion prediction equations (GMPEs) for the region.

® At large magnitudes, the CyberShake results may help
constrain GMPEs for future applications.
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INTRODUCTION

Iceland is the most seismically active region in northern
Europe. It is a volcanic island in the North Atlantic Ocean
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and is the areal part of a massive flood-basalt plain produced
by the Icelandic Hot Spot, a vertical magmatic thermal
anomaly under central Iceland (Tryggvason et al, 1983;
Thordarson and Hoskuldsson, 2002). There it coincides with
the Mid-Atlantic Ridge (MAR), the extensional plate boundary
between the North American and Eurasian plates. The inter-
play of the MAR and the Hot Spot drives the volcanic and seis-
mic activity of Iceland (Fig. 1). Spatially, its seismic activity
follows the present-day axis of active tectonic extension of
the MAR in Iceland: it approaches from southwest where
the subaerial Reykjanes ridge (RR) becomes aerial and joins
the Reykjanes Peninsula oblique rift (RPOR), continues east
through the South Iceland seismic zone (SISZ), turns north
along the eastern volcanic zone, northern volcanic zone
(NVZ), and back toward west via the complex and largely sub-
aerial Tjornes fracture zone (TFZ). On the western edge of the
TFZ, the MAR continues north of Central Iceland.

The eastward ridge jump of the extensional plate boundary in
Iceland has resulted in the formation of two significant trans-
form zones: the complex and extensive TFZ mostly offshore
North Iceland, and the Southwest Iceland transform zone,
comprising the SISZ and the RPOR. Historically, the largest
earthquakes in Iceland of M,, ~ 7 have repeatedly taken place
in these transform zones according to historical annals of ~1000
yr, teleseismic recordings of ~100 yr, and the last ~30 yr of
local recordings of seismic strong motions (Tryggvason et al.,
1958; Einarsson, 1991, 2008, 2014; Stefansson et al, 2008;
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Figure 1. The Southwest Iceland transform zone, consisting of the South Iceland
seismic zone (SISZ) in the South Iceland lowlands and the Reykjanes Peninsula
oblique rift zone (RPOR). The red line denotes the centerline of the plate
boundary across southwest Iceland with vectors denoting the approximate
direction of transcurrent motion across the SISZ-RPOR. The instrumental
microseismic catalog from 1991 to 2013 is shown as dots (minimum mag-
nitude of 0, with 1 being the magnitude of completeness), and significant
earthquakes from 1904 to 2019 (Jonasson et al., 2021) of the ICEL-NMAR
catalog as circles, spanning magnitudes from M,, 4 (green circles) to 7 (dark
orange circles). The black lines denote the mapped and inferred locations of
dextral strike-slip faults of the bookshelf fault system. Distinct volcanic systems
in volcanic zones (see acronyms in the Introduction) are oriented northeast—
southwest and shown as gray-shaded regions. The inset map shows Iceland, an
island in the North Atlantic Ocean, along with significant earthquakes from
1904 to 2019 (red dots), the locations of the two transform zones (see text in
the Introduction), and arrows indicating the direction of tectonic plate
spreading. The boundary of the larger map of southwest Iceland is shown by
the black rectangle. The color version of this figure is available only in the
electronic edition.

Sigbjornsson et al, 2014; Einarsson et al., 2020; Steigerwald
et al., 2020; Jénasson et al.,, 2021). As a result, the SISZ-RPOR
is one of two regions in Iceland where the seismic hazard is
highest. In addition, the SISZ-RPOR is completely aerial and
much more densely populated than the TFZ. Despite the RPOR
mostly being a barren elevated plateau of basaltic Holocene lava
shields, it contains several coastal towns most notable of which is
the capital region of Reykjavik where approximately two-thirds
of the national population lives. Farther east and collocated with
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the SISZ lies the South Iceland lowland, the country’s largest
agricultural region. The SISZ-RPOR contains typical infrastruc-
ture pertinent to modern society and its lifelines such as electric
power transmission lines, hydroelectric and geothermal power
plants, dams, bridges, roads, and pipelines.

A reliable estimation of seismic risk benefits from a reliable
probabilistic seismic hazard assessment (PSHA). The current
seismic hazard map for Southwest Iceland was published in
2010, but more importantly, it needs a comprehensive revision
as several recent research findings have shown (for an overview
see, e.g., Kowsari et al., 2021, 2022). Namely, it has conclusively
been shown that the fault system in Southern Iceland, previ-
ously thought to be confined to the SISZ region continues
toward the west and all along the RPOR (Einarsson et al.,
2020; Steigerwald et al., 2020). In addition, the maximum seis-
mogenic potential of the SISZ-RPOR, and in particular in the
RPOR is seen to decrease systematically from east to west (see
in Bayat et al.,, 2022). That necessitates a subdivision of the
Southwest Iceland transform zone into subzones, each of
which having a specific maximum earthquake magnitude
and a specific earthquake magnitude—frequency distribution
(MFD). However, the most recent compilation of a harmon-
ized instrumental earthquake catalog of significant earthquakes
in Iceland since 1900 (Jénasson et al., 2021) is too sparse along
the transform zone (see Fig. 1), in particular for the RPOR, to
allow the derivation of reliable subzone MFDs. This is of prac-
tical importance as the central and eastern RPOR fault system
lies near the capital region of Iceland.

Fortunately, the above limitations have effectively been
addressed through the development of a physics-based earth-
quake fault system model of the Southwest Iceland transform
zone. The rate of tectonic transform motion across the zone
(Sigmundsson et al., 1995; Hreinsdéttir et al., 2001; Arnadéttir
et al., 2006; Sigmundsson, 2006) along with the fault system
geometry have been used to calibrate the fault system model
that also captures the variation of seismogenic depth along the
transform zone (Bayat et al., 2022). The model allows random
realizations of the fault system configuration where each causa-
tive fault is completely specified by its dimensions, maximum
potential seismic magnitude, and long-term slip rate, along
with uncertainty estimates, effectively composing an earth-
quake rupture forecast (ERF). It also allows the derivation
of subzone-specific MFDs, the cumulative seismic activity of
which is not only consistent with, but effectively explains,
the earthquake catalog of the Southwest Iceland transform
zone (Bayat et al., 2024). In particular, the ability of the model
to generate realizations of long-term finite-fault earthquake
catalogs (Kowsari et al., 2022) means that it lends itself par-
ticularly useful for a physics-based Monte Carlo stochastic
approach to PSHA, that is, earthquake rupture modeling
and seismic ground-motion simulation using the kinematic
modeling approach. Not only is a Monte Carlo approach to
PSHA a more physically realistic approach, but it also enables
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better incorporation of uncertainties into the PSHA estimates
(see, e.g., Sigbjornsson et al, 1995; Atkinson, 2012; Kowsari
et al., 2023). The underlying hypothesis is to assume that the
seismogenesis of each fault follows a certain probabilistic model
of seismicity (e.g., Poissonian, Markovian), and parameterization
for which depends on pre-existing data and models. The Monte
Carlo approach to PSHA has been used since 1995 in Iceland
(Sigbjornsson et al., 1995; Solnes et al., 2004) but more recently
in various regions of the world for which various seismicity mod-
els apply (Atkinson, 2012; Bayraktar et al., 2017; Karaca, 2021).

Computational seismology using high-performance comput-
ing (HPC) has explored physical models to explain the mecha-
nisms that govern earthquake rupture and seismic wave
propagation. When modeling earthquake ruptures, kinematic
models prescribe finite-slip evolution in space and time and
allow exploration of the variability of seismic moment, fault ori-
entation, hypocenter location, source time function, and rupture
path. Dynamic rupture models, on the other hand, use the phys-
ics of rock failure to model how earthquakes start, dynamically
propagate, and arrest on a particular fault geometry, and may
furthermore explore differences in fault frictional parameters,
coseismic multifault interaction, and local stress distributions
(e.g., Liet al, 2023). The sampling of source parameters and their
variability combined with the simulation of wave propagation
accounting for wave-physics effects have allowed a physics-based
approach to PSHA (Frankel et al, 2007; Graves et al., 2011;
Bradley et al., 2018; Callaghan et al., 2021; Milner et al., 2021).
The computational platform for such a calculation needs to effi-
ciently simulate the ground motions at each site for a large (at
least in the order of thousands) ensemble of rupture variations.
For instance, Graves et al. (2011) and Callaghan et al. (2021)
assembled an ERF by compiling the likely source variability
on California fault systems, consistent with slip inversions of past
earthquakes (Field et al., 2009). Alternatively, Milner et al. (2021)
used a rate-and-state earthquake simulator RSQSim to simulate
hundreds of thousands of years of synthetic seismicity, also in
California. This source variability allows complementing earth-
quake catalogs with synthetic data of moderate- and large-mag-
nitude ranges making them suitable for potential PSHA studies.

CyberShake integrates the Graves—Pitarka (GP) pseudody-
namic fault-rupture generator with an anelastic wave propaga-
tion solver for ground-motion simulation, being originally
developed to undertake PSHA studies in southern California
(Graves et al., 2011; Silva et al., 2016; Jordan and Callaghan,
2018). This computational workflow has benefitted from a sig-
nificant evolution in HPC facilities for efficient simulation of
hundreds of thousands of events. These simulations are carried
out in reciprocal mode. For every hazard location, two simu-
lations are performed, each one using a surface delta function
polarized along a horizontal direction to compute the response
of the strain tensor at each fault surface point (strain green
tensors [SGT]). SGT time histories require a significant disk
storage amount, on the order of 1-2 TB per hazard site
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(Maechling et al., 2007; Callaghan et al., 2015), according to
the total number of fault segments on the ERF database.
The convolution of these SGTs with numerous GP rupture
models produces particle-velocity seismograms at each hazard
site (Maechling et al., 2007; Callaghan et al., 2008, 2014).
CyberShake studies have computed hundreds of thousands
of synthetic seismograms at sites spread over central and
northern California, specifically, 365 sites in Callaghan et al.
(2015), 438 sites in Callaghan et al. (2017), and 869 sites
in Callaghan et al. (2018). More recent applications have
been focused on the hybridization of CyberShake results by
including higher-frequency stochastic ground motions with
application primarily in dynamic analysis of structural and
geotechnical systems (Callaghan et al., 2020).

This study constitutes one of the first studies toward applying
the CyberShake platform outside California (note that Bradley
et al., 2018, employed a different computational framework
using forward simulations for physics-based PSHA in New
Zealand). In the following, we first describe the tectonic setting
and seismological characteristics of the Southwest Iceland trans-
form zone. We then present details toward the migration of
CyberShake to the regional earthquake source scaling in
Southwest Iceland, in particular the calibration of the rupture
generator to a local earthquake magnitude-area scaling law
and crustal velocity and density models scaling. We apply the
physics-based earthquake rupture forecasting model of the
SISZ-RPOR transform zone to generate a realization of a
finite-fault earthquake rupture forecast equivalent to a 500-
yr-long synthetic earthquake catalog, covering earthquake
moment magnitudes in the range of M,, 5-7. We then apply
the GP earthquake rupture generator in the simulation of multi-
ple rupture variations of each earthquake in the finite-fault cata-
log, and in the kinematic simulation of the seismic ground
motions on a rectangular grid of 625 hypothetical stations in
Southwest Iceland. This simulation employs a 5 km interstation
spacing. Thus, for each earthquake fault rupture variation and
each hypothetical station, two horizontal-component synthetic
seismic time histories are simulated, each one using a 0-1 Hz
point source polarized along one of the two horizontal grid
directions. Key strong motion intensity measures are then
derived from the time histories, including peak ground velocity
and pseudoacceleration spectral response (PSA) estimates of
single-degree-of-freedom oscillators of natural periods from 2
to 10 s. We validate the results by comparing the PSA with mag-
nitude-distance-dependent empirical ground-motion predic-
tion equations (GMPEs) derived from regional strong motion
data. Finally, we examine the fundamental characteristics of
the synthetic motions in the near-fault region. It is worth men-
tioning that this work is limited to the generation of a large set of
ground-motion seismograms and intensity measures, by mod-
eling events prescribed by a physics-based seismic catalog devel-
oped for South Iceland, making such ground-motion synthetics
readily available for PSHA studies.
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THE SOUTHWEST ICELAND TRANSFORM ZONE
Tectonics of the bookshelf fault system

The transcurrent tectonic plate motion across the Southwest
Iceland transform zone is oriented east-west along the RPOR
and SISZ. However, instead of a large east-west-aligned sinis-
tral strike-slip fault, the release of tectonic strain is accommo-
dated on short near-vertical dextral strike-slip faults striking
north-south, perpendicular to the transcurrent axis (see
Fig. 1). This has been conclusively confirmed in past studies
that have mapped old surface fault traces, relative relocations
of localized seismic swarms, inferred fault locations of large
historical earthquakes, along with macroseismic felt area extent
and orientation from historical accounts, and detailed source
and strong motion studies of recent M,, 6.3-6.5 earthquakes
in 2000 and 2008 (e.g., Einarsson, 1991, 2010; Morgan and
Kleinrock, 1991; Stefansson et al., 1993; Clifton et al., 2003;
Pagli et al., 2003; Pedersen et al., 2003; Arnadéttir, 2004; Roth,
2004; Dubois et al., 2008; Halldorsson and Sigbjornsson, 2009;
Hjaltadottir, 2009; Hreinsdottir et al, 2009; Decriem et al.,
2010; Einarsson et al., 2020; Steigerwald et al., 2020).

The average distance between faults in southwest Iceland
appears to be ~5 km (Stefansson et al, 2006), but there is
evidence that these interfault distances decrease toward the
west in the RPOR, even down to a few hundred meters
(Steigerwald et al, 2020). Hypocentral distributions of small
earthquakes in the SISZ and the RPOR are mostly at 1-5 km
depth in the western part of the RPOR but the seismogenic
depth increases gradually toward the east, culminating at a
maximum of 12-15 km depth in the easternmost part of the
SISZ (Stefidnsson ef al., 1993; Einarsson, 2014; Panzera et al.,
2016; Steigerwald et al., 2020). As a result, the seismogenic
potential of the zone increases toward the east, in agreement
with the historical earthquake catalog (Einarsson et al., 1981;
Dubois et al., 2008; Panzera et al., 2016).

All strong historical earthquakes in Southwest Iceland that
have caused damage are considered to have occurred on the
bookshelf fault system, with volcanic earthquakes in the RPOR
being smaller and thus contributing little to the PSHA in the
region. However, reliable earthquake catalogs for subzones of
different maximum potential earthquake magnitudes are rela-
tively sparse, in particular along the RPOR. A physics-based
model of the bookshelf earthquake fault system in the
Southwest Iceland transform zone has been developed (Bayat
et al., 2022). It has been calibrated to the rate of tectonic trans-
form motion across the zone and constrained by the geometry
of the fault system and the variation of seismogenic potential
along the transform zone. The model allows random realiza-
tions of the fault system configuration where distance between
faults is varied, with the model specifying each fault dimen-
sions, maximum potential seismic magnitude, and long-term
slip and moment rate, along with parametric uncertainty esti-
mates. The model allows the derivation of subzone-specific
MEDs, the cumulative seismic activity of which is not only
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consistent with, but effectively explains, the long-term earth-
quake catalog of the Southwest Iceland transform zone (Bayat
et al., 2024). The model has recently been applied to generate
realizations of long-term finite-fault earthquake rupture fore-
casts (earthquake catalogs) and used for point estimates of
PSHA at representative far-field and near-fault sites, albeit
using conventional methods based on empirical GMPEs
(Kowsari et al., 2023). However, finite-fault earthquake cata-
logs are much more useful for a physics-based approach to
PSHA, through earthquake rupture modeling and seismic
ground-motion simulations, using either the dynamic or kin-
ematic modeling approach.

METHODOLOGY AND LOCATION

Earthquake physics-based simulations require realistic inputs to
provide reliable outcomes. The fundamental parameters are
related to the description of the (an)elastic physical properties
of the subsurface and the detailed description of space-time
energy sources, typically slip and slip rate on a fault. The specific
description of such parameters (e.g., discretization, smoothness)
is related to the numerical method used for the simulations
and its implementation. Moreover, when assessing the expected
ground motion for more than a single specific earthquake, we
need to populate a synthetic catalog, characterized by locations,
magnitudes, and fault mechanisms. Finally, a series of sites of
interest, which may or may not coincide with existing seismic
stations is needed to obtain the synthetics records for further
analysis. The whole workflow then needs to be orchestrated,
typically on an HPC system. The details of the methods and
processes involved are presented in the following.

Pseudodynamic fault-rupture model

The kinematic rupture description of an earthquake source pre-
scribes the spatial and temporal evolution of the slip vector
across the fault surface. A pseudodynamic kinematic rupture
description is expected to abide by well-known principles of seis-
mic faulting dynamics to constrain, for example, source time
functions, rise time, or slip rate (e.g., Thingbaijam et al., 2017).
The GP (Graves and Pitarka, 2010, 2016) rupture generators fall
into this category while being able to produce full kinematic
models including, for example, the dependence of rupture
velocity and slip rate with depth and abiding to a prescribed
magnitude, fault orientation, area, and depth. Regarding the
asperity-size scaling law, the GP methods depend on Von
Karmann filters applied to initial random slip distributions.
For the purposes of the current study, we adopt the asperity size
scaling law proposed by Mai and Beroza (2002),

1 1
log(as) = -2.5 + EMW’ log(ap) = -1.5+ ng, (1)

in which ag and ap are the correlation lengths (units in km)
along the fault-strike and fault-dip directions, respectively.
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The correlation coefficients ag = -2.5 and ap = —1.5 allow a
GP generation of slip models exhibiting asperity sizes roughly
consistent with regional slip inversions. This important rupture
generation feature is better realized by the Graves and Pitarka
(2016) method’s version, which is finally employed in this
study. By design, CyberShake applies the concept of rupture var-
iations for GP generation of kinematic rupture models, to better
account for uncertainties in the hypocenter location. Specifically,
for each rupture prescribed in the input ERF, the hypocenter
location is uniformly varied along the seismogenic fault plane
according to a fixed variation step of 4.5 km, along both the
strike and dip directions. The different ruptures resulting from
this variation of the hypocenter location are hereafter labeled
“rupture variations.” The number of rupture variations varies
with earthquake magnitude. For events of M,, ~ 5-6.1 in this
study, there are around nine rupture variations (RVs) on the
average for each synthetic finite fault of the earthquake rupture
forecast. At M, ~ 6.3 there are ~10 RVs, at M, ~ 6.6 there are
~12-13 RVs, and at M, 6.8-7 there are ~15 RVs.

Generally speaking, the GP methods estimate kinematic
rupture parameters using empirical relations based on
observations and derived statistical analyses. The resulting
slip maps satisfy a prescribed seismic moment and exhibit
heterogeneities along the given fault area arising from Von
Karman correlation (see equation 1). The reduction of rup-
ture speed Vr at shallow depths observed in earthquake slid-
ing is considered by setting Vr as a variable fraction of the
local shear-wave velocity  (Vr~0.8 5 below 8 km depth,
whereas Vr ~0.56 8 above 5 km, and finally a linear transition
establishes a smooth transition of Vr for depths in the interval
[5, 8] km). This background Vr estimation is used by a travel-
time simulation scheme to build an initial fault distribution of
rupture times. A perturbation that is directly dependent on
the local slip is added to the initial rupture time of each sub-
fault in favor of source variability. Similarly, a square root
scaling relation leads to an initial rise time distribution, which
is later perturbed through a spatial random field correlated
with fault slip. The GP methods also allow for modeling vari-
ability of the slip orientation and fault roughness. In the first
case, a variable rake distribution is built by adding a random
field that satisfies a Von Karman correlation function to the
value provided by the input focal mechanism (FM). Thus,
rake variations across the fault roughly present a standard
deviation of 15°. Alternatively, a roughness perturbation
model for the fault surface is designed in the wavenumber
domain, which obeys a self-similar fractal distribution over
a bandwidth depending on fault length. The spatially trans-
formed roughness model quantifies the perturbation of each
subfault surface, and then determines the variation of the
local strike and dip, relative to the reference FM values.
These GP models’ features seek to mimic real earthquake
ruptures making them suitable for realistic ground-motion
simulations.
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Figure 2. The 1D velocity models for the RPOR and the SISZ regions (Vogfjérd
et al., 2002) used in the fault rupture and ground-motion modeling in this
study. The color version of this figure is available only in the electronic
edition.

3D wave-propagation simulation solver

The wave-propagation solver available in CyberShake is the
finite-difference velocity—stress staggered-grid anelastic wave
propagation (AWP-ODC) code (Anelastic Wave Propagation
with additional suffixes from code authors Olsen, Day, and
Cui; Cui et al, 2010, 2013), with fourth-order spatial accuracy
coupled to a second-order leapfrog time-marching scheme. This
code has been highly optimized to perform site-to-fault recip-
rocal simulations for computing the SGTs along all fault planes
(Jordan and Callaghan, 2018). Alternative code versions per-
form standard forward fault-to-site earthquake simulations
(Cui et al., 2010), which have also been efficiently implemented
in parallel architectures. Although the main AWP-ODC limi-
tation of modeling flat topographies has recently been overcome
using curvilinear coordinates (O’Reilly et al., 2022), the present
study is limited to flat topography as the SISZ-RPOR topogra-
phy is relatively flat and the frequency range of ground-motion
simulations [0,0.5] Hz would have been ineffective in accounting
for the minor topography variations. We use standalone fault-
to-site configurations for single-event validation studies and
CyberShake-integrated site-to-fault configurations for massive
multievent cases. No numerical difference is expected between
the two configurations. For all cases, we have used nine points
per minimum S wavelength that allows highly accurate results
up to our prescribed cutoff frequency of 1 Hz.

Implementation framework

The installation of the CyberShake platform at the Marenostrum
4 Supercomputer is the result of a collaboration between
the Statewide California Earthquake Center (SCEC) and the
Barcelona Supercomputing Center (BSC-CNS, Centro Nacional
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de Supercomputaciéon) and other partners in the framework
of the ChEESE Center of Excellence (Folch et al., 2023). In order
to run Cybershake in Marenostrum, the UnifiedCSWilow
open-source workflow manager was developed (Rojas et al,
2022). It organizes the end-to-end execution process according
to data dependencies of the CyberShake workflow and effec-
tively replaces the original workflow based on Pegasus and
HTCondor for the current application. Unified CSWflow han-
dles the CyberShake relational database that stores the input
ERF data, the identification metadata of each processing step,
and the large amount of output SGTs and hazard intensities.
UnifiedCSWflow capabilities suffice for performing CyberShake
earthquake modeling in the RPOR-SISZ region given its simpler
parameterization in terms of one single input velocity model
and our moderate size earthquake rupture forecast (as detailed
in the next section). However, a complex operational workflow
has been implemented by SCEC, to use the whole CyberShake
platform for building PSHA models in California through com-
putationally extensive executions across leadership-class super-
computers (Callaghan et al., 2024).

Velocity and density model

A fundamental requirement for earthquake physics-based seis-
mic simulations is an accurate model of the properties of the
subsurface. Specifically, we need a representation of the com-
pressional wavespeed «, material density, and attenuation, in
addition to the spatial distribution of 5. Our study area com-
prises both the RPOR and SISZ regions. For each region, we
used the corresponding 1D P- and S-wave velocity models, as
seen in Figure 2 (Vogfjord et al., 2002). The models show that
the upper crust has a minimum shear wavespeed of ~1.9 km/s
at the surface and with a steep gradient to depths of 3-4 km,
followed by a lower crust with a smooth increase of velocity in
the depth range 16-22 km. For the purpose of seismic simu-
lations, the models need to be coupled and smoothed. For the
first task, we have included a 10-km-wide crossover zone start-
ing at longitude —21.38° toward the west, in which « and f3 are
linearly harmonic averaged to avoid undesired numerical arti-
facts. For the resulting velocity model, density is estimated fol-
lowing the empirical law for Icelandic rocks by Darbyshire
et al. (2000). Along depth, we have applied Gaussian smooth-
ing to the three elastic properties, where P- and S-wave slow-
nesses are smoothed instead of the velocity to preserve travel
time. For our South Iceland study, we use viscoelastic attenu-
ation parameters employed in viscoelastic ground-motion
simulations in California, with Qg = 0.058 (B in m/s) and
Qp = 2Qs. Seismic wave amplification due to site effects is
omitted as localized site amplification in Iceland is generally
slight (Rahpeyma et al, 2023; Darzi et al., 2024) as the
rock-site classification of relatively high shear wavespeed
(V30 > 750 m/s) is prevalent in Iceland and soft sedimentary
deposits are rare and geographically localized (Sigbjornsson
et al., 2014; Rahpeyma et al., 2023; Darzi et al., 2024).
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The earthquake rupture forecast

The recurrence time of the largest earthquakes (M,, ~ 7) in the
Southwest Iceland transform zones is about 100-150 yr. This is
attested to by the historical (e.g., Tryggvason et al, 1958;
Stucchi et al., 2013; Einarsson, 2014) and instrumental catalogs
(Ambraseys and Sigbjornsson, 2000; Grinthal et al., 2013;
Jénasson et al., 2021). We follow the work of Bayat et al.
(2022, 2024) and Kowsari et al. (2022) that developed a fault
system model of the Southwest Iceland transform zone (SISZ-
RPOR), that was calibrated to the rate of tectonic transform
motion in the region, and generate realizations of a long-term
synthetic finite-fault ERF in the form of time-independent
earthquake catalogs. For this study therefore, we have gener-
ated a 500-yr-long earthquake rupture forecast of sufficient
duration to contain a few maximum magnitude earthquake
scenarios, resulting in a total of 223 events, the minimum
and maximum magnitudes of which are M,, 5 and 7, respec-
tively, the latter being the maximum magnitude generally
considered for the eastern SISZ. Namely, for each subzone
of the transform zone (see Fig. S1, available in the supplemen-
tal material to this article), we generate a 500-year synthetic
finite-fault catalog with an MFD that conforms to the subzone
MED derived from the SISZ-RPOR fault system model (Bayat
et al, 2022), which is consistent with the MFD derived
from the subzone’s historical seismicity (Bayat et al., 2024)
(see Fig. S2). In other words, the number of ruptures of
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Figure 3. Physics-based simulation domain in Southwest Iceland. The hypo-
thetical station grid consists of 625 sites and the realization of the RPOR—
SISZ earthquake rupture forecast (ERF) used in the simulations comprises
223 north—south-striking dextral vertical strike-slip fault planes (red lines).
The color version of this figure is available only in the electronic edition.

equivalent magnitudes in each subzone are determined by
the respective subzone MFDs and are not uniformly distrib-
uted. The locations of the synthetic faults are simulated by
a uniform random distribution over the subzone spatial extent
to sample the uncertainty and variability of fault locations
(Kowsari et al., 2023). The synthetic earthquakes are confined
to single fault ruptures in this study, although recent observa-
tions show that multifault rupture on parallel adjacent
bookshelf faults can take place in the zone (e.g., the M, 6.3
earthquake of 2008, Decriem et al., 2010). The total MFD
of the earthquake rupture forecast conforms to that derived
from the most comprehensive long-term seismic catalog
observed for the Southwest Iceland transform zone (shown
in Fig. S2). Our validation of CyberShake ground-motion sim-
ulations thus considers the magnitude range of expected mod-
erate-to-large events in the region and captures the spatial
variation of seismogenic potential along the zone, that is,
increasing maximum earthquake magnitude from M, ~ 5.5
in the western part of the RPOR to M, ~ 7 in the eastern part
of the SISZ (see Fig. S1).
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Uncertainty in fault locations along the RPOR-SISZ zone is
sampled in the synthetic earthquake catalog for the physics-
based simulations by selecting random locations within each
zone around the centerline of the tectonic plate margin con-
strained by the locations of the historic and instrumental seis-
micity and extent of mapped and inferred faults in the region.
Figure 3 shows the rupture extents of the finite-fault earth-
quake catalog used in this work that comprises 223 parallel
north-south, near-vertical dextral strike-slip faults. Thus, this
synthetic finite-fault earthquake catalog facilitates physics-
based simulations of the low-frequency seismic motions.

Notably, the earthquake magnitude-area scaling in the
Southwest Iceland transform zone does not follow most
common scaling laws of shallow crustal interplate strike-slip
earthquakes (e.g., those in Wells and Coppersmith, 1994; Mai
and Beroza, 2000). The estimated fault extent of historical
earthquakes, and in particular those of the recent M, 6.3-6.5
earthquakes in 2000 and 2008, show a much smaller relative
fault area and relatively larger slip than expected by most
scaling laws (see, e.g., Pedersen et al., 2003; Dubois et al., 2008;
Hreinsdottir et al., 2009; Decriem et al., 2010) (see Table S1).
However, the “effective source area” scaling law of shallow
crustal interplate strike-slip earthquakes of Mai and Beroza
(2000) has been found to describe well the total area of
earthquakes in the SISZ-RPOR and has been applied here
in accordance with the original study (Bayat et al, 2022)
and subsequent applications (Kowsari et al., 2023; and in par-
ticular Li et al., 2023) (see Fig. S3 and Table S1).

We show in Figure 4 examples of two rupture variations for a
hypothetical M., 6 (Fig. 4a,b) and 7 (Fig. 4c,d) events, occurring
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Figure 4. Two examples of rupture variations of (a,b) M,, 6 and (c,d) 7 earth-
quakes from the synthetic finite-fault earthquake catalog. Each rupture
variation is defined by different realizations of random slip distributions and
different hypocentral location on the fault plane. The examples shown
correspond to a (a,c) unilateral (toward north) rupture with a shallow
hypocenter and (b,d) bilateral fault rupture with a deep hypocenter. The
color version of this figure is available only in the electronic edition.

on different faults. The synthetic catalog provides the associated
fault and magnitude for each of these events. These plots illus-
trate the corresponding slip maps for two rupture variations, that
is, hypocentral location and slip, in the CyberShake terminology.
These variations exemplify the salient characteristics of the earth-
quake source scaling as implemented in the GP kinematic rup-
ture generator used in this study for the SISZ-RPOR. This is
done in accordance with slip inversion studies of recent strong
earthquakes in Southwest Iceland, which are characterized by rel-
atively small total rupture area and large slip for the given mag-
nitudes. However, our preferred moment-area relationship for
southern Iceland likely results in larger ground motions, specifi-
cally in the near-fault region, than those obtained from this
version of the GP rupture generator and is assessed using com-
parisons against GMPEs. Further work is, however, needed,
which is beyond the scope of this study, to confirm the suitability
of the overall source scaling, in particular for near-fault motions.

RESULTS

We run physics-based simulations up to 0.5 Hz using an
updated 1D velocity model of the RPOR-SISZ region, as
described above. A total of 2103 rupture variations are
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modeled each with two horizontal components of seismic
ground-motion time histories per site. We compare the simu-
lated ground-motion intensity measures to a set of empirical
GMPEs recently developed for this region (Kowsari et al,
2020). As the ground-motion parameter predicted by the
GMPEs is the rotational invariant measure (RIavg; Rupakhety
and Sigbjornsson, 2013) of the PSA from the two horizontal
time-history components, we calculate the same measure from
the synthetic ground motions at each station. The comparison
of the synthetic strong motion data set to the GMPEs is shown
in Figure 5. The results have been plotted in terms of the two
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Figure 5. CyberShake ground-motion scaling with magnitude and fault dis-
tance for the Southwest Iceland transform zone. (a—d) The synthetic
pseudoacceleration spectral response (PSA, black circles) values at four
discrete periods of oscillation (T =2, 3, 4, and 5 s, top to bottom rows) and
at four magnitude ranges (M,, 5.1-5.4, 6, 6.3-6.5, and 7, left to right
columns) are compared with the actual values from the strong motion data
set for Southwest Iceland (red circles) and the six empirical ground-motion
prediction equations (GMPEs) (KSea20, Kowsari et al., 2020). The ground-
motion parameter is the rotation invariant measure of two horizontal PSA
estimates. Multiple same color GMPE attenuation curves cover the denoted
magnitude ranges in steps of 0.1 magnitude units. The color version of this
figure is available only in the electronic edition.
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independent key parameters of the empirical GMPEs, moment
magnitude M,, and Ry, the shortest horizontal distance from a
site to the vertical surface projection of the fault. The compari-
son is made in terms of PSA at oscillator periods of 2-5 s, and
at four magnitude bins/ranges, M,, 5.1-5.4, 6, 6.3-6.5, and 7.
These magnitudes reflect mainshock seismic ground-motion
recordings in the Icelandic strong motion data set for
Southwest Iceland (red dots in Fig. 5). In contrast, the intensity
measures from the physics-based simulations, that is, the dis-
crete values of PSA at each station are shown as black dots. The
comparison highlights the small number of actual earthquake
strong motion recordings in the Southwest Iceland transform
zone, and the fact that no data exist in Iceland for earthquakes
larger than M,, 6.5. The empirical GMPEs have been developed
based on the local data set, but these limitations have been alle-
viated somewhat through Bayesian inference using informed
priors of magnitude-distance scaling from other GMPEs cali-
brated to strong motion data from shallow crustal earthquakes
in other interplate regions. The GMPEs are unbiased against
the data set (for details, see Kowsari et al., 2020) and their
mean predictions are shown for comparison along with their
+10 envelope around the mean. We note that multiple GMPE
attenuation curves shown in Figure 5 cover the denoted mag-
nitude ranges in steps of 0.1 magnitude units.

The recorded data and the physics-based data set overall
show a very good agreement in the magnitude range
M,, 5.0-6.5. The same is the case for the comparison against
the mean GMPE predictions, which have been shown to be
unbiased against the Icelandic strong motion data set
(Kowsari et al., 2020). The vast majority of the physics-based
results fall into a + 1 standard deviation band around the
GMPE mean value predictions, which effectively validates
its migration to the SISZ-RPOR region. We note the compari-
son at M,, 7 where the GMPEs appear to underpredict the PSA
synthetic data at periods of 2 and 3 s over the entire distance
range. However, at longer periods, the agreement is better
overall, although the attenuation of the long-period response
spectral values appears to be larger with distance than that of
the GMPEs. Because the GMPEs are not constrained by local
data at these large magnitudes, or large distances (>100 km),
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Figure 6. Comparison of the predictions of PSA at four discrete periods
(a—d) (2-5 s) by the physics-based simulations (y-axis) plotted against
the corresponding predictions by the empirical GMPEs (Kowsari et al.,
2020). The PSA ground-motion parameter is rotation invariant (Rlavg, see
the Results section). The points on the scatter plot are colored based on the
data density with red regions indicating areas with higher density, and
lighter and blue regions indicating sparser data. The blue line is the least-
square straight line fit to the points and the correlation coefficient is shown
for each period. The gray area denotes the region where predictions are
within a factor of 3 of the observations. The color version of this figure is
available only in the electronic edition.

the physics-based results may play an important role in con-
straining them for future applications. We note that not all the
GMPEs were calibrated to such long periods and, as a result,
fewer GMPEs are compared with the data at those periods.
Quantifying further the consistency of the physics-based
simulations with the GMPEs, we show in Figure 6 the rotation
invariant PSA at T = 2, 3, 4, and 5 s, for the physics-based
simulations (y-axis) versus the mean prediction from the
Kea20 GMPEs (x-axis) (Kowsari et al., 2020). On average,
the agreement between the physics-based simulations and
Kea20 is quite good and supports the validity of the
CyberShake approach in the SISZ-RPOR. The results imply
a relatively wide variability of the physics-based simulations.
Most points, however, seem to cluster around the diagonal
with the plots for 2 and 3 s period suggesting that Kea20
may slightly underpredict the synthetic PSA on the average.
The clustering of points around this line for periods of 4
and 5 s suggests a better alignment of predicted values with
the synthetic data set. Moreover, analyses of the interevent
and intraevent residuals of the physics-based data set versus that
predicted by the GMPEs are provided as Figures S4-S11. In
essence, the residual distributions show the same salient features
as shown in Figure 6. In particular, in the magnitude and dis-
tance ranges where most of the Icelandic strong motion data are
located (Rjp ~ 15-55 km and M,, 6.3-6.5), the physics-based
simulations are effectively unbiased against the average predic-
tions of the ground-motion models. At larger magnitudes, the
GMPEs appear to slightly underpredict the physics-based
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simulations, and slightly overpredict at smaller magnitudes. We
note that this warrants further investigation in future works, as
no data exist in the SISZ for M,, > 6.5. Rather few events also
exist at M,, 5-5.5, and therefore the physics-based approach
holds promise to inform the next generation of Bayesian empiri-
cal GMPEs (based on Kowsari et al, 2019, 2020; Rahpeyma
et al., 2023), in particular for efforts of increasing the maximum
frequency of simulations of this study (0.5 Hz).

We note that from 2 to 5 s period the GMPEs appear to
increasingly overpredict the observed PSA amplitudes in the
extreme near-fault region of the M, 6.3-6.5 earthquakes
(Rjp ~ 1-3 km). The observations are all from three strong
earthquakes in the SISZ, the 17 June 2000 M,, 6.4, 21 June
2000 M, 6.5, and 29 May 2008 M, 6.3 earthquakes, the
near-fault velocity pulses of which all show similar features
(Halldérsson et al., 2007, 2011; Halldérsson and Sigbjérnsson,
2009). Specifically, the energy of the near-fault data is driven
by the near-fault velocity pulses that have a fundamental pulse
period of T ~1.5-2 s and moreover have a narrowband pulse
character, that is, rather devoid of energy at longer periods
(Halldorsson et al., 2007). The pulse period is controlled pri-
marily by the characteristic dimension of the main slip patch
on the fault plane generating the velocity pulse (Mavroeidis
and Papageorgiou, 2003; Mavroeidis et al, 2004). The narrow-
band nature of the Icelandic near-fault pulses thus implies a
dominant characteristic dimension of the slip patch on the causa-
tive fault plane, and relatively smooth slip. Indeed, this is the case
from multiple studies that inferred the static slip distributions
from ground motion and deformation data (see Pedersen
et al, 2003; Dubois et al, 2008; Hreinsdottir et al, 2009;
Decriem et al., 2010). We therefore expect that M,, 6.3-6.5 earth-
quakes, that have subevents of relatively small dimensions com-
pared to what is expected for larger earthquakes (e.g., M, 7),
primarily have seismic wave energy around their pulse periods
and not at longer periods. The synthetic (physics-based) PSA
amplitudes for M,, 6-7 earthquakes, however, do not appear
to show such characteristics, which by analogy implies that their
energy content is broader, and that the near-fault data are gen-
erated by slip patches of greater variability in their dimensions
(which is in fact observed in the examples in Fig. 4). This is a
positive feature of the GP slip distributions, and we note that
the built-in randomization features of the source specification
(e.g., subfault strike, dip, and rake are allowed to vary within
a range) may have weakening effects on ground-motion coher-
ence at near-fault locations. Finally, we note that the predomi-
nant east-west spatial distribution of the Icelandic strong motion
network means that the observations are almost exclusively along
the fault normal of the causative faults in the SISZ (see Fig. 7). In
other words, there were no stations that captured the directivity
pulses that were radiated away from the fault ends (along strike
toward north and south) of the bilateral fault rupture, that
appears to be the primary rupture process of SISZ strong earth-
quakes (Sigbjornsson et al., 2014).
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In Figure 7, we show the near-fault velocity ground-motion
time histories of the 21 June 2000 M,, 6.5 earthquake in the
South Iceland seismic zone. The traces show the fault-normal
component of velocity derived from the baseline-corrected
acceleration time histories recorded at the three stations
(red triangles) in the near-fault region of the causative fault
(red line) on which a bilateral rupture took place (yellow star
denotes the epicenter). For the sake of comparison, we show an
example of three M, 6.5 bilateral rupture variations on a hypo-
thetical finite fault of the ERF (blue fault), complete with static
slip distributions and rupture contours. Finally, we compare
the corresponding fault-normal synthetic velocity ground
motions on stations near the southern fault end having similar
source-site geometries. The salient features of these near-fault
velocity ground motions are seen to be captured in this case by
the physics-based simulations, but further work is needed to
confirm the overall magnitude scaling of near-fault velocity
pulse amplitudes and their fundamental periods.

Near-fault recordings in the Icelandic strong motion data
set are scarce as Figure 7 indicates, but the physics-based sim-
ulations promise to allow a more comprehensive spatial cover-
age around the synthetic faults of the ERF. As an example, we
plot the rotation invariant ground-motion measure of PSA at
2, 3, and 5 s oscillator periods in Figure 8 for an M,, 7 bilateral
rupture scenario (analogous to those shown in Fig. 4) where
dots indicate the hypothetical station locations. The synthetics
show that the greatest amount of energy is at T = 2 s period,
progressively decreasing with increasing period. The amplitude
distribution around the fault shows a concentration of large
amplitudes in the extreme near-fault region of the southern
end of the bilateral rupture, for this rupture variation. This
is consistent with rupture directivity and the fact that most
of the fault slip on that particular realization is located in
the shallow and southern part of the fault, with the rupture
propagating primarily upward. The large amplitudes at the sta-
tions next to the southern part of the fault are to different
degrees dominated by three slip patches that appear at shallow
depth. Scrutiny of the synthetic time histories reveals that the
fault rupture generates large-amplitude and long-period near-
fault velocity pulses of periods from 2-4 s in this region.
Overall, the synthetic near-fault wavefield exhibits greater
complexity than has been observed in admittedly the very lim-
ited near-fault data recorded in Iceland. That is to be expected
as the near-fault motions of the CyberShake data set reflect its
sampling of source variability, which is promising for the
future analyses and applications of this data set given the large
number of finite-fault rupture and synthetic seismic ground-
motion simulations.

DISCUSSION AND CONCLUSIONS

We have taken the first steps toward a migration of
CyberShake to Southwest Iceland, comprising two main port-
ing steps. From a seismological standpoint, an earthquake
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Figure 7. An example of recorded near-fault velocity pulses versus synthetic
pulses from our physics-based simulations. (a) Map of southwest Iceland
showing the Icelandic Strong Motion Network (ISMN) stations (red trian-
gles), three of which recorded the near-fault motions of the 21 June 2000
M,, 6.5 earthquake. The red line denotes the fault plane of the near-vertical
dextral strike-slip fault and the yellow star the epicenter. The black traces
show the velocity time histories derived from the baseline-corrected
recorded acceleration along the fault-normal direction (west-to-east). For
comparison, a synthetic earthquake fault of the same magnitude is shown
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by the blue line, and (b) three examples of bilateral rupture variations (slip
distribution with rupture time contours in seconds, with a blue dot denoting
the hypocenter). (c) The corresponding synthetic velocity time histories (red)
are compared with the observed velocity time histories at two stations,
south of the epicenter. Specifically, the top/middle/bottom rupture variations
in panel (b) generated the top/middle/bottom synthetic velocity time his-
tories in panel (c). The color version of this figure is available only in the
electronic edition.
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rupture forecast has been assembled using a synthetic finite-
fault and time-independent earthquake catalog corresponding
to strong earthquake ruptures on the unique bookshelf
fault system of the Southwest Iceland transform zone. The
transform zone consists of the SISZ and RPOR zones, and
the catalog equivalent to 500 yr of seismicity contains 223
faults of magnitudes between M, 5 and 7. The spatial variation
of the seismogenic potential along the zone is controlled for, in
the model, by the six distinct subzones of the SISZ-RPOR
bookshelf fault system, each of which has a specific distribution
and a maximum earthquake magnitude. The distinct earth-
quake magnitude-area scaling law for the region has been
embedded into the finite-fault catalog. Moreover, slip inver-
sions in SISZ-RPOR have revealed that faulting is mainly char-
acterized by a few large asperities that drive strong near-fault
ground shaking. These features of the applied slip distributions
are controlled by the Von Karman filter parameters, where we
use the recommended values by Mai and Beroza (2002). We
show that the method developed by Graves and Pitarka
(2016) is suitable for constructing kinematic ruptures for each
of the faults of the synthetic finite-fault earthquake catalog.
Source variability is explored by varying hypocenter locations
along the strike and dip directions in 4.5 km squared cells.
Physics-based simulations up to 0.5 Hz (2 s period) have been
carried out using a velocity model that results from smoothly
coupling the P- and S-wave profiles from two 1D layered
models for the SISZ and RPOR, respectively. A total of
2103 rupture variations (earthquakes) are modeled, and the
corresponding two horizontal component time histories of
synthetic seismic ground motion simulated at 625 hypothetical
sites in Southwest Iceland.

From a technological standpoint, the execution of the physics-
based simulations has been highly facilitated by the development
of the open source UnifiedCSWflow workflow manager.
UnifiedCSWflow handles the whole execution process according
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Figure 8. The rotation invariant ground-motion measure of PSA at (a) 2,
(b) 3, and () 5 s oscillator periods for an M,, 7 bilateral rupture varia-
tion similar to those shown in Figure 4. The color version of this figure is
available only in the electronic edition.

to data dependencies of processing steps and controls database
access by storing the input earthquake rupture forecast data, the
identification of metadata in each processing step and the large
number of computed seismograms and ground-motion param-
eters. In this sense, UnifiedCSWflow has properly replaced the
complex original workflow used in California to run CyberShake
on BSC’s MareNostrum 5 supercomputer.

We compare peak synthetic ground-motion parameters of the
physics-based data set in the form of rotation invariant measures
of PSA at 2, 3, 4, and 5 s periods to a suite of empirical GMPE
models developed for the region (Kowsari et al., 2020). The syn-
thetic magnitude-distance characteristics cover M,, 5-7 and
Joyner-Boore distances of less than 1 km to a maximum of
~160 km. The physics-based data set is in very good agreement
with the GMPEs, with the vast majority of physics-based results
falling within a +1 standard deviation band around the GMPE
mean predictions at most magnitudes. At the largest considered
earthquake magnitudes, M., 7, the GMPEs appear to be slightly
underpredicting the PSA values at 2-3 s oscillator periods,
whereas the comparison at longer periods shows a better fit.
However, as the GMPEs are not constrained by local data at these
large magnitudes, the physics-based synthetic data set may play
an important role in constraining the GMPEs in future applica-
tions. The near-fault amplitudes of selected scenarios show rel-
atively good consistency with rupture variation characteristics,
that is, the geometry of the station grid, the hypocenter location
on the fault, and the location of the significant slip patches on the
fault plane. The characteristics of the synthetic near-fault wave-
field indicate much greater complexity than has been observed in
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the very limited near-fault data recorded in Iceland to date.
Although the favorable comparison of the physics-based ground
motions to GMPEs to some extent validates the source scaling
used in this study, future studies are required to confirm its over-
all applicability, in particular for near-fault motions.

We conclude that the consistency of the physics-based syn-
thetic data set of long-period motions with the GMPEs effectively
validates its migration to the SISZ-RPOR region. This is a pre-
requisite for future work, toward increasing the duration of the
earthquake rupture forecast and the maximum frequency of the
ground motions, so that a statistically consistent and physics-
based PSHA study may be carried out in the SISZ-RPOR region,
promoting the routine application of Cybershake outside of
California.

DATA AND RESOURCES

The supplemental material includes further information on the mag-
nitude-frequency distribution (MFD) of the earthquake rupture fore-
cast and the spatial variation of seismic potential along the Southwest
Iceland transform zone. It also provides information on the suitability
of the Mai and Beroza (2002) area-magnitude scaling law for the
bookshelf faults in the transform zone. Finally, the supplement shows
the interevent and intraevent residual distributions at several discrete
oscillator periods.
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