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Key points

e  We propose a kinematic rupture generator modeling rupture parameters as correlated stochastic
spatial fields.

o The rupture generator coupled with the ANN2BB method reproduces records and a local
ground-motion model.

e Scenario simulations can supplement records and bound epistemic uncertainty in seismic
hazard analyses.
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Abstract: Physics-based ground-motion simulation can reduce epistemic uncertainty in regions
with sparse strong-motion data, but hazard applications require rupture ensembles that are
physically plausible, statistically controlled, and computationally efficient. We present a modular
kinematic rupture generator for physics-based simulations (PBS) in which final slip, rupture
speed ratio (Vg/Vs), and peak slip velocity (Via¢) are modelled as heterogeneous, mutually
correlated spatial fields governed by prescribed one-point statistics and covariance-based two-
point structure. The generator supports both event-constrained ruptures (for validation) and fully
stochastic scenario ruptures, while enabling systematic propagation of source uncertainty
through an effective stress-parameter scaling with Vi, .. We demonstrate the approach using a
regional 3D numerical model of South Iceland (accurate up to 1.9 Hz) solved with the spectral-
element code SPEED. A broadband extension is obtained via the ANN2BB method. Validation
against the June 2000 M,, 6.5 and My, 6.4 earthquakes shows good agreement between recorded
and simulated low-frequency waveforms and response spectra, supported by goodness-of-fit
metrics across duration, peak measures, and long-period spectral ordinates. We then generate M,
6.5 and M,, 7 scenario ensembles and compare their spectral-acceleration attenuation and
variability with local and global GMMs. My, 6.5 scenarios track the Icelandic model within its
calibration range, whereas My, 7 scenarios diverge from extrapolated local predictions, indicating
substantial epistemic uncertainty in large-magnitude, short-distance scaling where observations
are unavailable. The simulated variability is consistent with empirical expectations, supporting
the use of the proposed rupture-generator—-PBS framework to produce region-specific, non-
ergodic ground-motion ensembles for scenario-based risk analysis and PBS-informed hazard
assessment.



INTRODUCTION

A central requirement in seismic hazard and risk assessment is the ability to estimate not only median
ground motion (GM) but also the range of plausible outcomes that drive damage and losses. Empirical
ground-motion models (GMMs) provide the conventional approach. However, in many regions, sparse
strong-motion data from large events limit constraints on region- and path-specific (non-ergodic) effects,
as well as near-fault scaling at the magnitudes most relevant to risk, increasing epistemic uncertainty.
Furthermore, standard GMMs compress rupture effects into a small set of predictors (e.g., magnitude,
distance, fault geometry and mechanism) and therefore cannot explicitly represent how spatiotemporal
rupture complexity governs directivity, coherency, and the spatial variability of intensity measures (IMs).

Three-dimensional physics-based simulations (PBS), based on the numerical solution of the
elastodynamic equations, provide a complementary framework to (i) develop physics-consistent GM
scenarios for risk management (e.g., Detweiler and Wein, 2018; Paolucci et al., 2026), (ii) inform GM
modeling (e.g., Moschetti et al., 2024; Sung et al., 2025), and (iii) enable non-ergodic site-specific
probabilistic seismic hazard assessment (PSHA) and loss estimation (e.g., Graves et al., 2011; Stupazzini
et al., 2021). However, for PBS to be useful in hazard and risk applications, they must be coupled with
source descriptions that are both physically plausible and scalable to produce large rupture ensembles.
In many practical settings, the dominant modeling uncertainty arises from the earthquake source: rupture
complexity controls near-fault directivity (Mavroeidis and Papageorgiou, 2010) and the spatial
variability of IMs (e.g., Crempien and Archuleta, 2017; Akinci et al., 2024), thereby strongly influencing
hazard and risk estimates. Hazard-oriented applications therefore require rupture models that can be
generated repeatedly, with controlled variability and physically motivated parameter dependence, and
that reproduce not only median shaking but also the IM variability that controls tail risk.

In PBS, earthquake sources are represented either kinematically or dynamically. Kinematic models
prescribe slip evolution through fields such as final slip, rupture time, rise time, and rupture speed,
offering computational efficiency and flexibility but lacking explicit stress—friction physics. Dynamic
rupture models, by contrast, provide self-consistent rupture evolution by coupling elastodynamics to
frictional constitutive laws (Harris, 2004), but their computational cost and parameter complexity often
preclude the simulation of a large number of scenarios required for hazard applications. Pseudo-dynamic
approaches (Guatteri et al., 2004) bridge these extremes by constructing kinematic descriptions that
emulate salient features of dynamic ruptures while remaining efficient for repeated simulations. Some
existing pseudo-dynamic rupture generators leverage statistical relationships among kinematic
parameters inferred a posteriori from dynamic rupture simulations (Schmedes et al., 2013; Song, 2016;
e.g., Savran and Olsen, 2020), and recent machine-learning formulations have been proposed to capture
nonlinear dependencies and incorporate fault-roughness effects (Aquib et al., 2025). Despite this
progress, a persistent practical need in PBS-based hazard studies is a modular rupture generator that (i)
is suitable to produce rupture ensembles efficiently, (ii) enforces inter-parameter dependence (rather than
ad hoc independent sampling), (iii) supports systematic propagation of epistemic uncertainty in rupture
intensity, and (iv) is readily adjustable as new constraints on source parameters become available.

Widely used kinematic rupture generators for scenario simulation—most notably the Graves and Pitarka
family (Graves and Pitarka, 2010, 2015; Pitarka et al., 2022)—have been developed and refined primarily
through validation exercises targeting earthquakes in the United States. While such approaches are
powerful within their calibration domain, direct transfer to data-scarce regions with distinct crustal
structure and source characteristics is not straightforward. In addition, for hazard-oriented scenario
ensembles they do not provide an explicit, region-portable statistical mechanism to propagate epistemic
uncertainty in rupture intensity through controlled variability in rise time (tg) /peak slip velocity (Vipax)
and its scaling with stress drop, which is central when assessing how source uncertainty maps into IM
variability.



This study introduces a modular kinematic rupture generator that addresses these needs within a
covariance-based pseudo-dynamic framework. Building on key elements from Song et al. (2016)
(S016), Savran and Olsen (2020) (SO20), and Aquib et al. (2025) (AM25), the generator represents slip,
rupture speed ratio, that is earthquake crack propagation velocity relative to the shear wave velocity,
(VR/Vs), and V.« as heterogeneous and mutually correlated spatial random fields governed by
prescribed one-point statistics and covariance-based two-point structure. Relative to SO20, we introduce
two practical extensions: (i) the slip field is generated using a flexible stochastic model separately from
the joint prior, which increases modeling freedom (e.g., alternative slip correlation structures) and
enables representation of historical earthquakes via prescribed deterministic/hybrid slip models; and (ii)
Vinax 18 scaled through magnitude-conditioned stress-drop sampling, allowing epistemic uncertainty in
rupture intensity to be propagated systematically into simulated ground motions. The framework is
tunable in complexity and variability and is intended to support systematic quantification of how source
uncertainty maps into IM variability in PBS-based scenario ensembles.

We demonstrate the proposed rupture generator using South Iceland as a relevant testbed. The target
region includes an active transform system capable of producing damaging strike-slip earthquakes, with
limited strong-motion observations at larger magnitudes. This combination—moderate-to-high hazard
relevance and sparse near-field data—provides a stringent setting in which the ability to generate credible
rupture ensembles is particularly important.

The objectives of this work are therefore: (1) to develop a kinematic rupture generation framework
suitable for generation of large ensembles; (2) to construct and validate a 3D simulation model for South
Iceland; and (3) to perform scenario simulations to assess both median shaking levels and variability
arising from the rupture generator, as a step toward using PBS products in PSHA and in non-ergodic
GM modeling. The remainder of the paper is organized as follows. We first present the rupture generation
framework, the 3D model setup and the method to extend the PBS results to higher frequencies. We then
validate simulations of the June 2000 South Iceland earthquakes (M 6.4 and 6.5) using recorded data
and goodness-of-fit (GoF) metrics and analyze near-fault characteristics. PBS are performed with the
open-source spectral-element code SPEED (Mazzieri et al., 2013). Finally, we use the validated
framework to simulate scenario events (M, 6.5 and M, 7) and evaluate the resulting spectral
accelerations relative to global and local GMMSs, with particular emphasis on how rupture-generated
variability manifests in IMs.

KINEMATIC RUPTURE GENERATION

In kinematic source modeling, the finite fault is discretized into sub faults, each parameterized by (i) the
coseismic slip distribution, (ii) a local source time function (STF), and (iii) the rupture time controlling
slip onset at that location. Common STF parameterizations are controlled by a rise time, Ty, which sets
the local slip duration, and in some formulations also by a time-to-peak parameter (acceleration time),
T,cc, that specifies when the peak slip velocity Vi,.x occurs (Tinti, 2005). The rupture time field, T (x),
is governed by the hypocenter location and the rupture speed Vi (X). The source description is completed
by specifying the unit normal vector n and slip direction v, consistent with the fault geometry (including
possible non-planarity) and the (possibly heterogeneous) rake distribution.

Kinematic rupture parameters are not independent: coseismic slip, rise time, rupture speed, and peak slip
velocity are coupled through the evolving stress state and frictional resistance along the fault. Empirical
and simulation-based studies indicate that rise time tends to increase with slip (Oglesby and Day, 2002;
Guatteri et al., 2003; Schmedes et al., 2010; Song et al., 2014; Mai et al., 2017), rupture speed correlates
positively with peak slip velocity (Bizzarri, 2012; Mai et al., 2017; Song et al., 2014), and rupture speed
may exhibit a weak correlation with slip (Oglesby and Day, 2002; Guatteri et al., 2003). Importantly,
allowing spatial variability in Tg and/or V,;,,, as well as Vg, provides a practical mechanism to represent
small-scale rupture heterogeneity, which is known to strongly influence the excitation of mid- to high-



frequency GM components (Madariaga, 1977; Spudich and Frazer, 1984; Guatteri et al., 2003;
Imperatori and Mai, 2012).

In this section, we describe the steps of the proposed rupture-generation procedure, which is summarized
in Figure 1. The framework is organized as a sequence of steps in which a heterogeneous slip distribution
is generated first, after which the remaining rupture-parameter fields are obtained using a spatial
covariance and cross-field correlation model together with prescribed marginal distributions. We also
incorporate fault-roughness effects to represent additional small-scale complexity. This structure
preserves physically motivated inter-parameter dependence while enabling efficient generation of
rupture ensembles for PBS.

Slip - Scenario earthquake Slip - Historical earthquake
- Slip prescribed in the wavenumber domain with - Merge in the wavenumber domain a deterministic
a VK PSD (e.g., Mai and Beroza, 2002; Melgar slip (inversion) with a stochastic one prescribed
and Hayes, 2019), scaled with seismic moment. with a VK PSD (Graves and Pitarka, 2010).

- Transform slip to truncated exponential
distribution (Thingbaijam and Mai, 2016).
Optional for historical earthquakes.

/

( Hypocenter location (/_ Vimax and VgiVg \ Roughness
- Probabilistic (e.g., Mai et - Define 2-point statistics (covariance matrix): - Prescribe in the wavenumber
al., 2005) or deterministic e.g., Savran and Olsen (2020}, Song (2016). domain with fractal PSD (Shi &
\(for historical earthquake). Day, 2013) and using phase from
4' - Simulate standard Gaussian distributions of integrated stress drop field (Aquib
P 2 WV nax and ViV using Cholesky factorization etal., 2023).
R method (Song et al., 2014), conditiened on slip. 4'
- Compute from hypo and - Transform both fields to desired marginal Normal and slip vectors
Vg (uging fast marching distribution. For Vg use Lévy distribution
\_ENJOI'IThm]. \QEI’I’IDiEI’I and Archuleta, 2017). / - Compute from pla_nar-faull
+ geometry and gradient of roughness.
STF - Optionally add rake variahility
correlated with slip.

- Define dynamically compatible STF (Liu et
al., 2006; Tinti et al., 2005) for each subfault

Figure 1. Workflow of the adopted kinematic rupture generation framework.
Slip distribution

The first step of the rupture generator is the synthesis of a heterogeneous slip field over the discretized
fault plane. For scenario earthquakes, fault dimensions can be defined from existing scaling laws (e.g.,
Thingbaijam et al., 2017), or from inversion studies for historical earthquakes. We prescribe the slip
distribution U(x) as a spatially random field following Mai and Beroza (2002), using a von Karman (VK)
power spectral density (PSD) in the wavenumber domain

1
UPSD (ks'kd) - [1+(ksCs)2+(kqCq)2]H+1 (1)

where k; and kq are the wavenumbers along the strike and dip, respectively, H is the Hurst exponent, and
C; and Cq are the correlation lengths along the strike and dip, respectively, which scale with fault
dimensions. Melgar and Hayes (2019) and Mai and Beroza (2002) propose values for the parameters of
the slip VK PSD. The spectral synthesis method (Ogorodnikov and Prigarin, 1996) is used to generate
synthetic U fields in the wavenumber domain with the prescribed VK PSD. This method results in a
Gaussian random field that should be scaled to the target seismic moment Mo.

Following AM25, the normally distributed scaled slip values are transformed to follow a truncated
exponential distribution (Thingbaijam and Mai, 2016), parametrized by the mean slip (U,), and
maximum slip, (Up,qx). This is achieved by using a rank transform, i.e., by replacing the k" value of



simulated distribution with the & value sampled from the target distribution. Finally, the slip is tapered
at the lateral and bottom boundary and re-scaled to maintain the desired seismic moment.

The resulting slip distributions may result in asperities located in any part of the fault. Since it is known
that most of the slip tends to be concentrated in the central part of the fault (e.g., Manighetti et al., 2005),
we added a condition to accept a distribution, i.e., that at least 60% of the total slip must lie within the
central portion of the fault plane, defined as the area bounded by the central 50% of the fault length and
the central 50% of the fault width.

For simulating historical earthquakes we follow the approach of Graves and Pitarka (2010) to merge a
deterministic slip distribution, usually coming from inversions, with a stochastic portion prescribed as
just described. However, as scaling factor (s) for the stochastic portion Z(k) we use

_ Zisk[ D)
¥ k| <ke|Z(K)|

2)

where k is the wavenumber, and k. is the corner wavenumber of the merging filter. This ensures that the
spectra of the stochastic and deterministic portions D(k) are closer to each other in the range | k < ke,
and not only at k=0, as the original method implies.

Hypocenter location

Because rupture directivity is strongly influenced by hypocenter location relative to a site (Somerville et
al., 1997; Spudich and Chiou, 2008), scenario simulations require a defensible prescription of the
hypocenter on the fault plane; however, its location is uncertain for future events. Importantly,
hypocenters are not expected to be uniformly random distributed over the fault plane; instead, their
occurrence can be statistically related to the slip distribution and the location of high-slip asperities
(Somerville et al., 1999; Mai et al., 2005; Manighetti et al., 2005; Melgar & Hayes, 2019). Accordingly,
given the previously generated slip field, we construct a two-dimensional probability density function
(PDF) for hypocenter location p(xh | U(X)) using the statistical model of Mai et al. (2005), which
accounts for faulting style, slip at the hypocenter, and distance to high-slip asperities. The hypocenter
location is then randomly sampled from this conditioned PDF. The same approach is adopted by AM25.
The hypocenter location for historical events can be set deterministically based on available information.

Fault roughness

Natural faults are well known to deviate from planarity and have micro- to macro-scale complexities (10
? - 10° m) that can be described as self-similar fractals (Power and Tullis, 1991; Candela et al., 2012).
This nonplanarity is referred to as roughness, that is, out-of-plane topographic variations of the fault
surface. Inclusion of fault roughness improves PBS, by enhancing high-frequency radiation through
rupture-front acceleration/deceleration and reduces high-frequency coherency—moving simulations
toward observed statistics (e.g., Dunham et al., 2011; Shi and Day, 2013; Graves and Pitarka, 2016).

We include fault roughness, based on the physically consistent method of AM25, in which a stress drop
(ISD) field is constructed by integrating stress drops along strike and dip. A zero-mean random-phase
fractal field is then generated (Shi and Day, 2013), with amplitudes scaled to the target roughness
parameter a, which is usually in the range of 10-3 to 10-2 (Power and Tullis, 1991). Finally, the phase
of the ISD field is merged with the amplitude of the fractal field in the wavenumber domain, and the
roughness field is obtained via inverse Fourier transform.

Normal and slip vectors

The unit normal vector n and slip-direction vector v are defined by the fault geometry and the rake angle
A. Finite-fault inversions commonly allow for, and often recover, spatially variable rake over the rupture
plane (e.g., Liu and Archuleta, 2004), reflecting the influence of fault geometry, local stress



heterogeneity, and rupture dynamics. Motivated by this, we model the rake distribution A(x) as a two-
dimensional random field on the fault plane, using the same spatial correlation model as the slip field
U(x), together with a prescribed mean value consistent with the source mechanism and a standard
deviation of 10°. This treatment is similar to the approach of Graves and Pitarka (2010), who introduce a
spatially variable rake, although with a wider variability range of about +15°.

Having computed A(x) and the non-planar fault-geometry in previous section, n(x) and v(x) at each
sub fault are computed from the gradient of the perturbed fault surface as described in Graves and Pitarka
(2016). Each point source is then placed at its off-planar location.

Vmax and VR

A number of studies have proposed statistical frameworks for earthquake source process, modeling it as
a multivariate Gaussian process, parameterized through 1-point and 2-point statistics of source properties
(Schmedes et al., 2013; Song et al., 2014; Savran and Olsen, 2020). The 1-point statistics describe the
marginal PDF of each rupture parameter. In contrast, the 2-point statistics provide information on spatial
dependencies: they capture both the autocorrelation structure within a single parameter’s spatial
distribution and the cross-correlations between different rupture parameters. Collectively, these statistics
define the covariance matrix of the multivariate Gaussian distribution, which governs the joint variability
of the source model. Importantly, both 1-point and 2-point statistics are typically derived from ensembles
of dynamic rupture simulations, ensuring that the statistical representation reflects physically consistent
rupture behavior.

SO16 and SO20 model the fields U, V.« , and Vg /Vs as a multivariate Gaussian distribution with zero
mean and covariance matrix X. They propose covariance models based on the analysis of simulations
from earthquakes in the magnitude range from 6.5 to 7 and 7.2, respectively. Given X, random fields of
these parameters can be jointly simulated.

We adopt the covariance model proposed by SO20, which consists of the following linear model of
coregionalization (LMC) that assumes second-order stationarity and isotropy (dependence only on
separation distance h)
E(h) = Blexp (- 22) + BZexp (- ), 3)
ass als

where agg and ajg represent the short-scale and long-scale range parameters, respectively, and matrices
B! and B? are the short-scale and long-scale coregionalization matrices, respectively. Given that B! and
B? are positive semidefinite, this model guarantees positive definiteness, and so the Cholesky
factorization simulation method can be used. Since in our implementation the slip distribution is
prescribed independently, we simulate the fields V,,,x and Vi /Vs from their distribution conditional on
U, as explained in the Electronic Supplement.

Marginal distributions

The outputs from the previous step are two zero-mean Gaussian random fields V.« and Vi /Vs, that are
then transformed to any desired distribution. We use a Gaussian-copula (rank) transform; this preserves
the dependence structure in a rank sense while enforcing the desired marginals. As previously mentioned,
VR highly influences the generation of mid-to high-frequencies, but also directivity effects (Spudich and
Frazer, 1984). Therefore, accurate representation of its marginal distribution is critical for broadband
GM simulation. SO16 assumes a Gaussian distribution for V,,,,4 and Vg /Vs fields and provides values
for the mean and standard deviation, while on the other hand, Schmedes et al. (2013) and Savran and
Olsen (2020) use arbitrary empirical distributions from the analyzed dynamic simulations. The mean of
the ratio Vg /Vs is rather well constrained, and usually assumed to be in the range 0.7 to 0.85 (Geller,
1976; Graves and Pitarka, 2010). We adopt a Lévy distribution for Vi /Vs as proposed by Crempien and
Archuleta (2017) for the UCSB rupture generator, with parameters of first shape o0=1.4, of second shape



B=-0.95, scale y=0.04, and location (mode) §=0.82. Moreover, we limit Vg /Vs to the interval [0.2, 0.95].
With these parameters the mean Vg is ~0.78 V.

We highlight that U and V5 (or Tr) are the parameters controlling the low and high-frequency ends of
the radiated spectra, respectively (Beresnev, 2022). Therefore, V,,x has a strong influence on the
simulated GM. From laboratory experiments (Ohnaka and Yamashita, 1989) and results of dynamic
simulations (Tinti, 2005) it has been proposed that V5 scales as

Vmax X C(VR)AGb (4)

where C(Vr) is a function of Vr and Aoy, is the breakdown stress drop. Under a slip-weakening law with
no overshoot (Ida, 1972), Aoy, = Aog + SE, where Aoy is the static stress drop and SE is the strength
excess. Assuming that the ratio a = SE/Ao is approximately constant within a region and magnitude-
independent, implies that Ao, = (1 + a)Aos, so Eq. (4) can be rewritten as Vi ,x « C(VR)Aos.
Assuming sub-shear ruptures such that Vi (and hence C(VR)) is relatively constant, we calibrate the
resulting linear relation using the mean Vy,,, = 1.5 m/s proposed by SO20 at the mean stress drop of
their dynamic simulations Acg = 5 MPa, obtaining

Vinax [m/s] = 0.3 - Ac [MPa]. (5)

Hereafter we use Ac as an effective stress drop, i.e., a stress parameter in the sense of stochastic
simulation that represents rupture strength and controls the high-frequency spectral level, rather than a
uniquely defined static stress drop inferred from final slip and source dimensions (Boore, 1983; Cotton
et al., 2013). Some studies based on the analysis of rupture models report that Ac increases with
magnitude (e.g., Causse et al., 2014; Thingbaijam et al., 2017). Consistently, Bizzarri (2012) observed
the scaling Vi, M08 from dynamic simulations. Therefore, to incorporate possible magnitude
dependence of stress drop, we model the Ac (MPa) conditional on My, as a truncated lognormal
distribution following Causse et al. (2014)

log;0(Ac) =a-M,, + c+Tage, e~N(0,1) truncatedto || < 2. (6)

Causse et al. (2014) propose a=0.27, c=-1.071 (converted from their original expression in terms of M),
and Tp5 = 0.3. A lognormal model for Ac has been also proposed by other authors (Baltay et al., 2011;
Cotton et al., 2013). To slightly reduce the magnitude-dependence, which not all studies support (e.g.,
Abercrombie, 2021), we use a=0.2. We computed c=-0.641 to get Ac = 5 MPa at M= 6.7, matching the
average reported for the SO20 dynamic-simulation dataset. Regional departures from the global Ac can
be represented by shifting ¢ accordingly. Alternatively, when regional stress drop estimates (and
associated variability) are available, Ac can be prescribed directly and Eq. (6) is bypassed.

We model Vi (X) as a normal random field with mean given by Eq. (5) and standard deviation oy, __ =
1 m/s. We then truncate V,;,,4(X) to the interval [0.05, 10] m/s. The upper limit of 10 m/s is motivated
by dynamic simulations on rough faults indicating large localized slip velocities (Bizzarri, 2012; Mai et
al., 2017; Savran and Olsen, 2020). In this hierarchical formulation V., is a stochastic (latent) variable
derived from Ao through Eq. (5).

Finally, due to the intrinsic coupling between tg and Vy;,,x, low Vi1« values in regions of substantial slip
can yield unrealistically large tg. To avoid this issue, the U/V,,,4 ratio is constrained to a maximum
value of 4, consistent with SO20.

Source time function

Among the most widely adopted choices for STF are the regularized Yoffe function (Tinti, 2005) and the
Liu et al. (2006) approximation of the STF proposed by Guatteri et al. (2004), both of which align closely
with results from dynamic rupture simulations. These functions have three parameters U, tg, and Ty¢c.
In the present framework, however, V.5 is specified directly, rather than Ty, requiring tg to be



determined a posteriori. Originally Liu et al. (2006) used T,.. = 0.13tR, however we use Liu’s STF with
T,cc as a free parameter.

Finally, because T, and V.5 are expected to be negatively correlated (e.g., Mai et al., 2017; Schmedes
et al., 2010), we model T,..(X) as a spatial random field that is anticorrelated with V54 (X). The field is
generated using the same spatial correlation structure as Vi, (i.e., X33), with a target correlation
coefficient of -0.4, and is then rescaled to match a prescribed mean and standard deviation. These target
moments may be selected from the literature (e.g., Schmedes et al., 2013), or calibrated for the region of
interest, considering that a lower T, .. enhances the generation of higher frequencies.

GROUND-MOTION SIMULATIONS FOR SOUTH ICELAND

In this section we describe the numerical model for South Iceland, the specific parameters of the rupture
models, and the hybrid broadband generation method.

Tectonic framework

Iceland is the most earthquake-prone country in northern Europe. Most of its seismic activity is linked
to the mid-Atlantic plate boundary that runs through the country. One of the most seismically active
segments of this plate boundary is the South Iceland Seismic Zone (SISZ), which is an approximately
80-km-long transform zone (see Figure 2) accommodating left-lateral shear along its East-to-West trend.
The SISZ is characterized by arrays of N—S right lateral strike-slip faults, spaced 2—5 km apart (Clifton
and Einarsson, 2005). Four damaging earthquakes have occurred in the SISZ since 1900 (Jonasson et al.,
2021): a Ms 7 on 6 May 1912 in its eastern part, a My, 6.3 on 29 May 2008 in its westernmost part, and
a My, 6.5 and M,, 6.4 during the June 2000 sequence (see Figure 2). The potential of the SISZ of
producing destructive earthquakes as large as My, 7, combined with the fact that it is one of the most
densely populated areas where important infrastructure is located, makes it the region where seismic
hazard and risk is the highest in Iceland (Sigbjornsson and Rupakhety, 2014; Rupakhety et al., 2016;
Kowsari et al., 2023).
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Figure 2. Map of South Iceland. Stars indicate the epicenters of the My, 6.5 17 June 2000 and My, 6.4 21 June 2000
earthquakes, while black lines are their fault traces. Red circles are the epicenters of significant earthquakes from
1904 to 2019 (Jonasson et al., 2021).
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The June 2000 South Iceland sequence began on 17 June 2000 with a mainshock of magnitude My, 6.5.
Three and a half days later, an earthquake of magnitude M, 6.4 ruptured around 17 km to the west of the
mainshock. These events are used for validation in the next section and were recorded by the stations of
the Icelandic Strong-Motion Network (IceSMN, Rupakhety & Olafsson, 2015), shown in Figure 2.

Seismic velocity model and anelastic attenuation model

The surface geology of the South Iceland Lowland reflects volcanic activity, glacial deposition, and sea-
level changes. Sedimentary deposits are commonly overlain or interbedded with thin post-glacial basaltic
lava and hyaloclastite, producing layered near-surface conditions (Olafsdottir et al., 2023). This
heterogeneous shallow structure, further complicated by fractures and faults, can amplify high-frequency
GM (e.g., Darzi et al., 2024). Accurately modeling these site-effects with deterministic PBS would
require both a very fine computational mesh and detailed site characterization, which is not available.
Therefore, we restrict our numerical model to bedrock conditions.

The adopted shear-wave velocity model in the simulations consists of a parabolic profile fitted to the
horizontally-layered upper crustal model proposed by from Dubois et al. (2008), with the difference that
we reduced the Vg at the ground surface from 2150 m/s to 1400 m/s. For the density (p) we also
considered a parabolic variation with depth. Compressional-wave velocity (Vp) is defined as 1.8-Vg. Vg
(in m/s) and p (in kg/m?) are computed as follows:

Vs = 1400 + 37 - %48, p = 2200 + 4.6 - z°%8, forz <5000 m,

Vs = 3900, p = 2950, forz > 5000 m, )

where z is the depth from the topographic surface. The variation of Vs with depth is shown in Figure Sla
of the Electronic Supplement.

We use a visco-elastic constitutive model with a frequency-dependent quality factor (Q = Qo-f/fp), with
Qso = 0.03-Vs and Qpo = 1.5Qso, and reference frequency fo = 1 Hz. The low Qso reflects the high
attenuation in the upper crust caused by strong near-surface seismic heterogeneity in Iceland (Menke et
al., 1995).

Numerical model

The numerical model for South Iceland includes both the topography inland and the bathymetry offshore.
The computational mesh spans approximately 138x90x25 km? (Figure S1b) and was generated using the
meshing software Cubit (Coreform-LLC, 2025) through a Python wrapper (CubitPython4SPEED). The
mesh is designed to achieve accurate wave propagation up to fmax = 1.9 Hz, to limit the computational
cost. Simulations were performed on the Elja cluster at the University of Iceland using the open-source
spectral-element code SPEED (Mazzieri et al., 2013), which employs hexahedral elements with high-
order Lagrange interpolation. We use a polynomial degree SD =3 and target approximately 5 spectral
nodes per minimum wavelength throughout the domain; for SD=3 and fn.x = 1.9 Hz, that implies a
minimum surface element size of ~330m and minimum nodal grid spacing of ~100 m. Overall, the mesh
consists of 1.67x10° spectral elements, resulting in approximately 46.3x10° degrees of freedom.

Kinematic rupture models

To simulate the 2000 South Iceland events, the slip distributions are defined by merging a stochastic
portion with the slip distributions obtained via a joint inversion by Dubois et al. (2008), as previously
described. The other global source parameters, i.e., hypocenter location, fault location and geometry, are
also taken from Dubois et al. (2008). After some initial tests we decided to use a mean T,.. = 0.2TR,
with the aim of enhancing the generation of long-period motion, which has been observed to be larger
in South Iceland with respect to other tectonic regions. Moreover, since it is known that stress-drop of
tectonic earthquakes in Iceland is larger than the global average (Bjarnason and Einarsson, 1991; Hensch
et al., 2016), we adopt V.= 2.5 m/s for these simulations, which implies Ac = 8.33 MPa from Eq. (5)
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and a regional constant ¢ =-0.379 from Eq. (6). The rest of source parameters, shown in Figure 3 for the
21 June 2000 earthquake and in Figure S2 for the 17 June 2000 earthquake, are prescribed as described
in the previous section.

a)

Slip from inversion [m]

W [km]

0 5 10 15 10
L [km] L [km]

Figure 3. Kinematic source parameters for the 21 June 2000 M,, 6.4 earthquake. (a) Deterministic slip obtained
from Dubois et al. (2008). (b) Hybrid slip distribution. The distributions of Vr/Vs (¢) and V.« (d) are generated
from a joint distribution conditioned on the slip. T, (¢) is a prescribed as a correlated random field with V... Tg
(f) is the rise time. The contour lines in panel (c) represent Tr, while the star is the hypocenter location.

Rupture models of recent large events in South Iceland (Dubois et al., 2008; Decriem et al., 2010)
indicate smaller fault dimensions than predicted by common scaling laws for shallow crustal strike-slip
earthquakes (e.g., Thingbaijam et al., 2017). This is expected since rupture area (S), scales as S
(Mo/Acs)®? (Aki, 1972), and Acs in Iceland is above the global average. Therefore, for scenario
earthquakes we prescribe fault dimensions from the effective source-area scaling law of shallow crustal
strike-slip earthquakes of Mai and Beroza (2000), which has been previously used for Iceland (Bayat et
al., 2022) and leads to areas consistent with observed dimensions of historical events.

A total of 30 M, 6.5 and 20 M,, 7 scenarios were simulated. Values of Ac were sampled from Eq. (6)
with the calibrated regional constant ¢ = -0.379. We adopted tps= 0.15. Roughness is included
considering 0=0.005. For each scenario, 1700 synthetic records were generated. In Figure 4 and Figure
S3 we show the rupture models for two My, 6.5 and two My, 7 scenarios, respectively. Moreover, Figure
5 shows the total seismic moment rate release as a function of time and its Fourier amplitude spectrum
(FAS) for the two My, 6.5 scenarios. The FAS of the moment rate follows the expected f > high-frequency
decay (Brune, 1970).
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Scenario 15 (M, = 6.5, Ac = 4.5 MPa) Scenario 30 (My, = 6.5, Ac = 12.7 MPa)
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Figure 4. Kinematic source parameters for My, 6.5 earthquake scenarios 15 (panels a to d) and 30 (panels ¢ to h).
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Figure 5. Time evolution of total moment rate and its corresponding Fourier amplitude spectrum (FAS) for scenario
30 (left) and scenario 15 (right) shown in Figure 4. The solid lines are reference source spectra that decay as f 2 at
large frequencies (Brune, 1970).

Broadband generation - ANN2BB method

For PBS results to be applicable in engineering applications, their energy content must be extended to
higher frequencies. We generate broadband (BB) motions using the ANN2BB method originally
proposed by Paolucci et al. (2018) and enhanced by Hernandez-Aguirre et al. (2026), which uses artificial
neural networks (ANNSs) to produce three-component BB signals with PBS-consistent long-period
content. The procedure consists of three main steps:

(1) Prediction of high-frequency (HF) response spectra, SA(T < T*), for the three components
(two horizontals and vertical). We first compute the median SA(T < T*) using an ANN that takes as
inputs the low-frequency (LF) PBS SA together with source/path/site predictors. In this case the site
predictor consists of a geology-based site class (A, B, C or D), but another predictor variable such as
Vs 30 could be used. Here, T* is the crossover period separating the LF PBS band from the HF band. We
then add correlated within-event residuals sampled from a covariance model to reproduce the target
cross-period and cross-component dependence.

(2) Simulation of non-stationary stochastic HF signals. HF waveforms are generated using an
approach similar to Sabetta et al. (2021). The duration of the stochastic signals and the parameters of
their time envelope are computed from each simulated low-frequency signal.
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(3) Merging and adjustment. The stochastic HF signals are merged with the PBS signals in the
frequency domain using complementary low-pass/high-pass filters with a transition band centered at
fimerge, Chosen slightly below the maximum resolvable simulation frequency fmax. A frequency-domain
adjustment (spectral matching with PGA correction) is then applied to match the target SA from step (1).
Because spectral matching and PGA correction may introduce displacement drift, the adjusted BB
signals are re-merged with the original PBS signals to preserve the LF content and any permanent
displacement captured by the PBS. This adjustment-remerge loop is repeated until the mismatch between
the target and BB SA falls below a prescribed threshold.

For this case study, an Iceland-specific ANN was trained using the transfer learning technique, with T*=
1 s. For the two June 2000 South Iceland earthquakes, the correlated within-event residual field was
simulated conditional on the recorded SA(T < T*); therefore, at recording stations there is an exact
match of SA(T < T*). For the scenario earthquakes, the residual field is simulated unconditionally. For
the merging in step (3), we use finerge = 1.5 Hz given that fne= 1.9 Hz. Further details on the ANN2BB
method are provided in Herndndez-Aguirre et al. (2026).

VALIDATION WITH THE 2000 SOUTH ICELAND EARTHQUAKES

Comparison with records in time and frequency domain

Figure 6 (June 21 M,, 6.4 earthquake) and Figure S4 (June 17 M,, 6.5 earthquake) compare recorded and
simulated BB velocities at selected stations (see locations in Figure 2) in both the time and frequency
domains, the latter represented by the FAS. To preserve permanent displacement, the recordings were
processed using the baseline-correction method of Rupakhety et al. (2010); Figure S5 shows
displacements from the June 21 event at some near-fault stations. We observe that the simulations
generally agree well with the recordings in terms of amplitudes, arrival times, and duration at most
stations. Notably, the near-fault impulsive signals are well reproduced. In the spectral domain, agreement
between simulated and recorded FAS is also generally good.

Goodness-of-Fit Scores

Because for these simulations the ANN2BB conditioning enforces an exact match of the target SA(T <
T*) at the recording stations, we assess performance using only the LF PBS results (low-pass filtered at
fmax), thereby avoiding a biased evaluation of the BB stage and isolating the effects of the rupture
generator and wave-propagation model. The overall performance of the LF PBS was quantitatively
estimated for each station through Goodness-of-Fit (GoF) criteria (Anderson, 2004), considering the
significant duration, Ds 75 (interval between 5—-75% of Arias intensity), and a selection of LF horizontal
IMs, namely Peak Ground Velocity (PGV), Peak Ground Displacement (PGD), SA at periods T = 1.0,
1.5, and 2.5 s, and the mean GoF score. The GoF scores for the simulation of the 21 June 2000 event are
presented in Figure 7 for the rotation-invariant (RotInv) IMs (Rupakhety and Sigbjérnsson, 2013), which
closely approximate the RotD50 IM. Overall, the GoF scores indicate good-to-excellent performance
(scores > 6). Among the criteria, significant duration and PGV achieve the highest scores, whereas
SA(1s) consistently yields the lowest, though it still falls within the fair-to-excellent range for most
stations. Similar results are obtained for the 17 June 2000 earthquake, shown in Figure S6.
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Figure 6. Comparison between recorded and simulated broadband velocity waveforms (in cm/s) and their
corresponding Fourier amplitude spectra FAS (in cm), at some selected stations (see Figure 2) from the 21 June
2000 My, 6.4 earthquake.
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Figure 7. GoF scores for the 21 June 2000 earthquake computed for the Rotlnv IMs Duration (Ds.75), PGV, PGD,
SAatT=1.0, 1.5, and 2.5 s, and the mean GoF. GoF scores of 0-4 indicate a poor match, 4-6 fair, 6-8 good, and
8-10 excellent.

Ground shaking maps

For a better insight of the numerical results, Figure 8 shows computed shaking maps for the 21 June
earthquake in terms of BB RotD50 PGA, SA(1 s) and SA(2 s), while Figure S7 shows maps for the
vertical component. Recorded values are shown as well, using the same palette. The maps provide a clear
picture of the radiation patterns associated with the focal mechanism and its interaction with the
subsurface geology and topography. Although the ruptures are bilateral, since the hypocenter is close to
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the center of the fault, a subtle directivity is observed, leading to slightly higher amplitudes towards the
north, where a greater portion of the slip is concentrated. Moreover, a strong polarization of the long-
period spectral accelerations is obtained at long periods; the FN component is stronger towards the north
and the south of the fault, while the FP component is stronger in the direction perpendicular to the fault
(not shown for brevity). Since vertical GM is mostly associated with P waves, maps in Figure S7 show
a clear four-lobed pattern resembling the P-wave radiation pattern, that at short periods becomes less
evident. Vertical GM is comparable to the horizontal one in the near-source field, consistent with
observational evidences (Giilerce and Abrahamson, 2011).

2 2 2
a) PGA m/s”]  p) SA(1s) [mis”] ¢ SA(2s) [m/s”]
‘ 10 10 ‘ 45
4
8 8
64° 15' - et >
! 3
6 H 6 H H
301 305 301 305 ] 301 M 25
] 5 ? 09 o010 2
64° Q' [-0102. omzg L. 4 : ~----o10% . | = Eo1030106
e o101 0101 02 1.5
S 1% 2 S 0105 L
63° 45' 0. D | || EEEmAaae ) | || e 63
! | i 0
-21° 0" -20°30" -20°0' -21°0"  -20°30'" -20°0 -21°0"  -20°30" -20°0'

Figure 8. Computed ground-shaking maps of RotD50 PGA (a), SA(1 s) (b), SA(2 s) for the 21 June 2000
earthquake. Recorded peak values are shown with circles colored with the same palette. The fault trace is shown
with a grey line.
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Ground-motion attenuation with distance

10l = &
- ——

=ik
o fh="1
i 4

—_ N'_|
¢ 2
2 E fF=-==-==-=
£ 1t Simulations =
<< —KS20M_6.5 o
Q w =
o CB14 M 6.5 <
v ]
o Rec17JuneM 6.5
01F| e Rec21JuneM, 64 0.1 ~
: .

SA(2 s) [m/s?]

SA(3 s) [m/s]

1 10 100 1 10 100
R g [km] R g [km]

Figure 9 shows horizontal RotD50 SA for different short periods as a function of Joyner-Boore distance
Rys, from recordings and BB simulations. We also show the estimates from the GMM by Campbell &
Bozorgnia (CB14; 2014) using VS,30=700 m/s, and from the local GMM °‘F’ by Kowsari et al. (KS20;
2020) for “rock”. SA from KS20 corresponds to RotInv. It should be noted that the short-periods on left
are mostly influenced by the stochastic part of the GM coming from the application of the ANN2BB
method, while the long-periods on the right are mostly influenced by the PBS. The following comments
can be made from these comparisons:

- The good agreement between simulated and recorded spectral values provides evidence that the
simulation framework produces realistic period-dependent amplitude scaling and distance trends,
albeit with the caveat that the short-period content is inferred (from the ANN) rather than
deterministically simulated;

- Since the GMM KS20 was calibrated using the IceSMN dataset, of which almost half of the records
are from the June 2000 South Iceland earthquakes, this model fits the recordings well;

- For short periods, the GMM CB14 underestimates GM at short distances and overestimates it further
away from the source, which is a common trend for GMMSs calibrated from data outside Iceland
(e.g., Olafsson and Sigbjornsson, 2006);

- For long periods (2 s and 3 s), recordings and simulations in the near-field are close to the 84"
percentile estimate by CB14. This is due to a source effect: large stress drop and asperities create
coherent long-period seismic waves, which produce large long-period SA;

- Finally, while in the near-field the topography is relatively flat, areas with large SA(1 s) between 20
to 40 km coincide with high-elevation zones, thus caused by topographic amplification, for instance
at Burfell, Hekla, and the mountains in the northern part of the model (see Figure 2).
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Figure S8 presents a comparison of vertical SA across several periods as a function of Rjz. No GMM is
shown because a vertical-SA GMM is not currently available for Iceland. In general, there is a very good
agreement between simulated and recorded spectral values for all periods and distances, except for SA(3
s) at distances larger than 20 km, which are slightly underpredicted. We observe that vertical PGA can
be considerable, hence, efforts should be devoted to building a local GMM for vertical GM.
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Figure 9. Attenuation of BB RotD50 SA (PGA, 0.35,0.7 s, 1 s, 2s and 3 s) of the 2000 South Iceland earthquakes
from recordings (dots), simulations (points), and from the GMMs by Campbell & Bozorgnia (CB14; 2014) (black
lines) and Kowsari et al. (KS20, 2020) (red lines), including median +1 ¢ shown with dashed lines.

GROUND-MOTION SCENARIOS

Response spectral IMs and peak parameters have been the subject of important validation exercises over
the past decade (Dreger et al., 2015; Lee et al., 2020; Stupazzini et al., 2021). A robust and adaptable
validation approach is to compute residuals for IMs relative to regionally applicable GMMs. Following
the notation of Al Atik et al. (2010), the general expression of a GMM for an earthquake e and station s
can be written as

InIMgg = fog + A (3)
where In IM4 denotes the natural logarithm of the IM for event e and station s (recorded when available

and simulated for the scenario ensembles); fes is the median GMM prediction in log space as a function
of event/source, path, and site predictors, and A is the total residual. The residual term can be further

decomposed into fixed and random components as
In IMgg = fos +a + 6B + 6Wgg 9)
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where, a is the model bias, 8B, is the between-event residual with zero mean and variance 12, and W,
is the within-event residual with zero mean and variance ¢2. 8B, captures the systematic deviation
between observations and the bias-corrected median prediction for a given event, while the within-event
residual 8W,g reflects the deviation between observations and the bias- and event-corrected median
prediction for a specific record from event e at site s. Consequently, the total residual has mean a and
variance 62 = 12 + ¢p2. §W,, can be further broken down into a systematic site-to-site residual and a
remaining within-event residual which represents factors which are not accounted for.

In the following we compare RotD50 spectral ordinates from scenario simulations with KS20 and CB14,
and we summarize total residuals and their partition into between-event and within-event components.
For a consist comparison with KS20, we do not further decompose the within-event term.

Comparison with GMMs

For a consistent comparison between the simulated scenario earthquakes and the GMMs KS20 and
CB14, we fit the simulated RotD50 spectral accelerations using a simple mixed-effects GMM estimated
by maximum likelihood. In this formulation, Eq. (10) defines the fixed-effects median prediction f.¢ (for
each oscillator period T):

InSA(T) =c¢; + ¢, - My, +¢3+In /R,BZ + h2 + ¢gcSC, (10)

where h=6 km and SC is a binary indicator for the geology-based site classes used in the broadband
extension at short periods. The mixed-effects model includes an event-specific random intercept §B, ~
N(0,t2) and a record-level residual §W,q ~ V' (0, $p?). The resulting fixed-effects coefficients for
selected oscillator periods are reported in Table S1.

Figure S9 compares the My 6.5 scenario simulations with recordings from the 2000 South Iceland
earthquakes, the fitted GMM (for SC=B), and the reference GMMs KS20 and CB14. Across most periods
and distances, the fitted attenuation trends are close to KS20, with modest underprediction at short
periods and short distances; overall, the simulated levels remain broadly consistent with the Icelandic
recordings, while the tendency of CB14 noted previously is also apparent. Figure S10 presents the
corresponding comparison for the M,, 7 scenarios. Because no M, 7 strong-motion recordings are
available from Iceland, we include strike-slip recordings with My, 7-7.1 from the NESS dataset (Darfield
2010 and Ridgecrest 2019; Sgobba et al., 2021) as an external reference, rather than a direct regional
validation dataset. The My, 7 simulations and their fitted trends lie systematically below KS20 across
periods and distances, and the increase in short-period SA relative to the My 6.5 ensemble is limited,
suggesting magnitude saturation in the simulated motions; this behavior is not captured by KS20, which
uses a linear magnitude scaling, and cannot be robustly constrained with the currently available Icelandic
dataset. Despite the lower median level relative to KS20, the simulated spectral ordinates are generally
within the range of the NESS records for most periods, although at longer periods the simulations tend
to occupy the upper part of the observed range and the fitted trends exceed CB14. At very short distances
(Rys < 3 km) and T=2-3 s, the fitted M,, 7 medians are approximately a factor of ~2.5 above CB14. A
plausible explanation is that the adopted M,, 7 fault dimensions are smaller than average for that
magnitude, which implies higher stress drop (Eshelby, 1957) and stronger long-period source radiation
due to the concentration of slip over a smaller area.

To summarize these comparisons across periods, Figure 10 reports the total residuals of the simulations
relative to KS20 and CB14, shown as mean bias + one standard deviation (panels a—b), together with
distance-dependent residual trends relative to KS20 for PGA and SA(2 s) (panels c—d), distinguishing
the My, 6.5 and My, 7 ensembles.
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Figure 10. Total residuals relative to KS20 (a) and CB14 (b) as a function of period, shown with variability bands
corresponding to the median + one standard deviation. Panels (¢) and (d) show residuals relative to KS20 as a
function of Ry for PGA and SA(2 s), respectively.

Variance components

We estimate variance components from the mixed-effects model fitted to the simulations; we do not
estimate variance components by residualizing against KS20 because its site representation with only
two site classes would leave additional site effects in the residuals and artificially inflate ¢. Figure 11
summarizes the resulting variability components (T, ¢, o) as a function of period and compares them with
the corresponding components reported by KS20 and CB14. This decomposition therefore quantifies the
variability produced by the simulation ensemble and provides a consistency check against empirical
models. The comparison indicates that the magnitude of the simulated variability is broadly consistent
with empirical expectations across periods: the total o and its partition into T and ¢ fall within the range
spanned by the GMMs, supporting the use of the scenario ensembles for hazard and risk applications
where variability is important, since it controls the rate of extreme ground-motion realizations.
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Figure 11. Components of standard deviation of scenario simulations by this study (solid lines), KS20 (thin dashed
lines), and CB14 (dotted lines).

Although not shown here for brevity, the simulations indicate that between-scenario variability is
controlled not only by rupture intensity, represented here by Ao, but also by the spatial distribution of
slip. Scenarios with larger Ac and shallow asperities (e.g., scenario 30) generate systematically higher
GM amplitudes than scenarios with lower Ac and smaller or deeper slip concentrations (e.g., scenario
15). In particular, shallow high-slip patches enhance radiation from the most energetic portions of the
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rupture and can strengthen directivity-related effects at favorable azimuths. This highlights the value of
the rupture generator for producing ensembles of physically plausible ground-motion scenarios that
capture variability associated with source heterogeneity beyond that represented in GMMs through scalar
source metrics alone.

DISCUSSION

Rupture generator

A central contribution of this study is a kinematic rupture generator that represents rupture complexity
through correlated stochastic spatial fields. Slip, rupture speed (expressed as Vi/Vs), and peak slip
velocity (Viax) are modeled as spatially heterogeneous parameters with prescribed marginal
distributions and two-point structure, while enforcing cross-field dependence using the joint covariance
model of Savran and Olsen (2020). This allows the GM simulations to incorporate uncertainty in source
parameters and the effects of small-scale rupture heterogeneity, which are important contributors to high-
frequency excitation. The adopted covariance model assumes isotropic correlation and was calibrated
from dynamic-rupture simulations of strike-slip earthquakes in the My, 6.5—7.2 range; consequently, its
transferability to substantially different magnitudes and other faulting styles remains uncertain and
should be evaluated in future work.

In the generator, the slip distribution is prescribed first (deterministic, stochastic or hybrid) and the
remaining fields are generated conditionally so that the simulated Vi /Vs and V,, ;4 remain statistically
consistent with the imposed slip distribution. This conditional simulation, mathematically equivalent to
conditioning a joint Gaussian prior on a fixed realization, preserves the cross-field correlations encoded
in the covariance matrix even when the prescribed slip field does not strictly follow the prior
autocorrelation model. While this choice relaxes the requirement that slip obey the same two-point
statistics as the prior, it provides a practical way to simulate historical events with prescribed slip
distributions while retaining physically motivated inter-parameter coupling. This is particularly relevant
for near-fault applications, where directivity and coherency are highly sensitive to the coupled variability
of VR, Vipax, and slip.

Epistemic uncertainty in Vi, remains influential because it exerts first-order control on simulated GM
amplitudes and frequency content. Consequently, limited constraints on its marginal distribution and its
scaling with magnitude, faulting style, and tectonic stress conditions remain an important source of
uncertainty. In the present framework, we partially represent this uncertainty by sampling an effective
stress drop parameter from a magnitude-conditioned lognormal distribution and using it as a physically
motivated proxy for rupture intensity (assumed proportional to V,,,x). This approach spans plausible
amplitude levels and propagates uncertainty in rupture strength into the simulations. Reducing this
uncertainty will require improved constraints on V,,,, from empirical studies and/or dynamic-rupture
simulations.

Moreover, the results presented here are obtained using a two-stage GM simulation framework: (1) low-
frequency deterministic PBS and (2) broadband extension via ANN2BB method. Therefore, results
should be interpreted as evaluating the end-to-end workflow. Within this workflow, the rupture generator
controls rupture patterns, directivity, and long-period radiation in the PBS component, and it also
influences the ANN2BB-predicted short-period SA through the long-period PBS inputs used to generate
broadband time histories.

Scenario ensembles

The M,, 6.5 scenario ensemble produces median attenuation trends close to the local KS20 GMM (Figure
10). In contrast, M, 7 simulations are generally lower than KS20. Because KS20 was calibrated using
data with M,, < 6.5, its extrapolation to M, 7 is only weakly constrained; in this magnitude range, the
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simulations provide a physically motivated alternative where empirical data are sparse. We note that
short-period motions are strongly influenced by the ANN2BB extension, and discrepancies at short
periods reflect both the ANN mapping and the LF PBS inputs that encode rupture directivity and long-
period energy. The ANN was trained in two stages: first on a global dataset and then fine-tuned using
the same local dataset employed to calibrate KS20. Therefore, discrepancies at short periods may reflect
(1) genuine magnitude-scaling differences not captured by KS20, (ii) the scaling of rupture parameters
that control the long-period PBS ground motions used as inputs to ANN2BB, and/or (iii) limitations in
how the ANN generalizes magnitude scaling beyond the effective range represented by the local data.
By contrast, long-period GM is governed by the deterministic PBS. Overall, these results underscore the
value of simulation-based ensembles for providing a physics-informed characterization of shaking in the
M, —distance range where empirical constraints are limited, thereby helping to bound epistemic
uncertainty associated with extrapolating GMMs beyond their M,, calibration range and with using
ergodic GMMs (such as CB14) in regions with specific tectonic and geologic features such as Iceland.

Ground-motion variability

Beyond median trends, the scenarios allow evaluation of the variability of SA with distance and period.
The fact that the standard deviations are comparable to local and global GMMs (Figure 11) is a key
outcome for hazard and risk applications, because accurately capturing variability governs the
occurrence rate of extreme ground-motion realizations and ensures that simulations represent the full
distribution of outcomes rather than only median trends. The larger t obtained relative to KS20 is likely
attributable to the limited number of events used to calibrate KS20, which can bias between-event
variability estimates downward when the event sample is small. Overall, the agreement in o and its
decomposition suggests that the range of rupture realizations considered in this study reproduces a
realistic variability of ground motions.

CONCLUSIONS

This article presents a modular framework for physics-based ground-motion simulation that couples (i)
a kinematic rupture generator with correlated heterogeneous fields for slip, Vg /V g, and V 1,4, (i1) low-
frequency (LF) 3D PBS, and (iii) a broadband extension via ANN2BB. The rupture generator enables
efficient sampling of physically plausible rupture variability while preserving inter-parameter
dependence through prescribed one- and two-point statistics, providing a practical mechanism to
propagate epistemic uncertainty in rupture parameters into simulated ground motions. The framework is
intentionally modular: its marginal statistics, scaling relations, and correlation structure can be updated
as improved constraints become available.

The LF simulations were validated using the June 2000 My, 6.5 and M,, 6.4 South Iceland earthquakes.
SPEED was used to model wave propagation in a heterogeneous 3-D crustal volume (138 km % 90 km
x 25 km) up to ~1.9 Hz (=46 million spectral nodes). Goodness-of-fit results support the adequacy of
the regional model and source representation in the frequency band directly simulated.

Broadband scenario ensembles derived from LF PBS + ANN2BB reproduce local-GMM trends at My,
6.5, but indicate systematically lower long-period shaking for M, 7 than obtained by extrapolating the
local GMM beyond its calibration range. Given the absence of My, > 6.5 observations in the regional
dataset, this discrepancy is consequential: it suggests potential bias in empirical extrapolation and points
to source-physics effects that empirical fits derived from smaller events may not capture. Moreover,
widely used ergodic GMMSs such as CB14 show a clear bias when compared to recorded and simulated
spectral accelerations in Iceland. Overall, the simulations provide physically grounded constraints on
magnitude scaling and variability that can supplement sparse recordings and help bound epistemic
uncertainty in scenario-based and probabilistic seismic hazard and risk analyses. In practice, the
proposed workflow can be used to generate region-specific, non-ergodic ground-motion ensembles for
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engineering applications, including scenario-based risk studies and the development of PBS-informed
inputs to PSHA where empirical constraints are limited.

Data and Resources

The rupture generator and a manual are available at https://github.com/vicmoyhdz/PDRG. The mesh
was created using a python tool available at http://github.com/vicmoyhdz/CubitPython4SPEED. The
SPEED code used for the simulations is available at http://speed.mox.polimi.it. The electronic
supplement to this article provides a description of the procedure to simulate stochastic fields Vy,,x and
Vr/Vs conditioned on a given slip field. Moreover, we include supporting figures introduced in the
article. The simulation results are available from the corresponding author on reasonable request.
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In this electronic supplement we provide a description of the procedure to simulate stochastic fields Vi«
and Vr/Vs conditioned on a given slip field. Moreover, we include supporting figures introduced in the
article. These figures include details on the mesh (Figure S1), examples of rupture models for My, 7
scenarios (Figure S3), the rupture model (Figure S2) and results for the 17 June 2000 My, 6.5 earthquake
(Figure S4 and6), results related to the vertical component (Figure S7 and Figure S8) and results from
the scenario simulations (Table S1, Figure S9 and Figure S10).
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Procedure to Simulate Stochastic Fields V,,,,, and Vr/Vs

Naming Vi,ax, and Vr/Vs as the random variables Z, and Zs, respectively, the steps to simulate
realizations z and z3 conditioned on a given slip distribution (X) are the following:

1.

Convert the non-Gaussian slip distribution X into a Gaussian random field Z,, by applying a
normal score transformation. First, map the marginal distribution of X into the uniform interval
[0,1], such that its cumulative distribution function (CDF) is U=Fx(X), where U~U(0,1). The
uniform variable is then mapped into Gaussian space using the inverse of the standard normal
CDF, Z;=® !(U), such that Z;~N(0,1). This transformation preserves the rank order of the
original values while ensuring Gaussian marginals.

Construct a covariance matrix X of the standard multivariate Gaussian PDF for Z;, Z, and Zs,
for instance from the model of Savran and Olsen (2020) or Song (2016)

z:11 2:12 z:13
Z= 2:21 z:22 2:23
z:31 z:32 z:33

Partition the joint Gaussian

221]

P X
Spap = [231 22 223

Y323 = [2 D ]' T123 = 2031 = [Z12 Zi3l.
32 233

Form the conditional distribution of Z,3(;(Z; = z,)~N (u23|1, 223|1), with
Mospn = Z231 211 (Z1),

Y2311 = Y2323 — X231 11 2123
where |31 and Z,3; are the conditional mean and covariance.
Perform Cholesky factorization of the conditional covariance matrix

Ty31 = LLT

)
Draw a random sample Zy311 from Z;31 as

Zésg)u = Ha31 + Lg

where e~N(0,1), of size 2-M-N, where M-N is the number of subfaults. Vector Z§S3)|1 is then
reshaped back to the 2 fields z» and z3 of size M-N.

7.

The outputs from the previous step are two standard Gaussian fields, which are then transformed
to the target marginal distributions, as described in the article.
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Additional Figures
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Figure S1.a) Adopted shear-wave velocity model. b) Three-dimensional mesh for South Iceland consisting of
1.67x10° hexahedral elements. The orange line represents the coastline.

a) Slip from inversion [m] b) Slip hybrid [m]
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Figure S2. Kinematic source parameters for the 17 June 2000 My, 6.5 earthquake. (a) Deterministic slip obtained
from Dubois et al. (2008). (b) Hybrid slip distribution. The distributions of Vr/Vs (¢) and V.4 (d) are generated
from a joint distribution conditioned on the slip. T, (¢) is a prescribed as a correlated random field with V... Tg
(f) is the rise time The contour lines in panel (c) represent Tr, while the star is the hypocenter location.
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Scenario 34 (M,, = 7, Ac = 16 MPa) Scenario 50 (M, = 7, Ac = 14.8 MPa)

] f) Vv

max [m/s]

max [m/s]

- N W A oo N

0

0 10 20 30
L [km]

0 10 20 30
L [km]

Figure S3. Kinematic source parameters for M, 7 earthquake scenarios 34 (panels a to d) and 50 (panels e to h).
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Figure S4. Comparison between broadband recorded and simulated velocity waveforms (in cm/s) and their
corresponding FAS (in cm), at some selected stations from the 17 June 2000 My, 6.5 earthquake.

502 20 109 10 105

-20

-40

-10

-20

-30

o -40 -10 ]
0 10 20 0 10 20 0 10 20 0 10 20

t(s) t(s) t(s) t(s)

Figure S5. Comparison between recorded and simulated displacements from the 21 June 2000 earthquake at some
near-fault stations.
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Figure S6. GoF scores for the 17 June 2000 earthquake computed for the RotInv measures of Duration (Ds.75),
PGV, PGD, SA at T = 1.0, 1.5, and 2.5 s, and the mean GoF for various recording stations. GoF scores of 0-4
indicate a poor match, 4-6 fair, 6-8 good, and 8-10 excellent.
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Figure S7. Computed ground-shaking maps of vertical PGA (a), SA(1 s) (b), SA(2 s) for the 21 June 2000
earthquake. Recorded peak values are shown with circles coloured with the same palette. The fault trace is shown
with a grey line.
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Figure S8. Attenuation of vertical SA (PGA, 0.3 s, 0.7 s, 1 s, 2s and 3 s) from recordings and simulations of the

2000 South Iceland earthquakes.
Table S1. Coefficients of the GMM (Eq. 10) fitted to the earthquake scenarios.

T Cl C2 c3 CB cc CD
PGA 0.699 0.447 -1.274  0.253 0.480 0.175
0.3 1.373 0.423 -1.248  0.239 0.488 0.160
0.7 -0.201 0.667 -1.404  0.196 0.398 0.109

1 -0.611 0.688 -1.354  0.095 0.054 -0.010

2 -3.517 1.048 -1.336 - - -

3 -5.146 1.196 -1.282 - - -
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Figure S9. Comparison of SA attenuation with distance from My, 6.5 scenarios for multiple oscillator periods,
showing estimates from GMMs KS20 (Kowsari et al., 2020) and CB14 (Campbell & Bozorgnia, 2014) versus a
simple regression model (eq. 10) fitted to the simulations. Records from the 2000 South Iceland earthquakes are

represented by the blue dots.
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Figure S10. Comparison of SA attenuation with distance from M,, 7 scenarios for multiple oscillator periods,
showing estimates from GMMs KS20 and CB14 versus a simple regression model (eq. 10) fitted to the simulations.
For reference, the blue dots are SAs from strike-slip earthquakes with My, 7-7.1 from the NESS dataset (Sgobba et

al., 2021).

33



