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Abstract Integrating fault-based and distributed seismicity in earthquake rupture forecasts (ERFs) is one
of the challenges in probabilistic seismic hazard analysis. Traditional approaches impose a sharp distinction
between on-fault and off-fault earthquakes, even though real seismicity systematically violates this separa-
tion. Moreover, combining fault and distributed sources often introduces double counting in the overlapping
magnitude range and produces discontinuities in spatial earthquake rates. Here we propose a physically mo-
tivated method to relax the boundary between fault and off-fault seismicity by exploiting an empirical relation
between moment magnitude (M,,) and the areal extent of permanent ground deformation derived from in-
terferometric synthetic aperture radar observations. Using a published global dataset of 96 earthquakes, we
recompute log-linear regressions between M,, and deformed area for different faulting styles and use the
resulting footprint as a deformation-based buffer around each modeled seismogenic structure. Within this
buffer, distributed seismicity rates for magnitudes above the minimum magnitude of the fault source are re-
duced using a distance-dependent power-law taper and removed entirely for points lying within the surface
projection of the fault. The method produces a smooth, physically interpretable transition between fault and
off-fault activity, avoids double counting, and naturally accounts for overlapping influence zones of nearby
faults. This deformation-based taper provides a reproducible and easily implementable framework for im-
proving ERFs in regions where both fault sources and distributed seismicity contribute to the overall hazard.

1 Introduction
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patterns of hazard. Fault-based ERFs are now standard

Probabilistic seismic hazard assessment (PSHA) offers
insight into the likelihood of ground motion parameters
surpassing predetermined thresholds over a specified
time period at a given location (Cornell, 1968; McGuire,
1995). The two key components of PSHA are the Earth-
quake Rupture Forecast (ERF) and the Ground Motion
Model (GMM). The ERF provides the likelihood of vari-
ous fault rupture events in a region and over a specified
timeframe, while the GMM quantifies ground motion
shaking at specific locations following an earthquake
rupture.

While traditional area-source or zonation models rely
primarily on historical and/or instrumental catalogs,
fault-based ERFs exploit geological and geodetic infor-
mation to model rupture on mapped active and capa-
ble faults, i.e., tectonic structures that have moved in
the recent geologic past, are expected to move within
a future time span, and have a significant potential
for displacement at or near the ground surface (Inter-
national Atomic Energy Agency, 2015, 2022). A fault-
based ERF captures the occurrence of large-magnitude
events that may not be well represented in historical
catalogs and generally produces more realistic spatial
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in high-strain regions as evidenced by studies in Cali-
fornia (Field et al., 2014) and recent seismic hazard na-
tional models for the United States (Petersen et al., 2024)
and New Zealand (Gerstenberger et al., 2023), and in-
creasingly adopted in moderate-to-low strain settings,
including SE Spain (Gémez-Novell et al., 2020) and Italy
(Meletti et al., 2021).

Many earthquakes in historical and instrumental cat-
alogs, especially moment magnitude (M,,) < 5.5 events,
cannot be associated unambiguously with mapped ac-
tive and capable faults. Reasons for this lack of corre-
lation include interseismic strain accumulation in ar-
eas between major faults, earthquakes occurring on un-
known or blind faults, those on unmapped faults with
lower slip rates, and the absence of surface ruptures as-
sociated with faults generating earthquakes below a cer-
tain magnitude threshold (typically M,, < 5.5). In such
cases, seismicity is commonly referred to as diffuse
seismicity—also termed off-fault, distributed, gridded,
or smoothed seismicity—i.e., events that are not obvi-
ously associated with known seismogenic structures (or
sources) (International Atomic Energy Agency, 2022).
Nevertheless, the explicit integration of off-fault seis-
micity into fault-based ERF models remains essential
for a comprehensive representation of seismic hazard.
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Classical approaches address this with off-fault seismic-
ity rates for small-to-moderate magnitudes (typically
between M, 4.0 and 5.0), excluding events attributed
to known seismogenic structures (i.e., on-fault seismic-
ity) in order to avoid double counting. A combined ERF
therefore merges on-fault and off-fault seismicity, but
this raises a persistent challenge: ensuring a physically
consistent transition between the two without introduc-
ing artificial magnitude-frequency distribution (MFD)
bulges or over-forecasting.

Previous approaches include distance-based trunca-
tion, polygonal tapers, and slip-rate-based weighting
functions. While effective, these methods rely on as-
sumptions about the spatial influence of faults rather
than direct observational constraints. Valentini et al.
(2017) introduced a slip-rate and distance-dependent
linear weighting function to combine on- and off-fault
seismicity inputs. This function is applicable in the
magnitude range overlapping the MFD of each seismo-
genic source, such that the contribution from the dis-
tributed sources linearly decreases from 1 to 0 with de-
creasing distance from the seismogenic source. The au-
thors assume that in the buffer zone around the source
no more than one single major fault is likely, and the
buffer zone size is assumed to be controlled by the slip
rate of the seismogenic source. The distance d between
the fault trace of the seismogenic source and the edge
of the buffer is equal to L/2 (L is the fault length along
the strike) for sources with slip rates > 1.0 mm/yr, L/3
for sources with slip rates of 0.3-1 mm/yr, and L/4 for
sources with slip rates < 0.3 mm/yr. The rationale be-
hind varying distance d is given by a simple assumption:
the higher the slip rate is, the larger the deformation
field and the higher the value of d. Moreover, the au-
thors assumed that given a known major seismogenic
source geometrically capable of hosting a M, > 5.5
earthquake, the possibility that a future M,, > 5.5 earth-
quake will occur in the vicinity of the fault, but is not
caused by that source, should decrease as the distance
from the seismogenic source decreases. Conversely,
earthquakes with magnitudes lower than 5.5 and those
due to slip along secondary faults are likely to occur ev-
erywhere within a fault system, including in proximity
to the main seismogenic source. This assumption is cor-
roborated by numerical and analogue modelling of fault
system evolution (e.g., Cowie et al., 1993), which indi-
cate the areas around major faults where it is unlikely
that other major faults develop. In conclusion, depend-
ing on the positions of off-fault seismicity points with
respect to the buffer zones around seismogenic sources,
the rates of expected off-fault seismicity remain unmod-
ified or decrease and can even reach zero.

Other works, such as the national seismic hazard
model of New Zealand (Stirling et al., 2002, 2012), have
done an additive combination of the off-fault seismic-
ity model with the fault-based model. This creates the
possibility that the same earthquake is forecast in both
models, creating a potentially conservative hazard es-
timate, which may be seen in a bulge in the MFD in
the magnitude range that overlaps between the on-fault
and off-fault seismicity model. To handle this poten-
tial over-forecast, other models, such as UCERF3 (Field
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et al., 2014) and the new national seismic hazard model
of New Zealand (Gerstenberger et al., 2023), truncated
the off-fault seismicity rates at the minimum fault mag-
nitude in regions near active faults. This is typically ap-
plied within 12 km of the fault trace (although this buffer
was also dip dependent in UCERF3). The assumption
is that the active fault represents a proxy for all supra-
seismogenic magnitudes in that zone, and that off-fault
seismicity contributes no such events in this area. To
produce a smoother transition between on-fault and off-
fault seismicity, Gerstenberger et al. (2023) assume that
fault nucleation rates decay linearly with distance out
to some specified maximum distance (12 km), and that
off-fault seismicity rates have the opposite linear trend
near seismogenic sources. This means that large, off-
fault seismicity events can occur within 12 km of a seis-
mogenic source, but with reduced rates that trend lin-
early toward zero at the fault surface. More in detail,
both Field et al. (2014) and Gerstenberger et al. (2023)
apply a spatially tapered weighting function to the off-
fault seismicity model within the fault polygons. The
function weights the off-fault model 100% at the bound-
aries of the polygon and uses a power-law taper to 0 at
the fault location, with the fault model down-weighted
to accommodate the weighting applied to the off-fault
model.

In this work, we propose a new physically grounded
method for combining on-fault and off-fault (i.e., dif-
fuse) seismicity. Leveraging recent global datasets of In-
terferometric Synthetic Aperture Radar (InSAR) defor-
mation, we use empirical regressions between M,, and
the areal footprint of permanent ground deformation
to define a deformation-based transition zone around
active and capable faults. This allows us to: (1) intro-
duce a physically constrained buffer region, (2) reduce
double counting in the magnitude range of overlap, and
(3) achieve a smoother and more realistic transition be-
tween on-fault and off-fault seismicity.

2 Empiricalregression of dimension of
deformed area and 1/,

The availability of systematic global databases of
surface-rupturing earthquakes has enabled the devel-
opment of robust empirical relations linking earth-
quake size, typically expressed as moment magnitude,
to the geometric dimensions of the corresponding seis-
mogenic structures, including rupture length, rupture
area, and maximum displacement (e.g., Wells and Cop-
persmith, 1994; Leonard, 2010; Thingbaijam et al.,
2017). Advancements in remote sensing, particularly
radar interferometry such as InSAR, differential high-
resolution topography, and optical imagery correlation,
have greatly improved our ability to detect and quan-
tify earthquake-related ground deformation. InSAR, in
particular, allows the measurement of permanent sur-
face deformation with centimetric accuracy over re-
gions spanning hundreds to thousands of square kilo-
meters (Figure 1). Recent studies, such as those by Livio
etal. (2017), Glirpinar et al. (2017), and Serva et al. (2019,
2025), have demonstrated a strong correlation between
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M,, and the areal extent of coseismic deformation im-
aged through InSAR.

Livio and Ferrario (2024) compiled a global dataset of
96 earthquakes for which both M, and the extent of the
deformed area were available from InSAR observations.
For each event, the authors delineated the regions of co-
herent deformation in both the hanging wall and foot-
wall sides of the main fault, tracing the outermost con-
tinuous interferometric fringes. Where the location of
the outermost fringe was uncertain due to incoherent
or noisy signals, the mapped area was averaged, and an
envelope polygon was adopted to capture the full plau-
sible deformation footprint.

Descending

Ascending

"

Figure1 Data interferograms for the 2009 L’Aquila earth-
quake. Data comes from Envisat (top) descending track 079,
dates 090201-090412 and (bottom) ascending track 129,
dates 090311-090415, with the fault rupture modelled as a
uniform dislocation in an elastic medium. The white line
in the interferograms is the up-dip surface projection of our
model fault plane. (modified from Walters et al., 2009).

The dataset encompasses a broad spectrum of earth-
quake kinematics (31 reverse, 23 normal, and 42
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strike-slip events), depths (1-47 km), and magnitudes
(M,, 3.9-9.0). Following Livio and Ferrario (2024), we
adopt a log-linear formulation to relate the areal extent
of deformation (A4, in km?) to M,,:

Logi0(A) = a(My) + b (1)

where a and b are empirical coefficients. In this
study, we recomputed these coefficients (Table 1) us-
ing the full Livio and Ferrario (2024) dataset, ensuring
consistency with our methodological framework and al-
lowing separate regressions for normal, reverse, and
strike-slip events (Figure 2). Previous studies (Livio
et al., 2017; Serva et al., 2019) reported that deforma-
tion area shows only a weak dependence on hypocentral
depth, consistent with expectations for upper-crustal
ruptures; therefore, depth was not included as a pre-
dictor. Similarly, the influence of kinematics on re-
gression is limited, though we retain separate relations
for each faulting style to respect their differing magni-
tude ranges and data distributions (Figure 2). Overall,
M, remains the dominant parameter controlling the
spatial extent of surface deformation, providing a ro-
bust and physically meaningful basis for defining the
deformation-based buffer used in this study. More-
over, the regressions show moderate to high coefficients
of determination (R?), consistent with previously pub-
lished M,,—-area relations. The standard deviation of the
residuals reflects the natural variability of deformation
footprints observed across different fault geometries,
depths, and rupture complexities. These valuesindicate
that M, is the dominant predictor of deformed area,
while the scatter is compatible with expectations from
global InSAR-derived datasets.

3 Method for integrating on-fault and
off-fault seismicity

To physically define the spatial domain where diffuse
seismicity should be reduced, we derive the total de-
formation area associated with each active and capa-
ble fault from empirical M,-deformed area relations
(Eq. 1). For a given fault, this area represents the ex-
pected footprint of permanent ground deformation pro-
duced by earthquakes on that structure, as observed
through global InSAR datasets. We then subtract the
surface projection of the fault plane from this total area;
the remaining portion defines a buffer region surround-
ing the fault, within which off-fault seismicity rates are
progressively tapered (Figure 3). In the proposed ap-
proach, the contribution of off-fault seismicity is modi-
fied only in the vicinity of mapped active and capable
faults. Regions located outside the deformation foot-
print of each fault are fully described by the original off-
fault seismicity model, without any modification (Fig-
ure 3). This ensures that the model naturally incorpo-
rates unknown, unmapped, or secondary faults that are
not included in the fault source model.

Each point of the off-fault seismicity model is as-
signed a distance d from the nearest point of the fault’s
plane surface projection (namely the Joyner-Boore dis-
tance). Points located outside the deformation-based
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Kinematic a b $Dyes  R? M, range N
Normal 0.7469 -2.0284 0.2735 0.7469 39-7.1 23
Reverse 0.8754 -2.7524 0.3151 0.8656 4.9-9.0 31
Strike-slip 0.8854 -2.8401 0.3369 0.7907 4.4-7.8 42
All 0.8641 -2.7020 0.3184 0.8243 3.9-9.0 96

Table1 Empirical regression coefficients for Eq. 1 for each kinematic class and for the full dataset. For each category (nor-
mal, reverse, strike-slip, and all events combined), the table reports the slope (a) and intercept (b), the coefficient of de-
termination (R?), the standard deviation of the residuals (sD,..,), the number of events included in the regression (N), and
the magnitude range over which the relation is applicable. The regressions are based on the updated InSAR-derived defor-
mation dataset of Livio and Ferrario (2024), and the coefficients computed here are those used in this study to define the

deformation-based buffer around each fault source.
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Figure 2 Empirical relation between M,, and deformed
area derived from InSAR observations. Scatter plot of the 96
earthquakes compiled by Livio and Ferrario (2024), showing
the logyo-transformed deformed area (km?) as a function
of moment magnitude, M,,. Events are grouped by fault-
ing style: normal (red circles), strike-slip (green triangles),
and reverse (blue squares). Solid lines represent the sep-
arate log-linear regressions for each kinematic class, while
the dashed black line shows the regression obtained using
all events regardless of mechanism.

buffer retain their original rates (Figure 3). Points lo-
cated inside the fault plane projection have their rates
for magnitudes M,, > M,,;, removed entirely, in order
to avoid double counting events that are already mod-
elled as fault-based ruptures. In this case, M,,;, is the
minimum magnitude of the seismogenic source. For
points located within the deformation-based buffer, but
outside the fault plane projection, the rates for magni-
tudes M,, > M,,;, are reduced according to a distance-
dependent weighting function:

d p
v~ (55m) N

where Dyt is the buffer width (Figure 3) and p is an
exponent controlling the smoothness of the taper (with
p = 1 corresponding to alinear decay and p > 1 produc-
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ing a steeper reduction near the fault). The final tapered
rate (\;) for each magnitude bin M and for M,, > M.,
is given by:

At(M) = wA(M) (3)

A power-law taper was selected because it provides
a flexible and physically meaningful decay of off-fault
seismicity rates near faults. Compared to a linear taper,
the power-law formulation allows a steeper reduction
of rates in the vicinity of the fault plane where large off-
fault earthquakes are least likely, while still ensuring a
smooth and gradual transition toward the outer edge of
the deformation buffer. This behavior is consistent with
observations from numerical and analogue models of
fault system evolution, which show that the probability
of hosting large independent ruptures decreases rapidly
near major fault cores and increases only at larger dis-
tances. The power-law function therefore captures this
non-linear gradient of deformation influence more re-
alistically than the linear alternative, while avoiding the
need for additional parameters required by exponential
tapers. Its use also aligns with other recent ERF mod-
els (e.g., UCERF3 and the New Zealand National Seismic
Hazard Model), facilitating methodological consistency
while retaining transparency and reproducibility.

This formulation ensures that (1) off-fault seismicity
is removed where ruptures are known to occur on the
main seismogenic structure, (2) large-magnitude off-
fault events become increasingly unlikely as the seismo-
genic structure is approached, and (3) the original dis-
tributed seismicity model is preserved far from faults.
The resulting model provides a physically based and
spatially smooth transition between on-fault and off-
fault sources, relaxing the traditional dichotomy be-
tween the two and avoiding double counting in the over-
lapping magnitude range. Moreover, the spatial taper-
ing modifies the off-fault seismicity only for magnitudes
equal to or greater than the seismogenic source M,,;,
and does not introduce any tapering of the regional
maximum magnitude of the off-fault seismicity model.
The regional maximum magnitude of the off-fault com-
ponent is preserved for grid points located both outside
and within the buffer, whereas within the fault plane
projection the effective maximum magnitude is con-
trolled exclusively by the seismogenic source.

For faults characterized by curved, segmented, or
branched surface traces, the deformation-based buffer
is constructed by following the mapped geometry of
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each individual fault segment, rather than assuming a
single straight fault trace or a uniform buffer geome-
try. The buffer width is defined consistently from the
expected deformed area, but its spatial implementation
is controlled locally by the fault geometry.

In regions where the deformation-based buffers of
two or more nearby faults or fault segments overlap,
a point of the diffuse seismicity model may fall within
the buffer of multiple sources. In such cases, the re-
duction of rates is applied independently for each over-
lapping buffer. Specifically, the tapering weight associ-
ated with each fault is computed separately, and the fi-
nal weight is obtained as the product of all applicable
weights. This results in a stronger reduction where the
influence zones of multiple major faults intersect, re-
flecting the reduced likelihood that large off-fault earth-
quakes occur in areas structurally dominated by more
than one mapped seismogenic source. This multiplica-
tive formulation preserves consistency with the physi-
cal interpretation of the buffer as a region influenced by
fault-related deformation, and naturally accommodates
complex, multi-fault environments.

4 Application example

To illustrate the practical implementation of the pro-
posed approach, we applied the method to an active
and capable fault and its surrounding off-fault seismic-
ity grid. We apply the proposed method to the Paganica
Fault, responsible for the 2009 L’Aquila (M, 6.3) earth-
quake (e.g., Walters et al., 2009). The coseismic defor-
mation mapped by InSAR for this event is shown in Fig-
ure 1. The fault geometry is taken from Valentini (2020):
the fault length is 20 km, the source dips 50° and spans
a 14 km seismogenic thickness. This geometry yields
a fault plane surface projection of about 240 km®. For
a M, of 6.5 (as inferred in Valentini, 2020), the char-
acteristic magnitude of the source, the empirical rela-
tion presented in Eq. 1 predicts an expected total de-
formed area of approximately 670 km?. By subtracting
the 240 km? fault plane-projection area from the pre-
dicted total deformation, roughly 430 km? remain to be
distributed around the seismogenic source. Assuming
this residual area is uniformly spread around the fault
plane surface projection (Figure 3), the correspond-
ing deformation-based buffer width (D) is 5.1 km.
The resulting deformation footprint is asymmetric (Fig-
ure 3), with a larger hanging-wall contribution, consis-
tent with the typical InSAR-observed deformation pat-
terns of dip-slip normal-faulting earthquakes (Figure 1).

Given that the maximum magnitude of the Paganica
source is M,, 6.5 = 0.2, the tapering of off-fault seismic-
ity begins at M,, 6.3 (namely, My,;,). For a buffer width
of 5.1 km, a point located 1 km from the fault surface
would receive a taper factor of w = 0.20 for a linear de-
cay (p = 1), and w = 0.04 for a steeper power-law decay
(p = 2). A point located 4.1 km from the fault would
have w =0.80 (p = 1) or w = 0.64 (p = 2). The resulting
modified magnitude-frequency distributions for repre-
sentative off-fault seismicity grid points are shown in
Figure 4. Diffuse seismicity rates were computed using
a smoothed kernel approach and a Gutenberg-Richter
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distribution following Valentini et al. (2017).

Figure 4 shows the three characteristic behaviors of
the tapering function. For a point located outside the
deformation-based buffer, the MFD remains identical
to the original diffuse seismicity input. Points located
within the buffer exhibit progressively reduced rates
for magnitudes exceeding the seismogenic source M,
with stronger reductions occurring closer to the fault
plane projection (e.g., at a distance of d = 1 km). The
exponent p controls the smoothness of the taper, with
p = 1 corresponding to a linear decay and p = 2 pro-
ducing a steeper reduction near the seismogenic source
(Figure 4). Grid points falling within the surface pro-
jection of the fault plane have the rates for magnitudes
above the seismogenic source M,,;, fully removed to
avoid double counting. This portion of the MFD is in-
stead accounted for by the activity rates assigned to the
seismogenic source, whose maximum magnitude de-
fines the upper bound of the combined MFD at these
locations.

This simple example demonstrates that the
deformation-based buffer produces a smooth and
physically interpretable transition between fault and
off-fault activity. It naturally removes supraseis-
mogenic distributed events near major faults while
preserving the original seismicity pattern away from
mapped sources. The behaviour is stable across differ-
ent source geometries and can accommodate multiple
overlapping buffers by applying multiplicative weights.

5 Discussion

In PSHA, the explicit treatment of uncertainties is a fun-
damental requirement, as modeling choices can signifi-
cantly influence hazard estimates. The framework pro-
posed in this study introduces a number of assumptions
that should be interpreted as sources of epistemic un-
certainty rather than aleatory variability. These include
the representation of the deformation footprint around
faults, the parameterization of the taper controlling the
reduction of off-fault seismicity rates, and the selection
of empirical magnitude-area regressions under differ-
ent tectonic conditions. Making these assumptions ex-
plicit allows them to be systematically explored through
sensitivity analyses and logic-tree implementations.

In the proposed approach, the fault-plane surface
projection is treated as an integral component of the
total deformation footprint. Although the residual de-
formation area is geometrically distributed around the
fault-plane projection using a uniform buffer for oper-
ational simplicity, the resulting deformation pattern is
not necessarily symmetric when referenced to the sur-
face fault trace (Figure 3). For dipping faults, the sur-
face projection of the fault plane naturally extends pref-
erentially toward the hanging wall, leading to deforma-
tion footprints that are consistent with InSAR observa-
tions of dip-slip earthquakes, where hanging-wall de-
formation typically dominates over the footwall. This
behavior is clearly illustrated in the application exam-
ple presented in Section 4 and indicates that, even un-
der a geometrically simple buffering assumption, first-
order deformation asymmetry is already implicitly cap-
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Figure3 Schematic representation of the deformation-based buffer approach for tapering off-fault seismicity near a fault.
The yellow polygon represents the surface projection of the fault, and the dashed line outlines the deformation-based buffer
derived from (Eq. 1). Grey squares represent the diffuse seismicity grid points. Point A lies outside the buffer and retains
the original rates. Points B and B’ fall inside the buffer, and their rates for M > M,,;,, are reduced proportionally to their
Joyner-Boore distance. Point C lies within the fault projection and its rates for M > M,,,;,, are removed entirely. Right panels
illustrate the expected modifications to the magnitude-frequency distributions for each case.

tured by the fault geometry. Future developments of the
method could further refine this aspect by incorporat-
ing InSAR-derived statistics on hanging-wall and foot-
wall deformation, enabling the construction of direc-
tionally dependent deformation buffers while preserv-
ing the overall simplicity and transparency of the frame-
work.

Another key modeling choice concerns the taper ex-
ponent p, which controls the smoothness of the transi-
tion between fault-based and off-fault seismicity rates
within the deformation buffer. A value of p = 1 cor-
responds to a linear decay, whereas values p > 1
produce a progressively steeper reduction of off-fault
seismicity rates in the immediate vicinity of the fault
and a smoother transition toward the outer edge of
the buffer (Figure 4). Increasing p therefore enhances
the suppression of diffuse seismicity near major seis-
mogenic structures, where large independent off-fault
earthquakes are least likely, while maintaining non-
zero rates at larger distances. In this framework, p is
treated as a tunable parameter whose optimal value de-
pends on the tectonic setting and the objectives of the
ERF model. Based on empirical considerations and
practical testing, values in the range 1 < p < 2 are

6

recommended, with sensitivity analyses encouraged to
evaluate their impact on the resulting hazard estimates.

The applicability of the method to complex tectonic
environments also warrants consideration. In regions
characterized by mixed or transitional fault kinematics,
such as transpressional or transtensional regimes, the
attribution of a single faulting style may be uncertain or
spatially variable. In such cases, the empirical regres-
sion derived from the full dataset, independent of fault-
ing style, provides a robust and operational alternative
for estimating the expected deformation area. While
style-specific regressions may be preferred where reli-
able kinematic information is available, the use of an
all-kinematics relation ensures consistency and appli-
cability in structurally complex regions. The choice of
the regression model directly influences the predicted
deformation area and, consequently, the width of the
deformation-based buffer and the resulting modifica-
tion of diffuse seismicity rates and should therefore be
regarded as an explicit and testable modeling assump-
tion.

In the proposed framework, the total deformation
area is controlled exclusively by earthquake magni-
tude through the empirical magnitude-area relation,
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reduction controlled by the power-law taper (p = 1 red lines and p = 2 blue lines). Rates for all magnitudes above the mini-
mum magnitude (M) of the seismogenic source were removed entirely for points falling directly within the projected fault

polygon.

whereas the geometry of the fault-plane surface projec-
tion governs how this area is partitioned between the
fault projection itself and the surrounding deformation
buffer. As a result, seismogenic depth and fault dip in-
fluence the buffer definition indirectly. Larger seismo-
genic thicknesses and lower dip angles increase the sur-
face projection of the fault plane, thereby reducing the
residual area assigned to the buffer, while preserving
the same magnitude-dependent total deformation foot-
print. Conversely, near-vertical faults produce negligi-
ble surface projections, in which case the deformation
footprint is represented almost entirely by the buffer.

Moreover, the method is primarily intended for faults
capable of rupturing the surface; although it can be ap-
plied to blind or deep-seated faults, caution is required,
as surface deformation inferred from InSAR may be less
representative of rupture dimensions, potentially lead-
ing to an overestimation of the effective deformation
area. In this case, the buffer definition should be treated
as a conservative upper bound.

Overall, the proposed framework is intentionally de-
signed to make key modeling assumptions explicit and
transparent. By treating parameters such as the taper
exponent, deformation footprint geometry, and empir-
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ical magnitude-area regression as sources of epistemic
uncertainty, the method naturally lends itself to imple-
mentation within a PSHA logic-tree structure. This flex-
ibility allows users to explore alternative representa-
tions of on-fault and off-fault seismicity and to assess
their influence on seismic hazard estimates, supporting
robust and defensible hazard analyses in both regional-
scale and site-specific applications.

6 Conclusions

We introduced a physically motivated method for inte-
grating fault-based and diffuse seismicity within earth-
quake rupture forecasts by leveraging an empirical re-
lation between moment magnitude and the areal ex-
tent of permanent ground deformation. The deforma-
tion footprint provides a natural spatial domain over
which off-fault seismicity should decrease, relaxing the
traditional separation between on-fault and off-fault
events. This transition is achieved through a distance-
dependent power-law taper, which steepens near the
fault surface—where independent large off-fault rup-
tures are unlikely—while remaining smooth and conser-
vative at greater distances.

The method addresses two persistent challenges in
combined ERF models: the potential double counting
of earthquakes in the overlapping magnitude range and
the artificial boundary between fault and distributed
sources. By removing or reducing off-fault rates only
within the deformation-derived buffer, the model en-
sures consistency with the physical dimensions of seis-
mogenic structures and avoids abrupt or arbitrary spa-
tial discontinuities.

A key advantage of the approach is its simplicity and
adaptability. It can be implemented within any ERF
framework, including those used in national seismic
hazard models, without requiring complex tuning or ex-
tensive new datasets. The method also naturally incor-
porates regions where multiple deformation footprints
overlap, further reducing the likelihood of supraseis-
mogenic off-fault ruptures in structurally dominated ar-
eas. Overall, this deformation-based taper represents a
transparent, reproducible, and physically informed so-
lution that can improve the integration of fault and dis-
tributed seismicity in seismic hazard assessment.
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