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This study critically examines the use of geodetic strain rates for forecasting long-term earthquake
rates in a slow-deforming region such as Italy, challenging the prevailing assumption of their temporal
stationarity in interseismic stages for seismic hazard analyses. Typically, earthquake-rate models
derived from geodesy assume stationary interseismic loading rates, with stress rates in the upper
crust proportional to geodetic strain rates, leading to earthquake rates directly proportional to these
strain rate tensors. However, our analysis unveils a pronounced correlation between the epicenters of
earthquakes that occurred in the past 60-120 years and areas forecasted for higher future earthquake
rates based on geodetic strain rates. This correlation appears weak and scattered in analyses of even
older earthquakes. To corroborate our findings, we select the 2009 L'Aquila earthquake (m,,=6.3)

to prove that its apparently marginal viscoelastic relaxation significantly alters the time series of
adjacent benchmarks for the following ~ 30-60 years, explaining the high correlation between recent
earthquakes and strain rate peaks. Our findings require a methodological shift in interpreting geodetic
data for earthquake forecasting, emphasizing the two-component (plate-tectonics-driven stationary
long-term deformation, and decadal transient viscoelastic relaxation after an earthquake) nature of
crustal stress accumulation recorded in geodetic data. We underscore the potential of geodesy-derived
forecasts to provide deeper insights into seismic hazards, stressing the importance of acknowledging
the long-term temporal variability inherent in geodetic measurements.

Geodetic measurement of crustal strain rates is an essential contributor to long-term seismicity models, because
it can detect the accumulation of elastic strain energy even where traditional signs of seismicity are lacking (e.g.,
where active faults are poorly exposed, or when the historic earthquake catalog is short). Recent models have
utilized geodetic data to forecast seismicity, relying on the premise of stationary geodetic velocities between
major seismic events. A non-exhaustive list of this rapidly expanding literature goes back to Bird and Liu' and
Shen et al.%. Both models assumed the geodetic velocities to be steady between large earthquakes; Bird and Liu'
corrected them for near-fault elastic transients and then used them as kinematic constraints for the long-term
deformation model, which was then converted into seismicity rate forecasts. Instead, Shen et al.> assumed the
amplitude of the earthquake magnitude distribution to be proportional to the maximum horizontal shear strain
rate. Then, Bird et al.® and Bird and Kreemer* converted the Global Strain Rate Map® into a global seismicity
rate forecast (but this time, not correcting for near-fault elastic transients). Notably, a global seismicity model
including the strain rate contribution® demonstrated good performance both in global and regional perspective
experiments’?®,

More recently, regional forecasts have been published for Italy®, the India-Eurasia collision zone!®!!, the
southeastern Tibetan Plateau'?, Japan'?, and New Zealand'*. Comparing these works, some small differences in
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the 2D (or even 3D) strain rate tensors may derive from different schemes for obtaining them by spatial inter-
polation of the benchmark velocities. Indeed, quantification of geodetic strain rate uncertainties related to data
noise and station spacing has been increasingly explored as well as differences in resulting strain rates between
methods’. Using multiple methods to tune parameters and calculate strain rates provides a better understanding
of the range of acceptable models for a given velocity field.

Regardless of the numerical differentiation used for interpolating spaced data, the earthquake forecasts assume
that the observed velocity field provides a smoother and more stationary representation of seismic potential than
the inherently discontinuous record of long-term strain accumulation observed along active faults. However,
geodetic strain rates are far from being stationary. Different processes are recorded in time series, such as phase/
range errors, periodic signals in site response/multipathing, nontectonic processes (site instability, anthropogenic
water withdrawal, recharge, or disposal), glacial isostatic adjustment, stage of the seismic cycle (coseismic, post-
seismic or early interseismic, late interseismic) and secular drift. This last process is the main target of neotectonic
modelers because it can be reasonably assumed to be constant for thousands of years, and it varies spatially
according to the tectonic tractions and the lithosphere strength controlled by frictional slip at low temperatures
and dislocation-creep at high temperatures'®!”. The assumption of stationarity required for long-term seismic-
ity forecast is valid only if the secular drift is correctly mapped and the other processes are handled correctly.

This work focuses on the latter two processes (stage of the seismic cycle and secular drift) and inspects
whether the long-lasting viscoelastic response to an earthquake is incorrectly mapped into (interpreted as)
secular drift. If there are no such complications, long-term average strain rates are expected to produce long-
term earthquake catalogs as long as the coupled thickness (long-term seismic coupling times the depth extent
of seismicity) is correctly defined!®.

Identifying and eliminating the time-variable component due to the seismic cycle is straightforward for the
coseismic and early interseismic (postseismic) phases because the process is evident in individual benchmark
time series and can be easily subtracted to determine the secular drift; however, after a few years, these effects get
smaller and less noticeable, but may still be present and perhaps incorrectly modeled as secular drift. Thus, in this
case, geodetic measurements might more accurately be described as the result of a complex interplay between the
long-term lithospheric responses to plate tectonic forces, such as brittle-frictional strength at low temperatures
and dislocation creep at high temperatures, and the viscoelastic responses of the crust to seismic ruptures that
occurred tens of years before and that altered the stress field surrounding the earthquake!®?°.

For example, the 1857 Fort Tejon earthquake in California is expected to still perturb the geodetic veloc-
ity field, hence the strain rates and the geodetically-derived earthquake rate forecasts. One approach has been
recently developed to quantify the viscoelastic perturbations (defined as "ghost transients" in Hearn et al. 2013*°)
in the geodetic velocity field of California to correctly calculate steady-state seismicity forecasts. In the origi-
nal definition, "ghost transients" included but were not limited to postseismic deformation; they are nonzero
throughout the whole seismic cycle and define a correction to the velocity field for determining the secular drift
and forecasting long-term earthquake rates??2. Still, discriminating the steady-state long-term contribution
from the transient one is tricky because any time-series modeling attempt will remain blind to previous strong
earthquakes if their location and magnitude—or even existence—are unknown. Consequently, the principal sci-
entific update of the Western U.S. Geodetic Deformation models was the correction of the geodetic time series to
consider the time-dependent relaxation of the lithosphere after a few historic strong earthquakes (m > 7). Future
deformation models are recommended to include "ghost transients" due to recent earthquakes®, though their
exact position remains challenging for older earthquakes predating an adequate seismic network.

However, if the historical earthquakes of the past 200-300 years and their positions are well known, we
could focus on the early stage of the seismic cycle, and then a different scientific question arises: Can time series
and resulting strain rate maps conserve the memory of postseismic stresses due to earthquakes that occurred
decades/centuries before geodetic measurements? Answering this point is crucial because the criticism of the
steady-state assumption regarding geodetic strain rate maps weakens the scientific background of any seismicity
forecast derived from geodetic data. However, the ultimate answer cannot solely derive from the geodetic time
series. Even after decades of measurements, they will probably not be abundant and precise enough to completely
unravel the complexity of the lithosphere viscoelastic behavior. Consequently, if part of the geodetic deformation
results from the transient response of the lower crust (or upper mantle) to the most recent large earthquakes and
not long-term tectonic forces, the geodetic strain rates must not be used to forecast long-term seismicity without
adequate correction of the benchmark time series.

Geodetic measurements and the catalog of past earthquakes in Italy are suitable datasets for investigating the
early decadal interseismic stage due to the long and accurate historical seismic catalog and modest rates of tec-
tonic deformation. Italy is part of the greater Alps-Himalayan orogen, and it is currently deforming at low rates;
in the Apennines, the long-term horizontal extension rate is roughly 2-4 mm/yr*** and horizontal convergence
in the Southern Alps is not expected to exceed 1-2 mm/yr**?’. These low rates are ideal for better capturing the
long-lasting viscoelastic response of the lower crust and upper mantle to the impulsive stresses produced by
moderate earthquakes, which might be lost in fast-deforming orogens or plate boundaries. Second, the Italian
catalog of historical earthquakes CPTI15? is probably the most comprehensive, given its completeness (both
in space and time), even to relatively low magnitudes. For example, historical and statistical analyses indicate
that the catalog has not missed any earthquake with m,,>5.9 since 1780 AD%. Thus, analyses of paleoseismic
data and active faults are in the fortunate situation of complementing the numerous historical sources instead
of providing loose estimates for the earthquake epicenters (See Fig. 1).

Given these peculiar geodynamic and historical circumstances, our investigation of the spatial and temporal
effects of previous earthquakes on geodetic strain rate maps has potentially far-reaching implications for many
regions of the Earth, enhancing the methodological framework for correlating strain rate maps to seismicity
forecasts and/or the long-term viscoelastic response of the lithosphere to earthquakes.
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Fig. 1. Inred the m>5.9 earthquakes from the CPTI15 catalog since 1780 AD, in purple the Seismogenic
Sources (active faults) from DISS 3.3.0 database™, in black the geodetic velocities from Serpelloni et al.?*, relative
to stable Eurasia.

Results
Background to the modeling approach
The classical viscoelastic cycle for a volume of the crust in an active orogen (as the central Mediterranean) is
relatively simple: slip along a fault occurs when the shear traction on the fault surface is equal to the frictional
threshold, allowing the blocks to slip on the two sides of a fault. As sliding starts, the fault friction decreases. If
the decrease is fast enough, it may lead to accelerations in the surrounding crust, which may produce seismic
waves. A slower decrease in fault strength may give rise to an aseismic slip event. Whether slip is fast or slow,
the analytic theory for dislocation patches in elastic half-spaces shows that deviatoric stresses (if initially quasi-
uniform) will decrease in two large volumes adjacent to the rupture surface, while increasing in smaller volumes
adjacent to the rupture edges (e.g., King et al.*!). In the few years after the earthquake, the newly-stressed margins
of the rupture and adjacent crustal and upper-mantle volumes respond viscoelastically to these stress changes. In
this phase, the strain rates (and the stress rates) for fault-adjacent crustal volumes likely exceed their long-term
rates. Note that under this time-dependent scenario, the incremental strain rates and stress rates initiated by fault
slip are expected to diminish as the relaxation of transient stresses in the rupture-margin zones is completed. In
a later phase, adjacent crustal volumes may experience strain rates lower than the long-term tectonic ones'*?!.
The duration of the initial phase remains uncertain: postseismic transients, such as the poroelastic rebound or
afterslip, are better captured and reported in the first months to years after strong earthquakes. However, increas-
ing literature suggests long-lasting transients, including the spread of viscoelastic relaxation of the lower crust
and upper mantle and localized afterslip of the deep shear zones.

To check whether the interseismic geodetic strain rates for the Italian peninsula are stationary, we performed
a statistical test comparing the position of past epicenters with the patterns in the earthquake rate forecast maps
derived from uncorrected geodetic strain rates. For this aim, we first determined the spatial distribution of the
averaged long-term interseismic model of 2D strain rates with NeoKinema code'**, under the traditional assump-
tion that the geodetic velocities mainly contain the long-term secular drift. The model strain rates have been
determined through a joint inversion process, integrating the geodetic velocities from Serpelloni et al.*> and the
interpolated SHmax directions from Mariucci and Montone*, which have been proven to be effective in reduc-
ing the noise of non-tectonic transient of geodetic data*. While the authors have removed coseismic and very
early postseismic deformations for the strongest earthquakes that occurred in Italy after 2009 in the solution of
Serpelloni et al.”*, we adopted the scheme reported in Bird and Carafa® to discount the inflation/deflation of the
magma chambers of active volcanoes. Then, we forecasted earthquake rates from geodetic strain rates, assuming
a Tapered Gutenberg-Richter earthquake size distribution® [see Methods]. Forecasts have been determined on
an equally-spaced grid of 0.2° we staggered the forecast cells, creating 4 variants of the same forecast to better
capture the spatial uncertainty of the strain rate estimates due to the cell position (Fig. 2).

The seismicity forecasts derived from geodesy are expected to exhibit a smoother map pattern than those
derived from a fault model; despite these differences, integrating the moment rate from a strain rate model or
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Fig. 2. Left: the reference strain rate model determined with NeoKinema. Right: earthquake rate forecast on a
0.2°x0.2° grid (see Methods for detail on translating the strain rates into earthquake rates).

a fault model should yield identical results if geodetic strain rates are stationary. Hence, the seismicity model
can be scored against actual earthquakes to test its spatial performance and stationarity in time. To measure if
and how well past epicenters reported in the historical CPTI15 catalog match the forecast peaks, we applied the
information score (success) I;*® which can be described as the mean information gain (measured in binary bits)
per earthquake over a simple model with a spatially uniform earthquake rate (see Methods). The lower the I,
the worse the model performance in reproducing the spatial pattern of the test earthquake catalog. Basically,
our statistical test is a retrospective performance of the earthquake rate forecasts and the strain rate map and
simultaneously checks whether the pattern of the I; variation is informative of the stationarity of stressing rate on
the crustal volumes after strong earthquakes in Italy. The underlying idea of this test is that I; may be randomly
distributed around its central value if the strain rate map were free from any transient viscoelastic strain rates
(due to the early interseismic stage) and genuinely representative of long-term deformation rates; otherwise, an
increasing pattern of I; moving to the present should be evident.

After some preliminary examinations, we chose m>5.9 as the minimum magnitude for defining the test
earthquakes. However, our results remain valid for higher magnitudes; this threshold allows us to consider a
consistent number of historical earthquakes since 1780 AD, which approximately defines the completeness year
for m>5.9. We also examined the impact of CPTI15 earthquake epicenter errors, which were reported to vary
up to 8-10 km, by generating perturbed catalogs based on the 1-sigma uncertainty. Randomly sampling these
errors, we assessed their effect on the I; standard deviation across ten synthetic catalogs and found it remained
stable irrespective of grid spacing [see Methods].

|1 peaks: distinguishing active faults from stable regions?

The analysis of spatially-staggered grid forecasts for the 47 m > 5.9 earthquakes from the CPTI15 catalog reveals
I, scores ranging between 0.59 and 0.78. This means that the grid cells containing these earthquakes generate
seismicity forecasts, and describe 2D strain rate tensors, which are 50% to 75% higher than the average across
Italy. The I, scores for m > 5.9 earthquakes prompt two possible interpretations: (a) the spatial peaks in strain rate
reflect the secular drift, hence they are stable, long-term indicators of regions with a higher seismicity forecast, as
validated by historical earthquake epicenters, or (b) the strain rate peaks are influenced by the ongoing response
of the lithosphere to recent seismic events, hence not fully representative of the secular drift (Fig. 2).

We tested the first option using Italian active faults (seismogenic sources from the DISS database, DISS
2021). Although Italy is in a slow-deforming sector of the Alpine-Himalayan orogen® without distinct plate
boundaries, earthquakes are predominantly concentrated along active faults of the Apennines and the Southern
Alps (see Fig. 1). The distribution of historical earthquakes might suggest that the I, pattern reflects an average
scenario where earthquakes randomly occur on active faults. The I; scores of the m = 5.9 CPTI earthquakes and
DISS active faults (seismogenic sources) should be comparable in this case. To explore this scenario, we assessed
I, values based on the surface projections of seismogenic sources from the DISS database against earthquake
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forecasts derived from strain rate maps. We are aware that a fraction of differences in seismicity forecasts among
various active faults could be attributed to varying slip rates. However, a meta-analysis on throw rates by Carafa
et al.”® revealed that conventional sampling techniques often underreport slip rate uncertainties, a discrepancy
highlighted when multiple methodologies assess the same fault. Given the overlap between the uncertainty of
slip rates and the slip rates themselves (~0.5 mm/year) for the Italian territory, we built a synthetic long-term
earthquake catalog uniformly sampling the surface projection of DISS seismogenic sources (DISS Working
Group,2021°%; see Method). The calculated I, from the DISS-derived seismicity catalog, juxtaposed with geodesy-
derived forecasts, yielded a gain of I; = 0.15, indicating the DISS seismogenic sources describe strain rate regions
with slightly higher strain rate than the Italian average but lower than that 0.59 <I,<0.78 of recent earthquakes.
The two I, are not comparable, and this discrepancy steers us towards the latter interpretation, suggesting a
temporal pattern in geodetic strain rates with their peaks linked to the time elapsed since the most recent seismic
events. At this point, we hypothesize that this temporal pattern is likely due to the lithosphere volumes being
in an early interseismic stage, thus deforming at a higher rate than expected for secular drift. In Fig. 3, we chart
the year against I, for each analyzed earthquake, the average I, for m>5.9 CPTI earthquakes, and the I, for the
DISS-derived earthquake catalog, which appears to define a rough minimum for I, of earthquakes since 1780.
This pattern indirectly supports the hypothesis that plate-tectonic long-term and short-term stresses from recent
earthquakes sum up and drive the lithospheric viscoelastic response. Furthermore, the low I, of Italian active
faults seems to confirm that in slow-deforming orogen, it is hard to capture the interseismic stage of active faults
if they are not known in advance.

I, peaks: testing the time-dependent gain influenced by recent earthquakes

Once we had collected these indications that the observed strain rate pattern (and the associated seismicity fore-
cast) was a complex viscoelastic response of the lithosphere characterized by multiple decay times, we performed
some tests to reinforce (or refute) our findings.

First, we note that the GNSS solution used to derive the earthquake rates already contains an exponential
adjustment of the GNSS time series calibrated to the first few months after the earthquake occurrence. However,
this correction may not capture multiple decay times, thus the comprehensive viscoelastic deformation spectrum.
Furthermore, observed strain rate peaks may stem from earthquakes preceding the GNSS measurement period,
which are not included in the time series correction.

To better enlighten the time variability of I}, we analyzed the contribution to each m>5.9 earthquake since
1780 (Fig. 3), which reveals a trend where the contribution to the gain increases closer to the present day. Further
emphasizing this point, we computed the moving average of I, for sets of 10 events (adjacent in time) based on
the 47 m>5.9 earthquakes recorded over the past 240 years. This analysis identified the highest moving average
of I;=1.37 for the most recent 10 earthquakes, from the 1976 Friuli earthquake to the 2016 Norcia earthquake.
This finding indicates that grid cells encompassing the latest 10 7> 5.9 earthquakes exhibit an increase of 2.6 in
the strain rate than the overall spatial average. Over time, the observed rising trend of I, points to multi-decadal,
time-dependent transients following historical seismic events, as well as a component of long-term steady-state
tectonic loading.

We conducted a further statistical analysis to determine when the I; gain becomes negligible, dividing the
catalog of 47 magnitude > 5.9 earthquakes into two temporally-separated groups. The initial set comprises older
earthquakes, while the latter consists of recent events. By shifting the central year, which separates the two sub-
sets, and applying a Wilcoxon test, we identified significant I, median differences between the groups (Fig. 4).
According to this test, the period from 1900 to 1960 AD marks the divide, segregating the catalogs into an older
segment with lower I; and a newer one with greater I,, indicating that the duration of the long-lasting postseismic
transient approximates 60-120 years. This conclusion aligns with the I, temporal trend (Fig. 4).

Our Methods section validates that our results remain unaffected by specific interpolation parameters or grid
cell spacing choices. In detail, any interpolation with an L,-norm to geodetic data within 0.3 to 0.7 mm/year and
grid spacing for seismicity forecasts in the 0.1°-0.3° range consistently demonstrates the same I; enhancement
for post-1900 AD earthquakes.

Single Earthquake /, I, moving average (10 earthquakes)
2.0 1, to the strain rate map
1.6
1.2 Average /, of CPTI15
: earthquakes (m>5.9)
08 e |, of DISS database
0.4 ) )
; moving average
0.0 000 (10 earthquakes)
04 I, for each CPTI15
0.8 LR
. earthquake
1800 1850 1900 1950 2000 1800 1850 1900 1950 2000
Year (AD) Year (AD)

Fig. 3. I, score for each single earthquake in the CPTI15 historical catalog and I, moving averages determined
on 10 earthquakes (adjacent in time). The average I; of CPTI15 and DISS are reported.
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Fig. 4. Statistical test to discriminate the year dividing older earthquakes with random and lower I, from
recent ones with higher I,. The p-values are reported with the dashed blue line. The p-value below the red line
(p-value=0.001) identify the years for which the two catalogs are statistically different. The minimum p-values
are found in the range 1900-1960 AD. Hence, the earthquake population before 1900 AD is significantly
different than the one after 1960 AD, with the transition between the two being unclear. In the map, we plot the
two sub-catalogs that resulted from the lowest p-value in 1900 AD (grey vertical bar).

A case study: the multi-decadal transient due to the L'Aquila 2009 (m,,=6.3) viscoelastic
relaxation

To elucidate the long-term effects of a moderate earthquake on the geodetic strain rate map of a slow-deforming
orogen such as the Alps-Apennines, we selected the 2009 LAquila earthquake. Previous literature has predomi-
nantly focused on afterslip distribution, released mainly within the first 300 days post-earthquake®*’. These
studies explicitly overlooked the longer-term viscoelastic relaxation due to the short duration of the investiga-
tion periods***!. To fully assess the subtle yet enduring viscoelastic relaxation and to discount the influence of
residual afterslip—which predominantly affected benchmarks near the causative fault—we selected only stations
positioned longitudinally to the fault strike and located more than 40 km from the fault. This choice resulted in
14 well-placed benchmarks to capture potential transients (see Fig. 5). We analyzed two interseismic solutions:
the first ended on the day of the main event (6th April 2009), and the second spanned from 1st June 2010 to 24th
August 2016, ending with the m, =6.1 Amatrice earthquake, which likely influenced the viscoelastic response
initiated by the LAquila earthquake.

We tested various rheologies to match the observed differences in velocity solutions before and after the
L’Aquila event to the predicted viscoelastic responses of the lithosphere. Several viscosity profiles were found to
better explain these differences through a viscoelastic transient rather than through measurement random noise
(see Methods for details). Based on the geodynamics of the area, we selected as the preferred viscoelastic model
for the Tyrrhenian benchmarks the one with a lower crust analogous to a Maxwell body (viscosity =5 x 108
Pa-s) and an upper mantle resembling a Burger body, characterized by short-term viscosity of 5x 10'” Pa-s and
long-term viscosity of 1 x 10 Pa-s. Conversely, the Adriatic lithosphere is modeled similarly for the lower crust
but with a stronger upper mantle (short-term viscosity of 5x 10" Pa-s and long-term viscosity of 1 x 10?! Pa-s),
reflecting the geodynamic settings of the Adria foreland**** (see Methods). The elastic parameters for both
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Fig. 5. Left: horizontal velocities before (in grey) and after (in black) the 2009 mw = 6.3 TAquila earthquake.
The causative fault (in blue) and coseismic and early postseismic are from Ragon et al.*®. The modeled horizontal
average velocities of the viscoelastic transient are plotted in red. Right: the spatial distribution of intensity and
direction of the viscoelastic transient between the 1st of June 2010 and the 24th of August 2016. Black squares
represent the Adriatic benchmarks, and black circles represent the Tyrrhenian benchmarks (Color figure
online).

the Tyrrhenian and Adriatic lithospheres were derived from seismic velocities and densities as determined by
Magnoni et al.**. The improvement of this model over a model attributing differences to measurement errors is
above 25% for the Tyrrhenian side and approximately 20% for the Adriatic side.

The viscoelastic velocities in this model exhibit temporal and spatial trends that mirror the long-term inter-
seismic extensional strain rate (secular drift) expected for the central Apennines. This compatibility between
the secular drift and the early interseismic phase implies a non-marginal possibility of overlooking the transient
signal due to the viscoelastic relaxation. If we consider two points located longitudinally from the fault strike on
both hangingwall and footwall to a distance of 50 km, this transient extension rate peaks in the first decade after
the earthquake, averaging approximately 0.6 mm/yr, and may remain greater than 0.3 mm/yr for the following
30 years, persisting above 0.15 mm/yr for approximately 50-60 years. These findings are unaffected by the sub-
jective choice of viscosities, as detailed in the Methods section, and align with: (a) the 60-to-100-year interval
in which the elapsed time of earthquakes still shows a consistent I, gain in the strain rate map; (b) the Wilcoxon
test for splitting the earthquake catalog into two statistically distinct sets with different I; gains. This case study
suggests that the postseismic effects of similar earthquakes (e.g., the 1997-1998 Colfiorito earthquake) or even
larger ones (e.g., the 1980 Irpinia earthquake) from the past 60100 years continue to influence time series data,
potentially amplifying the long-term secular drift.

Although these rates might seem minor along fast-deforming plate boundaries, they are significant to the
long-term interseismic strain rates in a slowly deforming region like Italy. Notably, the subtle impact of the
postseismic viscoelastic transient from the UAquila earthquake is evident when comparing interseismic strain
rates calculated with geodetic data gathered and published before the earthquake—or explicitly excluding any
data thereafter*®*’—with more recent measurements that include a decade post-event, encapsulating the vis-
coelastic response.

Discussion
Transient rheology and its implications for seismic hazard assessment
The main target of our work was to understand whether the peaks in the strain rate map of a slow-deforming
region, such as the Alps and Apennines, were genuinely representative of the secular drift or partially related to
the subtle multi-decadal transients of recent earthquakes. Our analysis, spanning 240 years of complete earth-
quake catalog for magnitude m > 5.9 and investigating the effect on long-term interseismic transient due to the
viscoelastic relaxation after the CAquila 2009 earthquake, has revealed that geodetic strain rate maps of Italy
highlight crustal volumes with transient viscoelastic relaxation and thus with overpredicted future earthquake
rate densities. This unrealistic pattern of the steady secular drift, resulting from transient responses to earthquakes
over the past century, challenges long-held assumptions in the seismic hazard community about the stationarity
of geodetic strain rates for earthquake rate calculations. Such findings resonate with existing literature, including
Ingleby and Wright*®, suggesting postseismic transient patterns may persist for decades, possibly necessitating
a new evaluation of seismic hazard models to account for these processes. In this sense, there is an apparent
misalignment (or an incomplete knowledge transfer) between the seismic hazard community and the geodetic
communities because the former has not yet entirely accepted the information that geodetic strain rates are not
stationary. In contrast, the geodetic community is almost unequivocal on this point because many works have
argued for long-term non-steady deformation by investigating the long-term effects of the viscoelastic response
to past earthquakes®*->2.

Two competing (and possibly complementary) models can explain the transient spatial pattern of recent
earthquakes: deep fault shear zone deformation in 2-D or viscoelastic relaxation of the crust and mantle in
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3-D. The main difference between the two models is the localized spatial pattern of a few tens of kilometers
around the fault for the first hypothesis, which agrees with geological findings from exhumed roots of faults
showing that deformation at depth is delimited into shear zones up to a few kilometers wide®=>%. A broader
and smoother deformation pattern characterizes the viscoelastic relaxation of the lithosphere. In the case of the
L'Aquila earthquake, we have proved that the viscoelastic transient can explain the different velocities before and
after the earthquake. Still, we think our analysis is inadequate in discriminating among complementary processes,
underscoring the complexity of interpreting geodetic data to accurately model the time-varying spatial patterns
of each postseismic process. For example, different works®’ = reported an apparent increase in the lower crust
and upper mantle viscosity over time after earthquakes, whereas other works have reported possible smaller
viscosities for the lithosphere closer to the earthquake than for the distant one®. A complicating factor is that if
relaxation is governed by nonlinear dislocation creep, then effective viscosity is not a simple material property
but also depends on the differential stress level. This point may explain viscosities that appear to change through
time. Thus, it cannot be excluded that late transients after an earthquake localize in the surrounding of the host-
ing fault due to viscosity variation of the deep shear zone, which we excluded in our modeling of the lithosphere
viscoelastic transient due to the UAquila earthquake.

Seismic hazard: future directions and stakeholder engagement

In past years, the catalog of historical earthquakes has been the primary input for seismic hazard models in
Italy, with the geological information being supplementary to provide some kinematic constraints. An ensem-
ble model of ten seismicity forecast rates has been calculated in the recently published Italian Seismic Hazard
Model®. The summed weight of the seven forecasts based primarily on the historical catalog is 0.85, whereas a
weight of 0.13 was assigned to the forecast mainly based on the database of the seismogenic sources (i.e., faults;
DISS Working Group, 2021°). The remaining marginal weight (0.02) given to the two geodetic models describes
an open-minded but cautious approach toward the geodetic measurements in a region with a well-populated
historical catalog (likely the richest of sources describing the earthquake effects in historical times) and a well-
rooted experience with fault-based seismicity rates forecasts. Instead, the two geodetically-derived earthquake
forecasts resulted from recent modeling®**®! on converting geodetic strain rates to earthquake forecasts under
the assumption of steady state interseismic horizontal velocities at GNSS benchmarks. In this sense, our results
support the cautious choice of small weight assigned to the geodetic-derived seismicity forecasts for a national
seismic hazard to be used for emergency planning and seismic risk mitigation.

Our study underscores the opportunity to improve geodesy-derived seismic forecasts, advocating for time
series corrections informed by independent physics-based models as we proved for the multi-decadal viscoelastic
transients of earthquakes. Geodetic solutions need to be adjusted to meet the requirements demanded by long-
term seismicity forecast models, which assume long-term steady rates. However, this assumption is not univer-
sally valid in Italy, as we have proved that time-dependent multi-decadal lithosphere viscoelastic responses to
moderate-to-strong earthquakes can occur. Additionally, geodesy-based forecasts assume that the stress rates in
the upper crust are proportional to the geodetic strain rates, which is false in some regions undergoing distributed
permanent deformation or along faults with aseismic sliding. Thus, it is rational and important for catalog-based
forecasting to check and supplement geodesy-based forecasting.

Furthermore, while short-term transients like hydrological changes or slow landslides are typically handled
through the use of independent datasets, our work challenges the assumption popular in the seismic hazard
community that the resulting interseismic velocities are truly stationary over decades to centuries. The geodetic
community is almost unequivocal in rejecting this assumption because many works have argued for long-term
non-steady deformation by investigating the long-term effects of the viscoelastic response to past earthquakes.

This point highlights the necessity for a complete knowledge transfer between the geodetic and seismic hazard
communities to establish advanced methodologies that accurately capture the complexities of time-dependent
crustal deformation over prolonged periods and, consequently, determine robust seismicity forecasts. Accord-
ingly, in slow-deforming regions affected by moderate earthquakes, increasing the density of benchmarks in
areas impacted by historical earthquakes could provide finer resolution data to better characterize changes in
lithospheric viscosity over time and better seismicity forecasts.

Future research should leverage high-resolution geodetic measurements (both GNSS and InSAR) and inter-
disciplinary approaches between geodesy analysts, neotectonic and seismic hazard modelers to develop more
accurate and effective discrimination between the secular drift and the transient correction due to the stage of
the seismic cycle for any volume of the lithosphere. We anticipate that progress in these areas will lead to greater
collaboration with stakeholders such as policymakers, urban planners, and the insurance industry, which is
essential for turning these scientific discoveries into practical measures for mitigating seismic risks.

Method
Interseismic strain rate model and Seismic Moment Rate
The spatial distribution of long-term-averge interseismic 2D surface strain rates is calculated with NeoKinema'~2,
a code validated across various orogens®*** and applied in the calculations of earthquake rate distributions®.
The model strain rates are determined through a simultaneous inversion process, integrating the interseismic
geodetic velocities from Serpelloni et al.>* and the interpolated SHmax directions from Mariucci and Montone™®,
which reduce the noise of non-tectonic transient in geodetic data”. SHmax interpolation across the study area
is performed according to the methodology developed by Carafa & Barba® and Carafa et al.,*’, which builds
upon the foundational work of Bird & Li,%. However, in this version of NeoKinema modeling no fault traces or
geologic estimates of fault offset-rates were used.

The general objective function of NeoKinema, which is maximized, is:
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where p is the vector of (scalar) model predictions, and 7 is the vector of (scalar) data; Cgps is the long-term
covariance matrix and n = 1, 2, 3 enumerates 3 target rates associated with 3 independent functionals of perma-
nent strain-rate at each continuum point. In detail, » = 1is the continuum stiffness to be set under the microplate
constraint; n = 2 is the isotropy constraint that allows the 2D strain rate tensor to be oriented as the stress tensor
and n = 3 (not necessary everywhere) is a constraint on the relative size of the principal strain rate values to
match the sense of interpolated regional stresses.

The long-term covariance matrix Cgps is built following the approach of Bird and Carafa (2016); the geodesy-
derived earthquake rate relies on the assumption that the secular drift at each GNSS benchmark describes the
long-term stationary velocity field. Consequently, any further processes stored in the time series (site instability;
anthropogenic water withdrawal, recharge, or disposal; hydrocarbon extraction; magma chamber inflation or
deflation; glacial isostatic adjustment; velocity change due to stress perturbation from the coseismic and early
interseismic stages of the seismic cycle) have to be modeled as noise sources obscuring the secular drift. If a

simple physical model can describe one of these processes, then the Cgps is augmented by the transpose products
of the corresponding velocity perturbation vectors. Carafa and Bird? have proved this approach to be adequate
to isolate the secular drift, and we applied a similar approach to the dataset of Serpelloni et al.?>. In the case of
this velocity solution, the time series have already been corrected for the velocity changes due to coseismic and
afterslip (but not for those due to viscoelastic relaxation). Thus, we built the Cgps by using the geodetic uncer-
tainties and then augmented it with inflation/deflation of magma chambers reported in Carafa and Bird*® by
modeling them as Mogi sources.

Once we have defined the Cgps, we endeavor to optimize the critical parameter A, in Eq. (1) to obtain stable
results regarding spatial strain rate peaks and past earthquake positions. Essentially, a higher A, value favors
precise geodetic data fitting, reducing the focus on continuum stiffness and stress direction constraints. On the
other hand, a lower A value implies a readiness to compromise GPS data fitting in favor of a smoother solu-
tion that minimizes permanent strain-rates between faults and incorporates stress directions where they exist.

To present our results, we selected A;=23 x 107 m? as the exemplary model due to its balanced compromise
between geodetic fitting and stress data integration. Specifically, the L,-norm misfit between geodetic observa-
tions and predictions is 0.45 mm/yr. Nonetheless, we examined five different models to assess the impact of A,
smoothing on the strain rate map and past earthquake positions. These models and their L,-norm relative to
horizontal geodetic measurements in Italy are detailed in Table 1, with their corresponding strain rate maps
illustrated in Fig. 6.

Earthquake forecast from a 2D horizontal strain rate tensor

Let’s define &, and £;, as the principal values of the 2D horizontal strain rate tensor (approximated by the
geodetic strain rate tensor) in a region, with the long-term vertical strain rate defined as &,, = — (&1, + é2p) for
permanent strain mechanisms that conserve volume. To convert the interseismic strain rate into a seismicity
rate forecast, we first calculated the seismic moment rate as

M= (cz)-pu-A- ( mid least )

cos(071) - sin(01)  cos(62) - sin(By) 2)

where p is the elastic shear modulus, A is the surface of the investigated area, (cz) the average coupled thickness
(c is the seismic coupling and z the seismicity cutoff depth roughly corresponding with the transition between
the brittle/frictional upper crust and the viscous/ductile lower crust), §; = 6, = 30° is the angle between the two
active fault populations and the principal strain rates &,;s and jes5, which are defined as &g = €grear — Eieast
with &grear = sup(|&1ul, 18205 1érr]) and Epeass = inf (1111, |21, |€rr|). The most subtle and unknown parameter is
(cz), which is often overlooked under the strong assumption of total seismic coupling leading to (c) = 1. In the
absence of evidence about its value, the most straightforward approach to get around the {cz) calculation is to

assume that M follows a Tapered Gutenberg-Richter distribution®’, and can be explicated as

Ay (x10’m?) | L,-norm (mm/yr)
5 0.72
15 0.50
23 0.45
40 0.40
55 0.30

Table 1. Selected NeoKinema models and their L2-norm misfit to geodetic data.
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Fig. 6. Five alternative strain rate maps using different A, parameters. The strain rate map with A;=23x 10’ m?)
is the reference model for our calculations, although our results are also valid for the other four models.

B _
M, = M .Mclfﬁ ~exp<%) (3)
1- ﬂ Mc

where o is the number of earthquakes above the threshold seismic moment M; in the investigated period, I is the
gamma function, M, the corner seismic moment, § the asymptotic spectral slope at small moments. It follows that

MP.ro— _
aoMtl_Fﬂ(z B pF -exp(%)

Eleast ) “)

(cz) = -
Emi
A (cos(el)-gn(el) t 5,50

By setting Eq. (2) and Eq. (3) equal to each other, we can compute earthquake rates (for various magnitudes)
from strain rates, with an overall calibration to historic seismicity rates. Our brief term for such a product is a
"seismicity forecast." Here, "seismicity" means the rate of earthquake epicentroids, per unit of map area, above a
pre-defined threshold magnitude. While a "forecast" is normally intended to apply to new earthquakes occurring
after the date of forecast computation and publication, it can also be scientifically interesting to compare such
"forecasts" retrospectively to existing earthquake catalogs.

For Italy, we used the CPTI15 (version 4.0, Rovida et al., 2020) catalog of historical earthquakes to determine
M;, M, and g and, consequently, to calculate M;in Eq. 3 (see Table 2 and Fig. 7). Then, we used these values
and the strain rates from each deformation model with variable A, to determine the coupled thickness (cz) as in
Eq. (4). In this way, the total seismic moment is set to M for all deformation models, but its spatial distribution
follow the the strain rate pattern which differs for of each deformation model (see Fig. 6).

The threshold magnitude m; and its changes through space and time are defined both with historical and
statistical approaches®. Using the m; thresholds, we applied the Kijko and Sellevoll®® approach, modified for the
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my 4.5
me 7.2
B 0.70
aoleqs yr™') 5.27

Table 2. Tapered Gutenberg-Richter parameters for converting the strain rate tensor in seismicity forecasts.
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Fig. 7. Parameters of the Tapered Gutenberg-Richter determined from CPTI15 catalog®. The cumulative
number of observed earthquakes is plotted as a red triangle for each magnitude bin. The modeled earthquake
distribution is represented with a black continuous line. The grey area represents the confidence interval of the
model.

tapered Gutenberg-Richter distribution’, to estimate with the maximum likelihood method the parameters
M. and 8.

Finally, the earthquake rate forecasts are calculated on a grid of 0.2° x 0.2°; we staggered the forecast cells,
creating 4 variants of the same forecast to better capture the spatial uncertainty of the strain rate estimates due
to the cell position.

Information score /; and used catalogs (CPTI15 and DISS)

Once we built the seismicity forecasts, we focused on two catalogs to compare them to the forecasts. The first
comprises the 47 m > 5.9 historical earthquakes reported in CPTI since 1780 AD (see Fig. 8), which roughly cor-
responds to the completeness year for this magnitude®. We chose this specific magnitude threshold to ensure a
sufficient sample size of earthquakes for observing any potential variations in the stress rates of crustal volumes
between two moderate-to-strong earthquakes, particularly in regions characterized by slow deformation, such
as the Alps and Apennines.

The second is a synthetic earthquake catalog built on the surface projection of the seismogenic sources (i.e.,
faults) of the DISS database under the assumption that earthquakes are homogenously distributed on the seis-
mogenic sources (Fig. 8).

To evaluate the accuracy with which the earthquakes of both catalogs align with the geodetic forecast, thus
to check the spatial compatibility of past earthquakes and the active fault with the strain rate map, we utilized
the I metric, which is the information score (success) defined by Kagan™ as:

1< Ai
I = — lO - 5
! n; 827 (5)

in which # is the number of qualifying test earthquakes, 4; = /1(7?1-) is the seismicity forecast for the cell con-
taining the epicentroid surface point X j, and & is the density of a spatially uniform Poissionan process that has
the same overall rate of earthquakes. The "success" measure I; can be described as the mean information gain
(in binary bits) per CPTI15 m > 5.9 earthquake over an ignorant model with only a single, spatially uniform
earthquake rate. The lower the I, the worse the model performance in reproducing the spatial pattern of the
earthquake catalog.
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(CPTI15) (DISS catalog)

15

Fig. 8. Tested catalogs. Left: m > 5.9 historical earthquakes from CPTI15. Right: synthetic earthquakes on the
DISS 3.3.0 (DISS Working Group, 2021)* seismogenic sources.

Influence of strain rate smoothing in /; calculations
The selection of the A, parameter influences the smoothing of the resulting strain rate map, not its total seismic

moment, which is set to M; with the appropriate calculation of (cz) in Eq. 4. Thus, the selection of A, could poten-
tially affect our findings on the spatial correlation between long-lasting transients following m > 5.9 earthquakes
and strain rate peaks. For this reason, we calculated the seismicity forecast following the approach described in
the sub-section "Earthquake forecast from a 2D horizontal strain rate tensor" for all five models listed in Table 1
and presented in Fig. 6 on a grid with a cell spacing of 0.2°. Despite the difference in the strain rate map, the
information gains trend in each interval does not change substantially for earthquakes after 1930 AD. Figure 9
shows that the I, increase for the latest earthquakes is evident for all models, even though the model with the
greatest L,-norm misfit to geodetic data (A,=23 x 107 m?) has a slightly different pattern for the time interval
between 1850 and 1930, likely suggesting an upper limit to the admissible A, to be used.

Influence of earthquake position errors and grid spacing in /; calculations
CPTI15 earthquakes are reported with variable coordinate errors of 3-8 km for latitude and longitude. We
explored the influence of these errors, creating different perturbed catalogs assuming that the reported error
describes the 1-sigma uncertainty of earthquake position. We randomly sampled the error of each earthquake
position and then investigated the influence of these uncertainties, studying the variation of I; standard devia-
tions to the number of used synthetic catalogs. As the seismicity forecast is determined for the cells in which the
earthquake falls, we also considered the influence of the grid spacing on the variation of the I; standard devia-
tion, finding that in 10 perturbed catalogs, the I; standard deviation is stabilized, regardless of the grid spacing.
Once we had fixed the number of testing catalogs to 10, we studied also the influence of the grid spacing in
the resulting I trends. In this case, we selected three out of five models presented in subsection "Interseismic
strain rate model and Seismic Moment Rate" representing the maximum smoothing of the strain rate (4,=5x 107
m?), maximum fitting to geodetic data (A,=55x 10’ m?) and a mean model (4,=23 x 10" m?). To magnify the
differences among the models, we assigned a grid spacing of 0.3° to the model with maximum smoothing, 0.1°
to the model with maximum fitting to the data, and 0.2° to the mean model. The main pattern of I; over the

/7 moving average (10 earthquakes)
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Fig. 9. Influence of the smoothing factor A, on the I, moving average (10 time-adjacent earthquakes used to
compute each point) plotted at the mean year of the considered earthquakes.
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investigated years doesn’t change, suggesting that the grid spacing and earthquake position errors do not play a
significant role in localizing the peak of the strain rates (Fig. 10).

Determining the viscoelastic transient due to the 2009 L'Aquila earthquake

To assess the long-term effects of the 2009 LAquila earthquake (m,,=6.3) (Devoti et al.*! and references therein),
we analyzed the time series data from 14 benchmarks equally placed on the hangingwall and footwall. The sta-
tions are > 30 km away from the causative fault to avoid the well-known nontectonic transients, such as velocity
perturbations due to hydrological changes”. Our objective was to compare interseismic velocities before and
after the earthquake and determine if the observed differences align with the expected lithospheric relaxation
from the coseismic impulsive stress. Daily time series fit a linear trend to each benchmark and determine the
horizontal velocities relative to the Eurasia reference frame (see Fig. 5).

For cases like the central Apennines, Pollitz (2003, 2005)**72 suggested fitting postseismic velocities within
selected time windows to mitigate the influence of unmodeled processes and non-tectonic transients that could
skew the model fits. Following this approach, for all GNSS station I, we define for the two geodetic solutions the
vectors of velocity difference Avy and Av; for both the east and north components as

Avk _ VZOStEQ _ 1/ireEQ (6a)

AVJ vpastEQ V]PreEQ (6b)

where vfzre 2 PEQ are the two horizontal components of the solution anticipating the Aquila earthquake and

V‘ZOS[EQ,V;-] S the components in the 2010-2016 period. The correlation matrix defines the uncertainty
2 2
2 2 (U"I-;fStEQ) (UVPkrEEQ>
o ostEQ) + (0 reEQ> — L + =
< Vl‘:k Vik UVEZStEQ UV}}:ZJSIEQ UV};Z]:eEQ Uvilr(eEQ
Gik = ()

2 2
( vﬁ(ovtEQ) N (Uv;)’:aEQ> ( )2 N ( )2
O postEQ O preEQ
5 i’

O postEQ "0 postEQ O preEQ "0 preEQ
e (A

whereas the model predictions are indicated with p, and p;, accordingly, The velocity misfit function for a given
model is then defined as

_ \/Ziﬂ Z}:l (Avk _Pk)cﬁl(AVj - pj) (8)

21

We calculated postseismic velocities using the PSGRN/PSCMP code’”?, which models a multilayered vis-
coelastic half-space with elastic parameters derived from seismic velocities and densities as reported by Magnoni
et al.®*. The assumption that the difference between the two velocity solutions can be (at least partially) explained
by the viscoelastic response of the lithosphere to the 2009 CAquila earthquake is verified by models with ¥ < 1.

We defined two distinct lithospheric profiles: the first for stations on the western side on the thinner Tyrrhe-
nian lithosphere, comprising an elastic upper crust (0-11 km), a lower crust (11-28 km), and an upper mantle
(28-50 km). The second profile is for the thicker Adriatic lithosphere, consisting of an elastic upper crust (0-16
km), alower crust (16-38 km), and an upper mantle (38-80 km). The PSGRN routine computes time-dependent

17 moving average (10 earthquakes)
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Fig. 10. Influence of grid spacing and earthquake error position on the I, moving average (10 earthquakes

at each point) plotted at the mean year of the considered earthquakes. The position of each earthquake is
perturbed ten times by assuming that the error in longitude and latitude reported in the CPTI15 corresponds to
the 1-sigma uncertainty.
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Green functions for various dislocation sources at different depths, while PSCMP uses these results to calculate
co- and postseismic velocities through linear superposition. We utilized the findings from Ragon et al.*® as the

source model for the 2009 LAquila earthquake.

For both the Tyrrhenian and Adriatic benchmarks, we first tested a Maxwell rheology below an elastic upper
crust for both the lower crust and upper mantle. Figure 11 shows that low upper mantle and lower crust viscosi-
ties best model the differences between pre- and post-earthquake interseismic velocities with a normalized misfit
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Fig. 11. Viscoelastic relaxation due the LAquila 2009 earthquake assuming: (a) a Maxwell viscosity for both
lower crust and upper mantle; (b) a Maxwell lower crust and Burger upper mantle; (c) a Burger lower crust and
a Maxwell upper mantle. Grey squares in panel (b) define the misfit of the preferred models for both Tyrrhenian
and Adriatic benchmarks; Black triangles in panel (c) define the misfit of the alternative viscosity model
compared to the preferred one in Fig. 12.
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Fig. 12. Comparison of relative displacement due to the viscoelastic relaxation of the lithosphere between two
points located 50 km away from the causative fault of the LAquila earthquake. Two alternative viscosity profiles
are compared.

of x=0.73 and x=0.85. Despite these results, they did not clearly indicate a preferred rheology. Therefore, we
explored two other alternative viscosity models for both the Tyrrhenian and Adriatic lithospheres: the first with
a fixed Maxwell rheology for the lower crust (viscosity of 5 x 10'® Pa s) and a Burgers rheology with two variable
viscosities for the upper mantle; the second with a fixed Maxwell rheology for the upper mantle (viscosity of
1x 10" Pa s) and a Burgers rheology with two variable viscosities for the upper mantle. These variations did not
conclusively identify a preferred viscosity profile for either side. Nevertheless, across a broad range of lower crust
and upper mantle viscosities, the viscoelastic relaxation models have x<1 outperforming the most straightforward
model, which would attribute the velocity differences to measurement errors corresponding to x=1.

Based on the geodynamics of the area, we subjectively chose a Burger body as the most suitable viscosity
profile for the Tyrrhenian upper mantle (5x 10" Pa s for the short-term one and 1x 10*° Pa s for the long-term
one) as well as for the Adriatic ones (5% 107 Pa s for the short-term one and 1 x 10*' Pa s for the long-term one).
Both lithospheres have a lower crust with a single viscosity of 5x 10'® Pa s. The normalized misfits for this pre-
ferred model are x = 0.72 for the Tyrrhenian and y = 0.82 for the Adriatic benchmarks.

To assess the impact of our model choice, we compared the viscoelastic displacement from our preferred
model with an alternative one defined as a Maxwell body with uniform viscosity of 1 x 10'® Pa s for both Adri-
atic and Tyrrhenian upper mantle and Burger body with short-term viscosity of 5x 10! Pa s and long-term
one of 1x10%! Pa s for the lower crust. This model also retained the elastic parameters from Magnoni et al.**.
The normalized misfits for this alternative model are x = 0.73 for the Tyrrhenian and x = 0.86 for the Adriatic
benchmarks. Figure 12 compares the long-term displacement expected between two stations located 50 km
from the causative fault on both the footwall and the hanging wall for both models. The differences are minor,
yet both models predict that the long-term viscoelastic transient will cause an extension rate exceeding 0.2 mm/
yr for 30-50 years after the earthquake between these points. Higher extension rates are anticipated at shorter
distances, leading to an apparent non-steady localization of the strain rate.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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