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Abstract

We present a probabilistic seismic hazard analysis for the entire Po Plain sedimentary basin (Italy),
one of the widest Quaternary alluvial basins of Europe, to evaluate the impact of site-response
characterization on hazard estimates. A large-scale application of the Approach 3 of the U.S. Nuclear
Regulatory Commission (NRC) to include seismic amplification in the hazard is presented. Both 1D
amplification related to stratigraphic conditions and 3D amplification due to basin effects are
considered with the associated uncertainties, and their impact on the hazard is analyzed through a
sensitivity analysis. While 3D basin effects are considered through the application of an empirical,
spatial invariant correction term, 1D amplification was estimated throughout the study area by means
of dynamic (equivalent-linear) ground-response analysis. To separate aleatory variabilities and

epistemic uncertainties related to site response, a partially non-ergodic approach is used.
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The results provide a finer picture of the actual seismic hazard, highlighting those areas where the
ground motion is affected by amplification effects due to local or regional geological features. We
found that, for a return period of 475 years, neglecting basin effects produces a 30% underestimation
of the seismic hazard in the long-period (> 1s) range. Moreover, with reference to the hazard model
adopted, such effects are responsible for most of the epistemic uncertainty (up to 80%) in the results.
Therefore, such effects deserve special attention in future research related to probabilistic seismic

hazard analysis in the Po Plain sedimentary basin.

Key Points

e \We evaluate the impact of 1D and 3D site-response characterization on seismic hazard in the
Po Plain.

e 3D amplification produces a 30% increase in the hazard and contributes the most to its
epistemic uncertainty.

e To reduce the epistemic uncertainty in the hazard, the characterization of basin effects needs

to be improved.

Introduction

It is well known that the severity and frequency content of the ground shaking at a site are significantly
affected by local stratigraphic and geomorphological features (e.g., Stone et al., 1987; Seed et al.,
1990; Cramer 2006; Ameri et al., 2009; Bradley 2012; Massa et al., 2014; Mascandola et al., 2017;
Felicetta et al., 2021). It follows that a probabilistic seismic hazard analysis (PSHA) based on the
assumptions of level ground and exposed bedrock defines only a rough, basic representation of the
expected ground motion in a certain period of time, which need to be refined through detailed site-
response characterization. In-depth hazard assessments that account for local amplification effects

are mandatory for the design of critical facilities (e.g., dams, oil and gas pipelines, nuclear power
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plants) and recommended to update seismic norms, which typically scale the seismic action through
the application of predefined factors. The latter are defined as a function of simple proxies (e.g., time-
averaged shear wave velocity in the top 30 m of the subsoil, Vs 30) that are roughly representative of
the subsoil and its effect on the seismic ground shaking. Indeed, they only account for site
amplification due to shallow deposits (up to a few tens of meters deep), and disregard the effect of
deep seismic impedance contrasts, which are common in deep sedimentary basins. This is the case of
the study area, the Po Plain (Northern Italy), which is one of the widest Quaternary alluvial basins of
Europe, with an extension of about 50,000 km? (Figure 1a). The Quaternary deposits in this basin are
rather homogeneous throughout its extension, but deep stratigraphic discontinuities exist (from
hundreds of meters to a few kilometers deep), also due to the presence of the Alpine and Apenninic
buried thrust belts (e.g., Martelli et al., 2017; Figure 1a). These discontinuities are responsible for
significant amplifications at long periods (> 1s; e.g., Luzi et al., 2013; Abraham et al., 2015; Lanzano
et al., 2016; Mascandola et al., 2021). Therefore, a PSHA that incorporates seismic amplification
effects poses a significant challenge for this region, considering its high population density, strategic
role on the Italian economy due to the presence of important industrial districts (e.g., related to the
oil and gas production, agriculture), and in the light of the damaging 2012 seismic sequence (e.g.,
Burrato et al., 2012; Luzi et al., 2013; Meroni et al., 2017).

In recent years, site-specific seismic hazard assessments that account for seismic amplification in the
Po Plain area were carried out by Faccioli et al. (2015) and Vanini et al (2018), but extensive large-
scale studies are still lacking. In this area, detailed hazard mapping inclusive of site effects is
nowadays possible thanks to the increasing number of seismic microzonation studies (e.g., Lai et al.,
2020; Martelli and Ercolessi, 2020) and ground-response assessments (e.g., Mascandola et al., 2021).
Examples elsewhere are those of Cramer et al. (2004, 2006, and 2014) and Barani et al. (2020).

In this study, we perform a PSHA that includes site-response characterization on a regional scale by
using the so-called Approach 3 of the U.S. Nuclear Regulatory Commission (NRC) (McGuire et al.

2001), which was originally proposed by Bazzurro (1998) (see also Bazzurro and Cornell, 2004). Our
3
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study takes advantage of previous research of Mascandola et al. (2019, 2020, and 2021) for the Po
Plain sedimentary basin, which aimed at mapping the seismic bedrock and investigating the role of
deep soil deposits on ground-motion amplification. Particularly, Mascandola et al. (2021) defined a
soil amplification model, which focuses primarily on the long-period response (i.e., 1-3 s), by means
of a 1D (equivalent-linear) ground-response analysis performed for each node of a regular grid
covering the plain (Figure 1a). Compared to the predictions of the ground-motion attenuation model
for Northern Italy by Lanzano et al. (2016), the results obtained from the 1D numerical analyses
reflect in greater detail the spatial variability of the subsoil but neglect the 3D amplification related
to basin effects, with a consequent underestimation of the surface ground motion (Mascandola et al.,
2021). Similar results were observed for other sedimentary basins worldwide (e.g., Smerzini et al.,
2011; Moczo et al 2018; Kato et al 2021; Aristizabal et al., 2022).

In the following, we describe the methodology implemented to include both 1D and 3D soil
amplifications in the PSHA. Then, we present the hazard model used in the computations and the
logic tree adopted to manage the epistemic uncertainties in the model. Given the scope of the work,
which focuses primarily on the incorporation and impact of amplification effects on the hazard rather
than on the assessment of the best possible hazard for the study area, only the uncertainties affecting
the assumptions related to ground-motion characterization are considered. Results are then presented
in terms of hazard maps for different response periods and uniform hazard spectra for selected sites.
These are discussed in relation to known regional geological features and compared to those obtained
by assessing the hazard through the conventional Vsaso-driven ergodic approach. Finally, the
sensitivity of the hazard and its uncertainty to the 1D and 3D amplification components is discussed

in detail.
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A Note on Geological Setting

The Po Plain sedimentary basin is located between the thrust belts of the Alps and the Apennines
(Pieri and Groppi, 1981; Carminati and Doglioni, 2012) (Figure 1a). From Late Cretaceous onwards,
the thrusting of these two chains loaded and flexed the continental crust, leading to the formation of
foredeep basins with a thick syn-orogenic clastic sequence (Doglioni (1993) and references therein)
and a complex buried tectonic structure characterized by the south-verging thrust system of the Alps
and the north-verging thrust system of the Apennines (Figure 1a).

Overall, the sedimentary succession is regressive, with deltaic to continental Quaternary sediments
that overlie marine sediments of the Pliocene-lower Pleistocene (Muttoni et al., 2003; Scardia et al.,
2012; Martelli and Romani, 2013). Together, the continental and marine sedimentary layers form the
thick Plio-Quaternary succession, which reaches a thickness of about 8 km in the Apennine foredeep
(Pieri and Groppi, 1981). The Plio-Quaternary succession directly overlies the deep Miocene
sedimentary rock, which corresponds to geologic bedrock. Mascandola et al. (2019) have
distinguished between geologic, engineering, and seismic bedrock. The first is defined according to
the geological evolutionary history of the study area, the second is based on shear-wave velocity (i.e.,
Vs > 800 m/s according to the European Committee for Standardization (2004) and Ministero delle
Infrastrutture e dei Trasporti (2018)), and the third is defined by a marked seismic impedance contrast
where the value of Vs associated with the deep layer approaches or exceeds 800 m/s. According to
these definitions, geologic, engineering and seismic bedrocks may not coincide. In the following, we
will consider the seismic bedrock as the reference rock site condition.

Combining geophysical and geological data, Mascandola et al. (2019) mapped the seismic bedrock
depth. Subsequently, Mascandola et al. (2021) defined a seismostratigraphic model for the
sedimentary cover down to the seismic bedrock (i.e., first hundreds of meters) by means of 3D
interpolation of several 1D shear-wave velocity profiles obtained from microtremor array

measurements and borehole tests. A NW-SE cross-section from this model, showing the variation
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with depth of both the seismic bedrock and the shear-wave velocity of the overlying sediments, is
presented in Figure 1b. Note the deepening of the seismic bedrock towards the south-eastern sector

of the Plain, which implies amplification effects at longer periods (Mascandola et al., 2021).

Methodology

In recent years, significant progress has been made in the field of site-specific PSHA. The works of
Faccioli et al. (2015), Barani and Spallarossa (2017), and Aristizabal et al. (2022) provide a
comprehensive review of the different approaches for the integration of seismic amplification into
PSHA. The fully probabilistic approaches can be grouped into three levels of increased complexity.
The simplest one is based on the use of ground-motion prediction equations (GMPES) for generic
ground types defined according to the proxies (e.g., Vs,30) adopted by building codes for the purpose
of site classification. The second amends an existing GMPE with a site-specific, period-dependent
(or -independent) amplification factor determined from 1D, 2D, or 3D numerical simulations,
regression analysis on ground-motion data (i.e., the site term, 6S2Ss, is quantified by the systematic
deviation of the observed ground motion at site s with respect to the median predicted ground motion),
or Standard Spectral Ratios (SSR). The more complex one, which was originally developed by
Bazzurro (1998) and published by Bazzurro and Cornell (2004) later on, convolves the rock hazard
curve for the site under study with the probability distribution of the amplification at that site. This
method is also referred to as Approach 3 of the U.S. NRC (McGuire et al., 2001). This latter method
has two main advantages: it breaks the problem in two parts (i.e., it separates the PSHA for rock site
conditions and the ground-response assessment), thus facilitating the hazard computation, and allows
for non-linear soil effects. Recently, Barani and Spallarossa (2017) upgraded the convolution method
by separating the epistemic contribution associated with the uncertainty in the soil properties from
the aleatory variability in site amplification due to the different input motions used in the ground-

response assessment.
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The approaches mentioned above can be applied either with or without the ergodic assumption.
According to the conventional ergodic PSHA, the ground-motion variability from a large data set of
ground motions, from various earthquakes recorded at multiple stations, is an unbiased estimate of
the variability at a single site (Anderson and Brune, 1999). Hence, the total ergodic ground-motion
standard deviation (commonly known as “sigma”, o) mixes known (or knowable) and random

residual components:

0 =12 + ¢% =12 + 9,5 + 3 (1)
where 7 and ¢ are the between-event and within-event standard deviations, ¢, . quantifies the site-
to-site variability, and ¢ is the event-corrected single-station standard deviation (e.g., Al Atik etal.,
2010; Rodriguez-Marek et al., 2011).
Conversely, the non-ergodic approach separates those components that are known (or knowable)
because of their repeatable nature, thus allowing for a better representation of the ground-motion
sigma. In the present study, we apply the so-called partially non-ergodic approach to avoid double
counting of the uncertainty related to site response (e.g., Rodriguez-Marek et al., 2014; Faccioli et al.
2015; Mascandola et al., 2017; Barani et al., 2020). Compared to the fully non-ergodic approach, the
partially non-ergodic one separates only the repeatable and systemic component related to the site
behavior from the ergodic sigma, while ignoring those components that are related to earthquake
source and wave path (Lin et al., 2011; Villani and Abrahamson, 2015). The standard deviation for
the partially non-ergodic approach is known as the single-station sigma (Atkinson, 2006),and is given
by:

Oss = m (2)

In simple words, in the partially non-ergodic approach the ground-motion standard deviation is
reduced by an amount (¢, ) that reflects the uncertainty affecting the site amplification term.
Following Rodriguez-Marek et al. (2014), three essential requirements are needed to apply a partially

non-ergodic PSHA approach: (1) the median value of the site-specific amplification (or de-
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amplification) term must be properly estimated, and both (2) the epistemic uncertainty in site
amplification and (3) the epistemic uncertainty in the single-station standard deviation must be taken
into account. In order to determine the site amplification term, which expresses the average deviation
of ground motion at a site from the prediction of the GMPE at hand, we couple the 1D soil
amplification resulting from equivalent-linear ground-response analyses (Mascandola et al., 2021)
with the 3D basin amplification quantified by the dnas term of the regional ground-motion attenuation
model of Lanzano et al. (2016). While the 1D amplification is incorporated into the hazard through
the convolution method of Bazzurro and Cornell (2004), following the upgrade of Barani and
Spallarossa (2017), the 3D amplification is directly incorporated into the rock GMPE selected for the
present application. The methods are described in the sections below and the computational workflow

IS schematized in Figure 2.

Incorporation of 1D Amplification

The convolution method (Bazzurro and Cornell, 2004; Barani and Spallarossa, 2017) computes the
surface hazard curve at the site of interest by convolving two probability distributions. The former is
defined by the hazard curve on rock (which is here amended with the dnas term; see next section), and
the latter is the probability distribution of site amplification, which is expressed by a period-dependent
amplification function AF (T) defined as the ratio of the spectral acceleration at the surface to the
spectral acceleration at the (outcropping) bedrock. The amplification functions for all computation
nodes are shown in Figure 3. It can be observed that they identify two main trends (for further details,
interested readers may refer to the original article of Mascandola et al. (2021)), demarcating two
sectors of the Po Plain: one set of functions is peaked around 1 s (dark gray curves in Figure 3) and
corresponds to the nodes in the northwestern and central sectors of the study area (dark gray dots in
Figure 1a); the other set presents a flatter trend (light gray curves in Figure 3) and corresponds to the

nodes in the southeastern sector of the plain (light gray dots in Figure 1a).
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For a given soil profile, predictive models for AF(T), also termed as Soil Amplification Predictive
Equations (SAPEs), can be determined by regression of AF(T) versus the spectral acceleration on
rock, Sa,.(T). Following Rodriguez-Marek et al. (2014), we adopt a linear model represented by the
equation below:

log AF(T) = ¢1 + clog Sar(T) + €og ar(r) 3)
where c1 and c; are regression coefficients, and &0 45(r) IS the Gaussian residual with zero mean and
standard deviation aiog ar(r) -
Following Bazzurro and Cornell (2004), we assume that AF(T) is drawn from a log-normal
distribution, whose mean and standard deviation are defined by the SAPE of the soil profile of
interest. Hence, one can easily obtain the probability of exceeding a given amplification level
conditioned to a certain value of the spectral acceleration on rock.
The surface hazard curve (i.e., the annual probability of exceeding the ground-motion level z at the

surface) is calculated as:

G(2) = T P[AFD) > x| py(x) @)

J

where P |AF(T) > xi |xj] is the probability that AF (T) is greater than xi given that the rock ground-
J

j
motion level is x;, and pX(xj) is the annual probability of occurrence of X = x; (which can be
obtained by differentiating the rock hazard curve).

In order to account for the epistemic uncertainty in ground response, for each node of the grid in
Figure 1a, Mascandola et al. (2021) applied a Monte Carlo simulation procedure that randomly varies
the values of the soil properties considered in the 1D numerical modelling (one hundred
randomizations were performed). Specifically, for each layer of each soil model, the uncertainty
affecting thickness, shear wave velocity, and in shear modulus reduction and damping ratio curves

was considered.
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While the original method of Bazzurro and Cornell (2004) computes a single SAPE from a set of n
Monte Carlo realizations of the soil model at the base of which k accelerograms are driven, here we
define n = 100 SAPEs (Figure 4a) — one for each Monte Carlo realization (Figure 4b) — for each
computation node according to Barani and Spallarossa (2017). In that study, the authors have shown
that the original approach of Bazzurro and Cornell (2004) mixes the input motion variability and the
uncertainty in the parameters of the soil model, which are both reflected in the value of oyog ar(r) -
While the former has a pure aleatoric nature, the latter is mainly epistemic. In order to separate
epistemic and aleatoric contributions, Barani and Spallarossa (2017) proposes to determine a SAPE
for each one of the n randomized soil models at the base of which k accelerograms are driven. This
leads to a set of n SAPEs (Figure 4a), each of which is then used in the convolution calculations, thus
producing a bundle of site-specific hazard curves at each investigated site (see Figure 2). Besides the
correct separation and representation of epistemic and aleatoric contributions, this approach has also
the advantage of avoiding the over-smoothing of the amplification curves, which occurs when one
averages the amplification functions obtained from n soil samples. Ulmer et al. (2021) have shown
that the over-smoothing of the amplification curves could lead to decreased hazard as the epistemic
uncertainty increases. Moreover, compared to the logic tree approach to manage the epistemic
uncertainty in soil models (e.g., Rodriguez-Marek et al., 2021), it avoids assigning subjective weights
to the alternative assumptions considered. Indeed, weights are implicitly assigned in the Monte Carlo
simulation when sampling the probability density functions associated with the uncertain soil
parameters. Most realizations of the random process are concentrated around the mean of each
probability density function and only few extreme (low likelihood) values are sampled.

It is worth noting that, using the procedure of Barani and Spallarossa (2017), gjog ar(ry represents
the aleatory variability of the seismic amplification due to the record-to-record variability at the site

of interest. This variability is already included in the ¢ term (Equation 1 and Equation 2) except for

significant soil non-linearity (Abrahamson personal comm., 2022). Indeed, ¢, is generally
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dominated by data in the linear range. In the case of substantial soil non-linearity, additional variance
from the non-linear effects should be considered in the total ground-motion sigma. For medium-to-
long spectral periods, on which we focus here, Mascandola et al. (2021) found mild non-linear effects.

Therefore, we set 14 4r(r) 10 Z€ro, S0 as to avoid double counting of the same component of the

ground-motion variability.

Incorporation of 3D Amplification

The basin-related amplification is considered here through the dvas term included in the regional
ground-motion attenuation model of Lanzano et al. (2016). This term is a period-dependent, spatially
invariant, amplification factor (black line in Figure 3) that quantifies the average influence of the 3D
amplification in the Po Plain area and surrounding. The dnas term takes into account the amplification
due to the trapping and conversion of body waves in the thick sedimentary cover above the basin-
shaped basement. Such phenomena are responsible for the generation of surface waves that dominate
the seismic signals, especially at longer periods (e.g., Luzi et al., 2013; Lanzano et al., 2016).
Conversely, in the short-period range (T < 1 s), the dbas term tends to de-amplify the ground shaking,
possibly because of the strong attenuation of the short-period waves propagating through the thick
sedimentary cover (Lanzano et al., 2016).

For computational purposes, the dbas term is included in the PSHA by amending the GMPE for rock
conditions (i.e., Vs3o =800m/s) selected for the present application (see next section).
Mathematically, the mean value of the (logarithmic) spectral acceleration at the site of interest,
Sas, . (T), is calculated as:

logSas,,, (T) = logSa.(T) + Spas(T) ()

where logSa,(T) = f(M, R, 0) indicates the mean (logarithmic) spectral acceleration on rock
predicted by the GMPE as a function of magnitude (M), distance (R), and other parameters # (e.g.,

source mechanism).
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The uncertainty associated with the deas term (a5, ), which is accounted for via logic tree (see next
section), is computed from the values of the 652Ss site term provided by Lanzano et al. (2017) for a
subset of accelerometric stations selected among those considered by Lanzano et al. (2016).
Specifically, under the assumption that the 1D and 3D amplifications are uncorrelated random
variables (or mildly correlated), we computed o5, by removing the contribution related to the 1D

soil amplification, o, from the standard deviation of 6S2Ss, ¢s25_popiain, NAMely:

_ 2 _ 2
O8has — \/ ®s25-Poplain ~ T1D (6)
where o, is computed as
N 2
_ Zizsl(IOgAF(T)i_“logAF(T)) 7
O1p = Ne—1 (7)

In the equation above, Ns indicates the number of computation nodes (Figure 1a), AF(T); is the
amplification function associated with the i-th node (Figure 3) resulting from the 1D equivalent linear
ground-response analysis (Mascandola et al., 2021), and piogar(ry is the mean logarithmic
amplification function. Note that the values of AF(T); are average values computed over n by k
samples.

All terms in Equation (6) are displayed in Figure 5, along with the site-to-site variability (¢¢,¢_y;q5)
associated with the regional GMPE for Northern Italy of Lanzano et al. (2016). Note that the values
of ps25-popiain @Nd, in turn, those of o5, _are affected by the source ground-motion dataset (i.e., by
its completeness), which is dominated by recordings from earthquakes belonging to a limited number
of sources. About 70% of the records in the dataset used by Lanzano et al. (2017) belong to the 2012
Emilia sequence. Hence, most stations in the dataset (54%) sample one main source-to-site path. In
addition, their distribution over the Po Plain region is uneven, with a greater concentration in the
central-eastern sector, where several temporary stations were installed during the 2012 Emilia
sequence. Finally, about 1/3 of the stations show a limited number of recordings, between 5 and 10.

Last but not least, it is worth noting that o, only accounts for the variability in the 1D site response
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associated with the soil layers above the seismic bedrock. Hence, o5, may also incorporate to some
extent the contribution to site response associated with deeper discontinuities (Mascandola et al.,

2019), which is implicitly captured by ¢ss5_popiain-

Hazard Computation: Logic Tree and Basic Assumptions

The hazard computations are carried out through the conventional Cornell source-based approach
(Cornell, 1968), considering the source-zone model developed by Santulin et al. (2017) for the
updated seismic hazard map of Italy (Meletti et al., 2021) (details relative to seismogenic zones are
described in the electronic supplement). A single GMPE is adopted, the ITA18 model recently
proposed by Lanzano et al. (2019) for shallow crustal earthquakes in Italy. The selection of this model
was guided by two main criteria: (1) all GMPEs for Italy have been superseded by ITA18; (2)
compared to previous models, including the regional one for Northern Italy of Lanzano et al. (2016),
the magnitude range of applicability of ITA18 is fully consistent with the Mmin — Mmax range covered
by the source-zone parameterization (see the electronic supplement). Finally, the seismic hazard
curves (i.e., the probability of exceeding certain ground motion values in a given time period) are
calculated assuming that seismicity follows a Poisson process.

Given the scope of the study, which focuses on the incorporation and impact of site-response on the
hazard, our study does not account for the epistemic uncertainty affecting the earthquake sources and
the related recurrence model. Hence, a simple logic tree is adopted, and only the uncertainties
affecting the assumptions related to ground-motion characterization are considered (Figure 6).

The requirements to apply a partially non-ergodic PSHA approach imply that both the epistemic
uncertainty in site amplification and the epistemic uncertainty in the single-station standard deviation
must be taken into account. While the epistemic uncertainty in the 1D site response is considered by
using multiple SAPEs (see previous section), the epistemic uncertainty in the 3D amplification is

modeled via a three-point discrete approximation to a normal distribution (Keefer and Bodily, 1983).
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A discrete distribution with values of 6,45 + 1.64505,  , Obas, Opes — 1.64505,  is assumed.
Computationally, this is reflected in the use of a simple logic tree with three branches (Figure 6) with
weights of 0.63 on the median model and weights of 0.185 on the 5th and the 95th percentiles (£1.645
standard deviations).

Concerning the epistemic uncertainty in the single-station standard deviation, we model the
uncertainty associated with the ¢, term. Again a three-point discrete distribution is considered, with
values of ¢, + 1.64504, ¢gg Pgg — 1.64504 ., Where gy, = 0.1 X ¢gs is the standard
deviation of ¢.. We adopt here a coefficient of variation for ¢ equal to 0.1 according to Rodriguez-
Marek et al. (2014).

Finally, we consider the epistemic uncertainty in the median ground-motion prediction, which may
be related to the limited data in the original ground-motion data set and over-simplifications in the
parameterization of propagation and attenuation effects (e.g., Al Atik and Youngs, 2014). This
uncertainty is quantified by the standard deviation of the mean (logarithmic) ground motion, o,.. Once
again, a three-point discrete approximation to a normal distribution is considered to model this source
of epistemic uncertainty (Figure 6).

Altogether, the logic tree (Figure 6) consists of 27 paths corresponding to 27 computation runs that
are repeated for each node of the grid in Figure 1a for each period of interest. For each period, the
resulting 27 hazard curves are then convolved with the corresponding 100 SAPEs obtained from the

ground-response analysis (last step in the diagram in Figure 2).

Results

The maps in Figure 7 display the mean site-specific hazard estimates corresponding to a return period
of 475 years for the entire study area. We present maps for Peak Ground Acceleration, PGA, and
spectral acceleration, Sa(T), corresponding to 1 s (1 Hz), 1.6 s (0.6 Hz), and 3 s (0.3 Hz). Although
the numerical soil models used in the ground-response analysis lack detail on minor, shallower
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discontinuities, which is reflected in the lack of resolution at higher frequencies, we also present the
PGA map. Indeed, deep soil discontinuities have a larger impact on lower frequencies (e.g., Inzunza
et al., 2019), but can also affect high-frequency ground motion (Yamanaka et al., 2012; Zhu et al.,
2020). The other spectral periods are chosen according to the frequency range where amplification
effects due to the soft sediments above the seismic bedrock have been observed (Mascandola et al.,
2019 and 2021). For comparison purposes, Vsz3o-driven ergodic hazard maps corresponding to the
same return period of 475 years are shown in Figure 8. They were simply obtained by running the
hazard computations using the ITA18 GMPE with its own site term, FS(VSSO). No correction for 3D
amplification and no source of epistemic uncertainty are considered in this case. The values of Vs 3o
taken as reference are those mapped by Forte et al. (2019).

The comparison between Figure 7 and Figure 8 highlights the improvements achieved by applying a
partially non-ergodic approach based on site-specific ground response characterization instead of a
more conventional, albeit simpler, method which accounts for site amplification through a generic
correction term based on Vs3o. The two methods provide consistent results in terms of spatial
distribution of the hazard, which shows a general increase towards south-east due to the greater
contribution of certain seismogenic zones characterized by a higher seismicity (especially, zone #513,
#517, and #519; see Figure S1 in the electronic supplement). However, except for a few areas (i.e.,
towards the Garda Lake, near Reggio-Emilia, Bologna, and north-east of Ferrara) where 1D soil
amplification was found to be greater (Mascandola et al., 2021), the approach adopted here (Figure
7) provides lower hazard values compared to the simpler ergodic method (Figure 8), with differences
up to -50% (Figure 9). We recall here that the values of the ergodic sigma are greater than those of
the partially non-ergodic counterpart, thus producing higher hazard values. Nevertheless, the maps in
Figure 7 provide a finer picture of the hazard, highlighting those areas where the ground-motion
hazard is actually dominated by local amplification effects. As the §,,, term is spatially invariant,
this is attributable to the spatial variability of the 1D amplification (Figure 3) which, in turn, can be

related to regional variations in the depth of the seismic bedrock (Mascandola et al., 2019) and shear-
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wave velocity of the soft sediments above it (Mascandola et al., 2021). For instance, analyzing the
PGA map (Figure 7a), the zone with the highest hazard is around Reggio-Emilia, where the PGA
values are between 0.225 and 0.250 g. This zone is located at the junction between the Ferrara-
Romagna Arc (seismogenic zone #519 in Figure S1 of the electronic supplement) and the Emilia Arc
(which traverses zones #513 and #517 in Figure S1), an area where the hazard on rock is at higher
levels (Figure S2 in the electronic supplement) and the seismic bedrock is shallower (around 150 m
deep (Mascandola et al., 2019)), thus affecting the ground response at shorter periods (< 1.4 s; Figure
7a). In the other sectors of the plain, the PGA hazard tends to follow the trend of the active buried
thrusts (e.g., the Ferrara-Romagna Arc in Figure 1a), with higher values (up to 0.2 g) near the top of
the main anticlines (source zone #519 in Figure S1 of the electronic supplement) where, again,
amplification effects at shorter periods (< 1.2 s) have been observed (Figure 7a). Lower PGA values
(around 0.100-0.150 g) can be observed in the inner part of the Ferrara-Romagna thrust front, between
Reggio-Emilia and Bologna, where the seismic bedrock is deeper (Mascandola et al., 2019). The PGA
for the return period considered decreases significantly toward the center of the basin (particularly
towards the eastern and western edges), where no seismogenic zones were defined (Figure S1) and
increases further north towards the Garda Lake (see Figure 1a), in correspondence of the source zone
#102 (Figure S1 in the electronic supplement). The site-specific hazard maps for spectral acceleration
(Figure 7 b-d) display patterns similar to the PGA map for the same return period (Figure 7a).
However, the highest hazard values move to the southeastern sector of the map, where the deeper
seismic bedrock and the lower shear-wave velocities in the soil cover (Figure 1b) contribute to the
amplification at longer periods. Note that this trend in the hazard values nearly reflects the grouping
of the computation nodes shown in Figure 1a (which is based on the grouping of the amplification
curves in Figure 3), with dark gray nodes to the north presenting amplification functions peaked
around 1 s and light gray nodes to the southeast showing greater amplification at longer periods (i.e.,

>15).
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Uncertainty and Sensitivity Analysis

The epistemic uncertainty in the hazard results, which is quantified by the spread (i.e., difference)
between the ground-motion values corresponding to the 84th and 16th percentiles (Ass-16) Of the
distribution of the ground motion for the 475-year return period, is shown in Figure 10 for the four
response periods considered. On average, the maps show that Agas-16 increases according to the general
increase of the mean site-specific hazard (see Figure 7). The uncertainty is greater for Sa(1 s) (Figure
10b) and decreases significantly at longer periods (Figure 10c-d). This effect is mainly attributable to

the uncertainty affecting ¢ss (we recall that oy = 0.1 X ¢gs), which for small-to-moderate

magnitudes (Mw < 6) — those contributing mostly to the hazard (Mascandola et al., 2020) — tends to
decrease with increasing period (Figure 11a), while both g5, _(Figure 5) and oy (Figure 11b) are fairly
constant. This is in agreement with the results of Rodriguez-Marek et al. (2013) showing a similar
behavior for the ¢g5 parameter.

To evaluate the sensitivity of the hazard and its uncertainty to the 3D and 1D amplification, we
repeated the hazard analysis removing the contribution of the dwas term and 1D amplification one at a
time. Then, for each ground-motion parameter of interest and for each node of the computation grid
(Figure 1a), we computed the value of Ass-16. The sensitivity of the hazard and its uncertainty is shown
by the boxplots in Figure 12. Again, we refer to a return period of 475 years. Specifically, for the
entire study area (i.e., all computation nodes together), Figure 12a shows the percentage change in
the mean hazard when the 3D amplification is neglected, while the contribution of the uncertainties
affecting the 1D and 3D amplification to the final hazard (expressed by Ass-16) is shown in Figure
12b. Figure 12a reveals that neglecting the contribution of the dwas term leads to significant hazard
underestimations (~ 30%) at medium-to-long spectral periods, while overestimations of about 10%
can be observed for the PGA. As is clear from Figure 3, this effect is attributable to the dpas term,
which tends to amplify the ground motion in the long-period range (T > 1s) and to decrease it at
shorter periods.
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Concerning the effects on the hazard uncertainty, Figure 12b indicates that the oJnas term is the
parameter that contributes the most to it, reflecting our poor knowledge of basin effects in the study
area. Specifically, it contributes about 60% to 80% to the total hazard uncertainty for all periods
considered, while the epistemic uncertainty in 1D amplification contributes about 20%. It follows
that the remaining contribution to the hazard uncertainty, which is related to the uncertainty in ¢
and g,, is less than a 20%. It is smaller at longer spectral periods (< 10%) and greater for the PGA (~
20%).

Similar considerations can be drawn by analyzing Figure 13, which shows the Uniform Hazard
Spectra (UHSs) for a return period of 475 years, with and without the contribution of the dbas term,
for four main cities (Milano, Bologna, Reggio Emilia, and Ferrara) located in areas with different
seismic hazard (Figure 7). Among these sites, Milano shows the lowest hazard level. This city is in a
very low seismicity area, which is not covered by any source zone (see Figure S1 in the electronic
supplement). Hence, its hazard is controlled by strong, distant events (e.g., Barani et al., 2009). On
the other hand, the hazard at the other selected cities is mostly controlled by the local seismicity (i.e.,
nearby source zones). Again, one can observe that neglecting the contribution associated with basin
effects (i.e., the dbas term) leads to significant hazard underestimations at medium-to-long spectral
periods, while a minor overestimation can be observed at shorter periods. Moreover, it is again
evident that the uncertainty related to such basin effects is the major contributor to the total hazard

uncertainty.

Conclusions

We have presented a probabilistic seismic hazard analysis for the entire Po Plain sedimentary basin
in Northern Italy, an area that poses a significant challenge because of its strategic relevance related
to the high population density and numerous infrastructures, as well as the geological setting, which

is responsible for significant amplifications in the long-period range. Furthermore, its extension
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makes the Po Plain one of the widest Quaternary alluvial basins in Europe, thus entailing a
considerable effort for the in-depth knowledge of the seismic response and, consequently, the seismic
hazard.

This study has focused on the incorporation of seismic amplification into the PSHA, including the
analysis of the sensitivity of the hazard and its uncertainty to the 1D and 3D amplification, which are
both considered in the computations. While the 1D amplification was estimated through equivalent-
linear ground-response analysis (Mascandola et al., 2021) and was then incorporated into the hazard
via the Approach 3 of the U.S. Nuclear Regulatory Commission, 3D basin effects were considered
through the application of an empirical correction term (Lanzano et al., 2016) to the median rock
ground motion predicted by the attenuation model considered in the PSHA. The hazard assessment
was carried out by applying the single-station sigma approach.

Compared to simpler approaches that rely on rough site classification schemes (e.g., based on Vs 30),
the approach adopted in the present study, albeit seemingly complex, has been found to provide a
finer picture of the seismic hazard, highlighting those areas where the ground motion is actually
affected by local amplification effects due to local or regional geological features. Actually, the
complexity of the approach depends only on the amount of data needed for the ground response
assessment, especially on a regional scale. Depending on data availability, the convolution approach
can be easily applied to other regions worldwide, in favor of more refined hazard mapping.

The sensitivity analysis has revealed that neglecting basin effects leads to significant underestimation
of the hazard (about 30% for a return period of 475 years), especially at longer spectral periods (>
1s). Moreover, our poor knowledge of basin effects has been found to be the main contributor to the
total epistemic uncertainty in the results, while the uncertainty in the 1D site-response
characterization contributes for a minor proportion (~ 20%). Therefore, in order to reduce the
epistemic uncertainty in the hazard, further efforts are needed to improve the characterization of basin
effects. To this end, future developments may include the application of spatial correlation models of

ground motion with spatially correlated site terms (e.g., Rahpeyma et al., 2018; Sgobba et al., 2019;
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Menafoglio et al. 2020) or the incorporation of amplification functions from 3D physics-based
numerical simulations (e.g., Smerzini et al., 2017). As new data will become available, they will help
improve the hazard both at high frequencies, through the incorporation of shallower discontinuities
in the soil model, and at very low frequencies, through the modeling of the geologic bedrock, at the
expense of increased complexity of the computation model. The latter should include all potential
sources of epistemic uncertainty affecting both the rock hazard (e.g., uncertainty in seismic sources,
recurrence model, maximum magnitude value) and site-response characterization (e.g., site-to-site
variability of target site conditions and high-frequency attenuation (e.g., Al Atik et al., 2014;
Rodriguez-Marek et al., 2014; Ameri et al., 2017; Aristazabal et al., 2022)), and propagate them

through to the final hazard result.

Data and Resources

The basic input data used in the hazard assessment are described in the Supplemental Material along
with ergodic hazard maps for rock conditions. The Parametric Catalogue of Italian Earthquakes

(CPTI15) is openly available at: https://emidius.mi.ingv.it/CPTI15-

DBMI15/download CPTI15.htm. The Database of Individual Seismogenic Sources (DISS) is

available at: https://diss.ingv.it/ . All websites were last accessed in August 2022.
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List of Figure Captions

Figure 1: a) study area. The grid displayed in the map shows the computation nodes considered in
the 1D ground-response analysis of Mascandola et al. (2021) and in the present PSHA. The nodes are
colored according to the shape-similarity of the amplification functions in Figure 3 (to come). The
active tectonic structures are from Martelli et al. (2017). b) Cross section A-4’ from the seismo-
stratigraphic model of Mascandola et al. (2021). Dark gray shows shallower sediments with Vs < 360
m/s; light gray indicates sediments with 360 m/s < Vs <800 m/s. Contour lines are every 50 m/s. The
base level of the section indicates the top of the seismic bedrock defined by Mascandola et al. (2019).
Figure 2: diagram showing the computational workflow for site-specific PSHA adopted in the
present study. SAPE stands for Soil Amplification Predictive Equation. Note that the rock hazard is
here amended with the dnas term of the regional ground-motion attenuation model of Lanzano et al.
(2016) to account for 3D basin amplification.

Figure 3: 1D and 3D amplification functions. 1D amplification functions (light and dark gray curves)
are the mean amplification curves computed by Mascandola et al. (2021) for each node of the
computation grid in Figure la (the same grayscale adopted for the grid is used here). The 3D
amplification (black curve) is expressed by the dbas term of the ground-motion attenuation model of
Lanzano et al. (2016).

Figure 4: (a) Bundle of soil amplification predictive models (SAPESs) relative to a period of 1 s for a
grid node in the study area and (b) example SAPE for a random soil profile.

Figure 5: Uncertainty associated with the dpas term (o5, ) and 1D amplification (o4p). The ¢,
variability of the ground-motion attenuation model of Lanzano et al. (2016) (¢,¢_,;15) @nd the one
computed here for the Po Plain sites only (¢¢,¢_p,piqin) '€ also shown.

Figure 6: logic tree. MAL: source zone model (Santulin et al., 2017); G & R: Gutenberg and Richter
model; M,,,,: maximum magnitude; ITA18: GMPE of Lanzano et al. (2019); o: standard deviation

of the mean (logarithmic) ground motion; ¢..: event-corrected single-station standard deviation;
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04 Standard deviation of ¢.; 6,4,: amplification term relative to 3D basin effects; o5, : standard

deviation of §4s.

Figure 7: mean site-specific, partially non-ergodic hazard maps corresponding to a return period of
475 years: a) PGA; b) Sa(1 s); ¢) Sa(1.6 s); d) Sa(3 s). Contour lines indicate the resonance periods
of the soft sediments above seismic bedrock (modified from Mascandola et al. (2019)). The tectonic
structures shown in Figure la are superimposed.

Figure 8: Vszo-driven ergodic hazard maps corresponding to a return period of 475 years: a) PGA;

b) Sa(1s); c) Sa(1.6 s); d) Sa(3 s). The tectonic structures shown in Figure 1a are superimposed.

Figure 9: percentage differences between the site-specific, partially non-ergodic hazard values in
Figure 7 and those in Figure 8 obtained through the application of the conventional Vs 3o-driven

ergodic approach. The dashed line marks the study area.

Figure 10: epistemic uncertainty (difference between the ground-motion values for a return period
of 475 years corresponding to the 84" and 16™ percentiles, Ags-16) in the site-specific hazard results.
The dashed line marks the study area.

Figure 11: a) event-corrected standard deviation (¢gs) as a function of moment magnitude (Mw); b)
standard deviation of the mean (logarithmic) ground motion (oy) as a function of spectral period T.
Figure 12: boxplots showing a) the sensitivity of the mean hazard to the 3D amplification, and b) the
percentage contribution of the uncertainties affecting the 1D (dark gray) and 3D (light gray)
amplification (in terms of Ass-16) t0 the total epistemic uncertainty in the hazard. Statistics are
computed considering the entire study area (i.e., all computation nodes in Figure 1a). The line in the
middle of each box indicates the median. The box edges correspond to the 25" and 75" percentiles.
The whiskers are the minimum and maximum values that do not exceed 1.5 times the interquartile

range.
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785  Figure 13: Uniform Hazard Spectra (UHS) corresponding to a mean return period of 475 years for
786  four main cities in the Po Plain area. The dashed area roughly indicates the range of periods where

787  the hazard results are affected by the lower resolution of the 1D site-response model.
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1 Electronic Supplement to

3 Impact of Site-Response Characterization on Probabilistic

4 Seismic Hazard in the Po Plain (Italy)

5 by Claudia Mascandola, Simone Barani and Dario Albarello

7  The present electronic supplement includes:

8 e Appendix S1, which describes the basic input data used in the hazard assessment; especially,
9 it describes the seismogenic model used in the computations along with its parameterization.
10 e Appendix S2, which presents ergodic hazard maps for rock conditions.
11

12 Appendix S1

13 For the purpose of hazard computations, we used the source zone model of Santulin et al (2017). For
14  each zone, we adopted the truncated Gutenberg and Richter model (Cornell and VVanmarcke, 1969)
15 to define the magnitude-frequency distribution. We computed the values of its parameters (i.e.,
16  intercept, a, and slope, b, coefficients) from the CPTI15 catalog (Rovida et al., 2022; see Data and
17  Resources) deprived of dependent events according to the assumption that earthquakes occur
18  following a Poisson process. To this end, we used the maximum likelihood approach of Weichert
19  (1980). Moreover, Mmin is set to 4.0 for all zones, and Mmax is assumed equal to the value of Mmax1 in
20  Santulin et al (2017), which is defined as the highest magnitude value between the maximum
21 magnitude derived from the CPTI15 catalog and the maximum magnitude reported in the Database

22 of Individual Seismogenic Sources (DISS Working Group, 2015; see Data and Resources) in specific

1
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macro-areas (see Figure 8 in Santulin et al., 2017), increased by the associated standard deviation.
For the source zones that are deemed to affect the hazard in the study area, the values of such
parameters are reported in Table S1, along with those of the prevalent rake angle and seismogenic

depth (again from Santulin et al. (2017)). The map of the source zones is shown in Figure S1.

Table S1: parameterization of the source zones used in the hazard computations. a and b are the
coefficients of the Gutenberg and Richter relation, Mmax is the maximum magnitude, and hd indicates

the seismogenic depth. The rake angle is used to assign a prevalent style of faulting to each source.

Zone ID a b Mmax rake (°)  hd (km)
101 3.166 0.978 6.9 90 8
102 3.177 1.000 6.9 180 12
103 3.231 1.027 6.9 90 10
106 4.016 1.181 6.9 180 15
107 4.603 1.295 6.9 180 15
108 2.194 0.823 6.9 170 10
110 4,777 1.285 6.9 180 15
112 2.843 0.953 6.9 90 9
113 2.336 0.857 6.9 90 8
114 3.633 1.054 6.9 180 12
301 2.651 0.947 6.6 90 5
303 2.7137 0.950 6.6 0 6
304 2.377 0.846 6.7 ND 5
305 3.953 1.309 6.5 90 34
306 4.346 1.214 6.7 ND 11
307 3.229 1.025 6.7 -90 5
310 2.217 0.818 6.7 -90 5
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Figure S1: map of the seismogenic zonation of Santulin et al. (2017). The source zones considered in the
present study are in red (see also Table S1). Zones #109, #302, #512, #514, #518, and #534 are not
considered in the hazard assessment because of their very low seismicity (i.e., too small a number of
earthquakes), which does not allow for reliable estimates of the a and b coefficients of the Gutenberg
and Richter relation. The black box indicates the study area. Earthquake epicenters are from the CPTI15

catalog (Rovida et al., 2022).



43

44

45

46

47

48

49

Appendix S2
Figure S2 shows the ergodic hazard maps for rock conditions associated with a return period of 475 years for
the same spectral periods considered in the main body of the manuscript.
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Figure S2: ergodic hazard maps for rock conditions (Vs 3o = 800 m/s) associated with a return period of 475
years for: @) PGA; b) Sa(1 s); ¢) Sa(1.6 s); d) Sa(3 s). The seismogenic zones adopted in the hazard analysis

(Santulin et al. 2017) are superimposed.



