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Abstract

Nowadays, policies addressed to prevention and mitigation of seismic risk need a consolidated methodology finalised to the
assessment of local seismic response in explosive volcanic settings. The quantitative reconstruction of the subsoil model provides
a key instrument to understand how the geometry and the internal architecture of outcropping and buried geological units have
influence on the propagation of seismic waves. On this regard, we present a multidisciplinary approach in the test area of the
Stracciacappa maar (Sabatini Volcanic District, central Italy), with the aim to reconstruct its physical stratigraphy and to discuss
how subsoil heterogeneities control the 1D and 2D local seismic response in such a volcanic setting. We first introduce a new
multidisciplinary dataset, including geological (fieldwork and log from a 45-m-thick continuous coring borehole), geophysical
(electrical resistivity tomographies, single station noise measurements, and 2D passive seismic arrays), and geotechnical (simple
shear tests performed on undisturbed samples) approaches. Then, we reconstruct the subsoil model for the Stracciacappa maar in
terms of vertical setting and distribution of its mechanical lithotypes, which we investigate for 1D and 2D finite element site
response analyses through the application of two different seismic scenarios: a volcanic event and a tectonic event. The numerical
modelling documents a significant ground motion amplification (in the 1-1.5 Hz range) revealed for both seismic scenarios, with
a maximum within the centre of the maar. The ground motion amplification is related to both 1D and 2D phenomena including
lithological heterogeneity within the upper part of the maar section and interaction of direct S-waves with Rayleigh waves
generated at edges of the most superficial lithotypes. Finally, we use these insights to associate the expected distribution of
ground motion amplification with the physical stratigraphy of an explosive volcanic setting, with insights for seismic
microzonation studies and local seismic response assessment in populated environments.
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Introduction

The assessment of local seismic response is a key issue for
policies finalised to prevention and mitigation of seismic risk
(e.g. Sitharam and Anbazhagan 2008; SM Working Group
2008; Mihali¢ et al. 2011; Santos et al. 2011; Working
Group Fivizzano 2019). The damage distribution in urbanised
settings strongly depends on local geology and physical-
mechanical properties of both surficial and buried lithotypes.
Indeed, subsoil heterogeneities induce modifications, in terms
of amplitude and frequency, during the propagation of seismic
waves through the uppermost geological layers (e.g.
Anderson 2007). Site effects can be traced to several subsoil
conditions, such as (i) highly heterogeneous subsoil settings
(e.g. Bonnefoy-Claudet et al. 2009; Pagliaroli et al. 2014a;
Gaudiosi et al. 2016); (ii) buried morphological elements
(e.g. paleovalleys and paleotopography; Bard and Bouchon
1985; Le Roux et al. 2012; Mancini et al. 2014; Moscatelli
et al. 2014); (iii) topographic features (e.g. Pagliaroli et al.
2011; Massa et al. 2014; Giallini et al. 2020); (iv) widespread
faulting/fracturing network in rock masses (e.g. Pagliaroli
etal. 2015; Vignaroli et al. 2019); and (v) stratigraphic profiles
(e.g. soft soil deposits resting on stiffer materials; Semblat
et al. 2005; Lanzo et al. 2011; Eskisar et al. 2014).

In contrast to numerous works on the subsoil model
assessment in sedimentary environments, the factors con-
trolling site effects in volcanic settings are still a relatively
underexplored topic (Licata et al. 2019; Alleanza et al.
2020). Subsoil geometries in volcanic settings could differ
from one-dimensional physical models, due to the hetero-
geneous distribution of deposits in both vertical and lat-
eral directions. In explosive volcanic settings, the alterna-
tion of voluminous soft and stiff pyroclastic and epiclastic
materials and effusive sequences defines an articulate
physical stratigraphy that interacts with a disarticulated
pre-volcanic substrate, often hosting scattered or clustered
monogenetic eruptive centres (e.g. Bibby et al. 1995;
Rowland and Sibson 2004; Lorenz and Kurszlaukis
2007; De Benedetti et al. 2008; Martin-Serrano et al.
2009: Arnason et al. 2010; White and Ross 2011; Isaia
et al. 2015). Through this extreme variability of thickness
and depositional facies, seismic spectral amplification and
peak ground acceleration can significantly change over a
volcanic apparatus (Mora et al. 2001; Almendros et al.
2004; Chavez-Garcia et al. 2007; Nunziata 2007;
Tramelli et al. 2010; Panzera et al. 2011; Santos et al.
2011; Chavez-Garcia and Kang 2014; D’Amico et al.
2016; Galluzzo et al. 2016). Understanding factors defin-
ing subsoil setting in volcanic environments is extremely
relevant for highly urbanised areas (e.g. Santorini Island
in Greece, the Azores Archipelago in Atlantic Ocean, the
Auckland volcanic field in New Zealand, the Hawaii
Islands in Pacific Ocean, the metropolitan areas around
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Mt. Etna, Vesuvio-Campi Flegrei, and Colli Albani in
Italy) that require detailed planning strategies to minimise
risks from earthquakes.

In this study, we face the problem of local seismic response
in volcanic setting by using an integrated geological-
geophysical-geotechnical approach in the test area of
Stracciacappa maar (Sabatini Volcanic District, central Italy,
Fig. 1a). The Stracciacappa maar represents a worthy oppor-
tunity for investigating the internal architecture of such dis-
tinctive volcanic structure and the processes leading to local
seismic response in similar volcanic areas, inasmuch as (i) its
phreatomagmatic genesis led to a polygenic stratigraphic set-
ting (strombolian and effusive volcanic deposits and
intervening palaeosol; De Rita et al. 1983; De Rita and
Zanetti 1986; Sottili et al. 2012); (ii) its maar configuration
was consequent to a phreatomagmatic activity that evolved in
both time and space (Valentine et al. 2015); (iii) its well pre-
served crater, without anthropogenic cover, offers the oppor-
tunity to detail the nature and lithotechnical properties of sed-
iments filling the upper part of the maar structure. Our aim is
twofold: (i) to reconstruct the physical stratigraphy (i.e. the
sequence of volcanic lithotypes characterised in terms of
physical, mechanical, and geophysical properties) of the
Stracciacappa maar and (ii) to assess through numerical anal-
yses the local seismic response for different earthquake sce-
narios. The results would provide a reference background for
seismic microzonation studies in volcanic settings where
urbanised areas develop.

Geological setting

The Tyrrhenian side of central Italy is characterised by the
occurrence of distributed volcanic deposits, between
Campania and Tuscany regions (Fig. 1a). These deposits are
products of an intense Pleistocene-Holocene volcanism,
which manifested through both explosive and effusive mech-
anisms (e.g. Peccerillo 2005; Avanzinelli et al. 2009).
Phreatomagmatic activity is well documented for both fossil
(Vulsini Mountains: Acocella et al. 2012; Sabatini Volcanic
District: De Rita et al. 1983; Sottili et al. 2012; Marra et al.
2014) and quiescent/active (Colli Albani: Funiciello et al.
2003; De Benedetti et al. 2008; Campi Flegrei: Isaia et al.
2015) volcanic edifices in central-southern Italy, which are
characterised by the widespread occurrence of calderas, erup-
tive fissures, and maars, as well as fossil/active vents. The
Sabatini Volcanic District (SVD; Fig. 1a) extends over an area
of ~ 1800 km?, including part of the Rome metropolitan area.
The SVD volcanic activity encompassed a variety of eruption
styles, intensities, and magnitudes, with a final
phreatomagmatic phase (as young as ca. 90 ka) originating
strombolian and effusive centres (Cundari 1979; De Rita
et al. 1983; De Rita and Zanetti 1986; Conticelli et al. 1997;
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Sottili et al. 2012). Explosive interaction between volcano-
feeding magma and underground waters located in Meso-
Cenozoic carbonate reservoir is claimed as responsible for
the paroxysm phenomena leading to formation of several
maars (Funiciello et al. 1979; De Rita and Sposato 1986).
Hydromagmatic centres mostly consist of tuff rings and sub-
ordinate tuff cones with maar-type craters, which formed
within a NW-SE trending, ~ 150-km?-wide area in the central
SVD (Sottili et al. 2010).

The Stracciacappa maar is located in the central-eastern
portion of the SVD (Fig. la). The products of the
Stracciacappa eruptive centre extend regularly around the cra-
ter at a maximum distance of 1.5 km, covering a surface area
of about 6 km?, whereas the total volume of the erupted ma-
terial was estimated to be approximately 0.61 km®. The vol-
canic sequence of the Stracciacappa maar includes an alterna-
tion of well-sorted horizons of dark grey scoria lapilli with
lenses of imbricated pyroclastites. Up to metre-sized ballistic
lava boulders are scattered throughout the deposits (De Rita
and Zanetti 1986; Sottili et al. 2012). The land surface at the
time of the Stracciacappa activity was that of a plateau capped
by a < 10-m-thick lava. A continuous coring borehole was
collected within the Stracciacappa crater, reaching the 32.6-
m depth from well-head (Giardini 2007). The author interprets
the grey pyroclastic material reached at 29-m depth as the
volcanic bedrock of the overlying lacustrine deposits.
Palynological studies show that the lacustrine sediment record
spans the last ~ 60 ka of the vegetation history in the SVD
(Giardini 2007), thus broadly constraining the age of
Stracciacappa crater formation. Recently, **Ar/*°Ar geochro-
nological analyses on leucite and sanidine from scoria attest at
97 +4 ka the last phreatomagmatic eruptive event in the
Stracciacappa area (Sottili et al. 2010).

Methods and results
Geological data

The Stracciacappa maar is characterised by 1-km-diameter tuff
cone crater with circular shape, whose lake bed lying 3040 m
below its rim (Fig. 1b). The radial thickness of the tephra ring
decreases abruptly from a maximum thickness of ~25 m along
the crater rim to < 1 m at about 1.5 km at the outer edge.

In map view, three main lithological deposits are concentri-
cally distributed, moving from the ring to the central part of the
crater (Fig. 1b). The ring is mainly composed by the pyroclastic
succession belonging to the last phreatomagmatic activity. This
pyroclastic succession generally bends outward the rim with low
angle dip (10-20°) (Fig. lc). It consists of at least 25-m-thick
alternation of decimetre- to centimetre-thick layers of fine-
medium ash and coarse ash to small lapilli (Fig. 2a). Deposits
typically contain abundant cross beds to cross lamination with

lenticular zones of imbricated lithic clasts (Fig. 2b). The upper-
most 5 m of the succession contains metre-sized lava ballistic
boulders associated to impact sags (Sottili et al. 2012).

The outer portion of the crater depression is mainly com-
posed of epiclastic debris deposits, of colluvial, alluvial, and
deltaic origin. These deposits consist of alternation of cm-
thick reworked fine-grained and coarse-grained volcaniclastic
material (Fig. 2¢). The coarse-grained levels are enriched of
both volcanic and sedimentary lithics. Generally, these
epiclastic deposits define decametre-thick lenticular bodies
in section view, dipping at low angle (< 10°) toward the centre
of the crater (Fig. 1c).

The lake infill is made by Late Pleistocene-Holocene lacus-
trine muds, which are interfingered with the epiclastic talus.
The thickness of these lacustrine deposits has been
constrained by the SS1 continuous coring borehole (Fig.
1d). The lacustrine deposits consist of an alternation between
decimetre-thick layers of dark and grey clayey silts in the
upper 15 m. Downward, the lacustrine fill passes to grey silty
sands with abundant volcaniclastic material.

Geophysical data
Electrical resistivity tomography

Two Electrical Resistivity Tomographies (ERT1 and ERT2 in
Fig. 1b) were performed crossing the whole maar ring with
NNW-SSE and E-W directions, respectively. ERT1 is 1420 m
long, whereas ERT2 is 1660 m long. Both ERT were carried
out by means of a Syscal Pro resistivity metre (Iris
Instruments), coupled with a multi-electrode acquisition sys-
tem (48 electrodes) and using the roll-along technique (Loke
2018). A constant spacing of ‘a’ =20 m between the adjacent
electrodes was used, reaching a maximum penetration depth
of about 100—150 m. To improve data quality and resolution,
apparent resistivity data were acquired by means of different
array configurations (Wenner and Wenner—Schlumberger),
and coupling measurements with different combinations of
dipole length (i.e. 1a, 2a, 3a) and ‘n’ numbers of depth levels
(overlapping data levels). To obtain two-dimensional resistiv-
ity images of the subsurface, apparent resistivity data were
inverted using RES2DINV software (Loke and Barker 1996;
Revil et al. 2008; Galli et al. 2014; Giocoli et al. 2014).
Electrical images show a root mean-squared (RMS) error of
6% for ERT1 and 6.3% for ERT2, after three iterations.

The resulting two-dimensional resistivity profile from the
ERT1 (Fig. 3a) reveals a pronounced variability of resistivity,
from lowest values of about 20 {2m up to values higher than
300 2m. A high-resistivity domain (>200 2m; h1 in Fig. 3a)
is located below the maar rim (at the NNW edge of the ERT1),
showing a lenticular geometry gently dipping outward. An
additional high-resistivity domain (>200 2m; h2 in Fig. 3a)
is located some decametres eastward, in correspondence of the
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<« Fig. 1 a Simplified geological map of the central sector of the Sabatini
Volcanic District, whose maars and polygenic eruptive centres are
reported. Maar structures are common in other volcanic domains along
the Tyrrhenian margin of Italy (e.g. at the Colli Albani and at the
Phlegrean Fields, see the inset). b Geological map of the Stracciacappa
maar, where localisation of geophysical prospections and SS1 borehole is
reported. ¢ Geological cross-sections as reconstructed from field survey
and SS1 borehole. d Schematic SS1 borehole stratigraphy with indication
of collected undisturbed samples

rim crater floor transition. The boundary between these two
high-resistivity domains is defined by a moderate-resistivity
discontinuous anomaly (~60-150 dm; m1 in Fig. 3a) that
shows a roughly tabular geometry dipping to the NNW.
Moving SSE, the h2 domain is sub-vertically bounded by a
low- to very low-resistivity domain (~20-50 Qm; 12 in Fig.
3a) whose thickness is about 40 m. The central portion of the
crater is characterised by two distinct resistivity domains: (i) a
sub-horizontal low-resistivity layer (~20-50 Qm; 11 in Fig.
3a) at the uppermost 20-30 m and (ii) two moderate-to-high-
resistivity domains (> 100 Qm; m2 in Fig. 3a), which display
discontinuous and fragmented shapes. To the bottom, these
m?2 domains gradually pass to undulated anomalies having
resistivity less than 80 (2m. Finally, the south-eastern edge
of the ERT]1 is characterised by the occurrence of a sub-
horizontal (or gently dipping to SSE) layer of low-to-
medium resistivity (<60 (2m; 13 in Fig. 3a), which seems to
rest above a lenticular domain of high resistivity (>200 Qm;
h3 in Fig. 3a).

The resulting two-dimensional resistivity profile from the
ERT2 (Fig. 3b) reveals a sub-horizontal low-resistivity layer
(~20-50 Qm; 11 in Fig. 3b) at the surface, in the central por-
tion of the crater. Laterally, the 11 layer passes to low-to-
medium-resistivity domains having lenticular shape (<
80 Qm; 13 in Fig. 3b). High-resistivity domains (>200 m;
hl in Fig. 3b) are located below the maar ring at the edges of
the ERT profile. Additional two high-resistivity domains, hav-
ing sharp and sub-vertical lateral boundaries, extend below the
external portions of the 11 low-resistivity layer (>200 Q2m; h2
in Fig. 3b). Moderate-to-high-resistivity domains (> 100 Q2m;
ml and m2 in Fig. 3b) occur in the central portion of the crater,
below the low-resistivity layer, as forming discontinuous and
fragmented resistivity anomalies. At the bottom of these
moderate-to-high-resistivity discontinuous anomalies, the
ERT2 profile shows the upper portion of two domains
characterised by low-resistivity values (~20-50 Qm; 12 in
Fig. 3b). The 12 low-resistivity domains seem to be projected
upward, determining a lateral boundary between domains
having higher resistivity values (hl, m1, and m2 in Fig. 3b).
In general, the transition throughout the different resistivity
domains is rather sharp in both vertical (by means of sub-
horizontal contacts) and lateral (by means of sub-vertical con-
tacts) directions.

Fig. 2 Field exposures and characteristics of lithotypes from the
Stracciacappa maar. a Bedding of the pyroclastic succession exposed
along (and form) the rim. b Detail of the stratigraphic alternation
between different tuff deposits. ¢ Detail of the epiclastic deposit
distributed in the outer portion of the crater depression

Ambient noise

Twenty-nine single station noise recordings of about 30-min
duration were collected along both ERT profiles (Fig. 1b).

@ Springer



184 M. Moscatelli et al.

Max. HIV at 27.16 £ 2.95 Hz. (In the range 0.0 - 64.0 Hz).

Max. H/V at 1.9 +0.04 Hz. (in the range 0.2 - 20.0 Hz).
7 7
1 T15 1 L5
5| 5|
4 <. &
3 3|
: w y
| e NN o
0.1 1 10 1 10
frequency [Hz] frequency [Hz]
Max. H/V at 1.69 £ 0.01 Hz. (In the range 0.0 - 64.0 Hz)
— A
nequency
260 Jo.0
220
180
140
100
60
N D O O ) B D S ..
20.0 28.8 1.5 59.7 86.0 128 178 257
Resistivity in onn.n
Horizontal scale is 18.22 pixels per unit spacing
Uertical exaggeration in model section display = 1.00
First electrode is located at 6.0 n.
Last electrode is located at 1420.0 n. Unit Electrode Spacing = 20.0 n.
) Max. HV at 6375 £ 9,16 Hz. (nthe range 0.0 -64.0 Hz). Max. HIV at 2.59 £ 0.02 Hz. (i the range 0.0 - 64.0 Hz).
| T14 oo | T21
8 6
5 5
x E3
4] 2 4 2
3 3
2| 2
1 1
1 1 1
v k frequency [Hd o ’ trequency ) s
Max. HAV at 1.46 £ 0.0 Hz. (In the range 0.2 - 20.0 Hz). Max. H/V at 1,69 £ 0.01 Hz. (In the range 0.0 - 64,0 Hz).
6
3 =
4 ; 5 2
3
2
: |
1

requency Hz W o equency[Hz
ERT2 ,, .
£ T ARRAY-01 ARRAY-02
I ) 127 ERT1 T20 o

e 320. I 1280 T21 T22
220 T12 T11 T10 e 050.41’,28 T19
180 3 T 5 - e ‘
140 . . =y :
100 &
60 ----:l----m--- -

0.9 M5 59.7 86 178

Resistivity in nllll n
Horizonfal scale is 15.60 pixels per unit spacing
b Uerticdl exaggeration in model section display = 1.68

First glectrode is located at 8.8 m.
Last ellectrode is located at 1660.8 n. Unit Electrode Spacing = 20.0 n.

[ 0 v
ARRAY-04 |_ ARRAY-01 ARRAY-02
20
20- 20
. 40
o Ml — 40 B
£ £ H
£ £ a .
1 5 8 60
© 60 60
80-
80 80
100
100 ! 100 ! 400 800 1200 1600 2000
400 800 1200 1600 2000 400 8OO 1200 1600 2000 Vs (m/s)
Vs (m/s) Vs (m/s)
- _= T — - S—
Misfit valve Misfit value Misfit value

@ Springer



Physical stratigraphy and geotechnical properties controlling the local seismic response in explosive... 185

<« Fig. 3 Two-dimensional resistivity profiles from a ERT1 and b ERT2.
Representative horizontal to vertical noise spectral ratio (HVNSR) curves
from ambient noise measurements performed along both ERT are report-
ed. The complete HVNSR dataset is reported in Appendix Fig. Al. Vs
profiles obtained from three 2D passive seismic arrays performed along
the ERT2 are shown

Measurements were performed by using both (i) a SARA-SL06
datalogger in connection with a Lennartz LE-3D/5 s weak mo-
tion velocity transducer and (ii) a Tromino instrument. At each
measurement point, horizontal to vertical noise spectral ratio
(HVNSR) curves (Nakamura 1989) were computed in order to
evaluate the ratio between the horizontal and the vertical compo-
nents of measured ambient vibration. These curves provide the
identification of resonance frequencies of the soil deposit.

In the following, we describe ambient noise results by
selecting group of measurement stations located on (i) the
rimming pyroclastic units, (ii) the epiclastic debris deposits,
and (iii) the lacustrine floor (Fig. 1b). Representative HVNSR
curves are reported in Fig. 3, whereas the complete dataset is
reported in Fig. Al (Data Repository).

HVNSR curves from measurement stations located on the rim
crater (named T14, T15, T16, T25, T26, L7) show a near flat trend
around an average value of 1-1.5. Very smoothed peaks of am-
plitude (up a factor of 2) attain at low frequency values (1-2 Hz).

HVNSR curves from measurement stations located on the
epiclastic debris deposits (named T1, TS, T13, T19, T20, T21,
T22, L1, L4, L5) show a peak of amplitude at frequencies
spanning from 1.0 Hz and 3.0 Hz. In particular, HVNSR
curves from outermost measurement stations (T13, T20,
T21, T22) are characterised by a peak of amplitude lower than
3 at frequency of 2.0-3.0 Hz (i.e. broadband amplification),
whereas some HVNSR curves from innermost measurement
stations (T1, TS5, T19, L5) are characterised by a peak of
amplitude higher than 3 at frequency of 1.0-2.0 Hz. This trend
is not supported by HVNSR curves from measurement sta-
tions L1 and L4 that, on the contrary, show either peak at
frequency higher than 10 Hz (L1) or do not show appreciable
peak (L4).

HVNSR curves from measurement stations located on the
lacustrine floor (named T2, T6, T7, T8, T9, T10, T11, T12,
T17, T18, T27, T28, L3) show a clear peak reaching the max-
imum amplitude (about 8) at L3 station at a frequency of about
1.5 Hz. In particular, the peak amplitude shows an increasing
trend when moving from the outermost measurement stations
(e.g. T6, T12, T28) toward the innermost one (e.g. T8 and L3).
Following this trend, the resonance frequency decreases from
2.0to 1.5 Hz.

2D arrays

Three 2D arrays recorded 30 min of ambient noise using ver-
tical geophones, with a cutoff frequency of 4.5 Hz and

arranged according to cross geometries. These arrays were
located on the rim crater (array-04), on the epiclastic debris
deposits (array-02), and on the lacustrine floor (array-01) (Fig.
1b). For each array, we retrieved surface-wave dispersion
curves by using both ESAC (Bettig et al. 2001) and F-k
(Lacoss et al. 1969) techniques (Fig. 3b).

The best fit for the array-01 indicates, from the surface: 9 m
with material shear wave velocity (V) of about 90 m/s, 35 m
with Vg =262 m/s, and a layer with Vg>900 m/s.

The best fit for the array-02 indicates, from the surface:
28 m with increasing Vg up to 190 m/s, 68 m with Vg~
700 m/s, and a layer with Vg> 1800 m/s.

The best fit for the array-04 indicates, from the surface: 9 m
with Vg of about 400 m/s, 23 m with Vg~ 520 m/s, and a layer
with Vg =800 m/s.

Geotechnical data

Geotechnical laboratory tests were carried out on undis-
turbed soil samples recovered from the SS1 borehole (see
location in Fig. 1b, stratigraphy and sample positions in
Fig. 1d). In particular, soil behaviour under cyclic loading
conditions was characterised by means of simple shear
tests carried out with double specimen simple shear de-
vice (DSDSS), which is thoroughly described in D’Elia
et al. (2003). This device (Fig. 4a) investigates cyclic soil
properties in a wide range of strain amplitude (from ap-
proximately 0.0003% to more than 1.0%). DSDSS tests
were performed on lacustrine organic clays (sample C3
recovered at 10.5-m depth) and underlying lacustrine
sandy silts (sample C5, 24 m). The variation of normal-
ised shear modulus and damping ratio with cyclic shear
strain amplitude (7.) was determined for each sample at
different values of confining pressures, starting from the
pressure corresponding to the estimated in-situ vertical
effective geostatic stress. It is interesting to note that the
effect of confining stress is negligible, resulting in a slight
shift toward right of G/Gy-y. curves and downwards of
D-vy, curves (Fig. 4b, c). These normalised stiffness and
damping curves were used to model nonlinearity of soils
in the site response numerical analyses (see below).
According to existing literature (e.g. Pagliaroli et al.
2014b; Kishida et al. 2009), a peculiar behaviour for or-
ganic clays with respect to inorganic clays of similar plas-
ticity was found: organic soils are characterised by a
stronger linearity and lower damping properties. As mat-
ter of fact, normalised modulus and damping curves of
organic clays (plasticity index, PI=39) are shifted higher
and lower respectively (Fig. 4b, c¢) with respect to the
curves of similar plasticity inorganic clays (curves for
PI=30 by Darendeli 2001), satisfactorily fitting the
curves pertaining to inorganic very-high plasticity soils
(PI=100 or higher).
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The subsoil model
The geological model

The depth geological model of the Stracciacappa maar is de-
duced through the integration of the field geology (cross-sec-
tion A-B in Fig. 1c) and the geophysical datasets (ERT2 in
Fig. 3b). Major findings are the following:

» The pyroclastic units form the low-relief ring of the crater
(Fig. 5a). These pyroclastic deposits, which consist of
stratified tuffs with intercalated lavas boulders, correspond
to the high-resistivity domains (h1l) located at the NW
edge of the ERT1 and at both the E and W edges of the
ERT2 (Fig. 3). This volcanic succession forms a tabular
body dipping outward from the crater, as constrained by
the dip of the bedding (Fig. 2a) and the geometry of the h1l
domain in the NW edge of the ERT1 (Fig. 3a). Both ERT
profiles show that these high-resistivity domains are
bounded at depth by domains showing lower resistivity
values, thus suggesting that the pyroclastic units corre-
spond to a vadose zone. We attribute a maximum thick-
ness of about 70 m to this volcanic sequence based on
thickness of hl domain in the NW edge of the ERT1
(Fig. 3a).

* A layer of lacustrine deposits, corresponding to the upper-
most 15-m-thick sequence of dark and grey clayey silts
drilled at SS1 (Fig. 1d), fills the uppermost part of the
maar crater (Fig. 5a). This layer corresponds to sub-
horizontal low-resistivity domains in both ERT profiles
(11 in Fig. 3). The attitude of these low-resistivity domains
helps to constrain the lateral geometry and thickness of the
lacustrine deposits. In particular, pinch-out and/or
interfingering geometries can be envisaged for the transi-
tion from these lacustrine deposits to the epiclastic
deposits.

* The epiclastic deposits form lenticular bodies rimming (in
map view) the lacustrine deposits (Fig. 5a). The epiclastic
deposits correspond also to the grey sands and
volcaniclastic material drilled at SS1 (Fig. 1d). At depth,
the thickness and the geometry of these deposits resemble
the attitude of the low-to-medium resistivity domains
constrained by both ERT profiles (13 in Fig. 3).

* A chaotic material fills the central part of the crater, just
below the lacustrine deposits (Fig. 5a). This intra-crater
material can be attributed to slightly bedded syn-eruptive
filling made of slumping and collapsed blocks within a
finer hosting material. Both ERT profiles show that this
filling corresponds to the recurrence of medium- and high-
resistivity discontinuous anomalies (m1 and m2 in Fig. 3).
Although the nature of this filling is still unknown, it is
noteworthy an important variability in thickness and the
pinch-and-swell geometries for these resistivity
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anomalies, which pass from lenticular bodies of high re-
sistivity (>200 {2m) to mantling layers of low resistivity
(<60 O2m).

* A succession of alternating lavas and tuffs, which pre-date
the maar structure and extend from the base of capping
pyroclastic deposits to about 450-m depth (De Rita et al.
1983; Sottili et al. 2012), can be considered as forming the
pre-eruptive substrate. This substrate corresponds to the
high-resistivity domains (h2 in Fig. 3) that are disposed
in a staircase-like shape, dipping toward the crater centre.

* An undefined material fills the lowermost part of the cra-
ter, at depth below 100 m a.s.l. (Fig. 5a). We have no
direct knowledge on the nature of this material, and we
can only assume to be part of the fragmented, pre-eruptive,
substrate (including country rock blocks and rafts) within
the unbedded lower diatreme. Both ERT profiles have not
enough resolution to detect the geometry and thickness of
this fragmented substrate, and an alternation of high- and
low-resistivity domain can be only envisaged. We only
infer that this material may pass, to depth, to less fractured
substrate.

The lithotechnical model

The reconstructed geological setting of the Stracciacappa
maar (Fig. 5b) define the base for assessing the lithotechnical
model. We reinterpret the lithofacies into mechanical
lithotypes by using a simplified cross-section (Fig. 5c). The
scheme of lithotypes is reported in Table 1, which also con-
tains the values of mechanical parameters used for numerical
analyses aimed at seismic site response evaluation. We define:

* A lithotype #1, corresponding to the sub-horizontal layer
of lacustrine deposits filling the upper part of the maar
crater (Fig. 5c and Table 1). We attribute low values of
Vs (such as 100—-150 m/s) to this lithotype, as inferred by
the array-01 (Fig. 3b).

* A lithotype #2, corresponding to the upward convex layer
of epiclastic deposits within the upper part of the maar
crater (Fig. S5c and Table 1). We attribute values of Vs in
the order of 250-300 m/s to this lithotype, as inferred by
the array-02 (Fig. 3b).

* A lithotype #3a and a lithotype #3b, both corresponding to
the fine-grained material filling the central part of the cra-
ter (Fig. Sc and Table 1). These lithotypes also correspond
to the irregular anomalies showing low-to-medium resis-
tivity. A precise attribution of Vs values for these
lithotypes is not possible on the base of our dataset.
Anyway, considering a model of increasing Vs with
depth, we assume Vs higher for lithotypes #3a and #3b
than Vs attributed to lithotype #2. Therefore, we attribute
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Fig. 4 a Representative picture and schematic layout of the DSDSS
(double specimen simple shear device) apparatus; normalised shear
modulus and damping ratio curves of b lacustrine organic clays and ¢

values of Vs in the order of 400 m/s to lithotype #3a and
values of Vs in the order of to 700 m/s to lithotype #3b.
The highest Vs values have been attributed according to
the array-02 (Fig. 3b).
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content, y =unit weight, SOM = soil organic matter content by loss on
ignition at 450 °C

* A lithotype #4, corresponding to the irregular
slumping and collapsed blocks within the central
part of the crater (Fig. 5c and Table 1). We attribute
values of Vs in the order of 1000 m/s to this
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lithotype, as inferred by the lowermost 60 m of the Table 1). We attribute values of Vs in the order of

array-01 (Fig. 3b). 1800 m/s to this lithotype, as constrained by the lower-
* A lithotype #5, corresponding to the pyroclastic deposits most metres of the array-02 (Fig. 3b).

forming the rim of the crater (Fig. 5c and Table 1). We ¢ A lithotype #6b, corresponding to the fragmented, pre-

attribute values of Vs in the order of 700 m/s to this eruptive, substrate filling the lowermost part of the crater

lithotype, as inferred by the array-04 (Fig. 3b). (Fig. 5Sc and Table 1). This lithotype is completely uncon-
* A lithotype #6a, corresponding to the pre-eruptive sub- strained in terms of both thickness and Vs. Following our

strate arranged in staircase-like shape (Fig. 5c and geological model, we consider this lithotype like the

Table 1 Subsoil model of the Stracciacappa maar for site response analysis

# Lithotypes ¥ (kN/m?) Vs (m/s) Dy (%) G/Gy-y. and D-y, curves
1 Lacustrine silty clays/organic clays 16 150 1.3 DSDSS C3 (150 kPa)
2 Epiclastic debris and alluvial silty sands 18 250 1.0 DSDSS C5 (200 kPa)
3a Chaotic pyroclastic (-sedimentary?) deposit 18 400 0.5 Linear behaviour
3b Chaotic sedimentary-lacustrine silty clays (?) 18 700 0.5 Linear behaviour
4 Semi-chaotic pyroclastic deposit with dominant 19 1000 0.5 Linear behaviour
lithoid component
5 Tuffs with lavas boulders 19 700 0.5 Linear behaviour
6a Alternation of lavas and tuffs 21 1800
6b Alternation of highly jointed/weathered lavas and tuffs 20 1000 0.5 Linear behaviour
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lithotype #4 in terms of geotechnical characteristics. To
this lithotype, we attribute values of Vs in the order of
1000 m/s that may increase at depth with possible
unfractured substrata (lithotype #6a at the bottom of the
lithotechnical cross-section of Fig. 5¢).

For all lithotypes a Poisson ratio of 0.35 has been assumed
with the exception of lithotype #1 characterised by 0.47. The
lithotechnical model was validated by comparing the funda-
mental frequencies computed by 1D viscoelastic linear analy-
ses with values estimated form HVSR analyses. An example
is reported in Fig. 6 where the fundamental resonance frequen-
cy (about 1.7 Hz) highlighted by HVSR at T27 is well
reproduced by the numerical amplification function, thus
confirming the effectiveness of the model at least in the linear
range.

Site response numerical analyses
Computer code

Both 1D and 2D numerical analyses were carried out with the
equivalent linear, finite element QUAD4M code (Hudson
et al. 1994). Bidimensional analyses were carried out with
reference to the cross-section of Fig. Sc¢ while 1D analyses
were executed at selected points located on the cross-section
surface; the comparison between 1D and 2D allows to quan-
tify bidimensional site effects related to buried and surficial
morphologies. The QUAD4M code employs the full Rayleigh
formulation with two control frequencies to model damping
properties of materials; this formulation generally allows re-
duce the variation of damping with frequency in the range of
interest by properly selecting the two values of control fre-
quencies (Hudson et al. 1994; Lanzo et al. 2003).

The input motion is applied at the base in terms of shear stress
time histories proportional to the specified control motion at the
half-space outcrop; this strategy, coupled with Lysmer and
Kuhlemeyer (1969) base dashpots, allows to model an elastic
base (Joyner and Chen 1975). On the contrary, side boundaries
are perfectly reflecting thus producing artificial reflected waves
coming back into the model; therefore, in order to reduce the

influence of these spurious waves, the lateral boundaries were
extended about 560 m in both directions from the edges of the
basin. The finite element mesh consists of about 11,650 elements
of triangular shape whose size, for each material, was selected
according the rule /. = Vs/(8 frax), Where Vs is the material
shear wave velocity value selected accordingly to the shear strain
level (therefore taking into account the reduction of stiffness due
to soil nonlinearity), /., 1S the maximum height of mesh ele-
ment, and fi., 18 the maximum frequency to be transmitted,
assumed equal to 10 Hz. This rule allows to achieve a satisfactory
accuracy of the numerical solution (Kuhlemeyer and Lysmer
1973).

The analyses were conducted by applying vertical incident S
waves as input motion using the accelerograms selected accord-
ing to the procedure described in the following paragraph.

Selection of input motion

The study area could be struck by two kinds of seismic events:
volcanic local events generated by magma and/or volcanic
fluids movements and tectonic events generated by faults in
central Apennines (located at about 70 km from the maar).
The different seismogenic mechanisms and source-site dis-
tances cause variable energy and frequency content in the
input motion associated to the two events. Two ‘seismic sce-
narios’ were therefore considered to consider the influence of
input motion on the seismic response of the maar:

1. a near-field moderate magnitude shallow volcanic event
(‘volcanic scenario’), characterised by an enrichment of
long-period (> 1 s) motions, compared to tectonic events
of equivalent magnitude (Jousset and Douglas 2007,
Milana et al. 2008). Considering this peculiar frequency
content, as first approximation, the NS and EW record-
ings at Bronte Station (BNT in ITACA database, http://
itaca.mi.ingv.it) of ML = 4.4 October 27, 2002 event were
used. This event is part of a large seismic swarm with
epicentres located in the Mount Etna volcano area
(Bozzano et al. 2013); the accelerograms were applied
as they are without scaling.

2. a high magnitude far-field tectonic event (‘tectonic sce-
nario’), whose reference spectrum was built with ground

Fig. 6 Comparison between
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motion prediction equation (GMPE) by Ambraseys et al.
(2005) with reference to average + 1 standard deviation
values, assuming M =6.5 and distance of 70 km. These
conditions are compatible with seismogenic sources locat-
ed in central Apennines. Five recordings of events
characterised by magnitude and distance in the range of
6—7 and 60-90 km, respectively, were extracted from the
ITACA database (http://itaca.mi.ingv.it) and scaled in
order to match on average the reference spectrum:
MMP1 station EW component (2016/10/30 Central
Italy), GRR station EW component (1978/04/15 Gulf of
Patti), MMUR station EW component (2016/08/24
Central Italy), PIEI station EW component (2016/10/30
Central Italy), TOD station NS component (2016/08/24
Central Italy). The selected range of magnitude is
expected as the highest in the central Apennines, and the
distances are calculated from the site to the main nearby
Apennines seismogenic sources.

The response spectra selected for both scenarios are reported
in Fig. 7. For the ‘tectonic’ scenario, the reference spectrum
computed by GMPE is also reported for comparison. By com-
paring the two scenarios, some remarkable differences can be
noted: even if a similar PGA (about 0.02 g) characterises both
the tectonic and the volcanic inputs, the spectral shape is quite
different. Major energy is in the 0.5—1 s for the volcanic scenario
(Fig. 7a), whereas predominant period of the average tectonic
input is about 0.2 s (Fig. 7b). This confirms the enrichment of
long-period (> 1 s) motions of volcanic input with respect to
tectonic events, despite the magnitude of the selected events is
quite lower (4.4) compared to the size of tectonic recordings.

Assessing the influence of lateral heterogeneity

Preliminary analyses were carried out by considering a simpli-
fied subsoil model. Lithotypes #3b and #4 were grouped by
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2 i
=
2004 —|
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assuming a Vs =850 m/s as average of the values pertaining
to the two lithotypes (700 m/s for #3b and 1000 m/s for #4).
The comparison between the results of the simplified model
(model2) with the detailed one (modell previously introduced
in Table 1) will allow us investigating the role of the lateral
heterogeneity at depth in the maar on the surface response.

The results obtained with modell and model2 are com-
pared in Fig. 8 in terms of response spectral ratios at 3 sites
of the surface of the maar (A, B, and C in Fig. 8). In particular,
the spectral acceleration ratio modell/model2 was computed
for both input scenarios and for viscoelastic linear (the
damping ratio was set to very small values 0.1% for all the
materials) and equivalent linear approaches. All spectral ratios
were calculated by averaging the response over all considered
accelerograms for each scenario.

The following general conclusions can be drawn: (i) while
the ground motion is comparable at 0.5-1 s (1-2 Hz), the
spectral accelerations are higher in the heterogeneous model
1 with respect to the simplified model 2 especially in the
period range 0.1-0.25 s; (ii) no relevant differences exist be-
tween linear and equivalent linear analyses; (iii) a dependence
from input motion is observed, i.e. higher differences at 0.1—
0.25 s between modell and model2 are observed for volcanic
scenario with respect to the tectonic one.

Regarding the spatial distribution of the ground motion,
minor differences in spectral accelerations predicted by the
two models are observed close to the western edge of the maar
section (point A), where the subsoil is quite homogeneous,
whereas higher discrepancies appear at the central (point B)
and eastern portion (point C) of the maar section. Here, the
spectral acceleration for modell can be 40-60% higher than
model2 at 0.1-0.25 s (medium-to-high frequency range 5—
10 Hz). For volcanic scenario, the differences are higher at
the maar centre (point B), whereas for tectonic scenario, the
effect of heterogeneity is maximum at the eastern portion
(point C).
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Fig.7 Response spectra of natural accelerograms selected as input motion for numerical analyses for the a volcanic scenario and the b tectonic scenario.
For the tectonic scenario, the target spectrum obtained with Ambreseys et al. (2005) GMPE is also reported
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The results show that the subsoil lateral heterogeneity is a
crucial parameter for predicting ground motion in the maar.
As above discussed, multiple amplification peaks, especially
at medium-to-high frequencies, are probably related to scat-
tering effects and characterise the response of the heteroge-
neous subsoil model with respect to the homogeneous one.
Therefore, in the following, reference is made only to the
modell.

Amplification effects
Amplification pattern
Amplification effects along the maar were evaluated in terms

of amplification functions developed for spectral accelerations
at the three selected points A, B, and C. The functions were

calculated by averaging the response over all considered
accelerograms for each scenario and both linear and equiva-
lent linear models were considered (Fig. 9). As expected, the
amplification effects reduce from linear to equivalent linear
analyses due to the moderate nonlinear behaviour of soils
which lead to an increase in damping properties (Fig. 4b, c).
This reduction is obviously more pronounced for the tectonic
scenario (Fig. 9a, b) characterised by higher input energy and
therefore inducing more nonlinear effects in the soils with
respect to the volcanic scenario (Fig. 9¢, d; compare tectonic
and volcanic input spectra in Fig. 7).

The amplification is maximum at the centre and eastern
portion of maar (points B and C), where a peak of 8-10 is
reached for equivalent linear analyses in the range 1-3 Hz
including the resonance frequencies at surface. Frequencies
and amount of amplification are comparable at points B and
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Fig. 9 Bidimensional amplification functions in terms of spectral accelerations computed for model 1 for tectonic (a, b) and volcanic scenario (¢, d);
results are from linear viscoelastic (a, ¢) and equivalent linear (b, d) analyses

C; for both points, the PGA is amplified of about 4-5 (see the
high frequency range in Fig. 9b, d). On the contrary, the am-
plification is generally lower than 5—6 in the whole range of
frequency around point A at western portion.

2D effects and role of soil nonlinearity

Additional 1D analyses were carried out at points A-B-C
(modell) for exploring the role of 2D effects. The average
spectral 2D/1D ratio (2D ‘aggravation factors’) are presented
in Fig. 10 for both tectonic and volcanic scenarios (Fig. 10a, b)
and linear/equivalent linear analyses (Fig. 10c, d). Moderate
2D effects take place at point C (eastern side), where the
aggravation factors are lower than 2 in the whole frequency
range. In the central and western part of the maar, the 2D
effects are more relevant in the order of 2.5-3.5 in 1-3 Hz
range; the aggravation factors are higher at point B especially
for volcanic scenario (Fig. 10d). It should be noted that points
A and B, where higher 2D effects occur, are located on very
soft material (lithotype #1; Vs=150 m/s), whereas point C
lies on soft material (lithotype #2; Vs =250 m/s). It should
be also emphasised that the soil nonlinearity somewhat
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reduces the 2D effects: for tectonic scenario the 2D/1D peaks
in the 1-2 Hz range are 3 and 2.5 for linear and equivalent
linear analyses, respectively. For volcanic scenario linear and
equivalent linear, numerical simulations provide more compa-
rable aggravation factors (see Fig. 10c, d) probably due to the
minor nonlinear behaviour: volcanic input spectra have minor
spectral acceleration at 1-2 Hz (about half of corresponding
tectonic input values, see Fig. 7). Maximum shear strain pro-
files at representative location B indicate that a maximum -y is
reached at a depth of about 20 m (i.e. at the bottom of soft
lithotype 1, Fig. 8) being in the order of 0.01% and 0.04% for
volcanic and tectonic input, respectively. In general, these
deformations are lower than 0.1%, thus supporting the use
of the equivalent linear approach for both 1D and 2D numer-
ical analyses (Kaklamanos and Bradley 2015).

By considering the 1D average spectral amplification func-
tions (Fig. 11), we observed that the peak of amplification is
achieved at points A and B in the 1-1.5 Hz range and, there-
fore, in the same range in which 2D effects are found. This
suggests that the seismic response of the maar is essentially
driven by 1D amplification phenomena and it is enhanced by
the interaction of direct S waves with Rayleigh waves
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generated at edges of the most superficial lithotypes (#1 and
#2 in Table 1).

The ground motion across the maar

Contours of spectral acceleration along the maar surface from
equivalent linear are reported in Fig. 12 for both scenarios, by
considering average values for the tectonic scenario and only
the BNT NS (Bronte Station) input motion for the volcanic
scenario. This representation gives a picture of ground motion
variation across the maar in the whole frequency range. The
amplification of ground motion inside the maar with respect to
the outside ring clearly appears for both scenarios. Higher
spectral acceleration (up to 0.6 g) is reached in correspon-
dence of the maximum thickness of the very soft lithotype
#1 at the centre of the maar. For the tectonic scenario, the
maximum accelerations are computed in the 0.2—0.4-s period
range (2.5-5 Hz in terms of frequency), which almost corre-
sponds to the peak of the input energy (Fig. 7). For the volca-
nic scenario, the spectral acceleration is maximum around
0.2s.

Discussion

Physical stratigraphy and site response at the
Stracciacappa maar

The depth structure of the Stracciacappa maar (Fig. 5b) reflects the
idealised setting of a maar/diatreme system (e.g. Lorenz 2003;
Lorenz and Kurszlaukis 2007; White and Ross 2011; Isaia et al.
2015; Valentine et al. 2015), which includes (i) syn-eruptive pyro-
clastic and effusive sequences as forming the ring, (ii) post-eruptive
lacustrine and epiclastic deposits within the maar crater, (iii) stratified
beds of unconsolidated volcanoclastic material in the upper part of
the diatreme, (iv) unbedded and mixed materials in the lower part of
the diatreme, and (v) a disarticulated pre-eruptive substratum.

Our multidisciplinary dataset allows the recognition of a
complex stacking of voluminous soft and stiff materials on
top of a disarticulated substrate for the subsoil of the
Stracciacappa maar. We identify abrupt stiffness heterogene-
ities along both vertical and lateral directions within the maar.
Main vertical stiffness heterogeneities correspond to (i) the
stratigraphic boundary between the sediments (lacustrine and
epiclastic; lithotypes #1 and #2, respectively) and the
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underlying chaotic lithofacies filling the upper diatreme (i.e.
alternations of lithotypes #3a, #3b, and #4) and (ii) the strati-
graphic boundary between the syn-eruptive deposits
(lithotype #5) and the pre-eruptive substrate (lithotype #6) at
the edges of the maar. Main lateral stiffness heterogeneities
correspond to (i) the pinch-out and/or interfingering geome-
tries between lacustrine and epiclastic deposits, (ii) the internal
structure and composition of the chaotic material filling the
upper diatreme, and (iii) the dislocations separating the chaot-
ic material and the country substrate rocks.

Our numerical analyses demonstrate that, among these, the
lithological heterogeneity within the upper diatreme (i.e. alterna-
tions of lithotypes #3b and #4) and the impedance contrasts with
the overlying very soft layer #1 have key influence on distribu-
tion of the shear wave velocity and, in turn, induce amplitude-
frequency modifications during wave propagation through the
maar structure. In particular, by comparing analysis carried out
from the heterogeneous model and the simplified model (in
which lateral variation at depth were neglected), we conclude
that subsoil lateral heterogeneity is crucial parameter for a correct
prediction of ground motion in the maar. An increase in ground
motion of the order of 50% can be obtained when considering the
heterogeneous modell (Table 1).

@ Springer

Finally, by comparing the results of linear 1D and 2D site
response analyses and by examining the experimental
HVNSR spectral ratios, we suggest that the amplification ef-
fects are essentially related to 1D resonance of the very soft
lacustrine/epiclastic deposits on the stiffer underlying de-
posits, significantly enhanced by 2D aggravation effects relat-
ed to the interaction of direct S-waves and Rayleigh waves
generated at the maar edges. Comparison between linear and
equivalent linear analyses shows that nonlinear effects of la-
custrine material reduce 2D effects.

General clues for assessing site effects at explosive
volcanic settings

Previous works reveal the key importance of constraining
plausible subsoil setting for assessing factors leading to site
effects and ground motion modifications in volcanic environ-
ments (Mora et al. 2001; Almendros et al. 2004; Chavez-
Garcia et al. 2007; Panzera et al. 2011; Santos et al. 2011;
Chavez-Garcia and Kang 2014; Galluzzo et al. 2016). In terms
of suitable prospection methods, for such idealised setting of a
maar/diatreme system, we learn from the Stracciacappa study
that:
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Ambient noise measurements reveal enough resolution
for discriminating the stiffness contrast between the
youngest, soft, sedimentary layers (i.e. lacustrine and
epiclastic deposits) and the deeper layers filling the
diatreme crater. These measurements provide clear H/'V
peaks whose features (in terms of amplification and res-
onance frequency) help to constrain thicknesses and ve-
locities of the upper layers throughout the crater. In par-
ticular, HVNSR clear peaks identify the lateral variability
of very soft sedimentary materials within the maar crater
made by lacustrine muds and epiclastic deposits
(lithotypes #1 and #2, respectively), whereas HVNSR
near flat trends are related to the lack of a real impedance
contrast occurring at the rim, where pyroclastic units are
superimposed on the substrate. In this view, it seems that
HVNSR are useful to provide insights on the first-order
complexities of the volcanic structure (compare to
HVNSR limitations in Chavez-Garcia and Kang 2014);
2D arrays provide suitable average values of shear wave
velocity, which in our experience are useful for numeri-
cal modelling of heterogeneous/chaotic media to inte-
grate the pointy in-hole prospections data (i.e. Vg

(©

changes too rapidly to be properly detected by few in-
hole prospections). Conversely, 2D array inversions do
not show enough resolution to reconstruct the deepest
layers (i.e. the seismic bedrock) due to the compromise
between the array dimensions and the horizontally lay-
ered hypothesis necessary to the application of the
method.

Electric resistivity tomography is a suitable prospection
to highlight the main morphologic features and helps to
identify extension and thickness of lithotypes within the
maar. A realistic agreement does exist between anoma-
lies observed in the ERT profiles and Vg profiles from
the 2D array inversion, as higher resistivity value corre-
sponds to higher shear wave velocity and vice versa.

In terms of site response, we learn from the Stracciacappa

study that the expected ground motion across a maar structure
is strictly related to the spatial distribution and thickness of the
post-eruptive deposits that determine a strong stiffness con-
trast with the underlying syn-eruptive deposits and the chaotic
material filling the upper diatreme. A simplified scheme of a
maar/diatreme system is provided in Fig. 13a, where the
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spatial distribution of deposits (classified in terms of pre-erup-
tive, syn-eruptive, post-eruptive, and diatreme-filling) is cor-
related with the expected ground motion generated after a
generic seismic pulse. Noteworthy, our scenario infers that
maximum expected ground motion is attained in the central
part of the maar crater, where the maximum thickness of the
post-eruptive deposits is reached, whereas no ground motion
amplification is expected in correspondence of the stiffness
contrast between the syn-eruptive deposits and the underlying
pre-eruptive substratum at the maar ring. Therefore, we pro-
pose a schematic correlation (Fig. 13b) between vertical strat-
igraphic heterogeneity and expected ground motion modifica-
tion that could be considered for a maar/diatreme system sim-
ilar to the Stracciacappa case study, i.e. in those volcanic set-
tings where chaotic and violent events may determine hetero-
geneous distribution of deposits in both vertical and lateral
directions.

Finally, we consider our 1D and 2D outcomes as useful to
set the ground for a 3D geometry, which better approximates
the complex setting of maars and similar apparatus in explo-
sive volcanic environments. We expect that 3D numerical
simulations represent a challenge to identify near-field and
far-field geological/geotechnical conditions in volcanic envi-
ronments to be modelled in the light of site response assess-
ment, as documented for non-volcanic sites characterised by
complex geological and morphological features (e.g. Smerzini
etal. 2011; Wang et al. 2018). The comparison between 1D,
2D, and 3D numerical approaches could improve our under-
standing of additional subsoil heterogeneities in volcanic set-
tings, including, but not limited to, the pattern migration and
the accumulation of fluids causing overpressure conditions
and hydrothermal paroxysm activity (e.g. Isaia et al. 2015;
Vignaroli et al. 2015).

Conclusions

The Stracciacappa maar case study (Sabatini Volcanic
District, central Italy) provides a close correlation between
physical stratigraphy and distribution of local seismic re-
sponse in an explosive volcanic setting. The results indicate
that the occurrence of alternating soft and stiff materials in the
central part of the maar strongly affects site amplifications
occurring at the surface. The study also shows that electric
resistivity tomography is a prospection suitable to highlight
the main morphologic features and helps to identify lithotypes
within the maar, while 2D seismic arrays provide suitable
average values of S-wave velocity.

By comparing the results of linear 1D and 2D site response
analyses and by examining the experimental HVNSR spectral
ratios, it can be speculated that amplification effects are essential-
ly related to 1D resonance of the very soft deposits on the stiffer
underlying units, significantly enhanced by 2D aggravation ef-
fects related to the interaction of direct S-waves and Rayleigh
waves generated at the maar edges. Therefore, the Stracciacappa
case study demonstrates that even if 1D model can be represen-
tative of the expected effects, an exclusively 1D approach is not
enough to explain the possible effects in such complex volcanic
settings, as it can significantly underestimate amplifications.

It is proposed that complex site effects typical of volcanic
setting can generally be ascertained by 2D subsoil models that
are capable of better capturing level of amplification phenom-
ena. It turns out that, in seismic microzonation studies on
volcanic areas, 1D approaches should be used along with 2D
modelling. Outcomes from 1D and 2D numerical simulations
are expected to set the stage for the 3D computation of local
seismic response at sites characterised by complex subsoil
geological features.

Expected
ground motion
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Fig. 13 a Simplified stratigraphic setting of a maar/diatreme system and
expected distribution of the ground motion amplification generated after a
seismic pulse. This study suggests that the ground motion amplification is
maximum in the central part of the maar, where maximum thickness of
the post-eruptive deposits (of lacustrine origin) is reached above the
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heterogeneity in a typical maar structure, moving from the ring to the
centre of the maar
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