Source characterization of the 20th May 2024 M, 4.4
Campi Flegrei caldera earthquake through a joint

source-propagation probabilistic inversion

1

M. Supino (@ *1, L. Scognamiglio (©1, L. Chiaraluce (', C. Doglioni (©!, A. Herrero

!|stituto Nazionale di Geofisica e Vulcanologia, Roma, Italy

Author contributions: Conceptualization: M. Supino. Formal Analysis: M. Supino. Investigation: M. Supino, L. Scognamiglio, L. Chiaraluce, C. Doglioni, A.
Herrero. Methodology: M. Supino. Writing - original draft: M. Supino. Writing - review & editing: M. Supino, L. Scognamiglio, L. Chiaraluce, C. Doglioni, A.

Herrero.

Abstract on May 20, 2024, an earthquake of magnitude Mp 4.4 nucleated at shallow depth (2.6 km) in
the Campi Flegrei caldera (Southern Italy), a densely populated area where an increase in seismic activity has
been observed since 2019 attributable to an on-going unrest episode. While the magnitude was moderate,
the event produced a strong ground shaking with an observed maximum peak ground acceleration of 3.58
m s, and several buildings were damaged. Here, we characterize the earthquake source using a probabilistic
joint source-propagation spectralinversionin the Fourier space. We estimate amoment magnitude M,, =3.70
+0.13 and a corner frequency f. = 1.11 + 0.19 Hz. Assuming a circular rupture model, we estimate a source
radius r =400 + 70 m and a stress drop Ao = 3.2 + 2.2 MPa. The estimated stress drop suggests that future
earthquakes in the hypocentral region, considering a possible rupture length of 3 km suggested by previous
studies, can have magnitude increased by 1.2 + 0.3 units with respect to May 20™ event. A systematic source
characterization of the recent seismicity in the caldera would help in estimating the expected ground motion
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from future large-magnitude events.

1 Introduction

The Campi Flegrei caldera is a volcanic structure lo-
cated close to Naples (Southern Italy), in a densely popu-
lated area inhabited by almost two million people. In re-
cent years, two unrest episodes associated with ground
uplift occurred in the caldera (from 1969 to 1972 and
from 1982 to 1984). The uplift of the caldera resumed
in 2005, and since 2019 an increase in seismic activity
has been observed (e.g., .N.G.V.-O.V,, 2024).

Historically, duration magnitude M has been a com-
mon magnitude measurement among several seismic
networks recording microearthquakes (Lee and Stew-
art, 1981). Osservatorio Vesuviano (OV) is the section
of the National Institute of Geophysics and Volcanology
(INGV) in charge of the geophysical monitoring of the
Campi Flegrei caldera. OV is currently using Mp as rou-
tine magnitude measurement for the earthquakes oc-
curring in the region (Orsi et al., 1999; Petrosino et al.,
2008). The Mp 4.4 event, occurred on May, 20™, was the
strongest event recorded in the region during the last 40
years, and limited knowledge exists about the scaling of
Mp with parameters directly related to the physics of
the source, such as the seismic moment M,, when the
size of the earthquake is large as the M, 4.4 event.

The earthquake produced a strong ground shaking.
While the event magnitude was moderate, the maxi-
mum peak ground acceleration (PGA) observed among
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all the available seismic stations was 3.58 m s2. For in-
stance, this is equal to 55.6% of the maximum PGA ob-
served after the M,, 6.1 L’Aquila earthquake occurred
on April 6%, 2009. Clearly, the shallow depth of the
earthquake (2.6 km) contributes to determining the
shaking and the significant seismic hazard posed by
such relatively small events. Overall, the seismic risk
assessment in the area must also take into account
the high vulnerability and the peculiar exposure factor,
with ~15,500 residential buildings and ~85,000 people
living in the higher risk zone identified by the Italian
Government in October 2023 (Decreto-legge 140/2023).

In this work, we use the probabilistic approach pro-
posed by Supino et al. (2019) to characterize the source
of the Mp 4.4 earthquake by inverting displacement
amplitude spectra. We estimate the joint a-posteriori
probability density function of source parameters seis-
mic moment M), corner frequency f., high-frequency
decay ~ and of propagation parameter ()’, which mod-
els the anelastic attenuation of seismic waves. From
My we obtain the moment magnitude M,, (Hanks and
Kanamori, 1979), while assuming a circular rupture
model f. is used to estimate the source radius r. Finally,
both M, and r are used to estimate the earthquake stress
drop Ac.
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Figurel Map with event, stations, estimated parameters and observed PGA. a. The earthquake epicenter is shown (red
star) together with the stations (colored triangles) used for earthquake source characterization. The color of station markers
is according to the moment magnitude. b. As in a, with color according to corner frequency c. As in a, with color according
to observed PGA. Color bar in panels (b) and (c) has a log scale. The hypocentral distance of the stations ranges from 2.88 to

8.35 km.

2 Data and Method

We analyze the earthquake that occurred in the Campi
Flegrei caldera (Italy) on May 20%, 2024 at 18:10:03
(UTC Time) (red star in Figure 1). For the analysis,
we adopt the hypocenter location estimated by INGV-
OV. The events in the region are routinely located us-
ing a 1D-velocity model (Orsi et al., 2004; Tramelli et al.,
2021). It is noted that the uncertainty in the hypocenter
location and velocity model will impact the estimation
of moment magnitude (see Eq. 1 and Supplementary
Text S1). We invert data from 23 seismic stations (Fig-
ure 1) from the seismic monitoring network deployed
by INGV-0V, and the Accelerometric National Network
(RAN) deployed by the Department of Italian Civil Pro-
tection (DPC). All data are publicly available through
web services or web pages (see Data Availability sec-
tion). We use acceleration records for all the stations,
except for one station CSMN for which only velocity
records were available.

We invert S-wave displacement amplitude spectra us-
ing the probabilistic method by Supino et al. (2019).
The method has been used to characterize the earth-
quake source in different tectonic settings and with dif-
ferent type of seismic data (Strumia et al., 2024; Supino

2

et al., 2019, 2020), and is part of the SCEC/USGS Com-
munity Stress Drop Validation Study (Baltay et al., 2024).
The forward operator along with the pre-processing and
processing parameters used for the analysis closely fol-
low Supino et al. (2019), and are also described in the
Supplementary material (Text S1).

We estimate for each station the joint source-
propagation a-posteriori probability density function
(PDF) o(m = log My, fc,v,Ql) (Figure 2). M, (seismic
moment), f. (corner frequency) and v (high-frequency
decay) are the source parameters of a generalized
Brune (1970) spectral model, while Q' accounts for
both anelastic attenuation quality factor @ and site-
dependent attenuation term k. We do not consider a
site amplification term in the forward operator, since
the inversion is performed on a single event while a
set of events is needed to constrain site amplifications.
Since average estimates of the source parameters are
obtained using data from a large number of stations, we
expect that possible site amplification effects are some-
what mitigated.

For each parameter, the single-station solution and
uncertainty are the mean and the standard deviation of
the corresponding marginal PDF, respectively. The final
event solution is the weighted average of single-station
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Figure2 Source and propagation parameter solutions for single-station observation. a. S-wave displacement ampli-
tude spectrum (blue dots) in seismic moment units, best fit spectrum (red curve) and noise spectrum (gray dots). The ma-
genta vertical line shows the estimated corner frequency. The noise spectrum is estimated from a signal time window starting
from the origin time, with the same length as the inverted S-wave. b. 1D marginal PDFs of source parameters log My, fe, Yy
and propagation parameter @’ ¢. 2d marginal PDFs for each pair of explored parameters. The correlation coefficient p is
shown at the top of each heatmap. The analysis shown here is at the station POZA (Figure 1a).

solutions, where the weight is the inverse of the vari-
ance estimated from the corresponding marginal PDF.

The methodology that we use in this work to charac-
terize the earthquake source benefits from a probabilis-
tic inversion that provides a PDF as the solution of the
spectral inversion, instead of a more common scalar so-
lution. This approach allows to account for between-
parameter correlations in both parameter solutions and
related uncertainty (Abercrombie, 2021; Supino et al.,
2019; Trugman, 2022).

3

3 Results

Our analysis is characterized by a high spatial resolu-
tion thanks to 23 seismic stations located at a hypocen-
tral distance of less than 9 km. This produced a dataset
for the event source parameters (Table 1) that is rarely
obtained for earthquakes of similar magnitude at such
short distances. In addition, the S-wave records are
characterized by a very good signal-to-noise ratio (SNR),
with SNR > 3 in the entire inverted frequency band.
Single-station solutions are well constrained, and
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Station | M,, | std(My) | fc(Hz) | std(f) ~y std(y) Q’ std(Q’) Q | std(Q) | hg(km)
BAIP 341 0.11 2.1 0.6 2.2 0.3 0.0077 0.0012 130 20 6.349
BAN 4.0 0.2 0.44 0.2 1.56 0.16 0.015 0.0016 67 7 3.829
CBAC 3.79 0.15 0.8 0.3 1.97 0.18 0.0056 0.0012 180 40 5.825
CFMN 3.47 0.07 3.5 0.5 3.1 0.3 0.0036 0.0017 280 130 4.869
CMIS 3.53 0.09 2.1 0.4 29 0.3 0.0079 0.0012 126 19 7.401
CMSN 3.71 0.14 0.8 0.2 221 0.18 0.0093 0.0015 107 17 4678
COLB 3.79 0.11 1.1 0.2 2.2 0.11 0.0025 0.0013 400 200 2.879
CPOZ 3.92 0.08 2 0.3 3.1 0.2 0.0091 0.0025 110 30 3.155
CSOB 3.62 0.09 1.6 0.4 2.1 0.2 0.0083 0.0021 120 30 2.871
MPCD 3.44 0.12 1.6 0.5 2.1 0.3 0.0027 | 0.00095 | 370 130 8.348
NAAG 3.8 0.16 0.9 0.3 19 0.2 0.019 0.0024 54 7 3.577
NABA 3.78 0.16 1.1 0.4 1.9 0.3 0.0091 0.0025 110 30 3.450
NACO 3.87 0.18 0.6 0.2 1.84 0.17 0.012 0.0014 84 10 4.756
NAFG 4.0 0.2 0.38 0.18 1.66 0.16 0.011 0.0014 95 13 4.460
NAP 39 0.2 0.5 0.2 1.57 0.18 0.0071 0.001 140 20 5.493
NAPI 3.71 0.15 0.8 0.2 2.33 0.2 0.0067 0.0013 150 30 4672
POZA 3.89 0.09 1.6 0.4 2.1 0.2 0.015 0.0021 66 9 3.299
POZB 3.66 0.06 2.9 0.4 2.7 0.3 0.011 0.0019 95 17 4.323
POZL 39 0.2 0.5 0.3 1.25 0.16 0.015 0.0011 66 5.266
POZM 3.72 0.14 0.9 0.4 1.52 0.18 0.019 0.0021 53 2.821
POZS 3.82 0.08 2.7 0.6 2.2 0.3 0.019 0.0031 54 2.779
POZT 3.77 0.06 2.6 0.2 3.8 0.2 0.0071 0.002 140 40 3.096
POZU 3.69 0.07 2.5 0.4 2.5 0.3 0.0091 0.0017 110 20 4.360

Tablel Moment magnitude (M,,), corner frequency (f.), high-frequency decay exponent (v) and Q" parameter estimated
for each station. std() columns indicate the standard deviation of the specified parameter. ) values and errors are obtained
from corresponding Q' values and errors, assuming ko =0 (see Text S1 and equation S2). hy column indicates the hypocentral

distance of the corresponding station.

show as expected (e.g., Supino et al., 2019) that the
largest correlation (correlation coefficient p ~ -0.9) ex-
ists between the parameters log My— f. and y—Q’, while
the smallest (p ~ 0.4) is between log M, and Q' (as shown
in Figure 2c).

The collection of single-station spectra shows a re-
markable coherency of the low-frequency plateaux (i.e.,
seismic moments) (Figure 3). Corner frequencies ex-
hibit a larger variability (vertical bars in Figure 3), as
usually observed (e.g., Baltay et al., 2024). The asym-
metric spatial distribution of f. values (Figure 1b) - with
on average smaller values to the East of the epicenter
and larger values to the West - is well correlated with the
observed variability of peak ground acceleration (PGA)
values (Figure 1c). For stations at a similar epicentral
distance, PGAs are smaller in the East direction and
larger in the West direction.

We estimate as event source parameter solution M, =
3.70 £0.04 (M =4.52-10 N m), f,=1.11+0.19, v =2.07 %
0.13; the reported uncertainty is the standard error. The
Q' solutions correspond to an average quality factor for
the explored propagation medium @ = 70 + 20, if kg is
approximated to 0 (Supplementary Text S1). Spectral in-
versions using P-waves and two different time window
lengths show M,, results consistent with S-wave inver-
sion, although probably the proximity of the stations to
the source does not allow properly isolation of the P-
phase in the observed signals (Supplementary Text S2,
Figure S1).

4

We point out that the M, value depends on the model-
ing assumptions as described in the following equation
(also, Supplementary Text S1):

A -p-vg® -y

My = Qg -
0 0 Roy - Fs

(1)

Among the parameters, S-wave velocity (vs), being
exposed to the cube, is the most sensitive parameter. We
used v} = 1685 m s, that is the S-wave velocity value of
the depth layer corresponding to the hypocenter of the
event in the 1D-velocity model used to locate the earth-
quake. A different possible choice is represented by the
average of S-wave velocity values across the depth lay-
ers of the velocity model from the hypocenter to the free
surface, g =1437 ms™ (~15% change from v}). The cor-
responding moment magnitude would be M, = 3.57 +
0.04 while f. =1.11 + 0.19. We note that a similar per-
centage change in the other parameters would produce
avariation in M, of less than 0.05 units.

For each parameter, we evaluate the epistemic un-
certainty - due to input variable uncertainty - as the
difference between the two estimates corresponding to
the two values considered for vg, 1685 and 1437 m s1.
We thus define as final uncertainty the largest value be-
tween the epistemic uncertainty and the aleatoric un-
certainty represented by the standard error: M,, =3.70
+0.13, f. =1.11 £ 0.19, v = 2.07 £ 0.13. The estimated
M, is different from the Mp = 4.4 + 0.3 reported for this
event by INGV-OV. Further analysis including a larger
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Figure 3 Single-station spectra and final event solution. Single-station displacement spectra (discrete curves), corre-
sponding best-fit solutions (continuous curves) and corner frequency estimates (vertical bars). The red arrows show the final
event solution for seismic moment and corner frequency. The black dashed vertical line shows the maximum frequency used
for spectral inversions. Colors used to plot the spectra and vertical bars are according to the inverted stations. The listed sta-
tions (in the legend) are sorted in ascending order according to estimated corner frequency values.

set of events will help to understand if a systematic shift
- or a scaling - between the two magnitude scales exists
(e.g., Drouet et al., 2011; Holt et al., 2021), and to assess
the potential impact of such a difference in the statisti-
cal analysis of the earthquake catalog (e.g., Werner and
Sornette, 2008).

4 Discussion

The present study demonstrates the feasibility of sys-
tematic source characterizations of the earthquakes
that occurred in the Campi Flegrei caldera, and sup-
ports near future studies on that line. Such studies in-
cluding a set of events will also help to obtain more pre-
cise estimates of source parameters accounting for site
amplifications. To the best of our knowledge, volcanic
observatories do not routinely estimate moment mag-
nitudes. A possible challenge concerns earthquakes of
small magnitude (e.g., M < 2), since in that case both
the signal-to-noise ratio and the number of available
stations with a clear S-wave arrival are expected to de-
crease.

The source characterization presented in this work
can also provide constraints on the potential increase in
magnitude in the hypocentral region (Solfatara crater).
For the earthquake, we estimate a source radius

k"l)s

Je

=400+ 70 m 2)

T =

(e.g., Hanks and Wyss, 1972), where f.=1.11+0.19 Hzis
the corner frequency we estimated in this study, and k =
0.26 has been obtained by Kaneko and Shearer (2014) as-
suming a circular rupture model with a rupture velocity
vr = 0.9 vg. Then, we estimate a stress drop

7 My
AJ::16'7§7::&2:£221ﬂPa (3)
(Eshelby, 1957). This stress drop value is in between
the two values that can be obtained assuming the Brune
(1970) model (Ao = 1.1 + 0.8 MPa, k = 0.37) or the
Madariaga (1976) model (Ao = 6.1 + 4.2 MPa, k = 0.21),
that are commonly considered in literature as the two
end-members for possible values that k, and therefore
rand Ao, could assume (e.g., Kaneko and Shearer, 2014,
also see Figure S2).

Recently, Danesi et al. (2024) relocated the events
(since 2005) in the study area, and showed that a ~3
km long structure could exist below the Solfatara crater.
The depth of which is comparable with that of the event
investigated in the present study. If we consider a 3 km
length based on Danesi et al. (2024) as the maximum
possible rupture dimension (1.5 km as the source radius
for a circular rupture), then the estimated magnitude
corresponds to M,, = 4.9 £ 0.3 assuming the stress drop
Ao = 3.2 +2.2 MPa obtained in the present study. This
suggests that, in case the structure undergoing a future
rupture is the one highlighted by Danesi et al. (2024), it
is not possible to exclude an increase in magnitude of
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AM, = 1.2 + 0.3 units compared to the main event
that occurred on May, 20th 2024. The possible increase
in magnitude slightly changesto AM,, = 1.3 +0.3if vg
=1437 m st is assumed.

The scenario presented here raises a challenging
question about the expected maximum PGA if such an
increase in magnitude will occur. Concerning the ob-
served ground shaking levels (Figure 1), we highlight
the following: (1) the stations at a similar epicentral
distance (but in different directions, i.e., west and east
from the epicenter) have different PGA (Figure 1c); and
(2) the spatial distribution of the estimated corner fre-
quencies (Figure 1b) is remarkably consistent with the
observed PGAs. Considering previous work relative to
ground motion prediction equations in Italy (e.g., Bindi
et al., 2009, 2011), these observations suggest the need
to account for source-directivity in the ground motion
modeling of the Campi Flegrei caldera, even for mod-
erate magnitude events (e.g., Colavitti et al., 2022; Ja-
yaram and Baker, 2010; Pacor et al., 2016). Alterna-
tively, the coherence between f. and PGA could be due
to site amplification effects, although this would re-
quire frequency-dependent amplifications that coher-
ently shift the corner frequencies (without producing
in the observed spectra clear amplitude peaks or devia-
tions from the Brune-type shape). In any case, rigorous
and systematic source characterization is warranted for
the recent events in the Campi Flegrei caldera, which in
turn will enable better characterization of future large
events in the region, and support ground motion mod-
eling of those events. An assessment of the expected re-
sponse of the buildings to such ground motion should
follow.
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