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ABSTRACT

In this paper we present a new study on the High Tiber Valley earthquake
occurred on April 26, 1917. Using the digitized data from mechanical
seismograph records, we computed the soutrce parameters like focal mech-
anism and moment magnitude from moment tensor (MT). The study of
historical earthquakes from an instrumental perspective is crucial because
of the complexity of problems associated with the study of seismograms
of moderate to large earthquakes occurred from the late 19th century until
the early 1960s. Since historical earthquake records show significant un-
certainties in phase arrival times and have been recorded by seismograph
generally with short natural period, we developed a code to compute the
MT based on a forward modeling technique, which uses the amplitude
spectra of the full waveform length and the first P-arrival polarities to
constrain the P- and T-axes. The best solution is determined by the best
fit between the observed and synthetic amplitude spectra and from the co-
herency between the observed and the theoretical first P-arrival polarities.
The 1917 High Tiber Valley earthquake is one of the most important 20th
century earthquake occurred in the Italian Peninsula for which the focal
mechanism and moment magnitude from seismic records are not avail-
able. Additionally we apply a multidisciplinary approach to character-
ize the source of this earthquake, combining instrumental, macroseismic,
geological and tectonic data and investigations. The computed MT re-
sults in a north-south normal fault mechanism (strike: 147°, dip: 29°,
slip: —94°), which is consistent with the strike estimated from the macro-
seismic data (157 °). The moment magnitude calculated from the MT and
that derived from the macroseismic data are M =5.5+0.2 and

M,,=5.9£0.1, respectively.

1. The 1917 High Tiber Valley earthquake

In April 1917, a seismic swarm occurred in the
Sansepolcro basin in the High Tiber Valley, close to
Monterchi and Citerna in central Italy (Figure 1). The
largest event, which occurred on April 26, 1917, struck
part of the High Tiber Valley; the earthquake signifi-

cantly damaged 26 villages and resulted in 20 deaths
and 30 additional injuries. The most damaged villages
were Monterchi and Citerna (Figure 2). The Catalogue
of strong earthquakes in Italy (CFTI4med; see Data
and sharing resources) shows an epicentral intensity be-
tween IX and X degrees of the Mercalli Cancani Sieberg
scale (MCS) and reports a M = 5.8 estimated with the
Boxer 3.3 code [Gasperini et al. 1999, Gasperini 2004,
Gasperini 2008] from the areal extent of the intensity
point distribution.

New parameters of the 1917 earthquake have been
estimated with the newly released Boxer 4.0 code
[Gasperini et al. 2010]. In particular, Boxer 4.0 allows
the determination of earthquake locations using both
the barycenter method (method 0), as in previous ver-
sions, and a new approach with 6 more settings (meth-
ods 1-6) based on the maximization of the likelihood
function of the “extended” log-linear attenuation equa-
tion [Pasolini et al. 2008] with observed intensity data
(Table 1). Method 0 defines the barycenter of the area of
higher damage, whereas methods 1 to 6 represent the
radiation centers of the seismic energy with different
fixed parameters. The Gasperini et al. [2010] approach
allows for assessing the magnitude from macroseismic
data and for estimating the dimensions (length and
width) of the source using the relations of Wells and
Coppersmith [1994].

Finally, the assessment of the seismogenic fault ori-
entation [Gasperini et al. 1999] allows the plotting of a
rectangular representation of the source (“box”) as the
projection on the horizontal surface of the possible seis-
mogenic fault plane. For all the parameters (i.e., epi-
central location and intensity, magnitude, and fault
orientation), uncertainties are computed by using i) for-
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Figure 1. Location of the region and structural sketch map showing the major extensional faults: the Altotiberina Fault (AtF) and the Um-
bria Fault System (UFS), focal mechanisms refers to most recent events for which a moment tensor solution is available; thin line squares
refers to the major historical events (year of the event occurrence inside the square); open dots refers to the instrumental earthquakes with
magnitude M >2. The grey filled stars refer to the macroseismic and to the instrumental epicenter location of the 1917 Monterchi earthquake

computed in this study.

Figure 2. The very ancient church of San Giacomo of Citerna heav-
ily damaged by the earthquake of April 26, 1917.

mal methods, such as a variance/ covariance matrix by
inverting the finite-difference Hessian of the log-likeli-
hood function at its maximum or as the standard de-
viation of the parameter averages and ii) empirical
methods based on bootstrap simulations. All estimated
parameters of the 1917 High Tiber Valley earthquake
are summarized on Table 2 and plotted on Figure 3.
All the epicenters calculated with methods 0 to 4
are clustered in an area approximately 1 km in radius,
whereas the two epicenters calculated with methods 5
and 6 are located 3-5 km from the others. All methods
estimate a macroseismic magnitude (M) of 5.9. The
epicentral intensity (Io) for methods 0 and 4 to 6 have
uncertainties from IX to X MCS degrees, whereas the
remaining methods estimate an Io = VII-VIIL These
last solutions have been discarded because they under-
estimate this parameter. Indeed, at least 12 localities
have been classified as intensity VIII or greater. Of the
remaining epicenter estimates, method 4 produces the
minimum uncertainty in the coordinates and error el-
lipse (Table 2, Figure 3); we adopted this solution. As
regard the strike of the source, we adopted the solution
of the method 4 (157°) although both its bootstrap and
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Method no. Method type Estimated parameters Fixed parameters
0 Barycenter Lat, Long, h
1 Att. equation Latg, Long
2 Att. equation Lat, Long, h I, a,b
3 Att. equation Latg, Long, Iy h,a,b
4 Att. equation Latg, Long, h, I, a,b
5 Att. equation Lat, Long, h, I;, a b
6 Att. equation Latg, Long, h, I;,a,b

Table 1. Methods to locate the hypocenter of the version 4.0 of Boxer code [Gasperini et al. 2010] and estimated parameters. The methods
maximize a log-likelihood function for a dataset of intensity observations with respect to the six unknown parameters. I: epicentral intensity;
h: hypocentral depth (for the method 0 the depth is computed by Musson [1996]); “a”, and “b”, respectively: linear and logarithmic coeffi-
cients of the extended attenuation equation [Pasolini et al. 2008]. See formulae 13 and 14 of Gasperini et al. [2010] for more details.

Method Latitude (°) Longitude (°) M, Azimuth (°) To
no. (% bst; fm, km) (# bst; fm, km) (+bst; fm) (+bst; fm) (+bst; fm)
0 43.467 (1.566; 2.856) 12.129 (1.052; 1.370) 5.91(0.07; 0.12) 150.6 (17.4; 18.2) 95(0.2; -)
1 43.460 (0.739; 1.326) 12.124 (0.562; 1.320) 5.92 (0.02; 0.12) 152.7 (74.2; 14.2) 73(0.1; -)
2 43.462 (0.720; 1.239) 12.124 (0.562; 1.223) 5.92 (0.02; 0.12) 155.6 (98.9; 16.8) 7.3(0.1; -)
3 43.460 (0.744; 1.333) 12.124 (0.563; 1.321) 5.92(0.02;0.12) 152.8 (74.5; 14.2) 7.3(0.1; 0.1)
4 43.468 (0.722; 0.909) 12.122 (0.512; 0.847) 5.91(0.02; 0.12) 156.8 (86.9; 18.8) 9.0 (0.1; 1.0)
5 43.448 (1.662; 1.366) 12.134 (0.665; 0.950) 5.94 (0.02; 0.13) 150.3 (29.7; 8.1) 9.6 (0.2; 1.8)
6 43.432 (1.807; 1.330) 12.136 (0.864; 1.283) 5.94(0.02; 0.13) 158.4 (13.4; 5.65) 9.5(0.7;0.9)

Table 2. Macroseismic parameters obtained from the intensity dataset using different methods supplied by Boxer, with associated bootstrap

(bst) and formal (frm) uncertainties at 90% confidence level [Gasperini et al. 2010].

formal uncentainties are the larger.

Finally, combining the macroseismic-derived mag-
nitude and source orientation with the empirical rela-
tions of Wells and Coppersmith [1994] we derived a
length and a width of 11.2 and 7.6 km, respectively, of
the 1917 Monterchi earthquake source (Figure 3).

2. Seismotectonic context

The Sansepolcro basin is a NW-SE elongated basin
presently occupied by the northernmost part of the
High Tiber Valley located north of the Citta di Castello
(about 30 km toward NW of Gubbio and 80 km SE with
respect of Florenz). It is part of the active extensional
belt located along a NNW-SSE trending belt from
northern Tuscany to northern Calabria [Chiarabba et
al. 2005, Ciaccio et al. 2006], where most of the upper
crust seismicity of the Italian peninsula occurred.
Scarce instrumental seismicity (M >2.5) compared to
the adjacent areas was recorded below the Sansepolcro
basin by the national seismic network. The areas to-
wards the NW (Sansepolcro) and towards the SE (south
of Citta di Castello), have been struck by diffuse and
frequent earthquakes (see Data and sharing resources:

ISIDe and CSI).

The Sansepolcro basin was generated as a result of
a complex extensional fault system consisting of a low-
angle normal fault (LANF) with a dip <30°, a NE-dip-
ping master Altotiberina Fault (AtF), and synthetic and
antithetic splays bordering the opposite flanks of the
basin; the NE-dipping synthetic splays of the AtE i.e.,
the Anghiari fault, dips approximately 30°, whereas the
Sansepolcro SW-dipping fault dips approximately 40°
and joins the AtF trace at a depth of approximately 3 km
[Barchi and Ciaccio 2009]. The AtF has been active at
least since the Late Pliocene, affecting the upper crust
of this portion of the northern Apennines [Barchi et al.
1998], and it is part of a wider active fault system that
runs NW-SE along the whole Apennines, from the
Garfagnana Lunigiana region to the Valle Umbra Basin
[Boncio and Lavecchia 2000, Mirabella et al. 2011].

The AtF bounds the western flank of the High
Tiber Quaternary basin and has accumulated a mini-
mum time-averaged long-term slip rate of approxi-
mately 1-3 mm/year in the last 2 Myear [Collettini and
Holdsworth 2004, Mirabella et al. 2011]. The AtF-re-
lated seismicity shows a nearly constant rate of earth-
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Figure 3. Comparison of the instrumental and macroseismic locations of the epicenter of 1917’s earthquake.

quake production, with 3 events per day (ML 2.3).

The area north of Sansepolcro has been struck by
moderate seismicity and by different minor sequences
recorded by the Italian national seismic network (Fig-
ure 1), of which the 2014, 2011, 2001 and 1997 earth-
quakes (M =3.6, M_=3.3, M_=4.7 and M_=4.4,
respectively) display SW-NE extension [Ciaccio et al.
2006, Scognamiglio et al. 2009]. In particular, the seis-
micity distribution of the 1997 sequence developed on
a high-angle SW-dipping structure that could be inter-
preted as an antithetic fault to the AtF; the 2001 main-
shock was localized at a depth of 5.5 km and displays a
normal-fault mechanism with a NW-SE strike and a
low-angle rupture plane (21°) dipping to the NE [Ciac-
cio et al. 2006, Piccinini et al. 2009].

The area south of Sansepolcro, through Gubbio

up to Norcia (about 30 km and 100 km SE with respect
Citta di Castello, respectively), is characterized by well-
documented historical and instrumental seismicity. The
recent major earthquakes (NNW-SSE trend) are lo-
cated within the intramountain basins, with a focal
depth between 6 and 10 km and an extensional focal
mechanism (Figure 1). The interpretation of seismic re-
flection profiles shows the presence of the LANF with
associated high-angle antithetic structures. The instru-
mental seismicity aligns well with the trajectory of the
AtF normal fault. These data lead some authors to at-
tribute the strongest earthquakes of the region to the
west-dipping normal faults antithetical to the AtF
[Barchi et al. 1998, Boncio and Lavecchia 2000, DISS
(see Data and sharing resources), Basili et al. 2008], but
they also show that much of the ongoing deformation
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Figure 4. Map of the stations that recorded the seismograms used for the MT calculation.

is released through diffuse microseismicity and aseis-
mic slip generated along the AtF surface [Piccinini et
al. 2003, Chiaraluce et al. 2007].

Both the AtF and its high-angle splays are still ac-
tive, as suggested by combined geological and geo-
morphological evidence. The historical seismicity of
the area (i.e., the 1352 Monterchi, the 1389 Boccaser-
riola, the 1458 Citta di Castello, the 1781 Cagliese and
the 1917 Monterchi-Citerna earthquakes) can be rea-
sonably associated with these faults; however, the avail-
able data do not constrain an unambiguous association
between the single structural elements and the major
earthquakes. Brozzetti et al. [2009] proposed that some
of these historical earthquakes would be generated by
segments of the AtF located at different depths and by
the NE-dipping faults splaying out from them.

3. Relocation and focal mechanism estimation from
instrumental data

For the April 26, 1917 earthquake, the scans of 61
recordings from 21 different stations (Figure 4) are avail-
able in the digital archives of the Sismos project [Miche-
lini et al. 2005]. The Sismos project (see Data and sharing

resources) was initiated in 2001 by the Istituto Nazionale
di Geofisica e Vulcanologia. It involves scanning,
archiving and distributing historical seismograms scans,
station bulletins, log books, and related information re-
trieved from Italian observatories, dating as far back as
1895 [Michelini et al. 2005]. Sismos has already retrieved
and processed seismograms written for approximately
one thousand strong earthquakes that occurred in the
Euro-Mediterranean area from the early 20th century
[Ferrari and Pino 2003, Michelini et al. 2005].
Thirty-five arrival time readings of seismic waves
(20 P and 15 S phases) reported by Cavasino [1927] have
been checked from the available scanned recordings.
To relocate the 1917 earthquake and estimate the
associated location uncertainty ellipse at 90% confidence
(Figure 5), we used the fully nonlinear earthquake lo-
cation package NonLinLooc (NLL; Lomax [2005]) with
an equal differential time (EDT) misfit function. The
code performs a probabilistic location of the hypocen-
ter (Figure 5) quantified by a probability density func-
tion (PDF) in a 3D space. The PDF is obtained by means
of an equal differential time formulation of the likeli-
hood function and contains the calculated and ob-
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Figure 5. Instrumental epicenter of the 1917 Monterchi event (star) computed using NonLinLoc program. The PDF is represented by the

clouds of points.

served differences between two stations, summed over
all observations pairs. We adopted the ak135 model
[Kennett 2005] for teleseismic phases and a standard
Italian crustal model [DISS (see Data and sharing re-
sources), Basili et al. 1984] for local phases.

The final solution was obtained after 3 iterations,
using 12 phases (7 P and 5 S) and 12 stations (of the 24
available) with a maximum azimuthal gap of 107° (Table
3, Figure 5). The arrival phases were automatically re-as-
sociated, and the outliers were eliminated during each it-
eration. Because of the EDT function [Lomax 2005],
however, this method is not very sensitive to the pres-
ence of outliers.

Hypocenter is located at 12.05° of longitude, 43.64°
of latitude and 5 km of depth, with uncertainties of 17
km in horizontal and 5 km in vertical [Lomax 2005].
Although a small number of phases was used to locate
the earthquake, the horizontal location uncertainty is
coherent with the uncertainty location produced by
NonLinLoc [Lomax 2005] for recent global earthquakes
localized using modern digital broadband seismic sta-

tions [Bernardi et al. 2015].

The new location is approximately 18 km north of
Monterchi, in the region where a seismic sequence oc-
curred in 2001 (Figure 1) on the adjacent northern part
of the Sansepolcro, especially in the region where these
seismic sequences occurred.

4. Moment tensor inversion method

The scientific use of historical seismograms before
the installation of the World-wide standard seismo-
graphic network (WWSSN) in the early 1960s is lim-
ited by the instrumental characteristics (instrument
response and magnification) of the seismographs work-
ing at that time and by the fact that such data are often
not available.

Due to these limitations, the moment tensor in-
version procedure used for earthquakes recorded by
historical seismographs is significantly different from
that used for modern events. More specifically, the MT
inversion of old seismograms faces difficulties related
to the characteristics of early mechanical and electro-

Origin time Latitude Longitude Depth str/dip/rake M, [Nm] M M
1917 04 26 NP1: -
43.64 12.05 5.0 1.7e 5.5 5.0
09:35:59 147/29/-94
NP2:
331/42/-88

Table 3. Instrumental epicenter location computed with NonLinLoc [Lomax 2005] and main MT solution parameters for the 1917 earth-

quake. M, following Kanamori [1977].
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magnetic seismometers, recorded on smoked- and photo-
paper, respectively, which are significantly different
from digital broadband seismometers. The main differ-
ences include frequency range sensitivity, magnification,
recording quality, clock precision, and recording size,
summarized as follows:

i) Frequency range sensitivity: Digital broadband
seismometers are generally sensitive to a wide range of
frequency, generally between 0.01 and 10 Hz; in this
range of frequency, the instrument response is mainly
flat. Mechanical seismometers (e.g., Wiechert) are sen-
sitive to a very narrow frequency (approximately 0.1
Hz), and electromagnetic seismometers (e.g., Galitzin)
are sensitive to a frequency range of 0.04-0.1 Hz. The
instrument response decays slower with respect to the
response of mechanical seismometers but is still not flat
[Bernardi et al. 2005]. The narrow and short- to mid-
dle-range sensitivity response of the early mechanical
and electromagnetic seismometers indicates that seis-
mic phases with long periods are not well recorded and
resolved in the seismograms.

if) Magnification. The ground velocity magnifica-
tion of modern broadband seismometers is high enough
(i-e., 10'° and higher) in contrast to that of mechanical
seismometers, which is between 50 and 200 at the seis-
mometer’s natural frequency [Bernardi et al. 2005], and
that of electromagnetic seismometers, which is gener-
ally between 200 and 800 [Bernardi et al. 2005].

As consequence of the limited frequency range sen-
sitivities and low magnification of the early mechanical
and electromagnetic seismometers, seismic phases may
not be well resolved in the seismograms.

iii) Quality of the recordings. Mechanical and elec-
tromagnetic seismometers saturate faster than broad-
band seismometers because they have lower dynamics
compared to digital ones. Most of the low-quality prob-
lems of early seismometers involve the recording sup-
port (i.e. smoked- and photo-paper) and the recording
device. When strong ground or velocity displacements
occur, the recording system (nib for mechanical seismo-
graphs and light beam for galvanometric ones) causes
weak or absent traces on the recordings of stations
close to the epicenter. This results into significant seis-
mograms gaps.

iv) Clock precision and size of the recording. The
time clock of recording systems in 1917 was driven by
radio signals and synchronized by very few observato-
ries and seismic stations worldwide; thus, for most of
the observatories, clock synchronization uncertainty
was greater than a few seconds.

The low speed of the recording drum (15 or 30
millimetres/min) of most of the early seismographs
makes the waveform recording more sensitive to drum

speed variations. Furthermore, when the clock synchro-
nization was the most precise, small variations in the
recording drum speed and the small size of the record-
ings may have introduced distortion into the phase ar-
rival times.

The short-middle period sensitivity of the seis-
mometers implies the use of short and moderate peri-
ods for waveform modeling. Earth system models for
regional and global scales for such periods are gener-
ally not available. A source-path velocity model should
be calibrated for each earthquake and each source-re-
ceiver configuration.

The combination of the above-described points
(i.e., ili and iv) implies that the amplitude and phase ve-
locity may present distortions. For these reasons, we
prefer to approach the moment tensor computation in
the frequency spectrum domain than in the time do-
main. Spectrum amplitudes are less sensitive to Earth
model heterogeneities than phase velocities. We thus
invert the waveforms and synthetic seismograms in the
frequency spectrum domain and then use the P wave
first arrival polarities to constrain the P- and T- axes.

We thus use amplitude power spectra within the
instrument frequency range sensitivity, assuming that
the power spectra shapes and the polarities are not sig-
nificantly affected by crustal and lithospheric structures
at these frequencies. This assumption allows to i) use
the seismic recording within the larger sensitivity band
of the instruments; ii) analyze moderate earthquakes
recorded at local/regional distances; iii) use regional
and/or global 1D Earth models for the entire dataset.

Our approach is similar to that of Zaradnik et al.
[2001] and Okal and Reymond [2003]. Zaradnik et al.
[2001] proposed a method for weak earthquakes, in-
verting higher-frequency seismic signals recorded at
local distances from digital seismometers in the fre-
quency domain. This approach implies a very dense
network of stations close to the source, which is im-
practical given the very sparse historical seismic net-
works. Okal and Reymond [2003] proposed a method
for large historical earthquakes recorded with sparse
networks, inverting the seismic signal in the time do-
main and using the first P-wave arrival polarities to con-
strain the P- and T- axes.

As previously mentioned, the sensitivity of all me-
chanical and most electromagnetic seismometers is low;
which suggests that the Okal and Reymond method is
suitable for large earthquakes recorded at teleseismic
distances but not for moderate earthquakes recorded
at regional distances, as in our case.

We thus developed a code suitable for moderate
historical earthquakes recorded on sparse networks by
inverting the waveforms in the spectral domain, using
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a short period range (about 5-25 seconds) and p-wave
arrival polarities to constrain the P- and T- axes. Our
code runs as follows:

1) we generate Green's function for each source-
receiver path using the normal mode summation
[Woodhouse 1988] with the SURF96 [Herrmann 2013]
algorithm, using fixed epicenter and depth; 2) from a
Montecarlo simulation, we generate synthetic seismo-
grams convolving Green’s function with a set of 5,000
randomly computed synthetic moment tensors that
were previously calculated and stored into a library; 3)
we compute the theoretical P-wave polarities at each
station for each synthetic MT; 4) the radial and trans-
versal components of the synthetic data are rotated in
the seismometer reference system and then convolved
with the instrument response; 5) we estimate the nor-
malized variance between the synthetic and observed
power spectra amplitude and find the best solution
among the minimum variance and best fit between the
observed and theoretical P- wave polarities; 6) finally,
we compute the seismic moment (M) for the best MT
solution from the power spectra amplitudes.

This method has been tested on some recent earth-
quakes. In our tests we used a short period to repro-
duce the Wiechert seismograph transfer functions.

Figure 6 shows the results for a couple of events oc-
curred in the Italian Peninsula: the September 14, 2003,
M_(CMT)=5.3, northern Apennines earthquake and
the May 29, 2012, M_(CMT)=5.8, northern Italy. To
reproduce a typical dataset available for historical earth-
quakes, we artificially reduced the station distribution
to a small set with a very large azimuthal gap.

5. MT solution of the 1917 earthquake

First, we performed a quality check of the avail-
able seismograms based on i) reliable instrument pa-
rameters available for those stations and instruments
and ii) the quality of the recordings (e.g., too small of
a signal, a saturated signal, holes and contrasts with the
trace recording with respect to the background color).
After this quality check, we selected 7 seismograms from
5 Buropean stations (Table 4) for digitization from raster
files. Digitization was performed using Teseo? software
[Pintore et al. 2005] (Figure 7). The selected stations are
located in western and central Europe between 3.6°
and 16.6° distance from the epicenter (Figure 4).

The instruments from the 5 stations used in this
work were Wiechert and Mainka horizontal seismo-
graphs. Both of these instruments are mechanical-type
instruments, with constants summarized in Table 4.

Station Instrument Component Latitude Longitude To h Vo P-polarity
UucCC Wiechert 1t n-s 50.798 4.359 11.3 0.50 152 -1
UucCcC Wiechert 1t e-w 11.8 0.50 175 1
UPP Wiechert 1t n-s 59.858 17.627 9.1 0.35 188 0
UPP Wiechert 1t e-w 9.1 0.35 187 0
ZAG Wiechert 1t nw-se 45.829 15.994 7.0 0.50 200 1
FBR Mainka e-w 41.416 2.125 9.0 0.37 60 1
TOL Wiechert 1t ne-sw 39.861 -4.017 10.0 0.37 200 0
GTT Wiechert 1t Z,NS,ewW 51.546 9.964 1,1, -1
POT Wiechert 1t ns,ew 52.379 13.066 1,1
RCR Agamennone nw-se, sw-ne 41.898 12.480 -1,1
MNH Wiechert 1t ns 48.150 11.620 -1
CH1 Grablovitz ST ns,ew 44.316 9.318 -1,1

IS1 Grablovitz GL ns,ew 40.740 13.943 1,-1

Table 4. Data used for the power spectra computation and MT estimation. Top: latitude, longitude, instrument type, instrument re-
sponse parameters and polarities for each station and instrument component used for power spectra computation. Bottom: additional
polarities used to constrain the T- and P- axes. Polarities include polarity of the first P-arrival and of the instrument. Polarity equal to 0
are not used. Instrument: Agamennone = Agamennone horizontal pendula seismograph; Grablovitz GL = Grablovitz geodynamic pen-
dula; Grablovitz ST = Grablovitz seismic tank; Mainka = Mainka horizontal seismograph; Wiechert 1t = 1 ton Wiechert horizontal seis-

mograph.
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Figure 7. Example of a raster (A) image: the seismogram was
recorded on smoked paper by the Wiechert seismograph at Zagabria
station, NW component for the April 26, 1917, earthquake. Vec-
torized image (B) derived from the raster image using teseo2, a neu-
ral network based program, which converts raster images into
sampled series.

We read 16 reliable P-wave first arrival polarities from
the 28 seismograms to constrain the P- and T- axes.
The best fit moment tensor solution (Figure 8)
for the 1917 High Tiber Valley earthquake results in a
normal fault mechanism with the following planes
(strike/dip/slip): 147/29/—94 and 331/62/—88. Figure
8 shows the fit between the amplitude of the normal-
ized power spectra of the observed (black lines) and the
synthetic seismograms (dashed lines) for each station
and the component used for the inversion. As described
above, the inversion was performed in a relatively short
frequency range; in this case, we selected frequencies
between 0.05 and 0.2 Hz (red thick dashed lines). The
station code, the component, the epicentral distance,

UCCn 0=8.9°0 =2326.6°Aoi =45.7°

UCCe 0=89°0=326.6°A0i=457°

and the azimuth and incidence angles are indicated on
the top of each plot. The beachball represents the best
double couple moment tensor solution, and the black
flags indicate the azimuthal direction of the used sta-
tions. The orientations of the principal planes and axes
are reported on the bottom right of the figure. The seis-
mic moment is calculated using the absolute amplitude
power spectra. From the Kanamori [1977] relationship,
M = logMo/1.5 —10.7, we calculated a moment mag-
nitude M =5.5.

6. Discussion and final remarks

This paper proposes a method to compute the MT
solution for earthquakes of the pre-WWSSN era to
solve the problem of large uncertainties in the deter-
mination of arrival times because of lack of synchro-
nization of seismic station clocks. This method was
applied to the High Tiber Valley earthquake of April
26, 1917, the most important event of the 20th century
of this area.

Our code resulted in a MT solution consistent with
the tectonics of the region, using only amplitude spec-
tra and p-wave first arrival polarities from the sparse
historical seismological records that are available.

Additionally, the significant uncertainties in phase
readings introduced by the poor clock synchronization
of the early seismographs and by the use of uncali-
brated general 1D Earth models do not significantly af-
fect the MT solution. The phases shift uncertainties
caused by poor clock synchronization and uncalibrated
general 1D Earth model, may introduce significant un-
certainties into the final solution when using a time do-
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Figure 8. Power spectra amplitudes of the stations used for MT inversion for the 1917 Monterchi earthquake. Station codes, seismogram

directions (E-W/N-8) and synthetic (dark and dash lines) and observed (gray line) power spectra amplitude are shown. Distance (A) azimuth
(®-) and take off angle (Aoi) between epicenter and station are also indicated.
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main moment tensor inversion approach.

The application of our method to compute the
MT of the 1917 earthquake showed an excellent corre-
spondence between the orientation of both the MT
nodal planes (147° or 331°) and the strike of the macro-
seismic box (Figure 3) (157°). This result is also in good
agreement with the fissures in the ground observed by
Oddone [1918] close to Monterchi and oriented ap-
proximately NW-SE.

The macroseismic epicenter was recalculated with
the newly released Boxer 4.0 code [Gasperini et al. 2010],
and the new location was found to be only a few kilo-
meters west of the epicenter of the CFTI4med (see
Data and sharing resources).

The instrumental location calculated with NLL is
approximately 20 km north of the macroseismic epi-
center calculated using Boxer 4.0. The new location is
coherent with the seismicity of the area Such difference
between the instrumental and the macroseismic loca-
tions is also observed for earthquakes occurring in the
first half of the 20th century, where macroseismic and
instrumental epicenters were located 20 km and more
apart. This difference may arise because of the above-
described uncertainties of old instrumental data as well
as the low density of seismic stations south of the epi-
central area.

Both solutions, namely, the instrumental and macro-
seismic epicenters, are consistent with the seismotec-
tonic background. The macroseismic location confirms
the epicenter in the basin.

The M_=5.5£0.2 computed from MT is lower
than the M =5.9£0.1 derived from macroseismic ob-
servations. This discrepancy may be due to the behav-
ior of the mechanical seismometers, which act like a
high-pass filter and exhibit very low sensitivity to phases
with periods of 20 seconds or longer.

The kinematics of the 1917 earthquake, as described
in this paper, are coherent with the kinematics of nor-
mal faults bordering the basin and thus with the focal
mechanisms of the modern instrumental earthquakes
that indicate a SW-NE active regional extension.

Since the Pliocene, the basin’s evolution has been
driven by a complex extensional fault system: the AtF
geometry is clearly imaged in seismic reflection profiles
[Barchi et al. 1998, Barchi and Ciaccio 2009, Mirabella
et al. 20117 and is consistent with movements along an
east-dipping extensional fault. The AtF is potentially
one of the rare examples of an active LANF (dipping
<30°). The possibility that larger (i.e., moderate) seis-
micity may be generated by a segment of the AtF, i.e.,
of a regional LANF, has been proposed in the literature
[Brozzetti et al. 2009], and abundant microseismicity,
recorded by temporary local networks along the AtF
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surface, demonstrates that the LANF is currently active
[Piccinini et al. 2003]. The NE-dipping splays of the AtF
have been indicated as responsible for the 1352 and 1917
earthquakes by Delle Donne et al. [2007], DISS (see Data
and sharing resources), Basili et al. [2008] and Brozzetti
etal. [2009]: in fact, the surface faulting observed during
the 1917 earthquake occurred along the trace of the ac-
tive Anghiari fault, the normal NE-dipping fault border-
ing the western side of the Sansepolcro basin belonging
to the Umbria Fault System [Barchi and Ciaccio 2009].

Finally, from a seismotectonic perspective, we can
assert that the new moment tensor of the 1917 earth-
quake is consistent with the geodynamics of the region.
Nevertheless, the uncertainties in the earthquake loca-
tions do not allow to clearly associate a seismotectonic
structure with the epicenter in order to fix between the
two nodal planes. Moreover, it is possible to associate
the high-angle plane dipping toward the east with a syn-
thetic splay of the AtF [Chiaraluce et al. 2014] and the
low-angle plane dipping toward the west, antithetical
to the AtF (e.g., the basal geometry of the Gubbio fault;
Mirabella et al. [2004]).

This work shows that the study of “historical earth-
quakes” using modern techniques needs to address sig-
nificant “uncertainties”. For this reason, a multidisciplinary
approach can reduce the uncertainties of the results by
highlighting the coherent parameters.

Reliable location, moment magnitude estimation
and focal mechanism determination for historical
earthquakes - like the 1917 Monterchi earthquake - help
to characterize seismotectonic areas which generated
only few strong earthquakes in the past century and in
the pre-instrumental period (e.g. 1352). Consequently,
any improved characterization of such areas, are rele-
vant for seismic hazard assessment and risk.
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for “This method has been tested on some recent earth-
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recent earthquakes and applied in Vannoli et al. [2015].”
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the following reference needs to be added: “Vannoli,
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Correction to “Moment tensor inversion of early
instrumental data: application to the 1917 High Tiber Valley,
Monterchi earthquake” by F. Bernardi et al.

Fabrizio Bernardi'”, Maria Grazia Ciaccio?, Barbara Palombo!, Graziano Ferrari
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Article history
Received and accepted July 13, 2016.

This article corrects: F. Bernardi, M.G. Ciaccio,
B. Palombo and G. Ferrari, Moment tensor inversion of
early instrumental data: application to the 1917 High Tiber
Valley, Monterchi earthquake, Annals of Geophysics, 59
(3), 2016, S0318; d0i:10.4401/ag-6850.

Corrigenda

[1] Page 1, Abstract, fourth last line:
for “slip” read “rake”.

[2] Page 9, left column, third last and second to
last line:
for “This method has been tested on some recent earth-
quakes.” read “This method has been tested on some
recent earthquakes and applied in Vannoli et al. [2015].”

[3] Page 10, left column, ninth line from bottom:
for “strike/dip/slip” read “strike/dip/rake”.

[4] Page 13, References:

the following reference needs to be added: “Vannoli,
P, G. Vannucci, F. Bernardi, B. Palombo and G. Ferrari
(2015). The source of the 30 October 1930, Mw 5.8,
Senigallia (central Italy) earthquake: a convergent so-
lution from instrumental, macroseismic and geological
data, B. Seismol. Soc. Am., 105 (3), 1548-1561; doi:10.
1785/0120140263”.

*Corresponding author: Fabrizio Bernardi,
Istituto Nazionale di Geofisica e Vulcanologia, Centro Nazionale
Terremoti, Rome, Italy; email: fabrizio.bernardi@ingv.it.
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