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Abstract

On April 26, 1917, an earthquake Mw = 6.0 (known as the Monterchi earth-

quake) struck the Upper Tiber Basin (Central Italy). This Quaternary basin

is situated on the hanging-wall of a segmented low-angle normal fault named

the Alto-Tiberina Fault (ATF), whose capability to act with stick-slip behav-

ior is debated. We reanalyzed instrumental historical data and performed a

relocation of the hypocenter along with a reassessment of the scalar moment

and magnitudes (Mw, Ms); we calculate the fault radius and stress drop and

propose a focal solution based on first arrival polarities. The methodologies

that we applied strongly take into account the intrinsic uncertainties present in

the historical data to obtain solutions that provide well-defined error estimates.

The hypocentral solution is consistent with the known macroseismic scenario

and is plausible in terms of RMS and error ellipse. The calculated focal depth

at ≈ 8 km, even considering the depth uncertainty of ±4 km, locates the earth-

quake source inside the ATF footwall. TheMw distribution (medianMw = 5.8)

suggests an overestimate of the macroseismic Mw probably due to seismic am-

plification caused by site effects. A preferred focal solution (Strike 60/ Dip 84/

Rake −162) defines an anti–apenninic oriented fault, with predominantly right-

lateral slip. Our results strongly suggest that the 1917 Monterchi earthquake did
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not nucleate on one of the splays of the low angle ATF but rather was generated

by a deeper seismic source which could be referred to as a structural transfer

zone responsible for the Quaternary low angle normal fault segmentation.
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parameters set and result of the first–onset polarity obtained in this study for
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1. Introduction

The analyses of historical seismograms recorded during the dawning of in-

strumental seismology [1] represent a great opportunity to better define the

seismic source parameters of events that occurred between the end of the XIX

century and the first part of the XX century [54]. Despite the analysis tools of5

modern seismology, studying this kind of data still remains a difficult challenge

[15, 71]. Many approaches have been adopted to tackle this challenge and to

obtain reliable seismic source parameters from analog records [e.g. 13, 16, 28,

37, 59, 75, 86, 90].

For all cases where the regional seismo-tectonic setting does not allow a10

reasonable association of an historical event derived from macroseismic studies

to a specific fault or fault system, the analysis of historical seismograms may

be a discriminating factor. On April 26, 1917 an earthquake [Mw = 6.0; 82]

struck the Upper Tiber Basin (hereafter UTB) in Central Italy (Fig. 1), result-

ing in a death toll of 20 and hundreds of injured people. This event, known15

as the Monterchi earthquake, has a well-constrained epicenter in the macro-

seismic CFTI5Med catalog [see Data and Resources; 45] which reports 134 felt

locations that are principally distributed on the west side of the Tiber Val-

ley, e.g., at the towns of Monterchi, Citerna and surrounding localities. The
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area with intensities ≥ II [see Data and Resources; 45] was larger than 30, 00020

square kilometers, extending over most of Tuscany, Umbria and the Marche,

and the event was felt as far as in Romagna and northern Lazio. The UTB is

structured on the hanging-wall of a low angle normal fault (LANF) named the

Alto-Tiberina Fault [hereafter ATF; 7, 8, 18, ; Fig. 1]. The incontrovertible

role of the ATF-system in the tectonic loading of this sector of the Apennine is25

beyond question, although this is in conflict with the theory of fault reactivation

[LANF Paradox; 3, 34, 97]. The southern part of the ATF was demonstrated

to creep [32, 73], while the seismicity in its northern sector seems to be divided

into distinctive seismic episodes [74]. Conversely, the possibility of the ATF

to act with stick-slip behaviour is still debated, and the aptitude to nucleate30

moderate-to-strong earthquakes is ascribed to its major antithetic splays or to

its shallow-locked portion [19, 92]. The major recorded seismicity concerns the

ATF antithetic splays east of the UTB (Fig. 1). The historical seismicity (Fig.

1) that occured in the region was not with certainty associated to specific known

geologic sources. The historical events that occurred east of the UTB may be35

reasonably associated with the antithetic faults of the ATF system. More con-

troversial is the attribution to specific known geologic sources of the historical

events occurring west or along the valley, such as the earthquakes of 1917 and

1352 (Fig. 1). After a general review of the tectonic setting of the area, we

describe in detail the historical datasets and the adopted methodology to infer40

seismic source parameters of the 1917 Monterchi earthquake. We present a new

hypocentral location, a re-assessment of the scalar moment, magnitudes (Mw,

Ms), fault radius and stress drop and a proposed focal solution based on first

arrival polarities. Finally, we discuss the results obtained in the framework of

the regional tectonic setting.45
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2. Tectonic Setting

The Apennines are a fold-and-thrust belt dissected by a progressive eastward

migration of active extension that is superimposed on previous compressional

tectonics [e.g., 11, 29, 39, 60]. Since the Early Miocene, the internal zone of the

Northern Apennines has been characterized by a set of low-angle detachments,50

dipping ENE, with younger faults to the east. The youngest and easternmost of

these low-angle detachments is a∼ 70 km long structure that bounds the western

flank of the quaternary UTB and dips 15◦ – 20◦ ENE: the ATF [10, Fig. 1].

The ATF has been active since the Late Pliocene (∼ 3 Ma) accumulating up to

10 km of heave [67], and its present-day activity is revealed by GPS data (1.755

± 0.3 mm/yr [2] to ∼ 2.7 mm/yr of extension [52]). Geodetic and microseismic

studies demonstrated that the ATF, for the most part, is aseismically creeping at

depths of more than 5 km [2, 92]. Much of the accumulated stress on the ATF is

preferably released in an aseismic mode accompanied by low magnitude seismic

swarms on favorably oriented splay faults and by diffuse microseismicity [2, 32,60

44, 72, 73]. The most energetic earthquakes (up to Mw = 5.5) occurred on

SW-dipping and NW-SE trending active normal faults (Central Apennine Fault

System – CAFS) antithetic to the ATF [8, 9, 14, 19, 60, 78]. The youngest splays

of the ATF extensional system show predominant geological evidence of activity

on the Tiber Valley western edge [24, 36] and have controlled the infill of three65

different Quaternary sub-basins of the UTB [named Sansepolcro, Umbertide,

Ponte Pattoli, respectively, from northwest to southeast, 6, 80, ; Fig. 1]. As

revealed by different interactions along these sub-basins between regional and

local tectonic forcing, the ATF appears segmented by relay zones (or transfer

zones) and shows hanging-wall blocks with different vertical motions of the70

hanging-wall blocks [Fig. 1; 80]. The identification of the Sansepolcro sub–

basin as a sector of the ATF hanging-wall that shows a distinct predominance

of subsidence implies that, here, the fault splays have higher displacement rate

and, possibly, seismic release.

This is also confirmed by the occurrences of historical events with a macro-75
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seismic intensity >VII, such as the 1270, 1352, 1389, 1458, 1489, 1694, 1789 and

1917 earthquakes [Fig. 1 82]. Some authors [21, 24, 36, 38, 85] attributed these

historical events to both synthetic low-angle and antithetic high-angle splays of

the ATF system.
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Figure 1: Structural sketch and scheme of the stratigraphical relationships of the study area

[modified from 80]. The main active faults, seismicity [from 53, ; see Data and Resources]

M>2 from 1985 to 2017 (black dots) and the historical earthquakes with intensities ≥ VII

[from CPTI15, 82, ; see Data and Resources] are reported. Four main tectonic units crop

out, piled up during the Miocene: (i) the Ligurian allochton unit, (ii) the Tuscan allochton

unit [77], (iii) the Tuscan-Umbria unit [Mt. Rentella unit; 12, 25, 89], and (iv) the western

Umbria-Marche unit, consisting of a carbonate succession overlaid by silicoclastic formations.
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3. Historical Data80

3.1. Arrival times

The main bibliographic source for seismic phase arrival times of the Monter-

chi earthquake is the “British Association for Advancement of Sciences” bulletin

of 1917 [4], precursor of the “International Seismological Summary Bulletin”,

that reports 37 onset times from 20 Euro-Mediterranean observatories. Proba-85

bly due to World War I, in the BAAS bulletin reports from many observatories

operated in the Austria-Hungarian dominion are missing. To check and increase

the available dataset, an accurate search and consultation of the coeval Euro-

Mediterranean seismic station bulletins was performed. This work allowed (i)

an increase in the number of P and/or S wave arrival time detected at oth-90

ers observatories, mainly located in Italy and in central and eastern Europe,

(ii) identification with certainty the historical observatories cited in the BAAS

bulletin, and (iii) recognition and correction of some typos (see Table 1). All

the consulted historical bulletins are available in the databases collected in the

framework of the EUROSEISMOS project [see Data and Resources; 40] and95

the International Seismological Centre - Global Earthquake (ISC-GEM) model

[see Data and Resources; 91], both available through the Istituto Nazionale di

Geofisica e Vulcanologia - SISMOS website [see Data and Resources; 65]. If

original seismograms were available, arrival times were checked and, in some

cases, a new phase picking was performed (see Table 1). The possibility of100

using the S-P time window for the hypocenter location (see next section 4),

independently of an accurate and precise time-clock value, allowed us to update

the dataset with new S-P time differential times picked on seismograms from

observatories where no bulletins are available (see Table 1 and Fig. 2 for the

locations). One of the main problems when localizing a historical earthquake is105

the correct synchronization of the internal clocks between all observatories. The

majority of the arrival times used for the hypocentral location are readings re-

ported in original bulletins without any error estimate. To check the reliability

of the observed arrival times at each station, we performed a comparison among
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Station Distance Original onset Used onset Phase

code (∆0) phase time (hh:mm:ss) phase time (hh:mm:ss) flag

ABA 9.589 P 09:38:35(1) Pn 09:38:18 D

ABA 9.589 S 09:40:23(1) Sn 09:40:06 D

COI 15.623 P 09:39:35(1) Pn 09:39:39 D

COI 15.623 S 09:42:30(1) Sn 09:42:34 T–D

GTT 8.238 Pn 09.38.00* T–D

GTT 8.238 Sn 09.39.34* T–D

HLW 20.485 P 09:45:00(2) PcP 09:44:49 T

IS1 3.029 M 09:38:15(3) Sg 09.37.36* T

LVV 10.393 e 09:40:30(2) sSn 09:40:30 T

MNC 3.520 S 09:37:37(1) Sn 09:37:37 T

MNH 4.724 P 09:37:19(2) Pn 09.37.11* T–D

MNH 4.724 S 09:38:34(2) Sn 09.38.06* T–D

PAR 8.556 P 09:38:17(1) Pn 09:38:03 T

POL 1.908 P 09:36:33(2) Pn 09:36:33 T–D

POL 1.908 L 09:36:58(2) Sn 09:36:58 T–D

POT 8.971 e 09:39:18(2) Pn 09.38.08* D

POT 8.971 S 09:40:42(2) Sn 09.39.50* D

PUL 19.770 S 09:44:12(1) S 09:44:12 T

RDP 1.742 P 09:36:30(1) Pn 09:36:30 T–D

RDP 1.742 S 09:37:04(1) Sn 09.36.54* T–D

STR 5.958 Pn 09.37.29* T

STR 5.958 Sn 09.38.35* T

TOL 12.581 Pn 09.39.06* D

TOL 12.581 Sn 09.41.27* D

UCC 9.049 P 09:38:15(1) Pn 09:38:15 D

UCC 9.049 L 09:41:00(2) Sn 09.39.58* D

ZAG 3.671 P 09:37:00(1) Pn 09:37:00 D

ZAG 3.671 S 09:37:31(1) Sn 09.37.45* D

Table 1: Onset times used and associated phases from original 1917 bulletins (Original) and

modified by this study for the April 26, 1917 seismic event. Station codes are taken from the

International Registry of Seismograph Stations (ISC) except the italian Ischia harbor (IS1)

seismic station code taken from Euroseismos project database (see Data and Resources).

Hypocentral distance for each station and phase arrivals used as absolute time (T) and/or

for travel-time difference (D) are shown. For each original onset time and associated phases,

references are shown by subscript numbers in brackets: 1= [4]; 2= Corresponding monthly

seismic station bulletins (from Sismos Database, see Data and Resources) ; 3= [30]; *=onset

picked on original seismogram.
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the observed phases and the theoretical arrival times. We computed three dif-110

ferent sets of expected arrival times using the ak135 velocity model [58] and

assumed fixed epicentral coordinates with respect to the macroseismic epicenter

[45] and different hypocentral depths (5, 10, 15 km). Many of the arrival times

observed in the bulletins are consistent with the theoretical arrival times of the

Pn and Sn phases expected for a depth of 10 km. Moreover, if at a single station115

the observed phases show a constant time shift with respect to the theoretical

arrival time, it is reasonable to infer a systematic delay due to uncorrected syn-

chronization of the internal clock of the observatory. As already applied by [28]

and [23], a correction of the observed arrival times can be performed. Hence,

the comparison among the observed and the theoretical arrival times allowed a120

complete redefinition of the phases associated with the observed data.

Figure 2: Observatories used in the present study for the hypocentral location (circles), for

the spectral analysis (triangles) and for the Ms estimation (squares).
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3.2. Historical seismograms

Except three components (North, East, Vertical) recorded by the seismic

station STR (Strasbourg, France; by courtesy of Strasbourg observatory), all

seismograms used in this work were taken from the “Historical archive of old125

seismograms” collected in the framework of the Euroseismos project [40], now

available in the INGV-SISMOS database [see Data and Resources; 65]. However,

concerning the Monterchi seismic event, the SISMOS database is composed of

52 scanned high-resolution images of historical seismograms recorded on April

26, 1917 from 21 Euro-Mediterranean observatories. The Monterchi earthquake130

is not detectable in all of these seismograms and, in some cases, the low sig-

nal/noise ratio does not permit one to clearly read the P and/or S-phases.

Because of this we selected for analysis seismograms from 10 observatories for a

total of 23 seismograms (see Table S1 available in the electronic supplement to

this article). The instrumental characteristics of the old seismometers - informa-135

tion necessary to process the records and to recover ground displacement - have

been often lost or are unreliable. This intrinsically implies that sources of un-

certainty of the obtained results are not easily quantifiable [71]. Hence, for each

seismic station, the instrumental response was investigated. If it was impossible

to retrieve a coeval seismic station bulletin, a media of seismic response param-140

eters recorded on more proximate bulletins was used. Whenever possible, in-

strumental natural period and damping were checked or calculated through the

analysis of free oscillation calibration signals, which were periodically recorded

on the original seismogram. Even if the instrumental characteristics are known,

reliable information about the sensor polarity of a historical seismometer is very145

rare. To better constrain the sensor orientation, we consulted the second edi-

tion of the “List of Seismological Stations of the World” [63] as well as the “Inge

Lehmann selection”, preserved at the Geological Survey of Denmark and Green-

land (GEUS) Seismic Archive in Copenhagen. The latter is a special section

of the GEUS Archive that includes a series of seismograms used by the great150

seismologist Inge Lehmann for her famous studies on the inner earth core [62]

and numerous correspondences between her and the directors of many seismic

10



observatories of the world [51]. The “Inge Lehmann selection” and handwrit-

ten notes added by herself, represent without any doubt a worldwide-unique

scientific and historical heritage. From this selection, we chose the “earthquake155

Kos 1933 04 23” folder that contained many of the seismic stations that had

also recorded the Monterchi earthquake of 1917. Assuming that the instrument

setup did not change in the meantime, the consulted bibliography helped to

identify a total of 20 instrumental polarities (see Table S1 available in the elec-

tronic supplement to this article). Furthermore, the treatment of analog records160

of seismic waves poses special technical challenges [15]. The digital waveforms

obtained from analog seismograms (Fig. 3) are the result of different processing

steps performed to overcome the known problems - for example, signal trace

accuracy, time mark visibility, digitizing skill and geometrical corrections - that

may occur during the digital conversion process [15]. However, the digitaliza-165

tion of selected analogical waveforms was performed with specifically developed

software called TESEO [76] using a re-sampling of the seismic trace with a sam-

ple interval of 0.1 s. The obtained digital seismic signals were geometrically

corrected to remove signal distortions, such as curvature, skew, pen curvature,

and uneven paper speed (Fig. 3b, c). For the curvature correction, we used the170

same formulas used by [43] and [83] and applied data smoothing by applying

quadratic interpolation.
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Figure 3: Example of analog-to-digital seismogram conversion of the Mainka N–S component,

from EBR station. (a) Original seismogram recorded on smoked paper including the original

picking of P and S phases. (b) Digitized waveform after geometrical correction and (c) after

conversion in seconds. (d) Zoom–in (black boxes in figures b and c) with P and S wave trains

used for spectral analysis.
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4. Methodologies and Results

4.1. Earthquake location

In the first half of the 20th century, the principal reason for erroneous earth-175

quake locations is the inaccurate synchronization of the internal clock of the

seismic stations, leading to wrong phase picks. Generally, the main sources of

the arrival times used for hypocentral location are readings reported in orig-

inal bulletins, and a posteriori it is not possible to estimate the time errors.

As reported by many authors [e.g. 20, 84, 95], uncertainties in the locations180

of the order of seconds in terms of Gaussian-distributed errors are reasonable.

We preferred to use a high number of obervations to obtain a good azimuthal

coverage rather than a lower rms. Using relative travel-time differences between

phases observed at the same station, which depend exclusively on the epicentral

distance, reduces the bias induced by absolute onset timing errors. For comput-185

ing the hypocentral location of the Monterchi earthquake we chose HYPOSAT

[87], which allows one to use also travel-time differences in the computation of

the hypocentral location. For estimating the station corrections and to take

into account the crustal structure below the station, we used the CRUST5.1

crustal model [68]. We adopted the INGV velocity model of the Italian penin-190

sula [64] for an epicentral distance up to 3◦ and the AK135 velocity model [58]

for observatories located further away.

Origin time (GMT) (hh:mm:ss.ss): 09:35:59.74 ± 0.67

Latitude (◦N): 42.439 ± 0.024

Longitude (◦E): 12.090 ± 0.048

Depth Z (km): 8.17 ± 3.46

Root mean square (s): 0.869

Table 2: Hypocentral parameters obtained in this study for 26th April 1917 seismic event.

Combining different velocity models allows one to include in the inversion

the maximum number of arrival times and results in the best azimuthal coverage

(details in Table S2 available in the electronic supplement to this article). The195
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results of the inversion are summarized in Table 2 (details in Table S2 available

in the electronic supplement to this article) and are show in Fig. 7. The

maximum azimuthal gap between the stations used is 100.7◦. As shown in

Fig. 7, the hypocentral solution obtained (maximum epicentral error ellipse

= 5.07 km; Table S2 available in the electronic supplement to this article) is200

consistent with the macroseismic scenario and puts the source depth at ≈ 8

(± 4) km. If omitting the sSn phase (Table 1), the hypocenter depth increases

from 8 to 19 km. This suggests that the uncertainty of ± 4 km might be more a

lower bound, considering also the uncertainties in the velocity model. Our new

epicenter includes critically revised arrival times and is much more compatible205

with the macroseismic epicenter than any formerly published result.

4.2. Source parameters and focal mechanism

Source parameters such as the seismic moment (M0), the moment magnitude

(Mw), the rupture length (R) and the static stress drop (∆δ) are often obtained

through spectral analysis of the digitized seismograms. After having applied the210

geometrical corrections of the selected and digitized traces (Table S1 available

in the electronic supplement to this article), we defined a time window of the

waveforms and removed the DC offset. Instrument corrections were performed

using a simple second order high-pass filter defined by its amplification, period

and damping [50]. After applying a smoothing window we computed the Fast215

Fourier Transform (FFT) of the signal to obtain ground displacement spectra.

According to [26], the source spectra can be described as:

U(w) =
Ω0

[1 + ( ωωc
)γ ]

(1)

where U(w) is the spectral displacement, Ω0 is the low frequency level, fc the

corner frequency (ωc is circular frequency and fc = 2πωc) and γ is a parameter

that controls the high-frequency spectral fall-off, which is generally assumed to220

vary due to effects of source directivity [5, 17, 99]. The low frequency level (Ω0)

is directly associated with the seismic moment (M0) through the relation [57]:
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M0 =
4πρν3Ω0

G(r)RθϕC
(2)

where ρ is the rock density in the source region, ν the wave velocity, G(r) the

geometrical spreading, depending on distance r, Rθϕ is the correction for the

radiation pattern and C is the correction for the free surface equal to 2.0 [37, 69].225

The radius of the circular source zone (R) is obtained by the relation [26, 27, 49]:

R =
kν

fc
(3)

where ν is (the average) wave velocity at the source region, fc the corner fre-

quency and k is a constant and depends on the used source model. Assuming

the model proposed by [26, 27], k=0.37 (originally not defined for P waves). It

is worth noting that although [26] did not attempt to relate the source dimen-230

sion to a theoretical P-wave spectrum, different authors [as e.g., 48, 49] showed

that this source model is generally applicable to body waves by using the same

coefficient, whereas the velocity (in Eq. 3) becomes the P or S wave velocity,

depending on the analyzed seismic phase spectrum. We estimate then the static

stress drop (∆σ) for a circular fault can than be found [26, 27] as:235

∆σ =
7

16

M0

R3
(4)

The moment magnitude (Mw) is obtained by the empirical relation [47]:

Mw =
2

3
logM0 − 6 (5)

with M0 given in Nm. To fit Brune’s model on a spectral dataset and to ob-

tain the seismic parameters we applied the methodology developed by [42] that

is particularly suitable for the analysis of an uncertain dataset such as histor-

ical data (Fig. 4). This procedure combines a Bayesian approach for model240
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parameter estimation of the variables (Ω0, fc, γ) using a Markov chain Monte

Carlo approach [41, 42] with a weighted statistical mixing of multiple solutions

obtained from a network of instruments. The entire samples of the posterior

distribution obtained after the Brune’s model was fitted to the observed data

(Fig. 4a) are then used for the estimate of the seismic parameters of each sin-245

gle phase (Fig. 4c, d). To set the prior information needed for Bayesian data

analysis, for each source spectrum an upper and lower bound for Ω0 and fc,

has been identified, whereas a value between 1 to 3 has been fixed for the γ

parameter. Moreover, the approach [42] permits the treatment of the uncer-

tainty in the estimation of parameters as ρ, ν, G(r) and Rθϕ (generally assumed250

as average fixed values in the computation) and to propagate the uncertainty

into the final seismic parameter estimations. Regarding uncertainties in the

geometrical parameters for the amplitude correction, we preferred to assume

these parameters independently by our consideration of the focal solution. An

average radiation pattern has been assumed as the best value for Rθϕ [i.e. 0.40255

and 0.63 for the P and S waves, respectively, 22, 98], with an uncertainty range

based on the considerations in [22] for the source orientation. The range of

values for the geometrical spreading have been determined considering possible

uncertainties in the macroseismic source location. We have neglected the site re-

sponse and anelastic attenuation. Neglecting anelastic attenuation may produce260

systematic biases in the model parameter values determined from the observed

spectra; however, the earthquake considered in this example is big enough so

that fc > 1Hz and, therefore, the anelastic attenuation hardly affects the am-

plitudes in this frequency range [e.g., 42, 49].
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Figure 4: Example of applying [42]’s methodology to Ebro station: a) Brune’s parameters

estimate from the model fitting on the displacement spectra of the P and S wave trains

shown in Fig. 3c. Boxes inside show the empirical cumulative distributions obtained for the

three parameters (Ω0, fc, γ). b) Histograms of the samples drawn from the Earth model and

geometrical parameter distributions using for the estimate of seismic parameters at station

EBR. c) Seismic parameter distributions obtained from the analysis of P wave and d) S wave

trains recorded at EBR – Mainka N–S component. e) Seismic parameter distribution obtained

after the merging procedure of all the samples estimated from all components and phases of

the EBR – Mainka instrument.

The Mw obtained after merging all Mw sample distribution from each avail-265

able seismogram is shown in Fig. 5. The seismic moment (M0) distribution
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shows a median of 4.8 · 1017 Nm (10th percentile = 3.0 · 1016 Nm; 90th per-

centile = 2.6 · 1019 Nm) which corresponds to a median moment magnitude

(Mw) = 5.8 (10th percentile = 5.0; 90th percentile = 6.9). The median value of

the circular fault radius (R) is 1.4 · 104 m (10th percentile = 2.6 · 103 m; 90th
270

percentile = 2.5 · 105 m). Finally, the static stress drop distribution has a me-

dian of 5.3 · 10−2 MPa (10th percentile = 1.5 · 10−4 MPa; 90th percentile = 6.1

MPa).

Figure 5: Overview of Mw estimation in this work: (a) the frequency of solutions (each curve

represents one station) and (b) final histogram after applying the merging procedure.

We estimate a new surface wave magnitude (Ms) on the basis of displace-

ment amplitudes published in coeval bulletins. We use data from the horizontal275

components of 14 stations (Table 3) and apply the classical Ms Prague formula

[56]. For the seismic stations MNH and NRD, where only the uncorrected am-

plitudes in millimeters had been published by the corresponding observatories,

an instrumental correction was performed. We rejected the E–W amplitude of
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the MNH record due to its anomalous period compared to the N–S component280

(16.9 s for N–S and 56.9 for E–W, maybe just a typographical error). The final

result (see Table 3) is Ms = 5.44 ± 0.44.

Code ∆ (km) ∆ (◦) Amplitude (µ) Ms

BUD 699.2 6.3 23.0 5.09

FBR 849.8 7.6 60.2 5.51

LVV 1150.2 10.4 35.0 5.78

POL 206.6 1.9 109.9 5.09

PAR 943.4 8.5 29.1 5.46

MAR 540.9 4.9 70.0 5.46

VIE 622.0 5.6 142.1 5.99

GRA 475.8 4.3 46.7 5.09

UPP 1864.0 16.8 13.2 5.34

ABA 1070.6 9.7 2.2 4.44

POT 996.8 9.9 60.2 6.12

NRD 614.0 5.5 31.0 5.42

CHE 729.5 6.6 120.0 5.99

MNH 525.2 4.7 160.7 5.40

Median 5.44

Standard deviation 0.44

Table 3: List of observatories used for Ms estimation.

To calculate the focal mechanism of the seismic source we used the P-wave

polarities that were directly observed in the seismograms. On the basis of what

we learned about the sensor orientations (see 3.2 section) a selection, based on285

the clarity of the recording, has been performed. Table S3 (available in the

electronic supplement to this article) and Fig. 6 show the result of the first–

onset polarity after considering all the necessary corrections of all known factors

at each individual seismic station.

As mentioned in section 4.1 our new epicenter includes critically revised ar-290
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rival times and represents a solution much more compatible with the macroseis-

mic epicenter than any formerly published result. Due to the low data quality

the hypocentral depth estimation cannot be improved but can be debated (see

section 5). According to our hypocenter (Table 2), located at an upper crustal

depth of ≈ 8 km, we calculate respective take-off angles and azimuths using the295

same 1D-velocity model as for the hypocenter location (see 4.1 section). The

polarities have been inverted using FPFIT [81]. Fig. 6 shows the solutions of

the inversion for (a) allowing no polarity misfit and (b) allowing 1 polarity misfit

for an angular increment (ai) of 5◦ and 10◦, respectively.

Figure 6: Solutions of the inversion: (a) no polarity misfit (ai=5◦); (b) 1 polarity misfit

(ai=10◦).

The inversion of polarities, allowing for one or no polarity misfits, suggests300

either strike-slip or thrust focal mechanisms. The focal mechanism inversion

alone does not allow one to determine the orientation of the active fault plane,

and the following three main scenarios are possible:

• a NE-SW-trending thrust (only in the case of 1 polarity misfit),

• a NW-SE-trending, left-lateral strike slip,305

• a NE-SW-trending, right-lateral strike slip.
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5. Discussion and Conclusion

The results obtained from the analysis of an historical dataset are condi-

tioned by the epistemic uncertainty. Synchronization of the internal clock of

the historical observatories, instrument characterization and distortions intro-310

duced by the analog-to-digital processing are all variables that are difficult to

quantify but they condition the reliability of the results [15, 71]. For this reason,

the solutions must be assessed in a macroseismic, seismotectonic and geological

context. Regarding the hypocentral location, we:

• revisit and re-evalute the historical arrival times catalogs315

• calculate theoretical arrival times

• read the original available seismograms and add new phases

• use travel time differences

We preferred an approach that takes into account as many arrival times as

possible and the highest possible azimuth coverage rather than a low rms misfit.320

Our new epicenter (see Table 2 and Fig. 7) is consistent with the macroseismic

scenario. The quality of the historical data set does not allow one to further

improve the hypocenter. Also if conditioned by the use of the depth phase (see

section 4.1), we assume as reliable the calculated source depth at ≈ 8 (±4)

km, despite its large uncertainty, also on the basis of the following arguments:325

the solution is (i) consistent with the large felt area (from Ravenna, 120 km

northward, to Chieti, 200 km southward) defined by macroseismic studies [45,

82] and (ii) corresponds to the typical depth estimated for moderate-to-strong

earthquakes in the central Apennines, including those at Colfiorito [1997; 66],

L’Aquila [2009; 93] and Amatrice-Norcia [2016; 33].330
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Figure 7: The April 26, 1917 earthquake epicentral solution (red star) and its ellipse of

uncertainty obtained in this study along with its relationship with the tectonic framework of

the area. a) Map view [modified from 80] with our preferred focal mechanism solution (see text

for parameters) and macroseismic epicenter (blue triangle) and site intensity [colored circles;

Io legend in map from 46, 82]. b) Cross-section of the ATF (trace in Fig. 1) that integrates

surface and seismic reflection data [modified from 67] showing the epicentral location (and its

error bars) with respect to the ATF system geometry.
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Concerning the seismic parameter estimation, the [42] methodology allow us

to treat objectively the uncertainty due to both doubtful instrumental charac-

terization and distortion of the traces during the analog-to-digital conversion.

As shown in Table 4, the median value obtained for Mw is slightly lower than

the macroseismic magnitude [82]. The macroseismic magnitude is higher than335

the characteristic values (median and maximum frequency) of the magnitude

distribution (Fig. 5). This overestimate is probably due to seismic amplifica-

tion caused by site effects. The mean of the circular fault radius we obtained

corresponds to a source area of 615 km2 and results to be overestimated with

respect to a value of 61 km2 obtained for a strike-slip earthquake of Mw 5.8 ac-340

cording to [96] relationship. Consequently, according to equation 4, stress drop

is becomes underestimated with a widespread error deriving from the cumula-

tive effect of the single uncertainties of the parameters used for the computation

(M0, R). The values obtained for R and ∆σ are influenced by the large un-

certainty in the fc estimation caused by neglecting the anelastic attenuation345

(see section 4.2). This fact has a negligible effect on the determination of M0

(and consequently on Mw) but it tends to produce higher values of γ and thus

a systematic underestimation of fc, affecting our results for R and ∆σ [Fig. 4;

42]. Concerning the surface wave magnitude Ms, a first estimate equal to 5.5

was published by [55] using, for the computation, 11 stations. A lower estimate350

equal toMs 5.0 was proposed by [16] without indicating the number of the used

S-waves amplitudes and the quality of the result. We match the number given

by Kárník using fourteen stations being aware that the data scattering is quite

large (Table 3). The value obtained for Ms is smaller than for Mw.
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References Mw Ms

[55] 5.5

[82] 6.0 (±0.1)

[16] 5.5 (±0.2) 5.0

5.8

This study (10th percentile = 5.0) 5.4 (±0.4)

(90th percentile = 6.9)

Table 4: Magnitude comparison between this study and other solution obtained in previous

work.

Regarding the focal mechanism, Fig. 6 suggests the following solutions: (i)355

a NE–SW-trending thrust; (ii) a NW–SE-trending, left-lateral strike slip; or

(iii) a NE–SW-trending, right-lateral strike slip. The first two solutions do not

fit the geological and seismological characteristics of the Central Apennines:

active thrusts are located more to the east, at the Adriatic foreland; the NW–

SE-trending structures are commonly normal faults with almost pure dip-slip360

kinematics. Conversely, the NE–SW-trending, right-lateral faults are associated

with compressional structures and commonly are interpreted as transfer faults

or lateral ramps [35, 61] sometimes reactivated during the Plio-Quaternary ex-

tensional regime [e.g. 31, 70, 88]. Based on this seismotectonic context, the

right-lateral strike slip solution (Strike 60/ Dip 84/ Rake −162) proposed in Fig.365

7a is the most plausible. Along with the uncertainties, the resulting hypocenter

of the 1917 Monterchi earthquake is located in the footwall of the ATF, > 4

km underneath the leading fault plane, in a crustal volume subject to present-

day extensional strain [52] and where tectonic structures compatible with the

possible focal mechanism solutions are unknown (Fig. 7b). Our results suggest370

that 1917 Monterchi earthquake did not nucleate on any splay of the low angle

ATF system but rather on a different seismic source: an active transfer fault.

Since the geological faults at the surface have frequently a geometric and kine-

matic connection with the seismological faults of the elastic/brittle upper crust

(< 10 − 15 km thick), as observed during the Colforito (1997), L’Aquila (2009)375
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and Amatrice (2016) seismic sequences [31, 79, 93, 94], we can infer that the

1917 Monterchi earthquake occurred on one of the transfer zones responsible

for the ATF segmentation, which allows strain transfer among the Quaternary

ATF splays that have different displacement rates [80]. This could be true also

for the 1352 event, for which the Monterchi earthquake seems to be a repeat380

[82].
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6. Data and Resources

All the websites listed below were last accessed on May 2018. Seismo-

grams and bulletins used in this study were collected as part of EUROSEISMOS

project (http://storing.ingv.it/es_web) and ISC-GEM Global Instrumen-385

tal Earthquake Catalog (1904-2014) (http://www.isc.ac.uk/iscgem/index.

php) both available through the Istituto Nazionale di Geofisica e Vulcanologia-

SISMOS website (http://sismos.rm.ingv.it/en/). Station codes are taken

from the International Registry of Seismograph Stations (International Seismo-

logical Centre [ISC], 2011 (http://www.isc.ac.uk/registries/). Multiple390

macroseismic catalogs and databases were used for historical seismic events: the

2015 Catalogo Parametrico dei Terremoti Italiani (CPTI15, Parametric Cat-

alog of Italian Earthquakes; https://emidius.mi.ingv.it/CPTI15-DBMI15/

query_eq/), the Database Macrosismico Italiano (DBMI15, Italian Macroseis-

mic Database; https://emidius.mi.ingv.it/CPTI15-DBMI15/query_place/),395

CFTI4Med – Catalogo dei Forti Terremoti in Italia (461 B.C.–1997) e nell’area

Mediterranea (760B.C.–1500) (Catalog of Strong Earthquakes in Italy (461

B.C.-1997) and Mediterranean Area (760 B.C.-1500): http://storing.ingv.

it/cfti4med, CFTI5Med – Catalogo dei Forti Terremoti in Italia (461 B.C.–

1997) e nell’area Mediterranea (760B.C.–1500) (CFTI5Med – Catalog of Strong400

Earthquakes in Italy (461 B.C.–1997) and Mediterranean Area (760 B.C.–1500);

http://storing.ingv.it/cfti/cfti5/) Recent seismicity of the area was taken

from the Italian Seismological Instrumental and Parametric Data-Base (ISIDe;

http://cnt.rm.ingv.it/iside).
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List of Figure Captions750

Figure 1: Structural sketch and scheme of the stratigraphical relationships

of the study area [modified from 80]. The main active faults, seismicity [from

53, ; see Data and Resources] M>2 from 1985 to 2017 (black dots) and the

historical earthquakes with intensities ≥ VII [from CPTI15, 82, ; see Data and

Resources] are reported. Four main tectonic units crop out, piled up during755

the Miocene: (i) the Ligurian allochton unit, (ii) the Tuscan allochton unit

[77], (iii) the Tuscan-Umbria unit [Mt. Rentella unit; 12, 25, 89], and (iv) the

western Umbria-Marche unit, consisting of a carbonate succession overlaid by

silicoclastic formations.

Figure 2: Observatories used in the present study for the hypocentral lo-760

cation (circles), for the spectral analysis (triangles) and for the Ms estimation

(squares).

Figure 3: Example of analog-to-digital seismogram conversion of the Mainka

N–S component, from EBR station. (a) Original seismogram recorded on smoked

paper including the original picking of P and S phases. (b) Digitized waveform765

after geometrical correction and (c) after conversion in seconds. (d) Zoom–in

(black boxes in figures b and c) with P and S wave trains used for spectral

analysis.

Figure 4: Example of applying [42]’s methodology to Ebro station: a)

Brune’s parameters estimate from the model fitting on the displacement spectra770

of the P and S wave trains shown in Fig. 3c. Boxes inside show the empirical

cumulative distributions obtained for the three parameters (Ω0, fc, γ). b) His-

tograms of the samples drawn from the Earth model and geometrical parameter

distributions using for the estimate of seismic parameters at station EBR. c)

Seismic parameter distributions obtained from the analysis of P wave and d) S775

wave trains recorded at EBR – Mainka N–S component. e) Seismic parameter

distribution obtained after the merging procedure of all the samples estimated

from all components and phases of the EBR – Mainka instrument.

Figure 5: Overview ofMw estimation in this work: (a) the frequency of solu-

tions (each curve represents one station) and (b) final histogram after applying780

40



the merging procedure.

Figure 6: Solutions of the inversion: (a) no polarity misfit (ai=5◦); (b) 1

polarity misfit (ai=10◦).

Figure 7: The April 26, 1917 earthquake epicentral solution (red star) and

its ellipse of uncertainty obtained in this study along with its relationship with785

the tectonic framework of the area. a) Map view [modified from 80] with our

preferred focal mechanism solution (see text for parameters) and macroseismic

epicenter (blue triangle) and site intensity [colored circles; Io legend in map from

46, 82]. b) Cross-section of the ATF (trace in Fig. 1) that integrates surface

and seismic reflection data [modified from 67] showing the epicentral location790

(and its error bars) with respect to the ATF system geometry.
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Code Take-off (deg) Azimuth(deg) Polarity 

EBR 134.3 257.1 - 

FBR 45.8 258.1 - 

GTT 134.3 350.7 + 

IS1 134.0 152.2 - 

MNH 45.9 356.0 + 

POT 45.8 3.8 + 

RDP 134.1 164.3 - 

STR 134.1 331.1 + 

TOL 45.6 259.1 - 

UCC 134.2 326.8 + 

ZAG 134.0 47.9 + 

 

Table S2: Take-off angles, azimuths and observed polarities in the different observatories with 

respect to the hypocentral coordinates reported in Table 2 of the main manuscript. Station codes 

are taken from the International Registry of Seismograph Stations (International Seismological 

Centre [ISC], 2011; see Data and Resources) except the Italian Ischia harbour (IS1) seismic 

station taken from 

Euroseismos project database (see Data and Resources). 
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Station 
code 

Instrument 
Mass 
(kg) 

Component 
Sensor 
Polarity 

Natural 
Period (s) 

Damping Magnitude Ref. 

EBR Mainka 501 N + 14.8 0.28 200 1 

 Mainka 157 E + 7.8 0.28 110 1 

 Grablovitz 12 NW  9.8 0.013 8 1 

 Grablovitz 12 NE  9.8 0.013 8 1 

GTT Wiechert 1200 N + 10.6 0.24 160 2 

 Wiechert 1300 Z + 3.6 0.24 233 2 

MNH Wiechert 1000 N + 11.3 0.4 215 3 

 Wiechert 1000 E - 11.9 0.4 210 3 

POT Wiechert 1000 N + 5.0 0.4 220 3 

 Wiechert 1000 E + 6.0 0.4 190 3 

RDP Agamennone 1600 NW - 8.3 0.13 100 * 

 Agamennone 1600 NE + 8.9 0.22 100 * 

STR Wiechert 1000 N + 8.0 0.46 200 4 

 Wiechert 1000 E + 8.0 0.46 200 4 

 Wiechert 1200 Z + 5.0 0.46 200 4 

TOL Wiechert 1000 NW + 12.0 0.37 200 1 

 Wiechert 1000 NE - 12.0 0.37 200 1 

UCC Wiechert 1000 N - 11.6 0.48 157 5 

 Wiechert 1000 E + 11.4 0.48 172,5 5 

UPP Wiechert 1000 N + 9.1 0.35 188 6 

 Wiechert 1000 E + 9.1 0.38 187 6 

ZAG Wiechert 80 NW - 3.5 0.49 20 6 

 Wiechert 80 NE + 3.5 0.49 20 6 

 

Table S1. Instrumental characteristics of seismometers used in this work and relative references (Ref.) 

source; 1 = Batlló, 2004; 2 = mean values from Euroseismos project database (see Data and 

Resources); 3 = Corresponding monthly seismic station bulletins (from Sismos Database, see Data 

and Resources); 4 = Cara et al., 1987; 5 = Uccle, 1918; 6 = Charlier and Gils, 1953: *= natural period 

and damping calculated through the analysis of free oscillations calibrations signals periodically 

recorded on the original seismogram. 
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