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The Ligurian earthquake of 23 February 1887, one of the most significant historical earthquakes in 
southwestern Europe, is re-evaluated in this study through the analysis of digitized records from 
19th-century magnetometers. Traces from the magnetic observatories in Greenwich, Kew, Falmouth 
(UK) and Paris Saint-Maur (France) were retrieved and digitized to identify disturbances caused by the 
earthquake ground motion. Synthetic seismograms were generated using full-wavefield modeling 
and then convolved with the transfer function of classical magnetometers to simulate the expected 
responses. A cross-correlation analysis between observed and synthetic traces was performed to 
assess the consistency of different fault-plane scenarios. The results support the plausibility of a 
low-angle, north-dipping reverse fault as the source mechanism, which is consistent with tsunami 
modeling results and regional tectonic constraints. A comparative approach with a recent, well-
recorded reference earthquake was used to estimate the moment magnitude of the 1887 event based 
on magnetogram amplitudes. This highlights the potential of historical magnetograms to contribute 
to the quantitative reassessment of major pre-instrumental events and provides valuable insights for 
seismic hazard assessment.

The “Ligurian” earthquake of 23 February 1887 is one of the most significant and devastating earthquakes known 
to have occurred in the southwestern Alps–Ligurian Basin junction (Italy, France) during the last millennium1–3. 
It was the first and strongest of a series of three shocks of destructive violence that caused extensive damage 
along the coast (where a tsunami also occurred) and inland from Nice (France) to beyond Savona (Italy). The 
damage caused by the earthquakes included at least 600 deaths and the destruction of many buildings, causing 
around 20,000 people to lose their homes4. The structural weaknesses of the buildings (such as inadequate 
reinforcements, excessive height in relation to wall thickness, and the use of poor materials), pre-existing damage 
from previous earthquakes (the last of which occurred in 1854) and the fact that the mainshock occurred shortly 
after six o’clock on the morning of Ash Wednesday probably contributed to the high death toll5.

Due to its long and complex geological history, largely dominated by the convergence between the 
African and Eurasiatic plates and the subduction rollback of the Tethys Ocean beneath the Apennines6–8, the 
southwestern Alps–Ligurian Basin junction represents an area of considerable topographic and structural 
complexity, characterized by significant tectonic and topographic heritage and accumulated deformation. This 
region is characterized by ENE–WSW step-fault systems and NNW–SSE faults that cut across the continental 
margin and represent the offshore continuation of strike-slip faults and grabens found inland9. The region is 
characterized by continuous low-to-moderate seismic activity and is one of the most seismically active areas in 
western Europe10–17. The distribution of seismicity—which extends over a large area, both onshore and offshore, 
with generally shallow focal depths (~5–20 km)—is primarily diffuse16,18, although low-magnitude earthquakes 
tend to cluster along the ENE–WSW trending fault systems and often exhibit predominantly compressional and 
transpressional focal mechanisms18–20. In contrast, extensional tectonic activity occurs mainly along the upper 
continental slope, characterized by significant sedimentation and a complex system of canyons that incise the 
continental slope more or less perpendicularly21.

1Department of Earth, Environmental and Life Sciences, University of Genoa, 16132 Genoa, Italy. 2Department 
of Mathematics, Informatics and Geosciences, University of Trieste, 34128 Trieste, Italy. 3National Institute of 
Oceanography and Applied Geophysics, OGS, 34128 Trieste, Italy. email: gabriele.tarchini@edu.unige.it

OPEN

Scientific Reports |        (2025) 15:41877 1| https://doi.org/10.1038/s41598-025-25870-z

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-25870-z&domain=pdf&date_stamp=2025-11-11


Despite its low deformation rates, this area has experienced notable historical earthquakes, including the 
1564 “Nissart” earthquake (macroseismic intensity, I ~VIII on the Mercalli–Cancani–Sieberg scale), the 1887 
Ligurian earthquake (I ~IX on the Medvedev–Sponheuer–Karnik scale) and, more recently, an ML (local 
magnitude) 6.0 earthquake in 196322. Strong pre-instrumental earthquakes provide valuable information to 
better understand regional seismicity, tectonic processes, and the seismic potential of areas with moderate seismic 
activity and complex geology. This knowledge can be crucial to gain insights into the associated deformation 
zones and has strong implications for probabilistic seismic hazard analysis23,24. However, the investigation of 
historical earthquakes—particularly in terms of quantitative re-evaluation of their source parameters—can 
be challenging. The 1887 Ligurian earthquake exemplifies such difficulties, as its precise epicenter (offshore 
versus onshore), moment magnitude (currently estimated between 6.3 and 7.5 Mw), and focal mechanism are 
difficult to characterize with a high degree of precision and have been disputed for years1,16,25–29. The accurate 
characterization of the 1887 Ligurian earthquake assumes an even greater significance considering that this 
event was selected by the Italian Civil Protection Department as the main earthquake for the definition of 
deterministic ground shaking scenarios for western Liguria30, with strong implications on seismic classification 
and seismic hazard assessment.

A re-evaluation of the 1887 Ligurian earthquake by Larroque et al. in 2012 used information from the French 
and Italian macroseismic databases (DBMI1531; SISFRANCE32), updated intensity prediction equations33, 
and structural and bathymetric data collected during the MALISAR geophysical survey34. According to their 
results, the macroseismic epicenter of the event was located offshore, approximately 43.70◦ − 43.78◦ N 
and 7.81◦ − 8.07◦ E. They suggested that a reverse 235◦-striking fault plane dipping 16◦ to the north is the 
most consistent scenario to account for the 1887 Ligurian earthquake and to explain the characteristics of the 
subsequent tsunami22. In addition to instrumental recordings of tide gauges in the harbors of Genoa (Italy) 
and Nice, and of a Cecchi seismograph in Moncalieri (Italy)35–38—which, despite its historical relevance, was 
probably unreliable as it only recorded the east-west component, although it was located in an area of strong 
ground shaking39—several magnetic observatories throughout Europe also recorded the Ligurian earthquake4. 
These observatories were equipped with magnetometers, which were primarily used to measure the direction, 
strength, and fluctuations of the Earth’s magnetic field. However, these instruments could also detect seismic 
waves, which were essentially disturbances40–43, albeit with a magnification much lower than the sensitivity 
threshold of most seismometers42,44. Although some early authors45 interpreted the magnetogram disturbances 
caused by the Ligurian earthquake as possible effects of transient electric currents induced during the event, later 
analyses4,42,46 rejected this hypothesis. In particular, the inconsistencies in the arrival times at different stations 
and the fact that not all magnetic instruments at a particular location recorded the disturbances suggested a 
mechanical rather than an electromagnetic origin. Specifically, a close examination of the 23 February 1887 
magnetograms recorded with identical instruments at the French observatories of Perpignan, Lyon, and Paris 
Saint-Maur led Poirier et al. to conclude that, although the signals superficially resembled the time stamps of 
electrical pulses, the characteristics of the observed oscillations differed in subtle but significant ways47 (i.e., 
longer duration and excitation patterns consistent with the free oscillation of the magnetic bars). These results 
suggest that the magnetometers were indeed set in motion by the passage of seismic waves and essentially 
behaved like rudimentary horizontal pendulum seismometers. We therefore interpret the perturbations observed 
on the magnetograms as genuine ground-motion signals associated with the Ligurian earthquake, rather than 
electromagnetic artifacts. This is further corroborated by an original annotation on the magnetograms recorded 
in Greenwich that explicitly attributes the recorded disturbances to the mainshock on the Ligurian coast (Fig. 1).

Almost uninterrupted magnetometer records are kept by the British Geological Survey (BGS) ​(​​​h​t​t​p​s​:​/​/​w​w​w​
.​b​g​s​.​a​c​.​u​k​/​​​​​) and the Bureau Central de Magnétisme Terrestre (BCMT) (http://www.bcmt.fr/). In particular, we 
were able to retrieve the magnetic horizontal-force (H) and declination (D) traces recorded at the observatories 
in Greenwich, Kew, Falmouth (UK) and Paris Saint-Maur (France) (Fig. 2) in the form of scanned images. As an 
example, Fig. 1 shows the traces recorded at the Greenwich magnetic observatory, in which the identification of 
earthquake-induced disturbances is clear. The scanned records of the other observatories can be found in Figs. 
S1–S3 in the Supplementary Information.

Seismo-magnetic data
In 1846, at the Royal Greenwich magnetic observatory, in Great Britain, absolute determinations of the various 
components of the geomagnetic field started to be carried out continuously using Gauss’s method applied to 
magnetometers48–50. This method employed photographic paper attached to a slowly rotating drum to record a 
beam of light reflected from a set of mirrors, one of which attached to a moving bar magnet inside the instrument, 
which had to be permanently placed in a dark and thermally-stable site. Over the following decades, other 
observatories joined in the continuous recording of magnetic data.

An impressively extensive data set of more than 160 years of continuous measurements in the UK was 
scanned and made available in 2009 as part of the “OpenGeoscience” project of the BGS.

The yearbooks issued by the BGS51 provide details on the magnetometers, their measurements, and technical 
specifications regarding the response of the instruments to seismic waves. At Greenwich, they record several 
changes in the position of the instruments, mainly aimed at improving temperature stability. A change in the 
photographic paper in 1882 is also noted, while the instrumentation then remained unmodified until the 
installation of new magnetometers in 1915. The instruments installed in Falmouth and Kew were of the same 
basic design as in Greenwich. For Falmouth, no changes are reported between 1894 and 1910, while at Kew the 
magnetometers were installed in 1857 and left unchanged until 1911. At Paris Saint-Maur, continuous recordings 
started in 1883 with a Mascart variometer; this instrument did not substantially differ from those installed in the 
UK, and its response to seismic waves can therefore be considered comparable.
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The first attempt to discuss the mechanical effects of seismic waves on compass-needles dates back to 
Davison40. Liznar52 and Reid41 then formulated the first mathematical solutions for magnetic instruments 
employing unifilar and bifilar suspended magnets. The first one was used to record the local declination of 
the geomagnetic field, while the second one was used to record the local horizontal force. Eleman later 
provided a direct derivation of the response of these types of magnetometers to seismic waves42. Both types 
of magnetometers were characterized by two different oscillation periods, i.e. the natural pendulum period 
of the magnet system—due to the mass attached to the fiber—and the magnetic oscillation period. D and H 
instruments reacted differently to the north–south and east–west components of ground motion, exhibiting 
different sensitivities42. While the D bar magnets were aligned in the direction of the local declination of the 
geomagnetic field, the H bar magnets were aligned orthogonally to the magnetic meridian. The rotations of the 
D magnet resulted from the ground motion component orthogonal to the D direction, so that the declinometer 
functioned as a slightly misaligned east–west component, while the H instrument functioned as a slightly 
misaligned north–south component44.

Methods
Magnetogram digitization
Although recovering seismic information contained in old records such as magnetometer traces is not an easy 
task, the quality of the scanned images was good enough to perform the digitization on every magnetometer 
record. The digitization process involved extracting the sample sequence directly from the image. The horizontal 
and vertical coordinates (x, y) were then converted into time and amplitude scales. This was only possible after 
having selected a reference system and taken into account the length of the minute and the line spacing on the 
original magnetogram53. For each magnetogram, the length of the time window used for digitization was variable 
and depended on the duration and quality of the traces. In the first step, the digitization was performed manually, 
trying to insert as many points as possible to follow the course of the traces. Then, starting from the scattered 
points, it was possible to automatically resample the signals with a fixed sampling step specific to each trace, 
varying according to the length and quality of the traces themselves. In any case, the exploitable frequency band 

Fig. 1.  Horizontal-force (H) and declination (D) traces recorded by the magnetometer at the Greenwich 
observatory, capturing variations in the Earth’s magnetic field. Notably, the original annotations from 1887 
highlight the disturbances caused by the Ligurian earthquake on 23 February. The enlarged section emphasizes 
the exact time at which the seismic waves, referred to as “disturbances,” were detected (5:38 a.m.). The red trace 
represents the part of the signal that was digitized (see “Magnetogram digitization” section for more details) 
and subsequently used for all further analyses. Reproduced with the permission of the BGS ©UKRI 2025©
NERC 2025. All rights reserved..
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was restricted to an upper limit of just 0.03 Hz. In particular, the traces recorded at the Greenwich observatory 
were resampled at a fixed interval of 22 seconds. Similarly, the data from Falmouth was resampled at an interval 
of 16.7 seconds, while the traces from Kew were resampled every 22.5 seconds. The longest sampling step was 
performed for the Paris Saint-Maur observatory, where the data was resampled every 29 seconds.

Instrument response
To perform the instrument correction, we adhere to the theory of Eleman42, which explains the response (Tmag) 
of a classical declinometer and/or a H instrument to harmonic ground displacement:

	

Tmag = M × Z × ω2 × exp [i × (−δ1 − δ2)]
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in which ωP  and ωM  are the mechanical and magnetic eigenfrequencies of the magnetometer respectively, M is 
the magnetization of the bar magnet, Z is the magnetic field strength, I is the moment of inertia of the bar magnet, 
and L is its length, m is the mass of the magnet, α and β are the mechanical and magnetic damping constants. The 
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The far-field ground displacement ui (x, t) resulting from a seismic point source, which is characterized by the 
moment tensor Mjk , is mathematically expressed as the convolution (∗) of the time derivative of Mjk  with the 
Green’s function Gij  and the k-th component of the slowness vector sk  (54,55):

	 ui (x, t) = Ṁjk ∗ Gij × sk.� (2)

In the frequency domain, the response of the magnetometer θi (ω) is obtained by applying the transfer function 
of the instrument Tmag  to the Fourier transform of the ground displacement ui (x, t), which results in the 
equation:

	 θi (ω) = Tmag × ui (x, t) = Tmag × i × ω × Mjk × gij × sk,� (3)

in which gij  represents the Fourier transform of the Green’s function44. Following the methodology outlined by 
Eleman, β

I
= α

m
= 2 × ε and the damping factor ε was assumed to be 0.0218 for the H component and 0.01832 

for the D component of the magnetometers42,56. The absolute magnification of the instruments was neglected 
in order to focus exclusively on the relative response to the true ground displacement of the earthquake. The 
transfer function shows two peaks at the magnetic and mechanical eigenfrequencies, each associated with 180◦ 
phase shifts; it can be found in Fig. S34 in the Supplementary Information.

Fig. 2.  Map showing the locations of the Greenwich magnetic observatories considered in this study 
(indicated by light blue triangles) as well as the estimated epicenter of the 1887 Ligurian earthquake (marked 
by a red star).
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Cross-correlation analysis
To determine which seismic phases are actually observable on the digitized magnetograms, we selected the 
magnetic H trace recorded at the Greenwich observatory. This record was preferred due to its superior clarity 
and data quality after digitization (in this regard, Figures S1–S3 clearly show that the signals recorded at the 
other magnetic observatories are much fainter and significantly more difficult to interpret). To this end, we 
performed extensive tests using QSEIS57 to compute synthetic full-wavefield seismograms for different fault 
scenarios, which we adopted from those proposed and tested by Larroque et al.22. The Green’s functions were 
calculated based on the AK135 global seismic velocity model58. For our simulations, we considered pure thrust 
and normal faulting configurations (i.e., with a rake of ±90◦) and a latitude of 43.74◦N, a longitude of 7.94◦E, 
and a depth of 15 km for the source centroid (Fig. 5). The traces were simulated at equispaced epicentral distance 
steps up to 9.40◦, which corresponds to the angular distance between the assumed source centroid location and 
the Greenwich magnetic observatory. For all simulations, we considered the static seismic moment (M0) for a 
6.8 Mw  source, since considering different M0 values does not lead to different shapes of the seismograms, but 
only causes an increase or a decrease in the amplitude of the simulated waveforms.

The simulated velocigrams were first integrated to obtain displacement seismograms and then bandpass 
filtered in the frequency range 0.006–0.01 Hz. The transfer characteristic of the magnetometer was then convolved 
with the simulated ground motion traces. We necessarily had to consider synthetic ground displacements up to 
periods of only 100 seconds for our analysis, as we found that the convolution of the instrument response tends 
to become highly unstable for longer periods. We scaled the synthetic signals with respect to the magnetogram 
based on their Fourier amplitude spectra differences evaluated at each point. For each simulated magnetometer 
trace, we calculated the cross-correlation with respect to the digitized magnetometer record to determine 
which time lag (i.e., temporal offset) yielded the highest value of the Pearson correlation coefficient, PCC (i.e., 
maximized the cross-correlation between the two time series), and then aligned the traces. Given two discrete 
signals x = (x1, . . . , xn) and y = (y1, . . . , yn), the PCC is defined as:

	
ρxy =

∑n

i=1(xi − x̄)(yi − ȳ)√∑n

i=1(xi − x̄)2
√∑n

i=1(yi − ȳ)2
,� (4)

in which x̄ and ȳ denote the mean values of x and y, respectively.
To further validate the robustness of the analysis, we also calculated the standard Euclidean norm (L2) and 

the “Manhattan distance” (or “Taxicab norm,” L1) of the residuals between the two signals. For a given time lag 
τ , the residual vector is ri(τ) = xi − yi+τ . The norms are defined as:

	

L1(τ) =
n∑
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i=1

ri(τ)2.� (5)

The optimal alignment corresponds to the lag τ  that maximizes ρxy  and, equivalently, minimizes both L1 and 
L2.

Magnitude calculation
The possibility of using magnetometer data to derive the magnitude of strong historical seismic events has 
already been demonstrated by Krüger et al.44,59, who successfully derived Mw  estimates for earthquakes in 
Central Asia that occurred in the late 19th century.

To derive a plausible magnitude estimate for the 1887 Ligurian earthquake, the Mw  6.10 earthquake in 
Emilia (Po Plain, northern Italy) on 20 May 2012 at 02:03:52 was chosen as a reference60 (Fig. 3). We convolved 
the ground motion data recorded at the modern broadband station SWN1 in England (FDSN network code GB) 
with the transfer function of the magnetometer in order to simulate magnetograms for the 2012 Emilia event. 
This station was selected because both its source-receiver azimuth and epicentral distance are comparable to 
those between the 1887 Ligurian earthquake estimated hypocenter and the magnetic observatory of Greenwich. 
This analysis was restricted to Greenwich, as it is the only observatory for which digitized magnetometer records 
are available for both the D and H components, so that the magnitude can be calculated as the average of the two 
individual measurements.

Under the assumption of consistent Green’s function characteristics—i.e., that the earthquakes compared 
occurred in the same region and exhibited similar focal mechanisms—it is expected that the magnetogram 
amplitude ratios scale proportionally to the ground motion amplitude ratios. This implies that they are also 
proportional to the moment rate (Ṁ0) ratio of the events. In addition, if the dominant periods observed in the 
magnetogram signals exceed the source corner frequencies, this proportionality can also be extended to the 
static seismic moment, M044. Therefore, assuming that the transfer characteristics of the recording instruments 
remain stable over time, the following linear relationship between the observed amplitudes of the D and H 
components and M0 can be established, allowing consistent M0 estimates based on magnetogram data:
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In this formulation, the term A(i)/A(ref) represents the ratio between the magnetogram amplitude A(i) 
of the event i with unknown M0 and the magnetogram amplitude A(ref) of the reference earthquake, both 
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measured on the same magnetometer component c. When expressed in logarithmic terms, this relationship can 
be reformulated as follows:

	
log
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A(i)) − log
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A(ref)) = log
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− log
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)
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which can then be rearranged to yield an expression for the Mw  of the analyzed event:

	
M (i)

w = 2
3 ×
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+ M (ref)
w .� (8)

Results
Taking into account the complex seismotectonic and geological setting of the Liguria region, this study aims 
to clarify two important open questions about the 1887 earthquake: the estimation of its magnitude and the 
characterization of the focal mechanism. We do not address the location of the event, for which we rely on 
estimates from previous studies22. We examined all available scanned magnetograms in search of observable 

Fig. 3.  (a) Map showing the locations of the Greenwich magnetic observatory and the broadband seismic 
station GB.SWN1 (indicated by light blue triangles), as well as the estimated epicenters of the 1887 Ligurian 
earthquake and the 2012 Emilia earthquake (marked by red stars). (b) Superposition between the simulated 
magnetometer trace for the 20 May 2012 Mw  6.10 Emilia earthquake recorded at GB.SWN1 (blue trace) and 
the digitized H magnetogram recorded at the magnetic observatory in Greenwich (orange trace). The synthetic 
Emilia magnetogram is scaled with respect to the Greenwich magnetogram based on the difference in their 
Fourier amplitude spectra.

 

Scientific Reports |        (2025) 15:41877 6| https://doi.org/10.1038/s41598-025-25870-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


seismic waveforms. We then digitized the scanned images and computed synthetic full-wavefield seismograms 
for different fault scenarios (Fig. 4a) adopted from recent literature22. The rupture parameters for the tested source 
geometries can be found in Table 1. We then processed the traces and performed the cross-correlation analysis, 
as described in the “Methods” section. Despite the fact that the bandwidth of the simulated magnetometer 
traces is obviously limited, we can verify how different phases—i.e., primary and secondary body waves—can 
nevertheless be identified (Fig. 4b).

The calculated PCC values are shown in Table 1. Scenarios 1, 2, 5 and 6 exhibit a more than satisfactory 
similarity between the modeled seismograms and the observed magnetogram (S1—PCC = 0.658; S2—PCC = 
0.733; S5—PCC = 0.647; S6—PCC = 0.710) while the correlation is lower for scenarios 3 (PCC = 0.570) and 4 
(PCC = 0.558). To further validate the robustness of the analysis, we also calculated the L1- and L2-norms and 
found in both cases best fitting (i.e., residuals minimizing) solutions in correspondence of the same time lags, 
thus obtaining comparable results (Supplementary Figs. S4–S9).

As previously mentioned, the H magnetogram recorded at Greenwich was preferred due to its higher quality; 
however, the same analysis was also performed for all other H and D available traces. The results can be found 
in the Supplementary Information in Figs. S10–S33 while the resulting PCC values are summarized in Table 2, 
together with the PCC results relative to the H trace recorded at Greenwich.

Regarding the magnitude calculation, applying Eq. 8 to the digitized and processed traces recorded at the 
magnetic observatory in Greenwich resulted in the Mw  estimates presented in Table 3. The analysis was, in 
fact, limited to Greenwich, the only observatory with digitized magnetometer records for both the D and H 
components, allowing the magnitude to be calculated as the average of the two measurements. The averaging 
of the individual H and D Mw  values for the magnetic observatory of Greenwich resulted in a Mw  value of 
7.233. Due to the limited number of available recordings, no estimates of the uncertainty associated with the 
magnitude calculation were derived.

Discussion
The response of magnetometers equipped with suspended magnets to seismic events has long been the subject 
of scientific debate. Interpretations have varied, with some attributing the observed disturbances to transient 
electromagnetic or magnetic oscillations induced by the earthquake, while others have argued in favor of a 
mechanical origin, involving the physical shaking of the instruments47. Notably, Eleman showed that pendulum-
like motions of suspended magnets can generate magnetic torques, suggesting that magnetometers could react 
as ultra–low-sensitivity seismic recording devices42. Therefore, in exceptional cases, “seismomagnetic waves” 
could actually be observed. Although it is now generally accepted that standard magnetometers reacted 
primarily mechanically44, it remains plausible that seismic waves could also have induced minor real magnetic 
disturbances.

Fig. 4.  (a) Synthetic full-wavefield seismograms for scenario S1 described in the text. (b) Simulated 
seismograms after integration, bandpass filtering and convolution with the magnetometer response, as 
described in the text. The inset shows the superposition between the processed synthetic seismogram (blue 
trace) and the digitized H magnetogram recorded at Greenwich (orange trace). In all figures, the traces are 
conspicuously vertically exaggerated. The dashed lines represent the travel times of body waves (primary, P; 
secondary, S) and surface waves (Rayleigh, R; Love, L) according to the AK135 seismic reference model.
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The results of the cross-correlation analysis carried out for the Greenwich H trace show that scenarios 1, 
2, 5 and 6 (Table 1) exhibit a high degree of similarity between the modeled seismograms and the observed 
magnetogram. This significantly confirms the robustness of the selected fault scenarios previously proposed 
and validated by Larroque et al. based on macroseismic data and tsunami characteristics22. The PCC values 
obtained across the different observatories also indicate a general coherence in the results (Table 2), although 
variations in the quality of the magnetograms—particularly those with lower resolution or more ambiguous 
signal characteristics—may substantially influence the reliability of the analysis. Despite these limitations, the 
results provide additional support for the robustness of the preferred fault scenarios.

However, the interpretation of focal mechanisms based solely on seismological data is inherently ambiguous, 
as it does not allow for a definitive distinction between the actual fault plane and the auxiliary plane. Scenarios 

Scenario Kinematics Strike Dip PCC

S1 Reverse 235◦ 16◦N 0.658

S2 Normal 235◦ 16◦N 0.733

S3 Reverse 250◦ 70◦N 0.570

S4 Normal 250◦ 70◦N 0.558

S5 Reverse 70◦ 70◦S 0.647

S6 Normal 70◦ 70◦S 0.710

Table 1.  The scenarios discussed in the text for the 1887 Ligurian earthquake, with fixed source centroid 
location (7.94◦E, 43.74◦N) and focal depth (15 km). The rake angle is adjusted to account for both pure 
reverse and normal faulting (i.e., with a rake of ±90◦). The strike and dip angles are reported together with the 
Pearson correlation coefficient (PCC) values calculated for each fault scenario relative to the H trace recorded 
at the Greenwich observatory.

 

Fig. 5.  Overview of the study area showing the offshore hypocenter of the Ligurian earthquake of 1887 
(43.74◦N latitude, 7.94◦E longitude) and the three fault planes discussed in the text, for which the simulation 
of synthetic seismograms was carried out. The displayed hypocenter and fault planes have been shifted upwards 
for the sake of clarity, so that the depth of the hypocenter does not correspond to the actual depth used in the 
simulations (15 kilometers). The 235◦–striking 16◦–dipping northward plane (in yellow) indicates the one 
corresponding to the best-fitting scenario S1 (Table 1). The locations of the cities of Nice (France) and Genoa 
(Italy) are shown. The orange dots represent seismic events with magnitude values in the ML range 0.1–4.1 
that occurred in the region between 1 January 1985 and 1 August 2025. The red arrow in the lower left corner 
indicates the direction of the geographic north. The figure is sensibly exaggerated vertically so that the bottom 
of the three-dimensional model lies at a depth of 5 km. The topographic and bathymetric terrain models are 
from the GEBCO 2024 Grid (​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​r​​g​/​​1​0​.​5​2​​8​​5​/​1​c​4​​4​c​​e​9​9​-​​0​​a​0​d​-​​​5​f​4​f​-​​​e​0​6​3​-​7​0​8​6​a​b​c​0​e​a​0​f), while the main 
tectonic elements (red lines) are from the Geological Survey of Italy (https://www.isprambiente.gov.it). The 
hypocenters of the earthquakes are derived from the Istituto Nazionale di Geofisica e Vulcanologia (INGV) 
catalog ​(​​​h​t​t​p​s​:​/​/​t​e​r​r​e​m​o​t​i​.​i​n​g​v​.​i​t​​​​​)​. The figure was created using QGIS 3.34.8 (http://www.qgis.org) .
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1 and 2 assume a fault plane oriented at 235◦ with a dip of 16◦ to the north, whereas scenarios 5 and 6 refer to 
a plane striking at 70◦ and dipping 70◦ to the south, approximately corresponding to the auxiliary plane of the 
first configuration. While scenarios 5 and 6 result in slightly higher PCC values, the overall cross-correlation 
values for all four scenarios are of a comparable magnitude. However, considering the geological and structural 
context of the southwest Alps–Ligurian Basin junction—which is essentially characterized by predominantly 
reverse offshore north-dipping fault systems parallel to the coastline and extensional structures along the upper 
continental slope19,21,34,61,62—the reverse-kinematics fault plane described in scenario S1 proves to be the most 
plausible solution (Table 1). The spatial distribution of recent onshore and offshore seismicity, showing mainly 
diffuse patterns and exhibiting predominantly compressional and transpressional focal mechanisms9,10,16,18–20, 
and the tide gauge record modeling for the tsunami generated by the earthquake provide further evidence. In 
particular, Larroque et al.22 and Ioualalen et al.63 have demonstrated that normal faulting scenarios are not 
in accordance with tsunami modeling, as they do not satisfy the polarity of the observed first arrival wave 
in the Genoa harbor. It is worth noting, nevertheless, that over time various authors have proposed different 
interpretations regarding the fault responsible for the 1887 Ligurian earthquake, such as in the case of Eva and 
Rabinovich28, who postulated that the event was caused by the activation of a normal fault, in stark contrast to 
the results of the French authors.

Whilst acknowledging that the analysis presented inevitably entails a significant qualitative component—
especially in the subjective selection of the signal portion used to calculate the cross-correlation coefficient—and 
is therefore subject to inherent limitations, we believe that it can nevertheless provide valuable insights and 
make an additional contribution to the understanding of the 1887 Ligurian earthquake. The results confirm 
that seismic hazard models for the region should consider a compressive stress regime, with the 1887 Ligurian 
earthquake likely caused by the activation of a low-angle north-dipping reverse fault.

The identification of primary and secondary body waves within the limited bandwidth of the magnetograms 
emphasizes the ability of historical magnetometers to record key seismic phases, despite their limitations. In 
addition to fault characterization, we provided a direct Mw  estimate of the earthquake based on magnetometer 
data , using a recent Mw  6.10 earthquake in Emilia as a reference (Fig. 3). Although it is highly unlikely that this 
event released an amount of energy comparable to the 1887 earthquake, it represents the only recent earthquake 
with strong and reliable ground motion recordings that occurred sufficiently close to the study area (i.e., its 
azimuth and epicentral distance with respect to the magnetic observatories in the UK and France are essentially 
comparable). The epicentral distance between the two events is indeed less than 300 km, which constitutes 
a reasonable approximation for the purposes of our analysis. This result is particularly significant given the 
scarcity of reliable instrumental observations and the previous lack of analysis of recorded data for the 1887 
Ligurian earthquake. It highlights the potential of digitized magnetograms to contribute to the quantitative 
re-evaluation of major pre-instrumental events, offering valuable constraints for seismic hazard assessments. 
Modern analytical techniques can further enhance the utility of these records and facilitate the reconstruction 
of seismic and geodynamic processes at both regional and local scales. This is particularly valuable for regions 
with low-to-moderate seismic activity, where seismogenic sources may have medium- to long-term recurrence 
intervals.

Station Component Mw

Greenwich H 7.045

Greenwich D 7.420

Table 3.  Estimated Mw  values for the 1887 Ligurian earthquake based on magnetogram amplitudes 
recorded at the Greenwich magnetic observatory. The values were obtained independently from the H and D 
components using Eq. 8. The average of the two estimates yields a final Mw  of 7.233.

 

PCC

Scenario Greenwich (H) Greenwich (D) Kew (H) Falmouth (H) Paris Saint-Maur (D)

S1 0.658 0.579 0.494 0.521 0.378

S2 0.733 0.604 0.458 0.389 0.469

S3 0.570 0.371 0.391 0.581 0.494

S4 0.558 0.425 0.351 0.553 0.456

S5 0.647 0.583 0.518 0.321 0.380

S6 0.710 0.589 0.488 0.301 0.455

Table 2.  PCC values calculated for each fault scenario by comparing the synthetic convolved seismograms 
with the D and H magnetograms recorded at Greenwich, the D magnetogram recorded at Paris, and the H 
magnetograms recorded at Kew and Falmouth.
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Data availability
Any request of magnetogram data should be directly addressed to the British Geological Survey and the Bureau 
Central de Magnétisme Terrestre. The datasets used and/or analyzed during the current study are available from 
the corresponding author upon reasonable request.
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