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Abstract. The 8 September 1905 Calabria (Southern Italy)
earthquake belongs to a peculiar family of highly destruc-
tive (I0=XI) seismic events, occurred at the dawning of the
instrumental seismology, for which the location, geometry
and size of the causative source are still substantially uncon-
strained. During the century elapsed since the earthquake,
previous Authors identified three different epicenters that
are more than 50 km apart and proposed magnitudes rang-
ing from M≤6.2 toM=7.9. Even larger uncertainties were
found when the geometry of the earthquake source was es-
timated. In this study, we constrain the magnitude, location
and kinematics of the 1905 earthquake through the analy-
sis of the remarkable environmental effects produced by the
event (117 reviewed observations at 73 different localities
throughout Calabria). The data used in our analysis include
ground effects (landslides, rock falls and lateral spreads)
and hydrological changes (streamflow variations, liquefac-
tion, rise of water temperature and turbidity). To better de-
fine the magnitude of the event we use a number of empirical
relations between seismic source parameters and distribution
of ground effects and hydrological changes. In order to pro-
vide constraints to the location of the event and to the geom-
etry of the source, we reproduce the coseismic static strain
associated with different possible 1905 causative faults and
compare its pattern to the documented streamflow changes.
From the analysis of the seismically-induced environmental
changes we find that: 1) the 1905 earthquake had a mini-
mum magnitudeM=6.7; 2) the event occurred in an offshore
area west of the epicenters proposed by the historical seismic
Catalogs; 3) it most likely occurred along a 100◦ N oriented
normal fault with a left-lateral component, consistently with
the seismotectonic setting of the area.

Correspondence to:A. Tertulliani
(tertul@ingv.it)

1 Introduction

The modern seismological networks currently use powerful
technological tools that provide highest quality earthquake
locations. On the contrary, we do not know with enough
accuracy the epicentral location nor the source of a wide
number of strong earthquakes occurred in the early decades
of the past century. These earthquakes belong to a kind of
‘shadow zone’ that encloses all the events for which, for sev-
eral reasons, we have poor seismological, macroseismic or
geological data (seismic records, direct historical accounts,
primary surface faulting etc). Therefore, in order to better
characterize the source of these events we have to consider
other kind of data such as earthquake-induced ground ef-
fects and hydrological changes, that have been known and
were widely reported for centuries, but were progressively
left aside with the advent of the fast-evolving instrumental
seismology. Such environmental effects can be properly con-
sidered a footmark of the earthquake (e.g. Muir-Wood and
King, 1993; Porfido et al., 2002; Pizzino et al., 2004), so
they are potentially associated with its seismogenesis. The
8 September 1905 Central Calabria (Southern Italy) seismic
event is a perfect candidate for this kind of studies.

In this study we want to support new evidence concerning
the location and magnitude of the 1905 event, discriminat-
ing between three different epicentral solutions: A offshore
westward, B inland and C offshore northward (Fig. 1 and Ta-
ble 1). We will also provide new clues on the geometry of
the event source, checking several individual faults associ-
ated with those locations. To these aims we will: 1) describe
the remarkable dataset of environmental effects caused by the
earthquake; 2) derive reliable magnitudes from the distribu-
tion of ground effects and hydrological changes; 3) use these
magnitudes in empirical relations to deduce fault area and
seismic slip of a number of potential sources at locations A,
B, and C, and calculate the coseismic strain field associated
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Fig. 1. Map of the area hit by the 8 September 1905 earthquake. Black stars indicate the three different epicentral locations investigated:
A offshore westward (Michelini et al., 2006). B inland (Baratta, 1906; Mercalli, 1906; Boschi et al., 1995; CPTI Working Group, 2004).
C offshore northward (Rizzo, 1907; Riuscetti and Shick, 1974; Martini and Scarpa, 1983; Mulargia et al., 1984; Postpischl, 1985; Westaway,
1992). CV (Capo Vaticano Fault), VV (Vibo Valentia Fault) and CC (Coccorino Fault) are three fault segments (hachures on the downthrown
block) that are potentially associated with the event according to Piatanesi and Tinti (2002) (CV and VV) and Cucci and Tertulliani (2006)
(CC). Black lines include: 1) highest level of destruction (intensity 9–10/10 MCS), 2) very heavy damage (intensity 8–9/9 MCS), 3) heavy
damage (intensity 7–8/8 MCS). A grey arrow indicates the area in study. The inset shows a sketch of the structural arcs and of the regional
stress regime in Italy (modified from Montone et al., 1999, 2004).

with those faults; 4) analyze which of the above cited sources
better matches the environmental effects that we collected.

Our main purpose is to verify if it is possible to charac-
terize an earthquake (in terms of magnitude, location, and
geometry of the source) by using only the environmental ef-
fects produced by the quake itself.

2 Background on the 1905 earthquake

The earthquake struck in the early hours of 8 September a
vast area of the Tyrrhenian side of the Calabria peninsula
(Fig. 1), causing the death of 557 people and the heaviest
damage (I0=XI in CPTI Working Group, 2004) between the
towns of Lametia and Nicotera.

The event produced a great number of effects on the en-
vironment (Fig. 2). Changes in the flow and in the tempera-
ture of rivers and springs were eyewitnessed over the entire

Calabria region, as well as diffuse ground cracking, land-
slides, liquefactions, and sparse light phenomena (e.g. Rizzo,
1907); all these environmental effects were observed soon
after the earthquake. Moreover, a moderate tsunami was
observed and recorded in the open sea and along the coast-
lines of Calabria and Sicily, and propagated northward in the
Tyrrhenian Sea to large distances from the epicentral region
(e.g. Boschi et al., 1995).

Among the highly destructive earthquakes that struck
the Italian peninsula in the past century, the 8 September
1905 event is one of the most significant and one of the less
understood at the same time. So far no convincing or unam-
biguous elements exist on the location and the geometry of
the earthquake fault, nor on its magnitude. The first hypothe-
ses on the event location were by coeval Authors who inves-
tigated the most damaged area in central-western Calabria;
among them Baratta (1906) and Mercalli (1906) inferred an
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Table 1. List of the environment effects observed following the 1905 earthquake.

Locality Lat. Lon. Distance from Distance from Distance from Hydrological Ground effects
epicenter A epicenter B epicenter C effects
(km) Ref.1 (km) Ref.2,3 (km) Ref.4,5,6,7,8

Conidoni 38.698 16.035 50 2 13 DIS
Fitili 38.675 15.931 40 9 20

√

Piscopio 38.661 16.113 56 7 16 INC COH
San Leo 38.719 16.023 49 4 11 DIS
Stefanaconi 38.672 16.121 57 8 15 COH
Triparni 38.680 16.067 52 3 14 COH
Zungri 38.654 15.984 45 5 19 DIS
Parghelia 38.681 15.923 40 10 20 CRA,

√

Aiello Calabro 39.116 16.166 80 50 35 DIS, CRA
Curinga 38.826 16.313 76 29 19 INC, LIQ
Maierato 38.706 16.191 63 14 13 INC, LIQ, TUR CRA
Martirano 39.080 16.248 84 48 33 INC, LIQ, TEM COH
Bivona 38.709 16.103 56 7 10

√

Cessaniti 38.663 16.026 49 2 17
√

COH
Gizzeria 38.980 16.206 75 36 22 DEC COH, CRA
Mileto 38.608 16.068 52 9 22 DEC COH
Monteleone 38.675 16.102 55 6 14

√

Caraffa 38.880 16.486 92 45 35 COH, CRA
Dinami 38.528 16.147 60 20 31 INC COH
Filandari 38.615 16.030 49 7 22 COH
Galatro 38.459 16.109 59 26 38 INC DIS
Montalto U. 39.405 16.158 104 81 67 INC, LIQ
Ricadi 38.626 15.867 35 16 28 CRA
Rosarno 38.487 15.976 47 22 37 INC, LIQ
Rose 39.398 16.288 110 83 68 DEC
S. Gregorio 38.643 16.104 55 7 18 COH
Sant’Anna 38.322 15.887 51 42 57 COH
Seminara 38.335 15.871 48 41 56 INC, LIQ SPR
Tropea 38.674 15.898 38 12 22 CRA
Belmonte C. 39.160 16.079 79 53 40 COH, SPR, CRA
Cortale 38.838 16.411 85 37 27 INC SPR, CRA
Feroleto A. 38.962 16.388 88 44 31 LIQ
Gerocarne 38.587 16.219 65 19 26 SPR
Girifalco 38.822 16.425 86 38 28 TUR
Lago 39.168 16.147 83 55 40 INC COH
Nicotera 38.551 15.938 42 17 31 INC, LIQ
Polistena 38.406 16.076 59 31 44 INC
Rombiolo 38.596 16.004 47 10 24 DEC, TUR
San Floro 38.837 16.519 94 46 37 INC COH, SPR
San Martino 39.489 16.108 109 89 75 SPR
Scigliano 39.127 16.306 91 55 40

√

Cetraro 39.516 15.941 106 93 80 INC, TEM, TUR
Cir` 39.380 17.064 161 118 105 CRA
Cleto 39.090 16.158 78 47 32 INC CRA
Gagliato 38.676 16.462 86 37 34 INC
Isca sullo Ionio 38.600 16.519 91 43 43 TEM
Longobardi CS 39.208 16.077 82 59 45 DEC
Longobardi VV 38.702 16.122 57 8 11 DEC, TUR
Miglierina 38.947 16.471 92 47 35 DEC
Mongiana 38.513 16.319 75 31 37

√

Orsomarso 39.799 15.909 134 124 112 TUR
Reggio C. 38.108 15.647 60 72 87 TEM
Sambiase 38.966 16.282 79 38 24 INC, TEM
Tiriolo 38.947 16.509 97 51 39 DIS
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Table 1.Continued.

Locality Lat. Lon. Distance from Distance from Distance from Hydrological Ground effects
epicenter A epicenter B epicenter C effects
(km) Ref.1 (km) Ref.2,3 (km) Ref.4,5,6,7,8

Vallelonga 38.646 16.294 72 23 24 DEC, LIQ
Vena Sup. 38.660 16.057 51 3 16 COH
Acri 39.490 16.386 124 95 80 CRA
Cassano Ionio 39.784 16.317 147 125 111 INC, TUR
Marcellinara 38.928 16.494 95 49 37 INC, LIQ, TEM COH
Santa Sofia 39.546 16.329 126 100 85 INC CRA
Amaroni 38.792 16.446 87 38 30 INC, LIQ
Amato 38.942 16.463 93 48 36 SPR
Belcastro 39.017 16.785 122 75 64 INC
Bonifati 39.586 15.902 112 101 89 INC
Centrache 38.728 16.430 84 35 30 INC
Gasperina 38.739 16.508 91 41 36 INC
Guardavalle 38.505 16.505 91 45 48 DEC COH
Caulonia 38.381 16.409 87 47 54 DIS
Civita 39.827 16.313 151 129 115 INC
Petilia P. 39.111 16.789 126 81 69 DEC, TUR
Canna 40.094 16.504 185 162 148 INC
Crucoli 39.424 17.003 159 117 104 COH
Petroǹa 16.758 16.758 121 75 63 INC

For each locality the table shows the geographical coordinates. Columns 4 to 6 report the distance from the three most quoted epicenters
associated with the event (epicenter A: 38.63 N–15.47 E; epicenter B: 38.68 N–16.03 E; epicenter C: 38.80 N–16.10 E) and the relative
references (see also main text and Fig. 1). Symbols of the hydrological observations: INC increase of the streamflow; DEC decrease of
the streamflow; TEM rise of water temperature; TUR turbid flow; LIQ liquefaction. The mere tick

√
(reported in three localities) indicates

unspecified variations of streamflow. Symbols of the ground effects: COH coherent slide; CRA crack; DIS disrupted slide; SPR lateral
spread. The mere tick

√
(reported in four localities) indicates unspecified type of landslide.

References for the three epicenters:1 Michelini et al. (2006);2 Boschi et al. (1995);3 CPTI Working Group (2004);4 Riuscetti and
Schick (1974);5 Martini and Scarpa (1983);6 Mulargia et al. (1984);7 Westaway (1992);8 Postpischl (1985).

inland epicenter close to Vibo Valentia (location B in Fig. 1),
while Rizzo (1907) suggested an offshore location in the Gulf
of S. Eufemia (location C in Fig. 1), based also on the anal-
ysis of few seismic recordings. In the following decades,
Riuscetti and Schick (1974) and Martini and Scarpa (1983)
provided a similar offshore epicenter, although with differ-
ent values of magnitude (Ms=7.0 andMk=7.3, respectively).
Different locations of the event were also reported in the
catalogs of Italian historical seismicity, as Postpischl (1985)
again located the earthquake offshore, close to location C,
while CPTI Working Group (2004) moved it inland close to
Vibo Valentia (location B). In more recent times Michelini et
al. (2006) proposed, by means of probabilistic algorithms, a
new hypocentral location about 30 km offshore to the west of
Capo Vaticano (location A in Fig. 1).

As for the magnitude, the 1905 event has been considered
as a moderate, a strong, and even a major earthquake. Indeed
we can pass from Westaway (1992), who claimed aM≤6.2
for the event by comparing the 1 m tsunami height of the
event to that (8–12 m) produced by the nearby 1908 earth-
quake, toMs=6.8 suggested by Abe and Noguchi (1983)
in their Catalog of revised magnitudes, to the value of
Ms=7.9 calculated by Duda (1965). To complete the ref-

erence frame of the energy released by the 1905 event we
cite Galli (2000), who calculated a minimumM=7.38 on the
base of indications of liquefaction features. Further studies
about the 1905 event were provided by Fantucci and Sorriso-
Valvo (1999), who found earthquake-induced growth anoma-
lies in trees through dendro-geomorphological analysis, and
by Tinti et al. (2004), who associated to this event a tsunami
intensity 3 (on a scale of 6 degrees) in the New Catalogue of
Italian Tsunamis.

Uncertainties on the geometry and kinematics of the
source of the 1905 earthquake are also remarkable. Ac-
cording to Riuscetti and Schick (1974) the event probably
occurred on a subvertical thrust fault, whilst Mulargia et
al. (1984) stressed that the occurrence of a tsunami wave im-
plies large coseismic displacements and suggested a normal
faulting mechanism for the event. Piatanesi and Tinti (2002)
tried to model the tsunami waves but could not discrimi-
nate between the offshore Capo Vaticano Fault and the in-
land Vibo Valentia Fault (both NE-trending and NW-dipping,
Fig. 1). Cucci and Tertulliani (2006) compared the set of ge-
ological, topographic and macroseismic data and found that
the WNW-trending, SSW-dipping Coccorino normal fault
(Fig. 1) is a candidate source of the earthquake.
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3 The environmental effects of earthquakes

3.1 Ground effects

Moderate to strong earthquakes (M>5.0) are capable to pro-
duce peculiar ground effects on the environment. Those co-
seismic effects can be primary, if permanent features (i.e. sur-
face faulting) are directly produced by the earthquake, or sec-
ondary, if they are triggered by the ground motion (e.g. land-
slides, slope failures, liquefaction, cracks, etc.). The area
affected by landslides or other ground failures is strongly de-
pendent on the magnitude and on other critical factors such as
the rupture fault distance or the epicentral distance (Keefer,
1984), the lithology and the slope steepness (Keefer, 2000).
However, the distribution of ground effects on the territory
is conditioned by many triggering factors in addition to the
earthquake, as soil conditions, vegetation, rainfall, weather-
ing, slope, water content, drainage (Kojima and Obayashi,
2006). Several statistical investigations found that, for dif-
ferent magnitudes, an upper threshold can be individuated
for the distance epicenter/landslide. Strong earthquakes can
trigger landslides over hundreds kilometres from the rupture
fault or the epicenter (Keefer, 1984). However, most of sec-
ondary ground effects are common within 80-90 km from
the epicenter (i.e. Harp and Jibson, 1996; Rodriguez et al.,
1999), as observed also for several Italian earthquakes (Es-
posito et al., 2000; Prestininzi and Romeo, 2000; Porfido et
al., 2002).

3.2 Hydrological changes

Hydrological changes associated with earthquakes have been
observed since centuries. The interactions between earth-
quakes and hydrological processes include variations of
streamflow, wells’ level, liquefaction, and variations in the
chemical characteristics of waters. Most of them are of co-
seismic nature, but their occurrence has been also observed
prior or after a major event. Muir-Wood and King (1993), Es-
posito et al. (2000), Porfido et al. (2002) tried to infer, for his-
torical earthquakes, some relationship between such distur-
bances and the earthquake characteristics (fault type, epicen-
tral distance, intensity and magnitude). In particular, Muir-
Wood and King (1993) found that hydrological changes
would accompany major normal fault, showing increase in
streamflow and spring rise; reverse faults, on the contrary,
would show negligible or undetectable effects, whilst strike
slip and oblique faults would generate a combination of re-
sponses. Recently, the spatial pattern of water level changes
has been compared with simulated coseismic strain changes
(Grecksch et al., 1999; Ge and Stover, 2000; Lee et al., 2002;
Montgomery and Manga, 2003; Caporali et al., 2005). The
area interested by contractional volumetric strain seems to be
in good agreement with the water level rise and water excess
in streamflows. Montgomery and Manga (2003) underlined
that the response of aquifers is different when considering the

Fig. 2. General map of the environmental effects produced by the
8 September 1905 earthquake. Black dots indicate the 73 localities
where one or more environmental effects were observed. The three
alternative locations in study are indicated by triangles. The inset
shows a blow-up of the area of Capo Vaticano.

near field or the far field, the transient or sustained response
and the time scale over which a change occurs.

We include liquefaction in hydrological effects, consider-
ing that it can be one of the mechanisms that contributes to
the increase in stream flow by means of the expulsion of wa-
ter from compaction of unconsolidated deposits. The maxi-
mum distance to which liquefaction occurs is consistent with
the maximum distance to which increase of streamflow has
reported (Manga, 2001; Montgomery et al., 2003).

4 Environmental effects induced by
the 1905 earthquake

4.1 Data collection

Our reference documents, both coeval and subsequent to
the 1905 Calabrian earthquake, describe widespread envi-
ronmental effects, observed in the aftermath of the event
throughout the affected area (Baratta, 1906; Lais, 1906; Mer-
calli, 1906; Rizzo, 1907; Almagià, 1910; Montanari, 1940;
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Fig. 3. Sites of ground effects. Triangles indicate the three locations
in study A, B, and C.

Chiodo et al., 1999; Fantucci and Sorriso-Valvo, 1999). Af-
ter a careful revision of each quoted effect we stored a dataset
of 117 deeply reviewed observations at 73 different localities
(Fig. 2 and Table 1). The collection concerned two main
groups of observations: ground effects (failures, landslides,
cracks) and hydrological changes (flow variations, physical
and chemical variations, liquefactions).

4.2 Ground effects

We collected useful data for forty-two localities where one or
more ground failures (landslides, rock falls, lateral spreads
in soil or simply cracks) occurred (Fig. 3 and Table 1). Un-
fortunately, we were unable to estimate the volume of the
generated landslides, although we know from the chroni-
cles that several of them were the main cause of damage
and victims in some villages (i.e. Martirano, Ajello, Fitili,
Parghelia; Fig. 2 and Table 1). Most of those landslides
can be classified as coherent slides, few as disrupted slides
and falls (sensu Keefer, 1984); occasionally the documents
described reactivated landslides. In addition, chronicles re-
ported many slope-parallel ground cracks, that can often be
interpreted as incipient landslides. None of the recognized

Fig. 4. Sites of hydrological effects. Triangles indicate the three
locations in study A, B, and C.

ground failures has been directly related to primary surface
faulting (Mercalli, 1906; Galli and Bosi, 2002; Cucci and
Tertulliani, 2006), even if the magnitude of the 1905 earth-
quake is around 7, so capable of breaking up through the
surface. The 90% of cracks and landslides occurred within
60 km from the locations B and C, and within 90 km from
location A (Fig. 3 and Table 1).

4.3 Hydrological changes

We collected forty-seven reports of localities throughout Cal-
abria (Fig. 4 and Table 1) where one or more observations
of hydrological changes occurred following the earthquake
(Mercalli, 1906; Rizzo, 1907; Galli, 2000). Most of the
data concerned excess flow in streams and springs; less fre-
quently, a flow decrease or spring disappearance was re-
ported. In some cases, we had notices of localities where the
coeval accounts reported unspecific flow variations. These
variations were sometimes accompanied by changes in the
physical characteristics of the waters such as rise of their
temperature and turbidity. The six localities where a tem-
perature increase was reported fall into river basins with in-
crease of flow. Liquefaction was observed in several local-
ities, mostly where the same phenomenon was already no-
ticed during past earthquakes.
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Hydrological changes were observed up to 185, 162 and
148 km from epicentres A, B, and C, respectively (Fig. 4
and Table 1). As expected, hydrological changes occurred at
longer distances than other environmental signatures. Indeed
90% of data was distributed within 140, 120, and 100 km
from epicentres A, B, and C, respectively.

5 Magnitude of the 1905 event from environmental
effects

In order to constrain the size of the earthquake on the ba-
sis of the above reported characteristics of the environmen-
tal effects, we used a number of empirical relations between
seismic source parameters and distribution of ground effects
and hydrological changes. In particular, in this section we
evaluated the total area affected by seismically-induced land-
slides, or put in relation the maximum distance of each kind
of earthquake-induced effect from the three alternative loca-
tions A, B, and C.

5.1 Magnitude derived from ground effects

We compared our data to the database of the pioneer work of
Keefer (1984), who elaborated relations between magnitude
and distribution of earthquake-induced landslides. The to-
tal area affected by landslides following the 1905 earthquake
is ∼6000 km2: using the empirical relations we obtained a
magnitudeM=6.7 (Fig. 5). This is a particularly important
value because the area affected by landslides usually shows
a strong correlation with magnitude (Keefer, 1984). How-
ever, we want to stress that theM=6.7 estimate is a minimum
value because of the possibility of an offshore epicenter, of
the narrow shape of the Calabria peninsula, and because it is
obtained on the upper-bound fit of the Keefer’s data (Fig. 5).

Using the relation between earthquake magnitude and
maximum epicentral distance of landslides, relative to the
three inferred locations A, B, and C, we found mean val-
ues of magnitude (weighted means as a function of the num-
ber of observations)M=6.71,M=6.44 andM=6.39 for the
three major categories of landslides (i.e. coherent slides, dis-
rupted slides and lateral spreads) described by Keefer (1984)
(Fig. 6).

5.2 Magnitude derived from hydrological effects

To derive a magnitude value from this environmental effect
we referred to Montgomery and Manga (2003), who found
that the maximum distance to which seismically-induced hy-
drological changes have been reported is related to the earth-
quake magnitude. In particular, these authors showed that
the limiting distance to which liquefaction is observed also
defines the upper limit to the envelope of reported stream-
flow responses to earthquakes. Starting from this key-point,
we selected from Table 1 the maximum distance of the local-
ity where concurrent increase of streamflow and liquefaction

Fig. 5. Plot of the area affected by landslides (km2) as a function of
earthquake magnitude (after Keefer, 1984). Landslides following
the 1905 event covered a total area of∼6000 km2, which corre-
sponds to a magnitudeM=6.7.

Fig. 6. Upper bound curves of the relation between earthquake
magnitude and maximum distance from the epicenter of the land-
slide distribution (after Keefer, 1984). Mean values of magnitude
M=6.71,M=6.44 andM=6.39 result from the intersection of the
distances from the locations A, B, and C with the three major cate-
gories of landslide.
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Fig. 7. Plot of the distance from epicenter versus earthquake mag-
nitude for sites that exhibited seismically-induced streamflow re-
sponse (after Montgomery and Manga, 2003). The solid line repre-
sents the empirical limit to the distance from the epicenter, beyond
which liquefaction has been observed. Following the 1905 event,
concurrent increase of streamflow and liquefaction was testified up
to 104 km, 81 km and 67 km from the locations A, B, and C, respec-
tively. This corresponds toM=6.7,M=6.6 andM=6.5 at the three
potential epicenters.

was observed, and obtainedM=6.7,M=6.6 andM=6.5 at the
three potential epicenters A, B, and C, respectively (Fig. 7).
We want to remark that also in this case these values are con-
servative, as they correspond to the minimum magnitude for
an earthquake to produce liquefaction at a given distance, and
also because liquefaction is not the exclusive cause of flow
increasing.

5.3 Summary on the magnitudes derived from
environmental effects

Magnitudes obtained both from ground and from hydrologi-
cal effects are quite comparable. Averaging the values de-
rived from the relations between magnitude, area affected
by landslides, maximum distance of landslides and maxi-
mum distance of liquefaction, we obtain mean magnitudes
M=6.70,M=6.58 andM=6.53 at the three locations A, B,
and C, respectively. Such magnitudes are placed halfway
between the extreme bounds proposed by Westaway (1992,
M≤6.2) and Duda (1965,Ms=7.9) and fully comparable to
theMs=6.8 suggested by Abe and Noguchi (1983). In partic-
ular, we want to focus on the constantM=6.7 value obtained
for location A from all the studied environmental effects.
Therefore, for the 1905 event we define a minimum magni-
tudeM=6.7 based on the empirical relations, and favour the
epicenter A on the base of the consistency of the magnitudes
obtained at this location.

6 Hydrological data and models of coseismic strain

In order to provide further constraints to the location and
the geometry of the event source, we calculated the coseis-
mic field of deformation produced by a number of individual
sources potentially associated with the three locations inves-
tigated and compared it to the experimental data of stream-
flow changes. Our aim was to identify a preferred source, or
alternatively to rule out some of the epicenters proposed by
previous Authors.

We assumed that the observed streamflow variations are
the hydrological response to coseismic strain changes (Muir-
Wood and King, 1993). Several studies demonstrate that the
polarities of calculated deformation are in agreement with
those of the observed hydrological effects so that extensional
strain produces a discharge fall and compressive strain a dis-
charge rise, especially in the near field (Grecksch et al., 1999;
Ge and Stover, 2000; Lee et al., 2002; Montgomery and
Manga, 2003; Caporali et al., 2005).

However, in entering into a fall season of higher rainfall,
the signature of stream flow associated with the earthquake
can be perceptibly masked. For hydrological observations to
be employed for this purpose it must be possible to show that,
what is being observed is a consequence of seismic strain
changes affecting crustal porosity. So we considered the rain-
fall in the days and weeks before and after the earthquake
and found that the dry season prolonged until 20 September
(Annali dell’Ufficio di Metereologia e Geodinamica Italiano,
1908). As the reports about stream flow changes referred to
the first days following the event, we are confident that the
hydrological signatures reflect coseismic strain.

Therefore, using the empirical relationships between
magnitude and fault parameters by Wells and Copper-
smith (1994) we deduced, from the mean magnitudes in-
ferred through environmental effects, the fault area and the
seismic slip of a number of generic sources at the three epi-
centers. Finally, we assigned a direction to each generic fault
on the base of different evidences such as inversion of in-
strumental and intensity data (Boschi et al., 1995; Cucci and
Tertulliani, 2006; Michelini et al., 2006), seismotectonic in-
dications (Galli and Bosi, 2002; Piatanesi and Tinti, 2002;
Neri et al., 2003; Tortorici et al., 2003), batymetric data and
offshore profiles (Trincardi et al., 1987; Argnani and Trin-
cardi, 1988; Gamberi and Marani, 2007).

At the end of this process we obtained five potential
sources, that we summarize in Table 2 and briefly describe
in the following:

– Western Offshore Fault (WO): it is associated with epi-
center A, proposed as new hypocentral location of the
1905 event by Michelini et al. (2006).

– Macroseismic Fault North (MFN) and Macroseismic
Fault South (MFS): they are derived from inversion of
intensity data (Boxer code by Gasperini et al., 1999) and
are associated with epicentral location B.
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– Capo Vaticano Fault (CV): this fault has been used by
Piatanesi and Tinti (2002) to model the tsunami waves
generated by the earthquake. It is associated with epi-
center C.

– Coccorino Fault (CC): this fault was selected it on the
base of geological constraints (Tortorici et al., 2003;
Cucci and Tertulliani, 2006), so that it is not strictly sso-
ciated with any of the three epicentral locations.

For each source, we calculated the pattern of coseismic static
strain expected for different geometries and styles of fault-
ing. Calculations of the strain at the surface were made in
an elastic halfspace with uniform isotropic elastic properties
following Okada (1992) and using COULOMB 3.0 (Lin and
Stein, 2004; Toda et al., 2005). The output of our calculations
were plots of volumetric strain at the free surface on 60 in-
dividual faults (Fig. 8a–e and Table 3), obtained by crossing
the five potential sources with two different dips (60◦ and
80◦), two different depths of the top edge of the fault (0 and
5 km) and three different rakes (231◦ normal fault with right-
lateral component/270◦ pure normal fault/309◦ normal fault
with left-lateral component). We also tried the same calcula-
tions on the 500-m-deep surface, but the strain patterns were
almost indistinguishable from the 0-m results.

To find out which of the above cited sources better matches
the observed streamflow changes we selected only the solu-
tions that showed: 1) within the distance of two fault-lengths,
more than 50% of points with polarities of the observed hy-
drological effects in agreement with the expected deforma-
tion, and 2) percentage of consistent polarities at a distance
of one fault-length higher than the percentage at two fault-
lengths.

We comprised in the calculations only the localities up to
a distance of two fault-lengths (in our case up to 46–58 km,
see Table 2) from the center of the source, i.e. in the region
where the most significant hydrological changes should have
occurred and where there is the highest chance to discrimi-
nate between models.

The results of this elaboration are depicted in Table 3;
seven individual faults out of 60 satisfied both the conditions
above described. A comparison between the seven preferred
faults and the other solutions provided some interesting in-
sights. Within two-faults distance, none of the solutions gen-
erated by the Capo Vaticano Fault (CV, Fig. 8e) showed a
deformation pattern consistent with the observed one. The
same poor fit was exhibited by the whole family of solutions
with right-lateral component, independently from other pa-
rameters like the dip of the fault or the depth of its upper side.
At one-fault distance, also the solutions associated with the
Macroseismic Fault South (MFS, Fig. 8b) showed a low per-
centage of consistent polarities. Moreover, the good fit faults
seemed to be greatly influenced by the rake (six solutions are
with left-lateral component), partially by the position of the
top edge of the fault (five solutions), and scarcely by the dip.

Table 2. List of the five potential sources.

Fault Abbr. Epicenter Dimensions StrikeM

L×W (km)

Western
WO A 29×17 100 6.7Offshore fault

Macroseismic
MFN B 23×10 260 6.5Fault North

Macroseismic
MFS B 23×10 80 6.5Fault South

Capo Vaticano
CV C 24×10 245 6.5fault

Coccorino fault CC – 29×15 100 6.7

7 Discussion

Our dataset consisted of 117 observations at 73 different lo-
calities diffused over the Calabria territory. Data concerned
a great number of notices of ground effects (landslides,
rock falls and lateral spreads) and of hydrological changes
(streamflow variations, liquefaction, rise of water tempera-
ture and turbidity). The analysis of these data provided i)
sound evidence to assess the size of the 1905 earthquake, ii)
several observations to reduce the uncertainties on its loca-
tion, iii) some interesting clues to better define the geometry
of the causative fault.

i) Evidence on magnitude: the empirical relations that we
used to evaluate the size of the 1905 event from ground ef-
fects and hydrological changes concurred to individuate a
magnitude between 6.5 and 7.0. We emphasize theM=6.7
value, which is calculated on the total area affected by land-
slides, a parameter that strongly correlates to the size of the
event. We underline that this is a minimum value, because
of the possibility of an offshore location, of the shape of the
Calabria region, and of the limits of the Keefer’s curve. Sim-
ilarly, magnitudes betweenM=6.5 andM=6.7 (depending
on the different location) were calculated by hydrological ef-
fects; we consider also these estimates as conservative. In
summary, values of magnitude obtained from environmen-
tal effects were comparable and homogeneous. Taking into
account the above described conservative constraints, we in-
dicateM=6.7 as the most likely minimum magnitude of the
1905 event.

ii) Observations on location: we checked three potential
target areas, identified as alternative epicenters by previous
studies and indicated as A, B, and C in Fig. 1. From the em-
pirical relations between magnitude and distribution of en-
vironmental effects we found that epicenter A is preferred
because of the consistency of the magnitudes obtained at
this location. As for the hydrological effects, we assumed
that the streamflow variations are the hydrological response
to coseismic strain changes (Muir-Wood and King, 1993),
and compared the polarities of the observations (charge and
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Fig. 8. Comparison between calculated volumetric strain distributions and observed hydrological effects produced by the 1905 earthquake.
Plots of surface static volumetric strain along five potential sources are calculated for different geometries and styles of faulting (the abbre-
viation of the individual fault is shown in the upper right side of each plot, refer to Table 3 for fault parameters); blue shading indicates areas
in compression, red shading areas in dilatation. Units: 10−6. A red rectangle indicates the surface projection of the fault plane; a green
line is the intersection of the updip projection of the fault with the surface. Streamflow changes are indicated by circles (black/discharge
increase; white/discharge decrease; grey/unspecified change; red/other effect). An increase of discharge is expected in compressional areas,
a streamflow decrease in dilatational areas.
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Plots of surface static volumetric strain along five potential sources are calculated for different geometries and styles of faulting (the abbre-
viation of the individual fault is shown in the upper right side of each plot, refer to Table 3 for fault parameters); blue shading indicates areas
in compression, red shading areas in dilatation. Units: 10−6. A red rectangle indicates the surface projection of the fault plane; a green
line is the intersection of the updip projection of the fault with the surface. Streamflow changes are indicated by circles (black/discharge
increase; white/discharge decrease; grey/unspecified change; red/other effect). An increase of discharge is expected in compressional areas,
a streamflow decrease in dilatational areas.
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Fig. 8.Continued.
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Table 3. Summary of the comparison between expected deformation and hydrological changes on the 60 individual fault.

Rake (deg.) 270◦ 270◦ 270◦ 270◦ 309◦ 309◦ 309◦ 309◦ 231◦ 231◦ 231◦ 231◦

Dip (deg.) 60◦ 60◦ 80◦ 80◦ 60◦ 60◦ 80◦ 80◦ 60◦ 60◦ 80◦ 80◦

Top (km) 0 5 0 5 0 5 0 5 0 5 0 5

F
au

lt

WO WO1 WO2 WO3 WO4 WOL1 WOL2 WOL3 WOL4 WOR1 WOR2 WOR3 WOR4
MFN MFN1 MFN2 MFN3 MFN4 MFNL1 MFNL2 MFNL3 MFNL4 MFNR1 MFNR2 MFNR3 MFNR4
MFS MFS1 MFS2 MFS3 MFS4 MFSL1 MFSL2 MFSL3 MFSL4 MFSR1 MFSR2 MFSR3 MFSR4
CV CV1 CV2 CV3 CV4 CVL1 CVL2 CVL3 CVL4 CVR1 CVR2 CVR3 CVR4
CC CC1 CC2 CC3 CC4 CCL1 CCL2 CCL3 CCL4 CCR1 CCR2 CCR3 CCR4

Solutions like WOL1 satisfy both the condition 1 (within two-faults distance, more than 50% of points with polarities of the observed
hydrological effects in agreement with the expected deformation) and the condition 2 (percentage of consistent polarities at one-fault distance
higher than the percentage at two-faults distance). Solutions likeMFS1 satisfy only condition 1. Solutions like WO1 are discarded.

discharge) to the modeled coseismic static strain. Also in
this case epicenter A showed a good agreement with the ob-
served streamflow changes (Fig. 8d). On the contrary, poor
fit was obtained for the epicenter C (Fig. 8e): we believe
that this was the less probable location for the 1905 earth-
quake. Epicenter B showed a good agreement with the hy-
drological effects polarities, too (Fig. 8a and b); however,
this localization displayed a higher uncertainty as it derived
from the inversion of intensity data rather poorly distributed
along the coastline. In addition, theM=6.58 mean magni-
tude from environmental effects associated with this location
was slightly lower than theM=6.7 proposed magnitude. We
conclude that A is the most constrained epicentral location
of the 1905 event.

iii) Clues on geometry: the comparison of the observed hy-
drological changes with the expected coseismic static strain
calculated on 60 individual faults allowed us to discard all the
solutions with right-lateral component. On the contrary, two
groups of faults were consistent with the polarities from the
observations: the first belonged to a family of 100◦ oriented
faults, (CC and WOL, Fig. 8c–d and Table 3), associated with
the A offshore epicenter. All these faults displayed a compo-
nent of left-lateral slip. The second belonged to a group of
260◦ oriented faults (one pure normal and two normal with
left-lateral component solutions, MFN, Fig. 8a and Table 3)
associated with the B inland epicenter. Furthermore, whilst
the change of the fault dip did not visibly affect the pattern
of expected strain, an important indication was that five pre-
ferred solutions out of seven derived from models of fault
with depth of the top at 5 km; this is consistent with the gen-
erally accepted lack of any primary surface faulting produced
by the event.

8 Conclusions

In this study, we significantly reduced the uncertainties con-
cerning the size, location and geometry of the 1905 earth-
quake by using the environmental effects produced by the
event. Summarizing our main conclusions in the light of the

above discussed issues, we associate all the observed envi-
ronmental changes produced by the 1905 earthquake with a
M≥6.7 event, most likely occurred in an offshore area west
of Capo Vaticano (hence west of the location proposed by
the historical seismic Catalogs) and possibly generated by a
100◦ N oriented normal fault with a left-lateral component.
We support this characterization of the event source because:
i) it shows the same minimumM=6.7, constantly obtained at
location A from all the studied environmental effects; ii) it is
highly consistent with the general pattern of the environmen-
tal effects observed following the earthquake (maximum dis-
tance landslides-epicenter, good fit between calculated strain
and observed hydrological changes); iii) it is consistent with
the lack of primary surface faulting associated with the event;
iv) it may reasonably explain the moderate tsunami produced
by the earthquake; v) it is consistent with the orientation of
the extension acting in this area, which strikes NW-SE (Mon-
tone et al., 1999, 2004; see also inset in Fig. 1). In particu-
lar, a 100◦ N oriented normal fault with left-lateral compo-
nent, located offshore nerby Capo Vaticano, could act as a
regional transversal tectonic lineament that transfers the ex-
tensional deformation from the NE-trending structures in the
Tyrrhenian northern offshore to the NE-trending faults that
are reported inland, south of Capo Vaticano (Valensise and
Pantosti, 2001; Galli and Bosi, 2002).

This paper shows the use of “macroscopic evidences”,
such as hydrological changes and ground failures, to infer
the causative source of an earthquake. We suggest that the
approach proposed provides tools to widen the knowledge of
historical earthquakes for which instrumental data are con-
tradictory or lacking, and to simulate the analysis of earth-
quakes occurred in non-urbanized areas.
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