
lable at ScienceDirect

Geodesy and Geodynamics xxx (2018) 1e7
Contents lists avai
Geodesy and Geodynamics

journal homepage: http: / /www.keaipubl ishing.com/geog
Intensities of ancient earthquakes, earthquake magnitude and soil
dynamics effects. Evidence from the 1750 Croatia earthquake

Stathis C. Stiros
Dept of Civil Engineering, Patras University, Patras 26500, Greece
a r t i c l e i n f o

Article history:
Received 4 January 2018
Accepted 23 March 2018
Available online xxx

Keywords:
Historical seismology
Inversion
Soil dynamics
Low-acceleration earthquake
Rijeka
Coastal tectonics
E-mail address: stiros@upatras.gr.
Peer review under responsibility of Institute of S

Administration.

Production and Hosting by Else

https://doi.org/10.1016/j.geog.2018.03.005
1674-9847/© 2018 Institute of Seismology, China Earth
open access article under the CC BY-NC-ND license (h

Please cite this article in press as: S.C. Stiros,
the 1750 Croatia earthquake, Geodesy and G
a b s t r a c t

A problem in the study of pre-instrumental earthquakes is how to reconstruct their parameters based on
usually fragmentary evidence of seismic intensities, which reflect the combined effect of fault dynamics,
of radiation of seismic waves, and of local amplification or attenuation of strong seismic motions. This
problem is highlighted in the 1750 earthquake in Croatia, in the active compressional margin of NW
Adriatic, an area with rarely known seismic history. Recent high-quality historical and archaeological
data revealed that the 1750 earthquake was associated with high (up to VIII) seismic intensities, which
were assigned to local amplification of strong motion generated by a magnitude 5 earthquake. This
scenario points to a nearly aseismic plate boundary and to an unusually long meizoseismal zone for a
small earthquake. On the contrary, in this study, the 1750 earthquake is associated with a segment of a
major thrust and with a M > 6.0 earthquake which produced moderate accelerations. These results were
based on a triple correlation between (1) a Finite Fault Model derived from elastic dislocation analysis of
differential subsidence of submerged coastal notches, (2) a major composite thrust and (3) the distri-
bution of areas of high seismic intensities. This result provides some input for the estimation of the
seismic hazard/risk in the study area, indicates that the Adria-Eurasia collision front in NW Croatia is not
essentially aseismic, and highlights the need to include soil dynamics effects in the study of palaeo-
seismic events.
© 2018 Institute of Seismology, China Earthquake Administration, etc. Production and hosting by Elsevier
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The 2011.03.11 Mw9.1 Tohoku (Japan) earthquake and the
2017.11.12, Mw7.3 IraneIraq earthquake are two recent events
which highlight the problem of underestimation of the maximum
magnitude of earthquakes expected in various regions. A solution
of this problem requires expanding the time interval of non-
instrumental seismological observations which are necessary to
provide reliable estimates of themaximummagnitudes of expected
earthquakes and of the seismic hazard and risk in various regions.
Analysis of historical records is the simplest approach for that in
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many parts of theworld [1,2]. However, the efforts at expanding the
length of records of pre-instrumental earthquakes face two
limitations:

First, many events may bemissing from earthquake catalogs; for
example earthquakes not producing surface faulting and important
ground deformation are not usually be recorded by typical,
geology-oriented palaeoseismic studies [3], while strong earth-
quakes can be missed for various reasons, even in regions with a
rich historic record. These may give the wrong impression of broad
aseismic areas [4].

Second, literary evidence of earthquakes is usually recorded in
major towns and in cultural, military or commercial centers, giving
the impression that historical earthquakes selectively occur around
such areas [1]. In addition, the destructive effects of earthquakes
are dominated by the strongmotions generated by the fault rupture
and which are subsequently modified by local soil dynamics effects
(soil amplification and topographic local aggravation or on the
contrary attenuation of seismic ground accelerations [5,6]. Reports
of damage and of the feeling of the strong motion in antiquity,
roughly expressed by seismic intensities, are usually limited and
ion and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an
s/by-nc-nd/4.0/).
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may have a fragmentary character producing biased perceptions of
the characteristics of the ancient earthquakes.

This problem is highlighted in the following two recent exam-
ples. The 2017.08.21 M4.0 earthquake in Ischia Island (Naples, Italy)
produced death toll and localized major destruction [7], while
the shallow, 2014 M6.9 earthquake in the North Aegean, at the
extension of the North Anatolian Fault, produced very limited
ground shaking and practically no damage close to its epicenter, but
increased intensities about 50 km away from the fault [8]. Hence, if
the Ischia earthquake had occurred some centuries ago, its damage
reports would have probably been interpreted as evidence of a
much stronger earthquake (biased result). On the contrary, the
North Aegean earthquake would have been practically ignored
(missed event), and if recorded, it would have been interpreted
either as a smaller magnitude event, or as a rather remote event
(biased result). These cases are definitely not unusual, because
some of the major seismic destructions in the last 50e60 years, for
example the 1960 Agadir (Morocco), the 1963 Skopje (FYR of
Macedonia) and the 1999 Athens (Greece) earthquakes were asso-
ciated with moderate earthquakes (M� 6.0) and with no significant
signs of seismic surface faulting [6,9].

Hence, a requirement for a reliable analysis of the seismic risk
and hazard is to know whether and how it is possible to combine
the seismological, geological and engineering characteristics of
earthquakes of the pre-instrumental period.

This article examines this problem focusing on the 1750 century
earthquake in Croatia. Based on a combination of coastal palaeo-
seismic and tectonic data and Finite FaultModeling on one hand, and
on the other hand, on detailed historical and archaeological infor-
mation for seismic damage, two alternative scenarios for this event
are examined: a small (~M5) earthquake with intensities amplified
due to soil dynamic effects, and a strong (M > 6.0) earthquake
(preferred scenario).

This analysis bridges approaches of two different communities
of scientists (seismologists/geologists/geodetists and earthquake
engineers) and permits to arrive at conclusions concerning
the expected maximum magnitude of earthquakes in the study
area. Apart from this methodological contribution, this article
presents data, results and arguments to be used for the analysis of
the seismic risk and hazard in the study area. In addition, it pro-
vides also evidence to understand whether the plate boundary in
Northern Adriatic (Fig. 1) is essentially aseismic or not.

2. Tectonic and geodynamic background

The coastal front of Croatia corresponds to a plate boundary
accommodating the convergence between Eurasia and Adria, with a
rate of about 2 cm/yr [10,11], which corresponds to about 10m in the
last 500 years. In the NW part of coastal Croatia this convergence is
accommodated by a fewmajor thrusts, especially the Vinodol-Bakar
Thrust, a major composite thrust which is expressed in the topog-
raphy as a long and narrow tectonic depression in carbonate rocks
(Fig. 2a, [12]). Clustering of small instrumentally derived earth-
quakes indicates that this front is seismically active [17].

However, seismicity in this area is poorly known, and although
some authors argue for strong historical earthquakes, no clear
evidence for them had been documented till recently. Lack of
important seismicity is a major problem, because moderate
(~M 5.0) earthquakes can explain only a minor part of the conver-
gence, and hence tend to indicate an essentially aseismic conver-
gence front. This is quite unusual, although aseismic processes are
known for certain compressive margins [14,15].

In the last years, however, new evidence on the seismicity of this
critical area has been presented. Stiros and Moschas (2012) [16]
provided evidence of recent reactivation of the Vinodol-Bakar
Please cite this article in press as: S.C. Stiros, Intensities of ancient earthqu
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Thrust and of strong (M > 6) earthquakes based on elastic dislo-
cation analysis of the differential subsidence of coastal notches
mapped in the Rijeka-Bakar area [12,17]. Herak et al. (2017) [18] on
the other hand, based on historical seismicity data, rejected the
possibility of earthquakes with magnitude M > 5 in the area in the
last 500 years (Fig. 3). This result suggests an essentially aseismic
collision front (i.e. that most of the 10 m plate convergence was
aseismic).

3. The 1750 earthquake-previous approaches

The 1750 earthquake was included in various databases, but it
remained an unclear event. Based on detailed historical (archival)
and archaeological data (inscriptions), Herak et al. (2017) [18]
documented seismic intensities for several towns produced by this
earthquake. Their data are summarized in Figs. 3 and 4 and indicate
that intensities ranged up to VIII (MSK scale) in Bakar. Intensities of
the order of VII þ were observed in the Rijeka harbor which was
refurbished a few years after the earthquake, probably after some
small coastal subsidence [16], while intensities of the order VII are
inferred along a distance of about 40 km (Fig. 4). These authors
noticed also that the wider meizoseismal area is located in a car-
bonate platform characterized by karst structures of different scales,
often very narrow and elongated basins, controlled by nearly NW
striking faults. Such karstic basins are filled with soft, unconsoli-
dated deposits and host some of the important towns in the area.

Since amplification of seismic accelerations is expected in
sediment-filled basins ([19],Fig. 2b and c), it was concluded that the
inferred high (VII-VIII) macroseismic intensities for the 1750 and
previous earthquakes reflect amplification of seismic accelerations
in isolated karst valleys, generated by a moderate, ~M5 earthquake.
A similar upper limit was proposed for the magnitude of all other
earthquakes which have hit the area in the last 500 years (Fig. 3).

4. The 1750 earthquake: finite fault modeling and
implications

Carbonate coasts in the wider Rijeka area are characterized by
notches usually drowned at the depth of ~55 ± 3 cm. In the Rijeka-
Bakar area the notch depth increases to about ~110 cm [12,17].
These notches have been the focus of study of various investigators
[13] but a realistic scenario is that they represent relicts of a single
notch formed probably during or after the Roman times at mean
sea level. This single notch was formed or preserved where litho-
logical conditions permitted, and subsequently, it was drowned by
about 55 cm on the average, probably because of regional sea-level
rise. In thewider Rijeka- Bakar area, along a distance of >20 km, the
already submerged notch was subject to additional, differential
subsidence up to 60 cm. This differential subsidence has a clear
pattern (gradual increase to the NE; Fig. 4) and this can only
indicate a tectonic, most probably seismic dislocation [16,21].

The observations of tectonic subsidence of the notch (summa-
rized in terms of contours in Fig. 4) were used as input in an elastic
dislocation analysis to compute the parameters of the fault (of a
Finite Fault Model) responsible for these dislocations, in analogy
to geodetic dislocations used for modeling faults [8,16,20]. A Finite
Fault Model represents a 3-D representation of one or more
orthogonal (planar) fault surfaces which are responsible for the
observed ground deformations. Each fault surface is defined by
nine parameters, corresponding to the size (fault length andwidth),
the orientation (strike), the dip, the location (coordinates of the
fault center), the depth and the sense of slip (rake and amount of
slip, at a first approximation uniform for the whole fault segment)
of the causative fault. More than one finite fault may be assumed to
explain the observed deformation on the basis of the elastic
akes, earthquakemagnitude and soil dynamics effects. Evidence from
oi.org/10.1016/j.geog.2018.03.005



Fig. 1. Location map showing the approximate plate boundaries between Eurasia and Adria (roughly corresponding to the Adriatic Sea) and the rates of contraction (mm/yr) derived
from GPS. Based on [10]. In the inset, the Rijeka-Bakar area and the Vinodol-Bakar Thrust (VBT).
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dislocation theory (e.g. [20]). Fault parameters can be determined
from a numerical solution (inversion) of a system of redundant
equations connecting ground deformation (in this case of coastal
subsidence) with the fault parameters; these equations are known
as Okada equations [8,16,20]. In order to avoid any bias in the
modeling, all parameters of this fault were assumed unknown
(“free”), for example the fault depth or strike were not assumed a
priori known and were left to vary within wide, reasonable ranges;
simply unreasonable values were excluded [8].

The output of this analysis was that observed tectonic disloca-
tions (additional, gradual drowning of already submerged coastal
notches in the historical times) can be explained by activity of a
26-km long, shallow, NE-dipping thrust (dip 48�, strike N48�W),
reaching from the depth of approximately 6.5 km to the surface. A
seismic momentMo¼ 1.6� 1026 dyne cmwas calculated. Using the
typical formulas

M ¼ 0:66 log10ðMoÞ � 10:7 (1)

Mo ¼ mAs (2)

where Mo is seismic moment, M the earthquake magnitude, A the
area of the activated rectangular fault surface, length times width, s
the fault slip, m, a constant, this corresponds to a magnitudeM¼ 6.8
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earthquake. Details on data andmethodology, as well as alternative
fault models were presented in [16].

Because of limitations of data (coastal data only), there is
some uncertainty in estimated fault parameters. Still, the pattern
of subsidence indicates clearly that the fault can only be close
or slightly NE of the Bakar Bay, but clearly, there is a trade-off
between fault length, width and slip (the three parameters
which define Mo; Eq (2)), so that a longer fault cannot be
excluded. In the compressional margin of NW Croatia, the
pattern and the recorded amplitude of ground subsidence (up to
60 cm; Fig. 4) can be related with a major thrust only. Although
no a priori constraints in the fault modeling were introduced, the
surface trace of the modeled thrust correlates excellently with
the Vinodol-Bakar Thrust (Fig. 4), which is in fact the only major
thrust in the area. This obviously indicates its reactivation
[16,21]. However, no significant surface faulting was expected,
because of the composite structure of this thrust (better fault
zone) and because faulting in the uppermost strata is expected
to be accommodated by internal deformation of soft sediments
in the Vinodol-Bakar Thrust. Only high seismic intensities are
expected along the upper edge of the thrust, and this is consis-
tent with the linear intensities estimated by Herak et al. [18].
Furthermore, the distribution of high seismic intensities of
the 1750 earthquake (Fig. 4) are likely to indicate that the
akes, earthquakemagnitude and soil dynamics effects. Evidence from
oi.org/10.1016/j.geog.2018.03.005
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reactivation of the Vinodol-Bakar Thrust, responsible for the
differential subsidence of coastal notches is dated to 1750.

In other words, there is evidence of a triple clear correlation
between three independent features/effects: (1) the Vinodol-Bakar
Thrust derived on the grounds of geologic mapping, (2) the finite
fault derived frommodeling of coastal data and (3) the distribution
of the intensities of the 1750 earthquake derived from historical
and archaeological data. Such a triple correlation can only indicate a
causative relationship between reactivation of the Vinodol-Bakar
Thrust, the differential drowning of notches (i.e. below the level
of quasi-regional subsidence of 55 cm) and seismic accelerations
during the 1750 and previous earthquakes [21].

Still, the question arising is whether the differential notch
subsidence occurred during a single earthquake in 1750, or repre-
sents the cumulative effect of the 1750 and of certain previous or
later earthquakes, especially some of those documented by Herak
et al. [18]. In the first case (one single earthquake), the computed
seismic moment can be explained by an earthquake withM6.8 (see
above). In the second case, which represents our preferred scenario,
the observed differential notch subsidence is associated with
repeated reactivations of the Vinodol-Bakar Thrust, with cumula-
tive seismicmoment equal to that estimated from the inversion and
eq. (1), of the order of 1026 dyne cm. Still, such smaller earthquakes
cannot be of an order of magnitude of 5, because their corre-
sponding seismic moment is about 1000 smaller, and about 1000
earthquakes would be necessary to explain the computed seismic
moment. Hence the observed subsidence was associated with one
or more M > 6.0 earthquakes. .
5. Discussion

In the past, seismological information for the Bakar-Rijeka area
was poor, but new clear historical and archaeological evidence
presented permits to recognize that the 1750 earthquake was
associated with high (>VII) intensities along a quasi-linear zone
more than 40 km long (Fig. 4).

A first scenario proposed by Herak et al. [18] is that observed
intensities can be assigned to a smallmagnitude (~M5.0) earthquake
and to amplification of accelerations in rather isolated karstic
depressions filled with young sediments (i.e. soil dynamics effects).
This scenario was generalized for all known earthquakes which
occurred in the last 500 years in the wider Rijeka area, and for all
these earthquakes a small magnitude (~M5.0) was assigned (Fig. 3).

A first difficulty with this interpretation is that slip and seismic
moment associated with such small earthquakes are small, and
hence they cannot explain the inferred relatively high convergence
between Eurasia and Adria, ~2 cm/yr (Fig. 1). This rate corresponds
to convergence of 10m for the last 500 years, and this would signify
that this active convergence front was essentially aseismic. A sec-
ond difficulty is that areas with intensities � VII are distributed
along a narrow quasi-linear zone about 40 km long which corre-
lates with the Vinodol-Bakar Thrust (Fig. 4). The length of this zone
indicates release of seismic energy much higher than that justified
by ~ M 5.0 earthquakes, even if directivity effects are taken into
consideration [22]. A third difficulty is that there has not been
Fig. 2. a: The Vinodol-Bakar Thrust (VBT) is a long and narrow graben, a composite
thrust system which represents the main fault in the area, and for this reason it is
expected to be associated with major earthquakes. Modified after Benac et al. [17]. For
location see frame marked 2 in Fig. 3. b, c: Conceptual model to explain the amplifi-
cation of seismic accelerations and intensities on top of a valley sediments (or a graben
such as that in (a)), relative to those in the nearby rocks. Red and blue dots and graphs
indicate the location and the time histories of acceleration (normalized values),
indicative of local amplification effects. (c) is based on accelerometer records of the
2017 Mexico earthquake (based on unpublished data of G. Gazetas and E. Garini).

akes, earthquakemagnitude and soil dynamics effects. Evidence from
oi.org/10.1016/j.geog.2018.03.005



Fig. 3. Seismicity in the Rijeka (FI) and Bakar (BA) area during the last five centuries, according to Herak et al. (2017) [21]. The epicenter of the 1750 earthquake, derived from
macroseismic data, is marked by a red circle next to Bakar (BA). A maximum earthquake magnitude 5 is inferred, but this result is questioned.

Fig. 4. Correlation between (1) the intensities of 1750 earthquake (red Latin numbers), (2) the trace of the Vinodol-Bakar Thrust (VBT; red curve, with ticks on the hanging wall),
and (3) the horizontal projection of the finite model of the fault responsible for differential subsidence of coastal notches in the wider Rijeka-Bakar area (green rectangular; surface
trace indicated by a continuous line). Yellow star indicates the macroseismic epicenter of the 1750 earthquake. Brown curves represent selected contours of coastal tectonic
subsidence (in cm), drawn from data on which was based the proposed finite fault model. Based on data from Ref. [12,16e18]. Location map in Figs. 1 and 3.
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presented clear evidence that the areas of high intensities, espe-
cially for townsmore distant from the epicenter, are indeed located
in isolated karstic depressions, in which amplification of seismic
intensities are expected (Fig. 2b and c). On the contrary, certain of
these sites, for example ancient Rijeka, are located on hills.

The alternative scenario discussed above regards the 1750
earthquake as a strong (�M6.0) event, associated with the Vinodol-
Bakar Thrust. However, because local amplification of seismic
intensities are expected because of soil dynamics effects, we may
conclude that the primary fault rupture produced relatively low
source accelerations. This may be a systematic characteristic of the
earthquakes in the area explain why some of them were probably
ignored or underestimated. Hence a modern parallel for the Rijeka-
Bakar earthquakes is the 2014, M6.9 Northern Aegean strong earth-
quake, which produced moderate accelerations and intensities [8].

The association of the Vinodol-Bakar Thrust with the 1750
seismic fault is justified by the large scale of the observed ground
deformation (20 cm subsidence along a distance of >20 km; Fig. 4)
for a very specific reason: Large scale ground deformations can be
generated only by large earthquakes, large earthquakes can be
generated by major faults only, and the only candidate fault in the
study area is the Vinodol-Bakar Thrust system (Fig. 2).
6. Soil dynamic effects in ancient earthquakes

Amplification or attenuation of seismic accelerations, leading
to higher or lower seismic intensities and hence to destruction,
landslides, etc., is a critical problem for modern earthquakes, but a
problem rarely only addressed in palaeoseismic events, mainly for
lack of the necessary evidence. One of the few known exceptions is
a seismic sequence which produced major destruction in Crete,
Cyprus, Sicily and Northern Africa in AD365. These destructions
were assigned to a number of different earthquakes and not a single
earthquake from Crete. The reason is that the destruction of low-
height (one to two-story, and hence of high-frequency) structures
in Cyprus, about 500 km from Crete, require high-period seismic
waves which are fully attenuated at distances of about 100 km from
the source (epicenter). On the contrary, long-period seismic waves
can be radiated from the source and preserve much energy along
distances of >500 km, but ordinary structures are not sensitive
(resonant) to suchwaves [23], as has been demonstrated in the case
of the 1985 Mexico earthquake [9].

The 1750 Croatia earthquake is hence a rather unique case,
which permits to examine in details the role of soil dynamic effects
in ancient earthquakes, and to select between two different
scenarios for the magnitude of this earthquake. The study of this
earthquake, in combination with high and slow seismic accelera-
tion events noticed in the Introduction, indicate that the recorded
signs of ancient earthquakes in terms of seismic intensities reflect a
convolution of three effects: (1) of the fault dimensions broadly
described by the seismic moment (eq. (1)) and the earthquake
magnitude. (2) of the fault rupture dynamics, reflected in high or
low accelerations, which are commonly described by the PGA
(Percentage of Gravity Acceleration), and which is not proportional
to the earthquake magnitude. For example, there have been
recordedmoderate to large (~M6) earthquakes with very high (PGA
>0.50 g) accelerations and intensities [24,25], large earthquakes
(M6.9) with moderate accelerations near the fault [8], even silent
earthquakes, with extremely slow strain release [26], not felt nor
recorded by accelerometers. And (3) of local soil dynamics effects,
producing attenuation or amplification of seismic accelerations and
intensities due to the topography, the local lithological conditions
and the directivity of seismic waves (Fig. 2; [6,22]). The inverse
approach, estimation of the three effects from the available
Please cite this article in press as: S.C. Stiros, Intensities of ancient earthqu
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historical, geological etc. data seems a challenge, but certainly a
need for successful estimation of the seismic risk.

7. Conclusions

The 1750 Croatia earthquake was associated with high (VII-VIII)
intensities along a distance of >40 km (Fig. 4), and their interpre-
tation is a matter of debate, because soil dynamics effects are taken
into consideration.

A first scenario suggests that observed high intensities during
this and other historical earthquakes indicate local amplification of
seismic accelerations/intensities in small karstic valleys (see Fig. 2)
and low magnitude seismic events (~M5.0) in the last 500 years;
this points to an unusual, essentially aseismic plate collision front in
Northern Adriatic.

An alternative, preferred scenario is that although local ampli-
fication effects are definitely expected, the observed high (VII-VIII)
intensities along a distance of >40 km (Fig. 4) cannot be explained
by a moderate magnitude earthquake, even if directivity effects are
taken into consideration. This result is consistent with finite fault
modeling of the 1750 earthquake on the basis of elastic dislocation
analysis of differential submersion of coastal notches. Model fault
correlates with the Vinodol-Bakar Thrust, the major tectonic
structure in the area, perhaps the only one which can generate
major earthquakes, and the distribution of the intensities of the
1750 event. This triple correlation of independent lines of evidence
permits to define the characteristics/parameters of the 1750 Croatia
earthquake, a M > 6 magnitude event which produced normal to
moderate seismic intensities.

The overall results and conclusions of this study are expected to
be important for the reliable estimation of the seismic risk and
hazard in Croatia; they also indicate that the collision front in N
Adriatic is not essentially aseismic.

This study highlights also the need to combine both the
seismological/geological/geophysical and the engineering (soil
dynamics) characteristics of ancient earthquakes. This is because
certain parameters of ancient earthquakes are usually inferred from
seismic intensities which are derived from fragmentary historical
or archaeological evidence in one or a few sites only [1,2].
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