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Abstract

In the past decade, numerous studies on the amplification effects due to the local geology have
been conducted in the Maltese islands (Central Mediterranean). Due to the lack of permanent
seismic stations on geological areas of concern, ambient noise techniques were utilised. The areas
of interest are characterised by clay, that can reach a thickness of 75 m, buried beneath limestone
which introduces a velocity inversion in the stratigraphy. With the expansion of the Malta Seismic
Network (MSN) to three stations in such zones, the possibility of confirming and further investigating
the results using empirical data arises. Here we present results, using 3 years of data including time-
domain and frequency-domain analysis in terms of Standard Spectral Ratio (SSR) and earthquake
H/V. In particular, we note that the amplifications obtained using the SSR technique are significantly
higher than those obtained using both noise and earthquake H/V techniques. Additional peaks below
1 Hz of significant amplitude are also obtained on the SSR curves. By separating the earthquake data
set on the basis of distance from the islands, we show that this amplification is source-dependent, and
that the high amplification values originate from larger, more distant earthquakes in the Hellenic arc.

Keywords: Site effects; Amplification; Horizontal-to-Vertical Spectral ratio; Malta Seismic Network;
Standard spectral ratio

1. Introduction

Historical evidence has shown how, in the event of an earthquake, soft soil sites have suffered significantly
greater damage than rock sites. Evidence of the significance and complexity of site effects has been observed from
events including Loma Prieta 1989 (M6.9, California, US, Mizuno and Abe, 1991), Kocaeli and Duzce 1999 (M7.4 and
MT7.2 respectively, Turkey, Rathje et al., 2006), Chi-Chi 1999 (M7.6, Taiwan, Rathje et al., 2005), Christchurch 2011
(Dellow et al., 2011), Nepal 2015 (Takai et al., 2016) etc.

Site effects can be estimated by means of numerical simulations and experimental methods (Pilz et al., 2009).
Popular experimental methods include the Standard Spectral Ratio (SSR) and the Horizontal-to-Vertical Spectral
Ratio (H/V) technique (Parolai, 2012). The SSR method consists of computing the ratio of the Fourier amplitude
spectra of earthquake recordings at the target site to that on a nearby rock (reference) site while the H/V method
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involves the recording of ambient noise or earthquake recordings at the target site and computing the ratio of the
horizontal to the vertical spectra. Since the SSR requires two stations (one on the target site and one on the reference
site) and the recordings of numerous earthquakes, it is not the ideal method for a quick estimate of site response
(Foti et al., 2011). For this reason, the H/V method has been widely used to study site effects of both shallow and
deep sedimentary structures (Cornou et al., 2003; Bonnefoy-Claudet et al., 2006).

Comparison of site responses obtained with reference (SSR) and non-reference site techniques (H/V) has
shown that while the fundamental resonance frequency of a site is consistently estimated by both methods, the
H/V technique usually underestimates the level of amplification (e.g. Field and Jacob, 1995; Bonilla et al., 1997;
Riepl et al., 1998; Parolai et al., 2012).

The geology of the Maltese islands (Central Mediterranean, Fig. 1) is characterised by a four-layer sequence of
limestones and clays. Starting from the bottom and oldest, these are: the Lower Coralline Limestone (LCL), the
Globigerina Limestone (GL), the Blue Clay (BC) and the Upper Coralline Limestone (UCL) (refer to Fig. 1). A common
feature found in the western half of the archipelago is Upper Coralline Limestone plateaus and hillcaps covering
a soft Blue Clay layer which can be up to 75 m thick. This introduces a velocity inversion in the stratigraphy. Even
though the islands lie in an area with a level of background seismicity that is low to moderate, and generally not
perceived as of high risk, historically rare damaging events have occurred. Galea (2007) compiled a historical
catalogue of felt earthquakes on Malta since 1530, based on historical documents or instrumental seismicity
parameters. Since 1530, at least four earthquakes of intensity VII on the European Macroseismic Scale (EMS-98)
were experienced. The source region which historically appears to generate the largest felt effects in the region is
SE Sicily. Large events occurring in the Hellenic Arc have also produced significant damage on the islands. Despite
the large distance, a magnitude 7.7 earthquake in 1856, with an epicentral location around 1000 km away from the
islands, caused significant damage to buildings, with many houses suffering serious cracks to their walls. This makes
it important to consider far-field events when considering seismic hazard. Figure 2 displays the epicentral location
of the earthquakes that produced an intensity of at least VI experienced on the islands.
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Figure 1. Geological map of the Maltese islands. The red triangles represent the stations of the Malta Seismic Network.
Inset shows the location of the Maltese islands in the Mediterranean Sea.



Site amplifications of the Malta Seismic Network

In the past decade, effort has been made in understanding better the local site effects. Studies have been carried
out both on a national scale, as well as in the form of microzonation studies in some areas of the archipelago. These
studies, through the recording of ambient seismic noise and analysis of horizontal-to-vertical spectral ratios (H/V),
have revealed that areas where the clay layer is present within the lithostratigraphy, have the clear potential to
amplify ground motion in specific frequency ranges, as opposed to the eastern half of the archipelago which is not
characterised by any soft material of significant thickness (Panzera et al., 2013; Vella et al., 2013). The local seismic
response in regions of the Maltese islands characterised by the low-velocity clay layer buried underneath limestone,
was also evaluated using the equivalent linear numerical code SHAKE2000 in Farrugia et al. (2020). These results
have important implications for the prediction of building behaviour.

Through participation in national and European funded projects, in particular the INTERREG Italia-Malta
programmes, the Malta Seismic Network (MSN) was built up over a 6-year period, with the acquisition of a number
of 3-component broad-band stations (Fig. 1). At the time of writing, the MSN comprises eight stations covering the
three major islands of the Maltese archipelago — Malta, Gozo and Comino. It is managed by the Seismic Monitoring
and Research Group (SMRG) within the Department of Geosciences, University of Malta, and is the only seismic
network on the islands, thus serving as the national network. The Malta Seismic Network is registered with the code
ML with the Federation of Digital Seismic Networks (FDSN) (Galea et al., 2021).

With the extension of the MSN to sites underlain by clay, local site response analysis using earthquake data
was now possible. In this study we use earthquake and noise recordings made by the MSN to provide a deeper
understanding of site effects on the islands. Analyses include the comparison of seismograms both in time and
in frequency domain and also the comparison of three different methods for obtaining site responses: H/V from
earthquake recordings and from microtremors and the Standard Spectral Ratio technique.
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Figure 2. Location of earthquakes that caused damage of intensity > VI since 1500 (modified from (Vella et al., 2013)).

2. The Malta Seismic Network

The MSN currently comprises eight 3-component stations distributed over the three main islands of the Maltese
Archipelago: Malta, Gozo and Comino. Figure 1 shows the present configuration of the network and Table 1 lists
the coordinates and technical information on each station.

The first installed station was WDD, which was the only station available from 1995 till 2014. It lies inside a
tunnel on the Lower Coralline Limestone, the oldest and hardest layer of the sedimentary sequence. XLND, which
is found in Gozo, also lies on the LCL. MSDA is installed on the Lower GL while MELT, CBH9 and QALA all lie on
the UCL formation. Shear-wave velocity profiles were obtained near the MELT and CBH9 stations, using surface
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Station Name Latitude Longitude Elevation (m) Geology Instrument
Trilli t (120 s-100 Hz);
CBH9 36.01 14.33 27 UCL rillium compact (120 s-100 Hz)
Centaur digitizer (Nanometrics)
HQIM 35.83 14.44 129 GL GeoTINY (10 s-120 Hz)
Trillium compact (120 s-100 Hz);
MELT 35.97 14.34 98 UCL .
Centaur digitizer
Trillium 120PA (120 s-100 Hz);
MSDA 35.90 14.48 48 GL rum (1205-100 Hz)
Centaur digitizer
Trillium compact (120 s-100 Hz);
QALA 36.03 14.31 103 UCL s
Centaur digitizer
STS-2 (120 s-50 Hz),
WDD 35.84 14.52 22 LCL
Quanterra Q330
Trillium 120PA (120 s-100 Hz);
XLND 36.03 14.22 31 LCL .
Centaur digitizer
Trilli 120 s-100 Hz);
XROB 35.84 14.57 31 GL rillium compact (120s-100 Hz);
Centaur digitizer

Table 1. Information about the stations of the Malta Seismic Network.
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Figure 3. The joint inversion results and stratigraphic interpretation (lower panel) for CBH9 and MELT stations. The best
profiles from each of the 10 inversions are shown, with the red profile representing the one with the lowest misfit.
The profiles in green are those characterised by a misfit which is within 50% of the best models misfit value; the
yellow ones are characterised by a misfit greater than 150% of the best models misfit value. The GL layers are
displayed in grey since the values are not reliably constrained by the data. The upper panels show (from left to
right) the effective dispersion and H/V curves. The blue curve is the experimental curve, the red curve shows the
best fitting theoretical curve while the rest (green and yellow) correspond to the other 9 profiles. The calculated
VS30 for each site is displayed in the top right corner. The colours used in the stratigraphic interpretation

correspond to the colours in the geological map (Fig. 1).
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wave measurements (Farrugia et al., 2016; 2020), the results of which are shown in Fig. 3. It was not possible to
obtain shear-wave velocity profiles at the QALA site due to the lack of space in the area to perform ambient noise
measurements with the available equipment. However, the presence of a buried clay layer at this site is confirmed
through geological mapping and by nearby borehole measurements.

The latest two installed stations are HQIM and XROB, both located in the southern parts of the islands on the
GL layer (Agius et al., 2020; Galea et al., 2021). The stations are synchronized using GPS reference time, although
this does not affect the spectral shapes. All stations were set to record continuously with a sampling rate of 100 Hz.

With the extension of the Malta Seismic Network to eight stations, three of which are located on UCL, an
opportunity to understand the effect of local geology on earthquake ground motion using earthquake data arises.
In this study, the data from 2017-2019 is considered. During this time all the three stations installed on UCL were
working simultaneously. The HOIM and XROB stations were not used in this study because they were not operative
during the study period.

3. Seismogram Analysis

Figures 4 and 5 show the ground acceleration (pseudo-acceleration, after removal of instrument response) of the
east-west component of two earthquakes recorded on all the stations of the MSN. The earthquake shown in Fig. 4
has an epicentral distance less than 200 km away from WDD while the earthquake shown in Fig. 5 has an epicentral
distance of around 500 km away from the same station. The significant duration (D5-95) was also calculated using
OpenSeimsoMatlab (Papazafeiropoulos and Plevris, 2018) and is shown using horizontal bars. This represents the
time interval between which 5% and 95% of the seismic energy is attained.

In Fig. 4, amplified ground motion recordings are visible at the MELT and QALA stations with PGA amplification
of more than a factor of 3 between QALA, MELT and XLND recordings. The durations ranged between 40.56 s (for
XLND site) and 54.62 s (for CBH9 site), with longer durations observed for the CBH9, MELT and QALA sites. These
observations can also be done for the earthquake shown in Fig. 5.
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Figure 4. Time series of an earthquake recorded on the MSN stations on 4™ August 2018 at 04:07 GMT, magnitude 4.3.
The epicentral distance is about 170 km from WDD. The horizontal bars show the significant duration (D5-95).
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Figure 5. Time series of an earthquake recorded on the MSN stations on 19th August 2018 at 05:48 GMT, magnitude 4.2.
The epicentral distance is about 500 km from WDD. The horizontal bars show the significant duration (D5-95).

4. Frequency domain analysis

All the recordings were first checked visually and only those exhibiting a good signal-to-noise ratio, allowing
for the detection of the S-wave arrival, were used. Moreover, the earthquakes had to have an epicentral distance to
the network of at least five times the interstation distance between the bedrock and study site (12 km) to exclude

25°

10° 15° 20°

Figure 6. The 58 earthquakes used in the earthquake H/V and SSR techniques. The earthquakes have been divided into
2 sets, as shown in the boxes — near field (eq up to Sicily and S.Italy) and far field (eq along the Hellenic arc, that
are generally > 500 km away).
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path effects for waves travelling to the stations (Pilz et al., 2009). This resulted in a total of 58 valid earthquakes
recorded in the span of 3 years, which are shown in Fig. 6, and listed in Table A1 (appendix).

4.1 Fourier amplitude spectra

Figure 7 shows the Fourier amplitude spectra for the earthquake on 4th August 2018 with an epicentral distance
of around 170 km from WDD. Clear amplification in the 1-5 Hz range can be seen for both components (1 horizontal
and the vertical) and for both the P- and S-wave, particularly at the MELT and QALA stations. It has to be noted
that the S-wave amplitudes are about a factor of 4 higher than the P-wave amplitudes, however the amplification of
these sites compared to the other sites is quite significant for the P-wave as well. CBH9, which is also characterised
by a buried low-velocity layer, exhibits higher amplitudes for lower frequencies, compared to the other sites, for
the S-wave motion. The station with the least overall amplitude is XLND which is known to be directly on Lower
Coralline Limestone, however, in general, all the stations installed on both Globigerina Limestone and Lower
Coralline Limestone (i.e. no clay is present in the stratigraphy), show low amplitudes.
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Figure 7. The Fourier amplitude spectra of the all the MSN stations for the earthquake on 4th August shown in Fig. 4.
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4.2 Earthquake and noise H/V

The H/V technique was applied to the S-wave portion of suitable local and regional earthquakes recorded on the
MSN stations, as well as to a segment of noise recorded on the same stations.

The noise H/V was calculated using 24 hours of data from each station. The recordings were divided into 80 s
long windows tapered with a 5% cosine function. This window length can be considered long enough to accomplish
the analysis down to a frequency of at least 0.2 Hz. For the earthquake H/V, the time windows for S-waves were
first selected, starting 0.7 s before the S-wave arrival and ending when the S-wave energy reaches 90% of its
maximum (Pilz et al., 2009). The spectral ratios between the horizontal and vertical components were calculated,
and finally, the logarithmic mean of all the H/V ratios was determined for each site.

The noise H/V and earthquake H/V results are presented for each station in Fig. 8. In general, a good agreement
can be seen between the curves obtained using noise and earthquake data, with the earthquake H/V curves having

slightly higher amplitude than the noise H/V curves.

Figure 8. The earthquake H/V (red) and noise H/V (black) curves obtained.
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The H/V curves at MSDA, WDD and XLND are generally flat, synonymous with sites on rock, with no significant
impedance contrast between different layers. The MELT and QALA curves exhibit a peak close to 2 Hz, which has
been consistently obtained at sites with outcropping UCL (Farrugia et al., 2016; Vella et al., 2013) and may be
attributed to the impedance contrasts between the clay and underlying/overlying limestone. The peak at CBH9
is significantly broad but within the same frequency range. Such broad peaks may be associated with a dipping
impedance contrast (Cornou et al., 2003).

In the curves for MELT and QALA, which are characterised by a buried low-velocity layer, it can be noted
that noise H/V dips below 1 for a wide frequency range, a feature which has been observed in various studies
(Castellaro and Mulgaria, 2009; Farrugia et al., 2016). This dip, however, is not visible for the H/V curves obtained
with earthquake data.

4.3 Standard Spectral Ratio

The Standard Spectral Ratio (SSR) using the S-wave part of the horizontal components was calculated following
the method in Pilz et al. (2009). This was conducted for the three stations on UCL (CBH9, MELT and QALA) using
the same data set as in the earthquake H/V exercise. The chosen reference station was XLND, since it is the closest
to the three stations and also because it is installed on LCL, which can be considered as the bedrock.

The signal was cosine tapered and a Fast Fourier Transformation (FFT) for each horizontal component was
performed. Spectral amplitudes were then smoothed using a mean smoothing algorithm, ensuring the preservation
of the major features of the earthquake spectra. The two horizontal spectra were averaged for each recording. Finally
for each event the spectral ratio between the station on UCL and the XLND station was calculated. The average SSR
was then calculated by taking the arithmetic mean of the SSR curves for all earthquakes.
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Figure 9. The mean SSR curves, shown in black, obtained for CBH9, MELT and QALA stations, with XLND as the reference
bedrock station. The grey curves are the SSR curves obtained for each earthquake.

The three SSR curves (Fig. 9) show significant amplification at frequencies less than 2 Hz, reaching high
amplification of more than 30 for the MELT station. The amplification values obtained are outstandingly higher
than those obtained using the H/V techniques. This has been noted in various studies such as Pilz et al. (2009) and
Parolai et al. (2012).

The SSR curves retain the site resonance frequency shown by the H/V curves, however this frequency is
overshadowed for MELT and QALA by the large peaks at around 0.4 Hz. For CBH9, the broad peak between 0.5 and
1.0 Hz is similar to the one exhibited by the H/V curves.

In order to better investigate the reason for the large peaks observed on the SSR at low frequencies, the
earthquake sources (shown in Fig. 6) were divided into two categories: near-field earthquakes which span up to
Sicily and Southern Italy, and far-field earthquakes which are along the Hellenic arc and are in general more than
500 km away. The SSR procedure was again conducted for these two separate data sets and the results are shown
in Fig. 10.
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Although the frequency characteristics for the two data sets are similar, we now observe that the far-field
earthquakes produce significantly higher amplifications than the near-field earthquakes at frequencies lower than
1 Hz. In particular, the high-amplitude SSR peaks exhibited by MELT and QALA at around 0.4 Hz are visible only in
the curves obtained from far-field earthquakes. This is likely to be related to the fact that the far-field earthquakes
contain a higher low-frequency content by virtue of their distance and, on average, higher magnitude. Nevertheless
it confirms the need for consideration of far-field earthquakes, in particular Hellenic arc earthquakes, in hazard
analysis and site amplification at lower frequencies.
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Figure 10. The SSR curves obtained for the near-field (red) and far-field (black) earthquakes.

5. Conclusions

Seismic site effects play an important role in the intensity of an earthquake. This study presents a comprehensive
study of site effects at the three sites of the MSN, which are not installed on what is considered as bedrock for the
islands. These stations all lie on a layer of limestone which lies on top of a layer of Blue Clay, creating a velocity
inversion. Even though in the past decade effort has been made in investigating potential site effects in areas which
are characterised by a buried thick low-velocity layer on the islands, this was only done using ambient noise.

This study presents the first national study of site response using earthquake data at the geological site of
interest. This was possible with the recent installation of more broadband seismic stations. The data used spanned
3years (2017-2019). From the seismogram analysis, the potential of amplification at these sites was clearly observed,
with amplification reaching a factor of 3 in some cases, and longer durations.

Frequency based analysis was carried out in terms of Fourier amplitude spectra analysis, SSR, earthquake H/V
and noise H/V. A significant amplification in the Fourier amplitude spectra for the MELT and QALA sites in the
frequency range between 1-5 Hz was observed.

The similarity between the noise and earthquake H/V validates the use of noise H/V technique as a quick
method for obtaining the fundamental frequency of a site. As for the SSR results, significantly higher amplifications
were obtained when compared to the H/V. An interesting feature only observed on the SSR curves was the high
amplification at frequencies lower than what is considered as the resonant frequency of the site for the MELT and
QALA stations. By separating the earthquake sources into near- and far-field and repeating the SSR method, it was
seen that these peaks can be attributed to distant earthquakes which are richer in low frequency content. The reason
for the large amplification at these frequencies, however, needs to be investigated further.

The investigation carried out in this study adds to previous studies in showing that site effects do have a
considerable influence on earthquake ground motion at sites characterised by a buried low-velocity layer. Moreover,
the SSR technique has revealed important behaviour at lower frequencies which was not previously visible. This has
important implications for the response of increasingly common high-rise buildings, and reaffirms the necessity of
including such low frequency effects in seismic hazard assessments and building policies.

Data Sharing and Resources. Plots were made using the Generic Mapping Tools version 4.2.1 (www.soest.hawaii.edu/
gmt; Wessel and Smith 1998) and SAGA GIS (Conrad et al., 1991-2007).
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