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Abstract. Landslide phenomena involve the northern coastislands (Fig. 1). The Maltese economy is mainly based on
of Malta, affecting in particular the urban area of Xemxija. the tourism industry and has increased since the 1970s with
Limestones overlying a clayey formation represent the shala high degree of coastal urban settlements.
lower lithotypes that characterize the surficial geology of this  In order to better preserve the historical heritage, land-
area, where lateral spreading phenomena and rockfalls takecapes, and coastal areas and to promote tourism activities, it
place. has been proposed that the archipelago might be considered
Ambient noise records, processed through spectral ratias an open air laboratory. In this context multidisciplinary
techniques, were analysed in order to characterize the dystudies integrating geology, engineering, geomorphology as
namic behavior of the rock masses affected by the presenceell as history and archeology may be undertaken in order
of fractures linked to the landslide body existing in the area.to develop and test methodologies for the assessment of the
Experimental spectral ratios were also calculated after rotatrelationship between the physical environment and cultural
ing the horizontal components of the seismic signal, and &aheritage (Soldati et al., 2008).
direct estimate of the polarization angle was also performed Xemxija is a seaside village and marina on the northeast-
in order to investigate the existence of directional effects inern part of Malta (Fig. 1), and it is a very important site for
the ground motion. touristic attractions, as well as cultural and historical her-
The results of the morphologic survey confirmed the ex-itage. In fact, up Xemxija Hill lies what is known as The
istence of large cliff-parallel fractures that cause cliff-edge Xemxija Heritage Trail, which comprises a variety of sites
and unstable boulder collapses. Such phenomena appear cospanning a period of about 6000yr (e.g. seven prehistoric
nected to the presence, inside the clay formation, of a slidingombs, a Neolithic temple, a Roman road, several caves, an
surface that was identified through the interpretation of theancient and well-preserved Roman apiary, a Punic tomb, Ro-
noise measurement data. The boundaries of the landslide ar@aan baths, a 1000 yr old carob tree, etc.). The Xemxija study
appear quite well defined by the pronounced polarization ef-area spans a couple of square kilometres. More than half of it
fects, trending in the northeastern direction, observed in thas intensely built, while the remaining area consists of mead-
fractured zone and in the landslide body in particular. ows and agricultural land. The area is characterized by a ge-
ology and topography that varies over small spatial scales. Its
geomorphological features are the result of the combined ef-
fect of the lithology, tectonics and coastal nature that shaped
1 Introduction the region, and such features contribute towards the degree

) o ) . of geological instability of the whole area and particularly to
The Maltese Archipelago is situated in the Mediterraneanhe cliff sections.

Sgg, about 2.90 km northea;t qf Tunisia and 90 km south of Tq date, no studies combining geomorphology and site re-
Sicily. It consists of three major islands: Malta and Gozo, thesponse have been carried out in the study area of Xemxija.

southerly and northerly islands, respectively, and Comino,n this paper we carried out a preliminary study of the area,
which lies in the Comino Straits separating the two largest
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(Fig. 1). Although the sedimentary platform on which the

[0 UPrER CompLLme LuesTone Maltese islands are situated was formed during the Triassic,
ND (UPPER MIOCENE) .

[ Lt cLay pAiooLE wiocENE) there are no surface outcrops of this age. All exposed rocks

> [ GLoBiGERNA LeSTONE were deposited during the Oligocene and Miocene when the

commorrggcomrlo I L0 comauue LnesTone Maltese Islands were part of the Malta—Ragusa platform with

Sicily and, as such, attached to the African margin (Pedley et
al., 1978; Mourik et al., 2011). The most recent deposits are
the Quaternary deposits, which are found in minor quantities
and are of terrestrial origin. The geologic sequence of the
Maltese Islands is classically divided into five units (Pedley
etal., 1978, 2002). The lowermost unit is the Lower Coralline
Limestone Formation (LCL), which consists of massive bio-
genic limestone beds of shallow gulf marine origin. This
shallow carbonate ramp phase is Oligocene in age. Younger
beds show evidence of deposition in more open marine con-
ditions. Deeper water slope carbonates of the Globigerina
Limestone Formation (GL) began depositing in the Chat-
tian (Late Oligocene) and span from the early Miocene to
late middle Miocene. They consist mainly of loosely aggre-
Fig. 1. Sketched geological map of the Maltese Islands (modifiedgated planktonic foraminifers, whereas larger skeletal frag-
from Various Authors, 1993). The black square indicates the studyments, such as echinoids or mollusks, are rare. A marly
area. unit of alternating light to dark layers, called the Blue Clay
Formation (BC), spanning the Serravalian (middle Miocene)
paying particular attention to the risk of landsliding and rock- Eﬁéeg?_l eFEI:rI{I’(t:cL)iiQCSAiSCS:r?ﬂﬁ:: ?g;a]ﬁii?e’rzagifgl){h?”b%vr;

falls. ”? particular, the con_wbma’uon of vulnerable geomor ¢ ihe skeletal components within this unit. The water depth
phological features, intensive land use and cultural/touristic . : . .
t which BC was formed is estimated on the basis of ben-

importance implies that the study area is exposed to a consi hic foraminifers to be 150-200m (Jacobs et al., 1996), or
erable natural risk. Buildings in Xemxija village are located . '

. : : . : .~ even 500m (Foresi et al., 2002). The BC formation is un-
in a diversity of topographical settings, such as slopes, ridges : .
. ! o conformably overlain by the Greensand Formation (GS) and
and valleys, while a variety of building types and ages can b . : .
. o ) he Upper Coralline Limestone Formation (UCL), both late
identified. The small urban settlement is densely populated,. : . . "
iocene in age. The GS formation consists of a glauconitic

in summer, when it is used as a summer resort with Inten'sand bed ranging from 0 to 10 m in thickness, while the UCL

sive recreational and commercial coastal land use. The area_ . . )
consists of white porous calcareous sandstone, always rich

also provides a suitable setting for the s_ubsequent evaluatiolrgl organic remains. Though some layers are completely crys-
Ogtae :tlijaTzenr dor]:eorfzgr'[rzzcrt]?):isstﬁzzgszzrs]tsnrg:;et (t)? tr;i_?izkmsagetalline and have lost traces of the organisms from which they
P ’ o ge ' originated, other portions are highly fossiliferous containing

We have conducted a qualitative g_eomorphologpal SUVEY asts of shells and other organisms. It resembles the LCL
of the area, and we used the amplent noise honzontal-toboth on chemical and paleontological grounds, indicating de-
vertical spectral ratio (HVSR) technique in order to charac- osition in shallow-water carbonate ramp conditions

terize the behavior of rock masses in the presence of fracture® On Malta and Gozo, the bedding is generall'y sub-

linked to the landslide body in the area. This type of mea-, . . . o
) ; ) . horizontal, with a maximum dip of about®5The geo-

surement can be done quickly and with a high spatial den- . . . .

. - . . .~ structural pattern is dominated by two intersecting fault sys-
sity, providing a fast tool for setting the dynamic behavior . . X L

L i, . .~ tems which alternate in tectonic activity. An older ENE—
of the rock outcropping in Xemxija. Recordings of ambient . S
. ) SW trending fault, the Victoria Lines Fault (or Great

noise and the use of the HVSR technique have recently ha . .

X . i i . ault), traverses the islands and is crossed by a younger NW—
widespread use in studying landslides (e.g. Del Gaudio et al

2008: Burfinek et al., 2010: Del Gaudio and Wasowski 2011: S rending fault, the Maghlag Fault (Fig. 1), parallel to the
. Malta Trough, which is the easternmost graben of the Pan-
Burjanek et al., 2012).

telleria Rift System. The faults belonging to the older set, all
vertical or sub-vertical, are part of a horst and graben sys-
2 Geological setting tem of relatively small vertical displacement. The structural
geology of the Maltese Islands is usually divided into three
The geology of the Maltese islands is relatively young, with main regions: north of the Victoria Lines fault, south of the
the oldest rock dating back only to the Tertiary period. The Victoria Lines fault and Gozo. The Xemxija Bay study area
islands are mostly composed of marine sedimentary rockéies north of the Victoria Lines fault, where the structure is

= FAULTS
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dominated by the development of horst and graben blocks
bounded by ENE trending normal faults; it is characterized
by three different lithotypes: clay from the BC formation

and two different members of the UCL formation, namely, i
the Tal-Pitkal Member, which is hard and pitted, and the}|
Mtarfa Member, more soft and erodible. The coast north of
the Victoria Lines Fault in Malta is characterized by lateral %
spreading phenomena which take place within the brittle ang

O Unstable block
g Historical heritage site

Most of the time these processes occur in places that are né
intensively built, however some areas are highly frequented
by both local and tourists for recreation activities. ;

3 Geomorphologic analysis

The study of slope instability conditions in the coastal region

of Malta is an important task since several areas are subjec
to a high landslide hazard. Coastal erosion, generally, take
place in conditions of poor sediment availability and when
the sea engulfs the land due to wind, wave and tidal pres
sures (Doody et al., 2004; Young et al., 2011). This erosion
process can include three simultaneous processes, hameiy,
the long-term retreat of coasts, the medium-term degradatiogiy » (a)schematic sketch of lateral spreading effects along the
of beaches and the short-term cliff erosion (Hart, 1986). Ge-xemxija coast{b) view of the Xemxija Bay area showing the sites
omorphologic studies were conducted by Magri et al. (2008)investigated in the geomorphological survey; &ciyeo-lithologic

on the west coast of Malta and in Gozo, which share simi-map of the northeastern part of the Xemxija Bay (modified from
lar geological conditions. Along the west coast of Malta, in Various Authors, 1993).

particular, a temporary GPS network was set up in 2005 to

monitor the state of the lateral spreading activity, and pre-

liminary results indicate that the coastal landslides are quite — landsliding on sloping faces; and

active. A number of preliminary field surveys of the NW and
NE coasts of Malta were carried out by Farrugia (2008) and
Coratza et al. (2011) to better understand Maltese coastal de-
velopment and to highlight areas having similar geological

features. Landslides in the northern Malta coast seem to bFn the studv area. attention was particularly focused on frac-
caused by lateral spreading and rockfall (Fig. 2a), which oc- y ' P Y

cur within the brittle UCL formation overlying the BC. The tures and unstable blocks existing along the coastline and the

UCL formation is characterized by a prominent plateau scarph'%ziz ?[Leeaitle;nziijilrc]:;flgérfg)ﬁea dland. in the UCL for-

face, whereas BC produces slopes gxtendlng from the basr%ation, a main fracture, striking in the NE-SW direction, is
of the UCL scarp face to sea level. It is well known that lat-

eral spreading usually takes place in the lateral extension Oguite evident (area 1 of Fig. 2b). It develops along the south-
P 9 y P western end of the cliff coast at a variable distance (1-8 m)

cohesive rock masses lying over a deforming mass of SOﬁeErom the cliff edge, and it is sometimes filled with rock debris

material where the controlling basal shear surface is often no . .
well defined (Pasuto and Soldati, 1996) and soil. The fracture width ranges from less than 10cm to

A detailed field survey was performed in the Xemxija Bay about 80 cm, whereas its depth ranges between 1mto 1.60 m.

. : " . A vertical offset ranging from 3 to about 20 cm was mea-
area to map the main coastal instability features, using a ma

at scale * 2500 (MEPA, 2004). The features mapped are thegured. n several pom_t s Many se_coqdary fractures_ run a_long
; . . the cliff in a parallel direction, which is also compatible with
result of different mechanisms, such as:

the structural system present in the area. All the UCL appears

intensively fractured (Fig. 3a and b), and some of the frac-

tures show signs of humidity and fluid percolation. It is fair

to say that some zones in the study area could not be mapped

— formation and detachment of blocks along the cliff edge, because they were covered by thick vegetation. A number of
leading to rock collapse; collapsed rocks and detached blocks lie at the base of the cliff

— instability resulting from weakening of the UCL strata
lying on the top of the soft BC layer that is slowly erod-
ing and sliding.

— cliff parallel fracturing due to natural cliff erosion and
retreat;
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Fig. 4. Cracks and damage in tifeéan Guzepp Haddierhurch.

(a) The balcony on the southern side of the buildiig); detailed
view of the main fracture along the south side of the church; and
(c) view of a room inside the building.

complex does present already several major cracks presum-
ably related to the main fracture previously shown in Fig. 2b.
In Fig. 4, the unstable situation prevailing today is shown. It
can be indeed observed that the southern part of the build-
ing is extensively cracked and perceptibly tilted and, large
cracks are also visible on the front balcony (Fig. 4a). Along
Fig. 3. (a) and (b) Overview, along the cliff area, of the main th_e squth block of the_chu_rch awide f:rack_is running in E-W
fracture, which is approximately striking in the NE-SW direction; diréction (see arrows in Fig. 4b). Besides, in one of the rooms
(c) example of shore area below the cliff (area 1); éfioverview  that are overlooking the south coast of the cliff, evidence of
of the cliff escarpment along the north side of the ridge (area2).  cracks can be observed (Fig. 4c). Examining the direction of
cracks along the cliff and those on the church, it is plausible
to assume that all of the cracks present in this complex are
. associated with movements taking place in the same group
escarpment and contribute to form much of the shore area, gg geological fractures.
seen in Fig. 3c. _ o The field survey has also pointed out that different hazards
The hill behind the cliff (area 2 in Fig. 2b) presents the gyist in different portions of the study area, according to the
same st_ratlgraphy and type of structures visible at the Cl'ﬁtype of land use. On the beach below the cliff on the head-
edge, with numerous detachments and secondary fractur§gng a clear hazard from collapsing rocks is present for peo-
along both sides of the hill trending in an E-W direction e making recreational use of the shore. On the northern side
(Fig. 3d). Moreover, several cavities permeate the UCL out-4¢ the ridge, where Roman baths and tombs are carved into
crops (see arrow in Fig. 3d), while discontinuities generatey,q Upper Coralline Limestone, most of the slope consists
blocks of different sizes, mostly covered by vegetation andy ¢jtivated fields and meadows. As can be seen in Fig. 3c,
showing also the presence of fluid percolation. In this areayhe main hazard here is due to potential rockfalls onto the

huge collapsed blocks, having sizes of up to 7-8m, lie along 4 |inking Xemxija to Mellieha that runs along the base of
the base of the escarpment (circles in Fig. 3d). the escarpment. Finally, the slope of the hill on the side of

On the other side of the hill (area 3 Fig. 2b) the slope is xemyija Bay, which is increasingly being built up, might be
characterized by small-medium size blocks that have beeg, qved in collapsing and sliding.

detached from the top UCL formation overlying the BC. No

protection measures (e.g. net, walls) have been taken to pro-

tect the residential area that lies below. Considering that thg; H/\/ measurements

hill trends in a NE-SW direction, the same as the cliff, and

since the processes that involve the hill are substantially thet. 1 Experimental setup and data processing

same as those affecting the cliff, rockfall risk might be a

problem for the buildings placed on the foot of the “seaside” The HVSR method is a common tool used for site effect in-

slope. vestigations. It is based on the ratio of the horizontal to ver-
It is important to notice that the main fracture in area 1 tical components of ground motion. Generally, this spectral

(Fig. 2b) identified in the present study runs close to aratio exhibits a peak corresponding to the fundamental fre-

residential complex and the Franciscans’ convent 8ad  quency of the site. The ambient noise wavefield is the re-

Guzepp Haddienchurch, as shown in Fig. 2b. In Fig. 3a, sult of the combination of unknown fractions of both body

the arrows track this fracture which is responsible for severaland surface waves (Bonnefoy-Claudet et al., 2006). If the

cracks in the walls of the building. Although the religious first are prevailing, the ratio is mainly induced By; res-

complex was newly built about 12 yr ago to replace the pre-onance in the superficial layers whereas; if Rayleigh sur-

vious structure which was affected by similar problems, theface waves predominate, the theoretical ellipticity dictates
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the observed curves (Nogoshi and Igarashi 19 &t al.,
2001; Scherbaum et al., 2003). This is especially true when ]
large shear wave velocity contrast exists between the shallov].///\
layer and the bedrock, as theoretically confirmed by Malis-"{~
chewsky and Scherbaum (2004). Although experimental dat: |
peaks usually fit quite well the resonance frequency of the
theoretical curves, they are less reliable as regards their an.|
plitude. Nevertheless, the HVSR curve contains valuable in-| |
formation about the underlying structure, especially as con-|
cerns the relationship betweé® of the sediments and their ] e
thickness (Ibs-Vonseth and Wholenberg 1999; Scherbaum e Tt T
al., 2003) ° —1D-modeling | 7]
We recorded ambient noise at 27 sites (Fig. 2c) using a 3] 1 T
component seismometer (Tromingyww.tromino.el. Time
series of ambient noise, having a length of 20 min, were |
recorded with a sampling rate of 128 Hz and, following the ,|
guidelines suggested by the SESAME project (2004), they
were divided in different time windows of 20 s each not over- Fig. 5. HVSR results at recording sites located in the not fractured
lapping each other. A 5% cosine taper was applied to eaclaone, stratigraphic sequence, shear wave velocity profile and com-
window and the Fourier spectra were calculated. The Specparison of experimental spectral ratios with 1-D theoretical mod-
tra of each window were smoothed using a Konno—Ohmachf!ing.
window (Konno and Ohmachi, 1998) fixing the parameter
b to 40. Finally, the resulting HVSR, in the frequency range
0.5-40.0 Hz, was computed by estimating the logarithmic av-chose the recording sites in order to sample the area as uni-
erage of the spectral ratio obtained for each time window,formly as possible. Moreover, several recording sites where
selecting only the most stationary and excluding transientshosen on a linear deployment for investigating the role of
associated to very close sources. the fractures in the HVSR behaviour. Figure 2¢ shows the
Experimental spectral ratios were also calculated after rogeological setting of the investigated area.
tating the N-S and E-W components of motion by steps of The HVSR curves obtained identify three different zones.
10 degrees starting from°Qnorth) to 180 (south). This  In particular, we can identify a region (Fig. 5, sites #5, #6, #7,
approach, first applied to earthquake recordings in study#25, #27) where the HVSR peaks around a stable frequency
ing the directional effects due to topographic irregularities of about 1.5 Hz. These fundamental peaks may be generally
at Tarzana, California (Spudich et al., 1996), has been usedssociated with the interface separating the BC layer from
for ambient noise signals by several authors (e.g. Lermo antdhe GL. The presence of the BC layer gives rise to a velocity
Chavez-Garcia, 1993; Panzera et al., 2011a) and to identifynversion since it has a lower shear wave velocity with re-
site response directivity in the presence of an unstable slopspect to the overlying UCL formation. This causes the HVSR
as well (Del Gaudio et al., 2008; Barek et al., 2010; Del values to drop below 1 over a wide frequency range (e.qg.
Gaudio and Wasowisky, 2011). Castellaro and Mulargia 2009; Panzera et al., 2011b). The
A direct estimate of the polarization angle was also origin of the resonance peak was confirmed by carrying out
achieved by using the covariance matrix method (Jurkevics1-D modelling, computing synthetic HVSR curves (Fig. 5).
1988) to overcome the bias linked to the denominator behavio compute the synthetic spectral ratios, we considered that
ior that could occur in the HVSR technique. This technique ambient vibration wavefields can be represented by the su-
is based on the evaluation of eigenvectors and eigenvaluggerimposition of random multi-modal plane waves moving
of the covariance matrix obtained by three-component seisin all the directions at the surface of a flat 1-D layered visco-
mograms. Signals at each site were band-pass filtered usinglastic solid, as in the Herrmann (2002) formulation. These
the entire recordings and a moving window of 1 s with 20 % waves are assumed to correspond to Rayleigh waves in the
overlap, therefore obtaining the strike of maximum polariza-fundamental mode (Fah et al., 2001), including also the pres-

#5 #6 v, (m/s)
1000 1500
N

ucL

I I .

BC

GL

100+

Depth (m)

10° 10' Hz

tion for each moving time window. ence of Love waves (Bonnefoy-Claudet et al., 2008), gener-
ated by a distribution of random independent point sources
4.2 HVSR patterns and interpretation located at the surface of the Earth (Lunedei and Albarello,

2009). Although the contribution of higher modes is rela-
A dense microtremor measurement survey was carried out itively small, we extended the modal summation up to the
the Xemxija Bay area (Fig. 2c). We focused on the NE partfifth mode. When modelling the HVSR, we applied initial
of the bay, in which there is major evidence of slope instabil- constraints on the thicknesses and elastic parameters of the
ity and in which a high level of cliff fracturing is evident. We layers using borehole logs data to obtain approximate values
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#3 | ] #26

TS T T T
10° 10 Hz 10° 10" Hz 10 10 Hz 10 10 Hz

F|g 6. HVSR results at recording sites located a|0ng the fracturedFig. 7.HVSR results at reCOrding sites located in the landslide zone.
zone in the cliff area.

the contact between the rockfall and detritus unit and the BC

of layer thicknesses and rock densities. Seismic velocity valformation, as well as to the interface between BC and the un-
ues were also utilised from a separate preliminary study underlying GL formation. It is interesting to observe that such
dertaken in the same area using the ReMi, MASW and re-bimodal peaks are not observed in the measurement sites lo-
fraction methods (Panzera et al., 2011c). cated in the southern part of the landslide zone (#14, #23,

The sites close to the cliff edge and all around the iden-#24). It therefore seems that the thickness of the rockfall and
tified fractures (Fig. 6, #1, #2, #3, #4, #8, #9, #10, #11, detritus deposits plays an important role, pointing out the ex-
#12, #13, #26) present a similar behaviour to the one deistence of bimodal peaks at low frequency when its thickness
scribed above, but with a slightly different feature at the high-is of the order of tens of meters, whereas only the funda-
frequency. In general, in all the records (Fig. 6) we observe anental frequency associated to the contact BC/GL appears
clear and predominant peak at around 1.5 Hz which is assowhen the detritus thickness decreases. Peaks observed at fre-
ciated with the interface between BC and GL. Several peaksguencies greater than 9.0 Hz, as previously described, can be
showing a slight increase of the amplitude on the HVSR,associated with detached blocks almost free to oscillate.
are also evident at higher frequency 9.0 Hz). The fact that In Fig. 8a we summarize the above described results into a
these peaks are not visible in the unfractured region leads ugentative draft profile, located as shown in Fig. 2b, which il-
to postulate that they may be associated with the presenclistrates the main geological features and hypothesizes the
of fractures and of blocks almost detached from the cliff andshape of the landslide body. The bottom panel (Fig. 8b)
therefore free to oscillate. shows a 2-D diagram obtained by combining all the ambi-

The sites in the rockfall area show a different HVSR be- ent noise measurements along the profile, namely the HVSR
haviour (Fig. 7) with respect to the measurements taken orspectra shown in Panel ¢ of Fig. 8. Below the sites #5 and
the plateau. In this area it is possible to identify HVSRs #25, the main peaks can be associated with a sequence of
showing bimodal dominant peaks at low frequency, in thelayers which have different shear wave velocities and show
range of 1.0-3.0Hz, as well as pronounced peaks at abouhe presence of an evident velocity inversion. Moving along
3.0Hz and at frequency higher than 9.0 Hz (Fig. 7). Trying the profile from measurement point #4 to #1, it is interesting
to interpret these observations within a geological frameworkto observe the increasing amplitude of the HVSR at frequen-
following the section in Fig. 5, the bimodal peaks at low fre- cies greater than 6.0-7.0 Hz. It can also be noticed that, espe-
quency (1.0-3.0Hz) can, in our opinion, be associated withcially between 50 and 60 m along the profile (sites #1, #2 and
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observed in the rotated HVSRs performed on the landslide
body is quite complex (third row in Fig. 9). The general
trend has a prevailing direction of about°480° N at low
frequency (1.0-9.0Hz), similar to what is observed in the
fractured zone, whereas different resonant frequencies and
directions that could be ascribed to the vibration of smaller
blocks can be observed at higher frequencies (9.0—-40.0 Hz).
Furthermore, we obtained a direct estimate of the polariza-
tion angle through the full use of the three-component vector
b) Distance along the profile (m) of the noise wavefield. Signals at each site were band-pass
0 10 20 30 ) 40 ) 50 ) 60 70 80 90 100 110

— I filtered in three frequency bands 1.0-40.0Hz, 1.0-10.0Hz
3

25

Altitude (m)
>

and 10.0-40.0Hz. The last two frequency bands, in partic-
ular, were selected in order to distinguish between proper-
ties of low and high frequency components of the signal. It
seems evident that the prevailing angle of directional site ef-
fects observed in the HVSR, especially in the fractured and in
the landslide zone, appear constant in the NE direction in the
N, range 1.0-10.0 Hz, whereas directional effects become more
randomly distributed at frequency greater than 10 Hz (see

Fig. 8. (a) Cross section along the A-B profile in Fig. 26) 22D £ig 9y Some examples of the results of noise polarization
diagram obtained combining all the ambient noise measurements . - . .

) . ; . analysis from recording sites on both the cliff and the land-
along the profile as a function of distance (x-axis) and frequency

(y-axis); and(c) HVSR results at the recording sites located acrossSlide are shown_ m Fig. 10. Considering the three sglected fre-
the profile. guency bands, itis clear that the maxima of the horizontal po-

larization occurs in the northeast direction, although in some
cases (see for instance #22) the high frequency directional-

#3), the influence of the fracture zone is evident (see dashelly is more complex. As observed by Barjek et al. (2010),
area in Fig. 8b). This is associated with the presence of thdligh-frequency ground motion can indeed be controlled by
mapped main fracture (marked in red in the top panel) andhe vibration of smaller blocks that imply both different res-
the vibrational mode of the almost detached blocks. Alongonant frequencies and directions. In Fig. 11, some examples
the cross section, at distances ranging from 60 to 100 m, iPf Fourier spectra, showing the presence of spectral peaks in
is possible to note both the presence of the bimodal peak aghe vertical component at the same frequency of the maxima
sociated with the two interfaces, detritus/BC and BC/GL, asOf horizontal components of motion, are reported to support
well as the high frequency peaks most probably associateéhe existence of rocking mode vibration at high frequency.
with the vibration of large blocks that have been detached The polarization observed for the sites located away from

from the cliff face and are now partially or totally included the unstable areas (see middle panel in Fig. 10) show a trend
in the BC. with more dispersed and variable directions. The bound-

aries of the landslide area therefore appear well defined by

4.3 Directional effects from HVSR and polarization  the polarization pattern, and as postulated by Kolesnikov et
analysis al. (2003) the landslide activity is characterized by strong

horizontal polarization in a broad frequency band. In our
The existence of directional effects in the site response wastudy, a tendency seems evident for the entire landslide
investigated by rotating the horizontal components of thebody to generally vibrate with a northeast azimuth and, ac-
spectral ratios obtained at each measurement site by steg®rdingly, during a strong earthquake the ground motion
of 10 starting from O N to 180 N (Fig. 9). We observe that would be amplified in this direction. Studies of Bamgk et
the rotated spectral ratios obtained in the cliff fracture zonesal. (2010, 2012) point out that the ambient noise polarization
show clear directional effects with an angle of about-40 is at about a 90-degree angle to the observed fractures which
60C° N in all of the considered frequency range (first row in are perpendicular to the sliding direction. In the present study
Fig. 9), although some variability in azimuth is observed atthe polarization angle is parallel to the opening cracks, which
high frequency £ 9 Hz) at site #13. On moving away from appears in contrast to the above mentioned results. A possi-
the cliff edge, the rotated HVSRs show a slight change ofble explanation of our findings is that there exists a prevailing
the directional resonance angle (second row in Fig. 9) and amortheasterly sliding direction of the landslide body which is
amplitude decrease of the rotated spectral ratios at high frestrongly affecting the polarization direction, especially in the
quency. Such a behavior could be linked to the increase ofl—10 Hz frequency range.
rock stiffness and the reduction of the amount of blocks free
to oscillate. Finally, it is evident that the directionality pattern

Rockfall & Detritus

—_——mm————q

Frequency (Hz)
Fractured zone

apnyidwy AH
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Fig. 9. Examples of the contours of the geometric mean of the spectral ratios as a function of frequency (x-axis) and direction of motion
(y-axis) obtained at selected ambient noise recording sites.

5 Concluding remarks It is known that seismically-induced ground acceleration
can lead in some cases to landsliding and block detach-

) o ] ] . ment that therefore represent a considerable problem for en-
This paper presents a preliminary field study in the XeijIagineering geology (Fell et al., 2008). In areas prone to se-

Bay area aiming to highlight the importance of evaluating the, o ¢ ground shaking, the effect of seismically-induced land-
local seismic response in presence of the slope instabilitieg|ijes on human lives and facilities can add further damage
related to landslide hazard. In particular, large cliff-parallel 15 that directly connected to the shaking (e.g. Jibson et al.,
fractures that could cause cliff-edge collapse and main UN2000), as experienced in several earthquakes of moderate
stable boulders were identified, mapped and photographeg,,4 large magnitude such as in the reckfit = 6.3 earth-

in order to document the present—day situation. The most qif'quake in Christchurch (New Zealand, 22 February 2011), the
fuse collapse mechanism is represented by rockfalls, topphngMW — 6.2 L'Aquila earthquake (Italy, 6 April 2009) and the

and retrogressive sliding of small to large rocks. These Pro-7,, = 7.9 Wenchuan earthquake (China, 12 May 2008). The
cesses are most likely induced by the different stiffness of theygigmic history of the Maltese Islands is adequately docu-
clay and the overlying Iime;tone. Recent studigs by M. Sol-mented since around 1500 (Galea, 2007). During this pe-
dati (personal communication, 2011) have pointed out thafioy the islands have suffered earthquake damage exceeding
there is no evidence of measured movements after rain or drgpy s.gg intensity V on seven occasions (1542, 1693, 1743,
periods. We therefore think that the fracturing is not induced1856, 1861, 1911, 1923), and the occurrence of landslides

by weathering and erosion at the cliff edge. In our opinion, 55 peen reported on several occasions (e.g. 1693 earthquake
following the outcomes of noise measurements, the presencgom Ellul 1993).

of thg clay formation develops a sliding surface and produces e Xemxija unstable area is characterized by the pres-
tension stresses at the top of the UCL. Thus, cracks expandnce of numerous blocks and boulders along the slopes and
due to the ultimate tensile strength of the formation, definingjitf pase supporting the idea that the area is prone to a se-

blocks on the top of both cliff and hill which are affected by \gre |andslide risk. The instability processes that could be
collapse mechanisms (Lollino and Pagliarulo, 2008).
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Fig. 10.Examples of rose diagrams at representative ambient noise

recording sites. a second zone, close to the cliff area, characterized by the

presence of spectral ratio peaks linked to both the presence
) ) ) of shallow lithotypes such as the BC and the UCL, as well as
potentially triggered are linked to both slow mass move- ihe existence of the fractures in the rock: and a third zone
ments, which might normally occur over tens or hundreds,p, ihe |andslide body, which puts into evidence the presence
of years, and sudden rockfall in the case of ground shakys an active slip surface inside the soft clayey material that
ing due to moderate-to-strong earthquake activity. To bettery|;ows the slow sliding of the upper portion of BC forma-
understand the situation, the most important discontinuitieSgion Moreover, the experimental data highlight the existence
both in the coagtal ghff area and the hill, were identified and of directivity phenomena, affecting in particular the slope ar-
mapped, focusing in particular on the main unstable rockeas centered in the northeastern direction, that seem to be
masses which might be displaced even in case of moderatf,enced by the simultaneous action of geological factors

earthquakes. _ as well as fractures and block vibrations linked to the land-
The available literature data and recent instrumental obsergjiqe activity.

vations indicate that the dynamic response of potentially un-

stable slopes to seismic shaking can be very complex. In par-

ticular, there is evidence that seismic ground motion on land-AcknowledgementsThis work was performed in the frame of
slide slopes can be considerably amplified, and such amplifithe executive program for cultural collaboration between Italy
cation has a directional character (Moore et al., 2011). Suctand Malta supported by the Embassy of Malta in Rome and the
directional effects were seen to be related with topographicMiniSterO degli Affari Esteri Italiano. The authors are grateful to
lithologic and structural factors as well as normal mode rockthe handling editor Oded Katz as well as to Marco Mucciarelli and
slope vibration (e.g. Del Gaudio et al., 2008; Burgk et al., to an anonymous reviewer for the useful suggestions that improved
2012). The NE part of Xemxija Bay, in which there is major the quality of present study.

evidgnces qf slope instability, was studied in detai_l throughEditecl by: O. Katz

amplent noise mez_asurements. The _re;ults of hon;ontal-toReviemd by: M. Mucciarelli and one anonymous referee

vertical spectral ratio measurements indicate that this method

could be useful for the recognition of site response directivity

phenomena. The use of noise measurements pointed out the

existence of three different zones: a stable zone, in which the

HVSRs show only a dominant peak at about 1.5Hz, linked

to the presence of the BC in the shallow lithologic sequence;
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