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Abstract

The city of Chania is located at the Western-North part of the island of Crete. It is
mostly built over Neogene sediments of unknown thickness. In the southern part of
the city the Chania basin is developed, filled mainly by Quaternary deposits overly-
ing the deep Neogene sediments. In this complex geological setting, we conducted
over 200 single station measurements of ambient noise, aiming to estimate the pre-
dominant frequency of the subsurface formations. The obtained results for the HVSR
data show a different behavior between sites located on Neogene and Quaternary
deposits. In general, Neogene sediments show a single peak at low frequencies (be-
low IHz, typically in the range 0.4-0.6Hz), indicating a very thick layer overlying
the bedrock (Trypalion and Plattenkalk limestones). On the other hand, measure-
ments at Quaternary deposits show two peaks, with the first one similar to the
Neogene formations, while the second one is identified at higher frequencies, typi-
cally ~0.8-4.0 Hz. Simulation of ambient noise 1-D models show a good correlation
between the experimental and theoretical HVSR curves, especially when the initial
model consists of two layers (typically Neogene sediments overlying high-velocity
bedrock formations) with a clear identification of the lower frequency HVSR peak,
while for three layered models (typically Quaternary sediments and underlying soft-
er Neogene and Neogene/bedrock high-velocity formations) results are more com-
plicated, although both HVSR frequencies can be partly reconstructed.
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Mepidnyn
H 7oin tov Xoviov fpioketor oo Bopeioovtiké tunuo. s Kpntyg, yxtiouévy oe
Neoyevp 1iliuota oyvawotov woyovs. Notio, e moing oynuatiletoar n Aekdvy twv
Xoviwv, n omoia eivou minpowuévy ne Tetaproyeveis amobéoeis mov emixabovrar twv
ueydiov mayovs Neoyevav ilnudtwv. Xe avto 1o moldmloko yewldoyiko mepifidiiov
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rpayuozoromnBnrayv 200 petpnoeis edopikod Gopvfov e w uédodo povod orabuov,
UE OKOTO TOV TPOGOIOPIOUO THG OGUYVOTHTAS EVIGYUONG TWV  ETLPOVEIOKDY
oynuotiouv. Ta amoteléouota tov PoouaTiKoD Aoyov THG 0pilOVTIOS TPOS THY
Kazokdpoen oovietwoo (HVSR) deiyvoov diapopetikn ovumepipopd twv Neoyevav
xor Tetaproyevarv oynuotioumv. Ievika, to Neoyevy eupovifovv evioyvon oe uio.
xounin ovyvotyta (karw tov 1 Hz, petald 0.4-0.6 Hz), vmodeixvibovrag tyy dmopin
UEYBAOD TaYoVS ICHUATWY TAVE® a0 TO YewAOYIKO/oelouiko vrofobpo (aofeatolifor
Tpomoiiov kar Plattenkalk). Or uetpiioeis o€ mepioyés mov KAADTTOVTOL ETIPAVELOKT,
and Tetoptoyevels oynuationods eupaviCovy OITAES KOPOPES GUXVOTNTOS EVIGYVOHNG,
O TOPOUOLO. [UE QDTI] TWV TEPIOYDV TOV KOADTTOVTOL amo Neoyevi (ot kot puio
vynlotepy, uetolv 0.8-4 Hz. H mpooouoiwon tov edopixod Boptfov ue povodiaorata
HOVTIEAQL OElYVEL KOAN OLVAQELQ UE TO TELPOUOTIKC OTOTEAECUATO, ELOIKA OTOV TO
APYIKO HOVTELO OTOTEAEITOL OO EVOL TTPWUO, TAV®W OO NULY®PO, UE Kobopn didxpion
G KOPVQYNG EVIOYVONG. TNV TEPITTWON 000 OIPWUCTWV ETL  HULYDOPOV  TO.
amoTEAéoUATO, EIVOL IO TEPITAOKQ, KOTOPOMDVOVTOS OUMS VO, KGVOLY EPIKTH THY
010KP10N UETOLD TV FDO KOPLPWDV.

Aéeig kAe1ora: Edopixog Bopovfog, ovyvotyro evicyvons, mpooouoiwar.

1. Introduction

Amplification of earthquake ground motion due to the effect of local geological site conditions
(e.g. thick sedimentary deposits) is an important factor when determining the seismic risk of areas
not located on bedrock formations. Determining the ground response of different geological
formations with traditional methods is not an easy task, especially in urban areas (e.g. due to
anthropogenic factors) or when a large area needs to be covered in high density. During the past
decades the usage of ambient noise recordings has been extensively employed as a tool to
determine the eigenfrequency of sedimentary formations due to seismic excitation and possibly
their lower level of expected amplification. The most common approach is the calculation of
spectral ratio of horizontal to vertical component of ambient noise-HVSR (Nakamura, 1989),
despite the lack of a rigorous theoretical basis (Bard, 1999). In the present study 200
measurements of ambient noise with a single recording station have been performed in the urban
area of Chania and its southern basin in order to determine the eiganfrequency of excitation.
Measurements are grouped based on the spatial similarity of the HVSR curve in order to define
common properties of the geological formations. Using Hisada’s method for the calculation of
Green function (Hisada, 1994, 1995), five (5) groups of measurements have been simulated using
a 1-D model. The simulation of ambient noise sources has been performed by the use of the
RANSOURCE algorithm (Moczo and Kristek, 2002).

2. Geological Setting and Experiment Setup
2.1. Geological Setting

The broader study area consists, according to the available IGME geological map, of Tripalion and
Plattenkalk limestones in the mountainous area south of the basin of Chania, Quaternary deposits
filling the basin of Chania south of the main city complex and Neogene sediments filling the urban
area at the North. Bastelli (2002) presented a more detailed description of the Neogene sediments
covering the city of Chania. The largest part of the eastern and southern Chania city area is cov-
ered with alternations of white and grey marly limestones, marls and yellow marly limestones with
thin layers of sandstone. The western section of the city region is covered with alluvial Quaternary
deposits, while at the coast there are human deposits, medium thickness sand formations, as well
as fluvial sediments. At the southwestern area we find compact marly limestone with colors rang-
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ing from white to grey, within which bioclastic limestone lenses can be found, along with marly
gravels (Figure 1).

Figure 1 - Geological map of the broader Chania area (based on IGME map and Bastelli,
2002). The HVSR recording sites are also presented (blue dots).

2.2. Experiment Setup

The 200 measurements of ambient noise have been conducted in the broader area of interest, using
a Lennarz 3D/5s sensor coupled with City Shark II digitizer. All measurements lasted 30 minutes
and were obtained at night hours (typically 24:00-06:00) to minimize human and traffic noise
influence. For all measurements a common processing approach was adopted, removing the mean
value and filtering them with a bandpass Butterworth filter in the 0.2-20 Hz range, which
corresponds to the main frequency window of interest. Measurements were split in smaller time-
windows of 40 seconds length. The spectrum of each component’s window was calculated using a
Fast Fourier Transform (FFT) with tapering of 5% and smoothed using the Konno-Ohmachi
approach, with a b constant of 40 (Konno and Ohmachi, 1998). The horizontal components were
then geometrically averaged and divided with the vertical component to obtain the Horizontal to
Vertical Spectral Ratio (HVSR) of each measurement. The lowest peak in frequency exceeding the
amplitude value of 1.8-2.0 was chosen as the resonance frequency of sediments overlying the
geological bedrock. If more than one peak was observed, we checked the spectrum of
measurement to define whether its origin was human related, e.g. by observing spikes in the FFT
spectrum at the same frequency. If the origin of peak was considered as of possible geological
origin, then a second frequency was picked, following the same amplitude criteria as above.

Measurements were visually inspected in a GIS system and spatial distribution maps were created
regarding the selected frequencies and amplitudes. Measurements were grouped based on the
similarity of the corresponding HVSR curve in order to recognize patterns reflecting different
geological formations. Using Hisada’s method (Hisada, 1994, 1995) a calculation of the theoretical
Green function was performed for 1-D geophysical models derived on the basis of independent
geophysical (noise array) measurements (Papadopoulos, 2013). The usage of the RANSOURCE
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algorithm (Moczo and Kristek, 2002) provided the ambient noise input signal calculated for an
area much similar in size to the study area.

3. Theoretical Approach

3.1. Horizontal to Vertical Spectral Ratio

Nogoshi and Igarashi (1970) presented the first usage of the HVSR of ambient noise for site
response estimation, showing the relationship between the HVSR curve and the ellipticity curve of
the Rayleigh waves around the fundamental resonance frequency. Nakamura (1989) showed that it
is possible to estimate the resonance frequency of sediments, proposing that the ambient noise
consists of S-waves, and showing that a good approximation of the amplification can be achieved,
making HVSR a useful tool to reveal some of the dynamic characteristics of local site effects.
Until today, the applicability of HVSR technique has been the subject of numerous studies around
the World (e.g. Field and Jacob, 1995; Horike et al., 2001), and in some extent some theoretical
and numerical investigations have been published regarding the physics of the subject (e.g.
Bonnefoy-Claudet et al., 2007). Most of the authors agree that the method is quite reliable in
defining the resonance frequency of soft soil over bedrock using ambient noise (e.g. Bard et al.,
1997), but should not be considered as safe for the estimatation of the amplification due to seismic
excitation by using HVSR curves (Haghshenas et al., 2008). In most cases amplitude measured
with ambient noise is considered a low boundary of the actual amplification given by other
geophysical and geotechnical methods, like Standard Spectral Ratio (e.g. Maresca et al., 2003).
Moreover, the geometry of the sedimentary formation e.g. basin shape, plays an important role to
both frequency and amplitude measured with the HVSR technique. When lateral discontinuities
are observed, especially at the edges of basin, HVSR peaks appear broader and lower as the slope
of basement increases (Cornou et al., 2006)

3.2. Parametric Numerical Investigation

To create the source signal for ambient noise recorded in a receiver, we used the RANSOURCE
algorithm (Moczo and Kristek, 2002). The algorithm creates random sources either on the surface
or in small depth of a given volume. A large number of receivers can be set at the surface or at a
depth anywhere in the simulation volume. The time function of the noise sources can be either
delta type or pseudo-monochromatic of random length and eigenfrequency, randomly chosen by
the algorithm, in an attempt to imitate as much as possible the most common noise sources (impact
and pseudo-harmonic).

Hisada (1994, 1995) modified the generalized Transmitter/Receiver coefficient method (Luco and
Apsel, 1983), solving the difficulty of calculating Green’s function when sources and receivers are
located in similar or the same depth. Soil column must be heterogeneous and viscoelastic,
horizontally stratified above bedrock, with parameters varying only with depth (1D models).
Green functions are calculated for every pair of source-receiver and the time series is the
summation of every recording couple. In order for the Green function to be calculated, the 1D
geophysical model needs to be provided, consisting of the velocity parameters of the layers for P-
and S- waves, thickness and density of layers, and quality factors Qp and Qs.

The volume we chose for creating the noise signal is similar to the size of the Chania basin,
namely 2500x2500x10 meters. Receiver is centred on the surface of the volume, with source
positions randomly distributed at the surface or down to the depth of 10m, with an equal
contribution (50%) of delta and pseudo-monochromatic sources. In total 549 sources are created,
effecting for 50 seconds. Minimum and maximum simultaneous working sources are set to 1 and
25, respectively, the minimum distance between sources was 10 meters and the minimum and
maximum distance between source and receiver was set to 50 and 2500 meters, respectively.
Combining RANSOURCE with Hisada’s method produced 50 seconds time series of ambient
noise over 1-D model, which by convolution of the time series was increased to 250 seconds.
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4. Results
4.1. HVSR Results

In Figure 1 the HVSR measurements covering most of the extent of the Chania basin are
superimposed to the geological map of the study area. In Figure 2 the spatial map of the lower
resonance frequency of the area, as defined by the HVSR data, is presented, overlying the geology.
Within the area of the city of Chania this fundamental frequency exhibits a peak around 0.4-0.6 Hz
which extends throughout almost to the whole basin. This peak is possibly associated with the
impedance contrast between the total column of Quanternary-Neogene sediments and the
underlying bedrock formations. At the South, where the mountainous area consisting mainly of
marly limestones is located, the peak frequency rises to values ranging 10-18 Hz, corresponding
most probably to the superficial cover of soil or weathered bedrock. At the western and southern
region of the basin, the peak frequency is lower, ranging between 0.28-0.35 Hz. In Figure 3 the
amplitude of the corresponding frequency peak is presented, showing a value between 2-2.5 for
the largest part of the urban area, indicating a relatively low impedance between the bedrock and
the overlying (mostly Neogene) sediments. In the central part of the basin the observed amplitudes
rise to values above 3.7.

Figure 2 — Spatial distribution of the fundamental frequency defined from HVSR
measurements within the broader Chania area.

For many recording sites, especially inside the Quaternary basin of Chania south of the main city
complex, a second peak was observed in frequency range of 0.8-4 Hz. Although several research
works consider higher frequency HVSR peaks as an indication of higher modes of Rayleigh waves
in the ambient noise wavefield, an alternative approach is to consider them as a result of
impedance contrast between sediments, corresponding to different layers inside the soft soil
formations. In Figure 4 the measurements for which a second frequency peak appears in the HVSR
curve are presented along with the spatial map of this higher frequency peak. In the urban area of
Chania HVSR measurements appear to have a second peak mostly in the range 3-10 Hz, which can
be interpreted as a result of the presence of small lenses of soft Quaternary or Neogene sediments
locally placed above stiffer Neogene formations (e.g. stiffer marls).
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Figure 3 - Spatial distribution of the amplitude of the fundamental frequency peak defined
from HVSR measurements within the broader Chania area.

Figure 4 - Spatial distribution of the higher frequency defined from HVSR measurements
within the broader Chania area.

Moving to the South, it is evident that the whole basin, which is covered with Quaternary deposits,
has a second peak frequency around 1 Hz, which gradually lowers up to 0.5 Hz towards its centre.
We interpret the existence of the second frequency in the basin as related with the impedance ratio
between the low velocity Quaternary deposits and the higher velocity Neogene sediments. The
difference in frequency between the central section and the basin edges depicts the corresponding
difference in thickness of the Quaternary deposits. In Figure 5 the amplitude of the higher
frequency peak is presented, showing a maximum again at the centre of the basin, with a value
exceeding 3, while at the edges of the basin and in the urban area the value is between 1.8-2.5.
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Figure 5 —Spatial distribution of the amplitude corresponding to the higher frequency
defined from HVSR measurements within the broader Chania area.

Figure 6 — Spatial grouping of HVSR measurements in the broader Chania area, performed
on the basis of the HVSR curve similarity.

4.2. Parametric Investigation Results

HVSR curves were correlated on the basis of their similarity into groups, in order to define
patterns possibly reflecting the local geological formations. Six (6) groups of HVSR curves have
been identified and for each group a parametric investigation was performed using Hisada’s
method in an attempt to estimate the 1-D model of geological formations for each HVSR group. In
Figure 6 the grouping of measurements is presented, showing each area in different colours. Group
H represents all measurements with no significant amplification or amplification in frequencies
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above 12 Hz, mainly identified in the mountainous area at the South, which can be considered as
typical for a rock formation. For all other groups, we considered 1-D models for Hisada’s
calculation of theoretical transfer function. The S-wave velocities employed for these models were
derived from independent results (Papadopoulos, 2013), using ambient noise array recordings,
which show velocities of the order or 300m/s for Quaternary formations and between 700
(shallower) and 1700m/s (deeper) for Neogene formations (mainly marls), with an average
velocity of ~1100m/s. Using these velocities as a base for all models, we allowed the
Quaternary/Neogene and Neogene/bedrock interfaces to vary, in order to allow the synthetic
HVSR curves to match the observed ones. A typical example is presented in Figure (7), where the
fit of the synthetic HVSR against observed ones is presented for groups A and G. In general, the
modelling allows the efficient simulation of the observed HVSR data, suggesting that their
features, especially the higher HVSR frequencies can be efficiently explained by the determined 1-
D of each sub-area.

The final modelling results are presented in Table 1, showing 2-layer formations in the area
covered by the city of Chania (Neogene sediments-bedrock, groups G), and 3-layer geological
formations in the basin or the hill area west of the city complex (Quaternary deposits-Neogene
sediments-bedrock, groups A, B, C and D). The results show a single clear peak in frequency for
Group H, covering the urban area, with a 1D model of Neogene sediments overlying the bedrock.
The remaining four models describing the basin geology consist of two layers over bedrock,
showing a second peak in frequency that varies, depending on the thickness of the upper layer of
mainly Quaternary (locally softer Neogene) deposits. In general the amplitude of a two-peak
HVSR curve is low, making the peak identification more difficult; however their presence is still
evident, confirming the presence of a velocity contrast between the sedimentary formations
(typically Quaternary/Vs~300m/s against stiffer Neogene/Vs~1100m/s layers).

Figure 7 - Theoretical and observed HVSR curves for the spatial HVSR groups A and G, as

these are presented in figure 6. Notice the fit of the higher frequency peak for group A, as a

result of the presence of shallower low-velocity Quaternary/Neogene formations, and the fit
of the fundamental frequency peak ~0.4-0.5 Hz for both groups (see also Table 1).

5. Conclusions

We have studied the complex geological environment of the broader area of the city of Chania,
using HVSR measurements that were conducted in order to define the resonance frequency of
sediments overlying the bedrock formations (typically Trypalion and Plattenkalk limestones) and
estimate the general structure of the main geological formations (Quaternary and Neogene
deposits) of the broader area. Results show that for the whole area a peak can be observed in the
HVSR curves at a low frequency, around 0.4-0.6 Hz, associated with the velocity contrast between
sediments of unknown thickness and the geological/seismic bedrock. A second peak in higher
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frequency appears in the Chania basin, ranging between 0.8-4 Hz, which has been interpreted as
the result of the impedance difference between the low velocity Quaternary deposits that cover the
basin and the underlying Neogene sediments with higher velocity. Amplitude of the peak
frequencies is in the vicinity of 1.5-3.5 for the lower frequency peak and 1.6-2.8 for the higher
frequency peak, except for the centre of the basin, where it rises to values of 4-6 and 3-5,
respectively.

Simulation of ambient noise confirmed in general the results by calculating the theoretical transfer
function using Hisada’s method, and providing an estimation of the thickness of the various
formations. For all simulations Quaternary deposits have an average velocity of 300 m/sec,
overlying Neogene sediments with velocity around 1100 m/sec and bedrock appears with velocity
of 3500 m/sec, as controlled by independent noise array results. Simulation shows that when a
two-layer over bedrock model is used, a second peak appears in the HVSR curve, as long as the
impedance contrast between the sediments is high enough. At higher frequency (over 6 Hz) a third
peak appears in the simulation that does not exist at the experimental HVSR curve, which is
interpreted as a result of the multiple reflections of the surface waves that is not present in actual
HVSR curves, due to model deviations from the 1D structure. The simulation results verify that
the higher peak frequency decrease observed for the central part of the Quaternary Chania basin is
due to an increase of the thickness of the Quaternary deposits, with group C depicting the higher
Quaternary formation thickness of ~100m (see Table 1), while other models depict significantly
lower estimates (e.g. 20m for group A). On the other hand, the Neogene thicknesses vary between
500 and 800m, verifying the dominant presence of Neogene formations (mainly marls and marly
limestones) above bedrock, in excellent agreement with geological observations and models.

Table 1. Geological models used for the simulation of HVSR curves.

Group | Formation | Vp (m/sec) | Vs (m/sec) H (m) Qp Qs p (gr/cm3)
A Quaternary 460 300 20 30 15 1.9
Neogene 2000 1100 800 90 30 2.0
Bedrock 5400 3500 - 300 90 2.1
B Quaternary 800 500 80 30 15 1.9
Neogene 2500 1100 800 90 30 2.0
Bedrock 5400 3500 - 300 90 2.1
C Quaternary 460 300 100 30 15 1.9
Neogene 2100 1100 500 90 30 2.0
Bedrock 5400 3500 - 300 90 2.1
D Quaternary 460 300 60 30 15 1.9
Neogene 2000 1100 800 90 30 2.0
Bedrock 5400 3500 - 300 90 2.1
G Neogene 2300 1400 750 90 30 2.0
Bedrock 5400 3500 - 300 90 2.1
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