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Abstract. The town of Idrija is located in an area with an
increased seismic hazard in W Slovenia and is partly built
on alluvial sediments or artificial mining and smelting de-
posits which can amplify seismic ground motion. There is
a need to prepare a comprehensive seismic microzonation in
the near future to support seismic hazard and risk assessment.
To study the applicability of the microtremor horizontal-to-
vertical spectral ratio (HVSR) method for this purpose, 70
free-field microtremor measurements were performed in a
town area of 0.8km? with 50-200m spacing between the
points. The HVSR analysis has shown that it is possible
to derive the sediments’ resonance frequency at 48 points.
With the remaining one third of the measurements, nearly
flat HVSR curves were obtained, indicating a small or neg-
ligible impedance contrast with the seismological bedrock.
The isofrequency (a range of 2.5-19.5Hz) and the HVSR
peak amplitude (a range of 3-6, with a few larger values)
maps were prepared using the natural neighbor interpolation
algorithm and compared with the geological map and the
map of artificial deposits. Surprisingly no clear correlation
was found between the distribution of resonance frequencies
or peak amplitudes and the known extent of the supposed
“soft” sediments or deposits. This can be explained by rela-
tively well-compacted and rather stiff deposits and the com-
plex geometry of sedimentary bodies. However, at several
individual locations it was possible to correlate the shape
and amplitude of the HVSR curve with the known geolog-
ical structure and prominent site effects were established in
different places. In given conditions (very limited free space
and a high level of noise) it would be difficult to perform an
active seismic refraction or MASW measurements to inves-
tigate the S-wave velocity profiles and the thickness of sed-

iments in detail, which would be representative enough for
microzonation purposes. The importance of the microtremor
method is therefore even greater, because it enables a direct
estimation of the resonance frequency without knowing the
internal structure and physical properties of the shallow sub-
surface. The results of this study can be directly used in anal-
yses of the possible occurrence of soil-structure resonance
of individual buildings, including important cultural heritage
mining and other structures protected by UNESCO. Another
application of the derived free-field isofrequency map is to
support soil classification according to the recent trends in
building codes and to calibrate V; profiles obtained from the
microtremor array or geophysical measurements.

1 Introduction

The town of Idrija (8000 inhabitants) is an important indus-
trial and cultural center in western Slovenia (Fig. la), for
which the increased seismic hazard is characteristic. It is lo-
cated in the relatively narrow valleys at the confluence of the
rivers Nikova and Idrijca (Fig. 1b). As the oldest mining town
in Slovenia, it is famous for its mercury mining tradition, go-
ing back 500 years. Part of the town is built on artificial de-
posits, which resulted from mining and smelting activities,
or on alluvial sediments. However, the extent, thickness, and
stiffness of the artificial deposits are mostly unknown be-
cause they accumulated over centuries of mining activities
(Gosar and Car, 2006). This kind of relatively soft deposit
or sediment usually amplifies seismic ground motion during
earthquakes; this is known as seismological site effects (Re-
iter, 1990). However, no seismic microzonation of the Idrija
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Figure 1. (a) Location of the Idrija town in Slovenia. (b) Geolog-
ical map of the Idrija town area (after Mlakar and Car, 2009). Red
triangles indicate points of microtremor measurements.
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urban area has been performed so far to quantitatively as-
sess the effects of the local geological structures on seismic
ground motion. There is a great necessity to prepare a com-
prehensive seismic microzonation in the near future to sup-
port the seismological hazard and risk assessment, as well as
to provide input data for the earthquake-resistant design of
buildings and structures or the retrofitting of existing build-
ings. This is especially important because Idrija is an impor-
tant local center, undergoing fast development. It is also a
UNESCO World Heritage Site, so it is crucial to protect the
industrial and cultural heritage buildings and structures re-
lated to 500 years of mercury mining from all kinds of natu-
ral disasters, including the seismic hazard.

Methodologies used in seismic microzonation have been
significantly improved in the last 2 decades through better
understanding of seismological site effects, the development
of new research methods for characterization of the shallow
subsurface, and through preparation of appropriate standards
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and guidelines (Ansal, 2004). Seismic microzonation is usu-
ally performed at different levels, from a preparatory level
(level 1), which is based on existing data, through interme-
diate level (level 2), in which simplified methods and empir-
ical laws are used to assess ground motion amplification, to
the highest level (level 3), which involves advanced meth-
ods for quantitative characterization of the sediments and
the application of numerical methods to derive amplifica-
tion factors (Bramerini et al., 2015). Level 3 seismic micro-
zonation provides input data for state-of-the-art earthquake-
resistant design or retrofitting. Among other geophysical and
geotechnical methods used for level 3 microzonation, the
seismological microtremor horizontal-to-vertical spectral ra-
tio (HVSR) method has achieved high recognition in the
last decade because it provides very important data on the
main resonance frequency of soft sediments overlaying stiff
geological bedrock (Bard, 1999). The results of the free-
field microtremor measurements are thus used in different
soil classification standards and are especially valuable when
compared with additional microtremor measurements inside
buildings to assess the danger of soil-structure resonance,
which can significantly enhance the damage during earth-
quakes (Gallipoli et al., 2004). They are also used to con-
strain the S-wave velocity—depth profiles obtained from the
microtremor array or MASW measurements through a joint
modeling of HVSR and dispersion curves.

The microtremor HVSR method has gained great popu-
larity also because it provides the sediments’ resonant fre-
quency without knowing the thickness of sediments and
their vertical S-wave velocity profile, the data that are
otherwise needed to numerically calculate the frequency.
However, these data can be acquired only with relatively
expensive geophysical investigations like seismic refrac-
tion, MASW methods, or drilling. In contrast, the mi-
crotremor method provides results only when there is a rel-
atively strong impedance contrast between sediments and
the bedrock (Ansal, 2004). If the knowledge on the sed-
iments and bedrock physical properties is insufficient, the
method should be first tested to prove that it is effective in
given geological conditions. This is especially important in
case of very heterogeneous geological settings, like in Idrija.
This paper presents a study on the applicability of the mi-
crotremor HVSR method in the Idrija area in order to eval-
uate this method and its possible contribution to the future
seismic microzonations. A high-level seismic microzonation
of the Idrija region is needed to support urban planning,
earthquake-resistant design, the protection of industrial and
cultural heritage buildings and structures, and civil protec-
tion emergency planning. However, no data on the S-wave
velocity structure of sediments and bedrock were collected
so far using alternative methods (microtremor array meth-
ods, MASW, seismic refraction, or velocity measurements in
boreholes) to support seismic microzonation. This increased
the motivation for a study based on the microtremor HVSR
method because no prior information on the velocity struc-
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ture is needed to interpret the results. Moreover, recommend-
able future alternative investigations of the velocity struc-
ture using more expensive methods could be more efficiently
planned based on the microtremor HVSR results. Neverthe-
less, it should be kept in mind that microtremor HVSR inves-
tigations are only the first step in a complete microzonation
study.

The geological setting in the Idrija area (Fig. 1b) is rather
complex (Car, 2010). The largest part of the area is built of
Triassic dolomite, limestone, and claystone. In-between are
Carboniferous claystones and Permian sandstones, dolomite,
or limestone. Upper Cretaceous limestone is present only in
the SW part of investigated area (Mlakar and Car, 2009). All
these lithological units are considered as a rock according
to seismic soil classifications like Eurocode 8 (Ansal, 2004).
The region is cut by several faults which extend mainly in
the NW-SE direction, parallel to the major dextral strike-slip
Idrija fault. Fault zones can be several tens of meters in width
(Car and Gosar, 2011) and the rocks inside these zones are
highly fractured or exposed to pronounced weathering, espe-
cially in the case of claystones. Highly fractured rock can lo-
cally influence the impedance contrast between the bedrock
and overburden sediments.

Quaternary alluvial sediments extend along both sides of
the Idrijca river and in the lower part of the Nikova river
(Fig. 1b). They are composed of gravel and clay, which
can generally be classified as soil type B or C according
to the Eurocode 8 standard. However, the scale of the map
(1:25000) prepared by Mlakar and Car (2009) does not al-
low us to show the details of the soft sediments in the town
area. Unfortunately, no detailed maps or cross sections of
alluvial sediments have been prepared so far for the town
area to support seismic microzonation, due to the lack of
geotechnical drilling and geophysical investigations. From
the topography of the Idrijca and Nikova valleys it is reason-
able to expect that the thickness of alluvial sediments does
not exceed 15m. A more or less thick layer of weathered
or highly fractured rock and thin alluvium can also be ex-
pected in other places. Another soft “sediment”, up to 10m
thick, is related to the mining and smelting deposits accu-
mulated during centuries of mining activities (Fig. 2). Their
extent roughly corresponds to the extent of Quaternary allu-
vial sediments (Fig. 1b), building a situation which can make
a seismic response quite complex. These artificial deposits
can also be classified according to their general characteris-
tics as soil type B or C according to Eurocode 8. However,
since no applied geophysical (seismic refraction or MASW)
or seismic borehole investigations were performed in the area
to determine the S-wave velocity structure of the sediments,
classification based on quantitative parameters is impossible.

Due to complex geological setting in Idrija, characterized
by a heterogeneous bedrock which is both highly fractured
and weathered, as well as overlain with alluvial and artifi-
cial deposits, no simple relation is expected between the ex-
tent, the homogeneity, and the thickness of the supposedly
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Figure 2. Position map of microtremor measurements (red trian-
gles) in the Idrija town area. Red labeled points indicate examples
of HVSR analyses shown in Fig. 5, blue labeled points examples
shown in Fig. 6, and black labeled points examples shown in Figs. 3
and 4. Extent of mining and smelting deposits is shown (data pro-
vided by Idrija municipality). Basemap shaded relief was derived
from lidar 1 m resolution digital elevation model (Ministry of the
Environment and Spatial Planning, portal e-Vode).

soft sediments and seismic site amplification. The applica-
tion of advanced quantitative investigation methods is cru-
cial to support any microzonation studies in the area. Since
microtremor HVSR studies were so far mainly performed in
sedimentary basins of rather regular shape, where the rela-
tion between the thickness of sediments and the resonance
frequency is more straightforward, any study performed in a
more complex geological setting is of wider scientific inter-
est and contributes to the verification of the methodology.

2 Seismic hazard in the Idrija area

According to the official seismic hazard map of Slovenia for
the 475-year return period (Lapajne et al., 2001), the Idrija
area is in the 0.200 g peak ground acceleration zone but not
far (8 km) from the border with the 0.225 g zone. Since the
highest seismic hazard is 0.250 g in the central and utmost
NW Slovenia, the Idrija area can be considered as having
a relatively high seismic hazard. The main question with the
seismic hazard assessment in this area is the exact location of
the strongest known historical earthquake in Slovenia, which
occurred in 1511 and had the estimated magnitude of 6.8.
It is supposed that it occurred in the Alps—Dinarides junc-
tion area somewhere in the W Slovenia, but the exact loca-
tion and mechanism of this event are still debated (Fitzko et
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al., 2005). However, this earthquake is often referred to as
the Idrija earthquake because 500 years ago there were only
a few stone buildings (castles, churches, etc.) in W Slovenia
and only sparse records on their earthquake damage are avail-
able in historical documents (KoSir and Ceci¢, 2011). This
makes it difficult to evaluate the macroseismic field, which is
crucial to constrain the epicenter location and the magnitude
of the event. However, the Idrija mercury mine started its op-
eration in 1495, a decade before the earthquake. Although
there were only two stone houses (others were made from
wood) at the time in Idrija (the church and the mining inspec-
tor’s home), there is some secondary evidence of the damage
(Kosir and Ceci¢, 2011). The most significant was the huge
landslide downstream from Idrija, which completely buried
the Idrijca river. As a consequence a lake was formed, sub-
merging the whole mine as well as part of the town. It took
7 years to retrofit the mine and enable its further operation.
Another reason for naming the 1511 event as the Idrija earth-
quake is the fact that the Idrija fault is the most important
dextral strike-slip Dinaric fault in W Slovenia (Moulin et al.,
2014). Idrija is located approximately in the middle of its to-
tal length of 120 km. Detailed geomorphological, structural—
geological, and paleoseismological studies revealed that it
has the potential to generate strong earthquakes (Moulin et
al., 2016), although its recent seismicity (in the last century)
is rather low (Ziv&ié et al., 2011).

In the old official seismic hazard map of Slovenia show-
ing the Medvedev—Sponheuer—Karnik (MSK) intensities for
500-year return period (Ribari¢, 1987), the supposed location
of the 1511 earthquake had a great influence on the distribu-
tion of zones with the highest seismic hazard. According to
this map, Idrija is located in an intensity VIII MSK zone, but
the intensity IX MSK zone begins 10 km to the north. It is ob-
vious that such a distribution of high-intensity zones is con-
trolled only by the 1511 event, listed in the applied seismic
catalogue at coordinates that are very poorly constrained, be-
cause no other strong historical earthquakes are known in this
area. Although intensity seismic hazard maps are no longer
used in engineering design (they have been replaced by peak
ground acceleration maps), a new intensity map for 475-year
return period was prepared in 2011 to be used in civil protec-
tion for emergency planning (Sket Motnikar and Zupangic,
2011). According to this map, which is much smoother than
the Ribari¢ (1987) map, Idrija is located in the VIII EMS-
98 (European Macroseismic Scale) zone and there is no IX
EMS-98 intensity zone in the vicinity.

In conclusion, according to all existing seismic hazard
maps of Slovenia for 475- or 500-year return periods, Idrija is
located in relatively high seismic hazard zones: 0.200 g peak
ground acceleration, VIII MSK, or VIII EMS-98. It is there-
fore essential to prepare a comprehensive seismic microzona-
tion map for the Idrija area to enable thorough urban plan-
ning, earthquake-resistant design of buildings, protection of
heritage buildings or structures, and emergency planning.
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3 Methodology

The microtremor method has been widely used for site ef-
fect studies in the last decade (Bard, 1999), although the
theoretical basis of the HVSR analyses of the free-field mi-
crotremor measurements is still debated. Different theories
on the content of body and surface waves in microtremors
have been considered. More widely accepted is the “sur-
face waves” explanation (Bard, 1999; Bonnefoy-Claudet et
al., 2006), by which the HVSR is related to the ellipticity of
Rayleigh waves, which is frequency dependent. The HVSR
therefore exhibits a sharp peak at the fundamental frequency
of the sediments, when there is a high impedance contrast
between the sediments and underlying bedrock. Criticism of
the HVSR method was often related to the fact that there
is no common practice for data acquisition and processing
(Mucciarelli and Gallipoli, 2001) but some standards were
provided later (SESAME, 2004). Today it is widely accepted
that the frequency of the HVSR peak reflects the main res-
onance frequency of the sediments. The main advantages of
the HVSR method are relatively simple, low-cost measure-
ments and a straightforward estimate of the resonance fre-
quency of sediments without previous knowledge of the geo-
logical and S-wave velocity structure of the subsurface. This
frequency can be used directly to assess the danger of soil—
structure resonance or independently, because there is a trend
to consider also the resonance frequency or the period of the
sedimentary cover in different soil classifications for seismic
microzonation (e.g. Ansal, 2004; Luzi et al., 2011). The use
of microtremors was later extended to study the dynamic pa-
rameters of buildings, for instance to identify their funda-
mental frequencies (Mucciarelli et al., 2001; Gallipoli et al.,
2004; Boutin and Hans, 2008; Gosar et al., 2010).

4 Microtremor measurements

Microtremor measurements were performed in an area of ap-
proximately 0.8 km? which extends across the whole urban
area of Idrija on both sides of the Idrijca and Nikova rivers
(Figs. 1b and 2). Seventy measurements were conducted al-
together, with a spacing of 50-200m between measuring
points. The locations were carefully selected to avoid the in-
fluence of buildings, industrial facilities, and traffic as much
as possible, although this was not always possible in the ur-
ban environment. The grid of measuring points is therefore
quite irregular. The free-field space between houses in the
town center was very limited, while the selection of measure-
ment points in the industrial northern part was limited due to
the restricted access to some industrial facilities.
Measurements were performed with two Tromino seis-
mographs (Micromed, 2005) composed of three orthogonal
electrodynamic velocity sensors, a GPS receiver, digitizer,
and a recording unit with a flash memory card. All parts
are integrated in a common case to avoid electronic and me-
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chanical noise, which can be introduced by the wiring be-
tween equipment parts. Good ground coupling on soft soil
was obtained by using long spikes mounted at the base of the
seismograph. The sampling frequency was 128 Hz and the
recording length at each point was 20 min. The experimental
conditions of microtremor measurements (e.g. Chatelain et
al., 2008) were mainly favorable. The main difficulties arose
from the low-frequency traffic and industrial noise.

The HVSR analysis was performed in the following way.
The recorded time series were visually inspected to iden-
tify possible erroneous measurements and stronger transient
noise. Each record was then split into 30 s non-overlapping
windows, for which amplitude spectra in the range of 0.1-
64 Hz were computed using a triangular window with 5 %
smoothing and corrected for the sensor transfer function. Dif-
ferent levels of smoothing were tested, but 5 % gave the best
results. The HVSR was computed as the geometric average
of both horizontal component spectra divided by the verti-
cal spectrum for each window. Finally, the average HVSR
function of all windows with the corresponding 95 % confi-
dence interval was computed. To understand the more com-
plex HVSR results with several peaks, the Fourier amplitude
spectral curves (example in Fig. 3a) were analyzed, which
usually allows a clearer recognition of spurious peaks. An
example of the HVSR analysis for a measurement at point
Id46 is shown in Fig. 3. Fourier amplitude spectral curves
(Fig. 3a) show a clear difference between both horizontal and
the vertical component in a narrow frequency range. This dif-
ference results in a clear peak on the HVSR curve at 12.3 Hz
with an amplitude of 4.2 (Fig. 3b). The stability of the H/V
spectral ratio within a 20 min recording was analyzed in 30 s
windows, as shown in Fig. 4 for a measurement at point Id3.
From the color-coded plot of HVSR functions for all win-
dows (Fig. 4a), the windows, including strong transient low-
frequency noise, were identified and excluded from further
computation (Fig. 4c). After the removal of the noisy parts of
the record, the signal-to-noise ratio improved in comparison
to the original HVSR curve (Fig. 4b), narrowing the 95 %
confidence interval, especially in the low-frequency part of
the spectral ratio (Fig. 4d). A very clear and pronounced peak
was obtained at 9.4 Hz with a HVSR amplitude of 9.3. For
most of the measurements it was sufficient to exclude two
to eight windows (each 30 s long) from further computation,
i.e. 5-20 % of the whole record length. However, in some
locations the low-frequency noise was very high and per-
sistent. In this case measurements were repeated at another
time and the results compared. The temporal stability of the
H /V spectral ratio was generally good after the exclusion
of the noisiest windows. This is reflected in a relatively nar-
row 95 % confidence interval for average HVSR functions
which was obtained for most of the records (examples shown
in Fig. 5). However, there were some locations (for exam-
ple Id5 on Fig. 6) with persistent low-frequency noise, both
in the original and the repeated measurements. The tempo-
ral stability of the H/V spectral ratio was low in this case
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and could preclude the determination of the resonance fre-
quency. However, this problem was more pronounced at low
frequencies below 1 Hz, which are generally below the fre-
quency range of engineering interest for low-rise buildings
which prevail in Idrija.

5 Results of the microtremor HVSR analyses

The HVSR analyses of free-field measurements showed that
most of them (Fig. 5) fulfil the criteria for reliable measure-
ments and clear peaks (SESAME, 2004). If a sufficient num-
ber of criteria are fulfilled, the frequency of the peak is con-
sidered to be the fundamental frequency of the sediments
down to the first strong impedance contrast. The main rea-
sons for the failure of the above criteria are (a) a high level
of low-frequency noise during the whole 20 min of record-
ing, (b) several peaks in a spectrum, or (c) a flat spectral ra-
tio. In cases where the small amplitude of the HVSR peak
caused the failure of the criteria for a clear peak, the results
were compared with adjacent measurements. If the frequen-
cies of questionable peaks were comparable with the fre-
quencies obtained at adjacent points, they were included in
the database. In the end, it was possible to reliably define the
peak frequency for 48 measuring points out of 70.

Several examples of the HVSR graphs are shown in Figs. 5
and 6. The locations of these measurements are shown in
Figs. 1b and 2. In approximately one third of the measure-
ments, very clear peaks were obtained showing the broad
range of fundamental frequencies between 2.5 and 19.5 Hz.
The temporal stability of the signal was moderate. In gen-
eral, the 95 % confidence interval of averaged curves is nar-
rower at higher frequencies and wider at lower frequencies.
This is mainly due to the low-frequency industrial and traf-
fic noise, which could not be completely removed by ex-
clusion of windows with stronger transients. In some cases
there is a sharp peak in the HVSR curve (Id2, 1d37, 1d54,
and Id62 in Fig. 5) which is rather symmetrical and has a rel-
atively large amplitude (5-7) and a narrow 95 % confidence
interval. Such results are most desirable for the derivation
of the sediments’ resonant frequency. However, they reflect
the highest impedance contrast between sediments and the
bedrock and thus the highest amplification of the seismic
ground motion. Asymmetric shapes of HVSR curves with
additional side peaks, which have slightly lower amplitudes,
are also common (Id13, 1d30, and 1d40 in Fig. 5). In most
cases, the side peaks were recognized as spurious peaks re-
sulting from industrial noise. It is generally possible to reli-
ably determine the sediments’ resonance frequency even if
some criteria for a clear peak (SESAME, 2004) are not ful-
filled. In some other cases the amplitude of the second peak
has a similar (Id9 in Fig. 5) or even higher amplitude (Id31
in Fig. 5) than the supposed main peak. However, these addi-
tional peaks occur at very high frequencies (26 Hz in 1d9 and
48 Hz in 1d31) and cannot reflect the layers of seismological
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Figure 3. An example of microtremor horizontal-to-vertical spectral ratio (HVSR) analysis at point 1d46. (a) Three amplitude spectral
curves clearly shows the difference between both horizontal (N-S, E-W) and the vertical (up—down) component in a narrow frequency
range. (b) Observed difference results in a clear peak on the HVSR curve at 12.3 Hz. Thin lines represent the 95 % confidence interval.

interest, because they are very thin. It is even possible that
some of these high-frequency peaks are artifacts of the very
noisy (monochromatic) conditions. The frequency at which
the main peak occurs is therefore still a reliable estimate of
the sediments’ resonance frequency. In some cases the level
of low-frequency noise was rather high, which resulted in a
wide 95 % confidence interval at frequencies below 5 Hz (Id9
and Id40 in Fig. 5). In a few cases (Id29 in Fig. 5) the 95 %
confidence interval is relatively wide in the whole spectral
range and reflects very noisy measurement conditions in a
wide range of frequencies. The stability of the H / V spectral
ratio was therefore lower and, if the noise was persistent dur-
ing the whole 20 min record, it was not possible to improve
the signal-to-noise ratio by excluding the noisy windows as
shown in Fig. 4.

Figure 6 shows several examples of more complex HVSR
curves and examples with a flat response. Among the com-
plex HVSR curves, examples with several peaks of similar
amplitudes in the spectral range of seismological and earth-
quake engineering interest are more problematic for interpre-
tation. At point Id6 (Fig. 6) there are four peaks with the am-
plitude of 3—4 in the frequency range of 6—14 Hz, which are
not well separated. Although there are no clear indications in
the Fourier spectra, some of them are most probably spuri-
ous peaks resulting from the high level of artificial noise in
the town center. The additional factor which can have impact
on the shape of the HVSR curve can be the multilayer set-
ting above the bedrock which includes alluvial sediments and
mining deposits on the left bank of the Idrijca river (Fig. 2).
However, impedance contrasts between alluvial and artificial
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layers seem to be relatively low. At point Id11 (Fig. 6) there
is a series of peaks in the frequency range of 9-20Hz as
well as a separate peak at 2.5Hz. This can indicate a thin
layer of sediments, complex topography (shown in Fig. 2),
and probably another deeper geological interface. The mea-
surement at point Id20 (Fig. 6) is also interesting, showing
a clear, broad, and high-amplitude peak at around 4 Hz, on
top of which are two small and narrow peaks with a simi-
lar amplitude of around 6.5. Although high amplitudes indi-
cate a large impedance contrast at locations with relatively
thick mining deposits (Fig. 2), it is impossible to isolate only
one frequency for eventual soil-structure resonance analy-
sis. A broader frequency range of 3—6 Hz should be consid-
ered. For the measurement 1d24 (Fig. 6) three low-amplitude
(3.0-3.5) peaks are characteristic in the frequency range of
6—12 Hz, showing again the presence of spurious peaks and
perhaps also the influence of both alluvial and mining de-
posits present at this point, which is located on the right bank
of the Idrijca river (Figs. 1b and 2).

There were approximately 10 measurements for which an
almost flat H/V spectral ratio was obtained. In theory this
means no soft sediments or only a small impedance con-
trast between the sediments and the bedrock. Consequently,
zero or very small amplification of seismic ground motion
can be expected, which is a favorable condition in seismic
microzonation. In the given geological setting it was inter-
esting to analyze whether such conditions are characteristic
only for locations far from the valley floor filled with al-
luvial and mining deposits, where the bedrock is supposed
to lie right under the surface. However, for the three ex-
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Figure 4. (a) Stability of the H / V spectral ratio within 20 min long record at point Id3 analyzed in 30 s long windows. (b) Corresponding
average HVSR curve for all windows. (¢) Removal of several noisy windows from the record resulted in (d) better signal-to-noise ratio in

HVSR curve.

amples shown in Fig. 6, it is clear that they reflect differ-
ent geological conditions. Measurement Id15 is located in
the middle of mining deposits (Fig. 2), but perhaps out of
the extent of alluvial deposits. This could indicate that old
mining and smelting deposits could be very well compacted,
reducing the impedance contrast with the bedrock. In con-
trast, point Id25 is located on the bedrock outside of min-
ing and alluvial deposits (Fig. 2) and thus logically does not
show any impedance contrast. Measuring point 1d45 is lo-
cated in the W part of the town (Fig. 2) at a location where
only a thin weathered layer or colluvium is expected. In a
few cases the measurements were dominated by a prominent
low-frequency noise, which is reflected in high amplitudes
in the H/V spectral ratio at frequencies below 1Hz (Id5
in Fig. 6). This is usually not an indication of a very deep
impedance contrast but is rather an artifact of the poor sta-
bility of the three-component microtremor record at low fre-
quencies, which could not be avoided by the exclusion of
high-noise windows from the HVSR computation because
it persisted through the whole measurement. Since the re-
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sponse in the frequency range of engineering interest (1—
15Hz) is low, such measurements (Id5 in Fig. 6) can also
be considered as flat response.

In addition to the analyses based on different characteris-
tics of HVSR curves, the results were also compared based
on the lithology. It would be incredibly interesting to analyze
the possible difference in the HVSR response between allu-
vial and mining deposits, but this was impossible as mining
deposits lie over the whole known extent of the alluvial de-
posits (Figs. 1b and 2) with the exception of points Id2 and
Id3 in the SE part. However, the thickness of both deposits
can vary considerably from place to place, so it is only pos-
sible to study the combined layers’ influence on the HVSR
curves. The two points located directly on alluvial deposits
(Id2 in Fig. 5 and Id3 in Fig. 4) show very clear peaks at a
relatively high frequency (8.7 and 9.4 Hz respectively), in-
dicating thin alluvium. The corresponding peak amplitude is
5.7 and 9.3 respectively, indicating a high impedance contrast
with the Triassic claystone or limestone in the bedrock. The
measuring points located on mining deposits have a more
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Figure 5. Examples of microtremor measurements on points where a clear HVSR response was obtained. Locations of measurements are

shown in Fig. 2. Thin lines represent the 95 % confidence interval.

heterogeneous HVSR response, which could be related to
the expected thickness supposed from the location. Points
1d29, 1d30, Id31, and Id25 are all located near the edge of
mining deposits. Very high peak frequencies were obtained
(11.4,11.3, and 12.4 Hz), as well as a flat response (Id25) ata
point located probably just outside the deposit on the Triassic
bedrock. More surprising are the results from the central part
of the mining deposits where a complex, but a clear peak
was obtained for point 1d20 (Fig. 6) with a low frequency
(3.4 Hz), indicating a greater thickness of mining and allu-
vial deposits and a strong impedance contrast with the Trias-
sic bedrock. In contrast, the HVSR amplitude at points Id15
and 1d24 (Fig. 6) is much lower. This indicates that the stiff-
ness and density of artificial deposits, which were deposited
through centuries of mining activity, can vary laterally con-
siderably. The case of point Id54 is especially interesting:
it is located in the W part of the town on a small patch of
mining deposits, where a very clear HVSR peak (Fig. 5) at
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the frequency of 16.2 Hz and the amplitude of 7.2 indicates a
very thin deposit and a high impedance contrast with the Cre-
taceous limestone in the bedrock. For the measuring points
which are located directly on the bedrock outside the known
extent of alluvial and mining deposits, a flat response was
obtained in general (for example Id45 in Fig. 6) or a peak
at a very high frequency (17.2 Hz for Id37 and 12.6 Hz for
1d40 in Fig. 5), indicating a very thin weathered layer on the
Carboniferous claystone or Permian sandstone. These anal-
yses showed that in the Idrija area, for a number of reasons,
there is no simple correlation between the extent of supposed
“soft” sediments and the seismic response reflected in mi-
crotremor HVSR curves. This can be explained by lateral
heterogeneities in the compaction and stiffness of deposits as
well as the complex geometry of sedimentary bodies. How-
ever, based on the obtained frequencies and amplitudes of the
HVSR peaks, prominent site effects can be expected at dif-
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ferent places, increasing the importance of the application of
the microtremor method.

6 Isofrequency and HVSR peak amplitude maps

The distribution of established frequencies for 48 measuring
points with a sufficient HVSR response using 2 Hz wide in-
tervals is shown in Fig. 7. From this graph it is clear that
there is no systematic distribution of frequencies, which is
usually observed in sedimentary basins with rather symmet-
rical shape. In such conditions the distribution of frequen-
cies reflects the gradual thickening of the sediments towards
the center of the basin or buried valley. In contrast, in the
Idrija area there is obviously no simple relation between the
topography of the Idrijca and Nikova river floors and the es-
tablished soft sediments’ resonance frequencies. This means
that there are no uniform bodies of alluvial sediments along
either of the rivers and that sediment thicknesses and phys-
ical properties can vary considerably within short distances.
Such conditions are a challenge for any seismic microzona-
tion because it is difficult to interpolate or extrapolate the
data obtained at sparse discrete points in the study area (for
instance by drilling).
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Figure 7. Distribution of sediments main frequency derived from
microtremor HVSR analysis at 48 points with sufficient response.

The data from 48 measuring points were used to pre-
pare the isofrequency map showing the resonance frequen-
cies of sediments (Fig. 8). The map was drawn using the
natural neighbor interpolation algorithm. The fundamental
frequency of sediments shows a distribution in the range of
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2.5-19.5Hz. The areas in the S and E parts with no data or
with a flat HVSR response were excluded from contouring
the map. Although the frequencies above 12 Hz are not of
engineering interest because they are attributable to a very
thin sediment layer, they were kept in the database to support
correct interpolation, as some very clear peaks were obtained
at high frequencies (for example 1d37 and 1d54 in Fig. 5).
Those peaks cannot be considered as flat responses since the
points with no frequency value cannot be used in contour-
ing the map. Very high frequencies (above 16 Hz) are lim-
ited to small areas located on the slopes of the valleys where
only a very thin layer of soft sediments or weathered material
lies on top of the stiff bedrock. The largest high-frequency
area is in the S part of the town and extends in a W-E direc-
tion. In the N part there are two small high-frequency areas
on both sides of the Idrijca river, high above the river floor
where the bedrock is very shallow. Surprisingly, the lowest
observed frequencies (2.5-4.0 Hz), which were established
at many (11) points (Fig. 7), do not extend along the rivers,
where the thickest layer of alluvial sediments is expected, but
in the central part of investigated area, extending in a W-E
direction across both rivers (Fig. 8). There is also no correla-
tion between the low-frequency area and the extent of mining
and smelting deposits. The majority of the surveyed area is
characterized by relatively high frequencies in the range of
8.0-14.0 Hz, including both river banks and areas with arti-
ficial deposits. This indicates that the sediments or deposits
are relatively thin and/or well compacted.

The HVSR peak amplitudes map is shown in Fig. 9. The
amplitudes of microtremor HVSR peaks are mainly in the
range of 3-6; they reach higher values in rare cases. The am-
plitude of the peak is related to the impedance contrast be-
tween sediments and the bedrock, but in principle it cannot
be used for quantitative estimation of this contrast or site am-
plification (SESAME, 2004). There is no visible correlation
between a certain frequency range (Fig. 8) and the distribu-
tion of higher or lower peak amplitudes (Fig. 9), with the
extent of either alluvial sediments or artificial deposits.

Comparing both maps derived from microtremor HVSR
measurements (Figs. 8 and 9) with the geological map
(Fig. 1b) and the distribution of mining and smelting deposits
in the Idrija area (Fig. 2) shows that there is no clear rela-
tion to the extent of the sediments that are usually character-
ized as “soft” in seismic microzonation. In such conditions, a
very extensive program of geophysical investigations (and/or
drilling) using seismic refraction and MASW methods, for
example, will be needed to derive S-wave velocity profiles
and the depth down to the “seismological” bedrock and nu-
merically calculate the site amplification and resonance fre-
quency in the town area. To some extent, the microtremor
HVSR method has an advantage, because it provides the sed-
iments’ main resonance frequency without the knowledge of
the S-wave velocity profiles and their thickness. The isofre-
quency map can also be used to directly assess the danger
of soil-structure resonance. Recently, a large number of ma-
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Figure 8. Map of the sediments main resonance frequency in the
Idrija town area derived from microtremor measurements. Trian-
gles indicate points of all measurements. Corresponding labels indi-
cate the resonance frequency for locations with sufficient HVSR re-
sponse. Basemap is digital orthophoto image (Surveying and Map-
ping Authority of the Republic of Slovenia).

sonry buildings was surveyed with the microtremor method
in five Slovenian towns (Gosar, 2012) to derive main building
frequencies. The statistical analysis of these results versus
the number of floors was performed to generalize the iden-
tification of potential soil-structure resonance. Taking into
account that two- and three-floor masonry buildings prevail
in Slovenian towns, their frequency range was established at
5.6-11.1 Hz. The possible occurrence of soil-structure res-
onance should therefore be sought, especially in this fre-
quency range, in Idrija as well, where similar buildings pre-
vail. From the isofrequency map shown in Fig. 8 it is clear
that the 5.6—11.1 Hz frequency range occupies a large part of
the surveyed town area. Soil-structure resonance could there-
fore be a serious issue in Idrija. This should be further investi-
gated by microtremor measurements within individual build-
ings and a direct comparison of the results with free-field
data. To generalize the results to a characteristic set of build-
ings, it would be necessary to establish relations between the
buildings’ heights and their fundamental frequencies (longi-
tudinal and transversal). While several such investigations
were recently performed in Europe for reinforced-concrete
buildings (e.g. Gallipoli et al., 2010), there is still lack of
such studies for masonry buildings, which prevail in Idrija.
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Figure 9. Map of microtremor HVSR peak amplitudes in the Idrija
town area. Triangles indicate points of all measurements. Corre-
sponding labels indicate the peak amplitudes for locations with suf-
ficient HVSR response. Basemap is digital orthophoto image.

However, the first step was to prepare the free-field frequency
map to support further soil-structure resonance analyses.

Another application of the derived isofrequency map is
to support soil classification, because recent investigations
(Luzi et al., 2011) have shown that the fundamental fre-
quency of sediments can be used with the average S-wave ve-
locity to improve classifications according to different build-
ing codes. However, not many examples of such an applica-
tion of microtremor HVSR results have been published so
far.

7 Conclusions

Microtremor HVSR investigations performed in the Idrija
area have shown that this method is applicable to support
seismic microzonation in the given geological conditions.
The main results of the study are the isofrequency and HVSR
peak amplitude maps of the soft sediments. Although a part
of the town is built on alluvial sediments of the Nikova and
Idrijca rivers and on artificial mining and smelting deposits
accumulated through centuries of mining activity, there is no
clear correlation between the extent and the supposed thick-
ness of sediments and the distribution of resonance frequen-
cies or HVSR peak amplitudes. This can be explained by
a rather complex and uneven geometry of sediments or de-
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posits and the different levels of compaction (stiffness). At
approximately one third of all measured locations it was im-
possible to derive the resonance frequency because of flat
or nearly flat HVSR curves. This is certainly not a draw-
back of the microtremor method because a flat HVSR curve
indicates a small or negligible impedance contrast between
the sediments and the “seismological” bedrock and thus no
amplification of ground motion. On locations where the fre-
quency and the peak HVSR amplitude were derived, the mi-
crotremor method could have advantages compared to nu-
merical solutions based on geophysical investigations and/or
drilling. In a complex geological setting a very large num-
ber of geophysical measurements are needed to obtain rep-
resentative data. This can be very expensive and difficult to
realize in densely built environments where the free space
to conduct active seismic refraction or MASW geophysical
measurements is very limited. Both methods are also very
sensitive to the normally high levels of noise. In contrast, the
microtremor method can be effectively applied even in con-
ditions that are unfavorable for geophysical investigations.
The study has shown that the microtremor HVSR method is
successful in a complex geological setting and thus repre-
sents an important validation of the methodology. This result
is of wider scientific interest, especially because most of the
published studies were performed on sedimentary basins of
rather regular shape. Moreover, the recommended alternative
investigations of the velocity structure using more expensive
methods could be more efficiently planned if they were based
on the microtremor HVSR results. However, microtremor in-
vestigations are only one step in a complete microzonation
study that leads to the definitions of site-specific response
spectra used in earthquake engineering.

The sediments’ main resonance frequency (fp) derived
from the microtremor HVSR measurements has three basic
applications in seismic microzonation. Firstly, it can be used
with data on the buildings’ fundamental frequencies to assess
the possible occurrence of soil—structure resonance (e.g. Gal-
lipoli et al., 2004; Gosar, 2012). Secondly, it can be a comple-
ment to the average S-wave velocity in the upper 30 m (V; 30)
as proposed by Ansal (2004) and Luzi et al. (2011). Most of
the seismic codes make use of the V; 3¢ to discriminate soil
categories, although some doubts exist about the capability
of Vj 30 to predict the actual amplification of sediments. Luzi
et al. (2011) showed that the standard deviation associated
with ground motion prediction is significantly reduced when
the classification is based on the couple of variables V; 30—
fo- Finally, the resonance frequency is useful in calibrating
the V; profile, which can be uncertain even when the mi-
crotremor array or the MASW measurements are conducted.
This can be achieved by the application of joint modeling of
the HVSR and dispersion curves (Micromed, 2008). How-
ever, these issues need further investigations. Any successful
application of the microtremor HVSR method in complex
conditions similar to the ones in Idrija is a valuable scien-
tific contribution. In Idrija all three applications are feasible
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because a high-level quantitative microzonation is acutely
needed in the future, as is a direct analysis of the danger
of soil-structure resonance for individual buildings, includ-
ing the cultural heritage mining structures protected by UN-
ESCO, in order to protect them from the earthquake hazard.

Data availability. The database of microtremor measurements
is available at http://www.arso.gov.si/Idrija_MicrotremorHVSR/
(Gosar, 2017).
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