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Using the SPAC Microtremor Method to Identify 2D Effects
and Evaluate 1D Shear-Wave Velocity Profile in Valleys
by M. Claprood, M. W. Asten, and J. Kristek

Abstract The requirement of a layered-earth geology is a restrictive assumption
when using the spatially averaged coherency spectra (SPAC) method. Numerical
simulations of microtremors and SPAC observations recorded in the Tamar paleoval-
ley, Launceston (Tasmania, Australia), are used to assess the potential of the SPAC
method to identify two-dimensional (2D) effects and evaluate one-dimensional
(1D) shear-wave velocity (SWV) profile in a valley environment. The Tamar Valley
is approximately 250 m deep by 700-1000 m wide. It is filled with soft sediments
from the Tertiary and Quaternary periods above hard dolerite bedrock of Jurassic age.

Observed coherency spectra of the vertical component are analyzed at two sites in
the Tamar Valley; using two 50-m-radius centered triangular arrays above the deepest
point of the valley at site DBL, and above the east flank of the valley at site RGB.
Simulated and observed coherency spectra suggest the propagation of Rayleigh waves
of first higher mode at the SV frequency of resonance of the Tamar Valley affects
the coherency spectra recorded with pairs of sensors perpendicular to the valley
(transverse-COH). Simulated and observed coherency spectra recorded above the
deepest point of the valley (site DBL) with pairs of sensors parallel to the valley axis
(axial-COH) are not affected by these edge-generated Rayleigh waves and agree well
with the theoretical coherency spectrum computed from the preferred 1D SWV profile.

The simulated and observed results from this paper suggest that differences
between the observed axial-COH and transverse-COH give an indication of the exis-
tence of the 2D buried valley. Results also suggest that the observed coherency spectra
recorded on pairs of sensors oriented parallel to the valley axis can provide a reliable
evaluation of a 1D SWYV profile above the deepest point of a deep and narrow valley,

such as the Tamar Valley.

Introduction

Microtremor survey methods to evaluate the shear-wave
velocity (SWV) profile at specific sites, using the constant
ambient vibrations of the ground (referred to as microtre-
mors) generated by human activities (at frequency f > 1 Hz)
or natural phenomena (at f < 1 Hz) as the source of energy
(Okada, 2003) are gaining in popularity. The microtremor
survey methods are ideally suited for urban environment;
they are noninvasive, and their source of energy is continu-
ous in proximity to urban agglomerations. An important
proportion of microtremor energy is associated with the pro-
pagation of surface waves (Aki, 1957; Capon, 1969; Horike,
1985; Tokimatsu, 1997; Okada, 2003; Bonnefoy-Claudet
et al., 2006), with fundamental mode Rayleigh waves dom-
inating. The dominance of fundamental mode Rayleigh
waves is a function of several factors, such as the complexity
of SWV structure (Tokimatsu et al., 1992). This hypothesis
is important when dealing with the vertical component of
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microtremors, which, in the absence of anisotropy, are only
present in Rayleigh surface waves (Udias, 1999).

Different processing techniques have been developed
to evaluate SWV structures from the frequency dispersive
velocity curves of microtremor propagation. The most
common array-based microtremor methods are the spatial
autocorrelation method developed by Aki (1957), also
termed the spatially averaged coherency spectra (SPAC)
method (Asten, 2006a); the frequency—wavenumber (FK)
method introduced by Toks6z and Lacoss (1968), with two
processing algorithms developed by Lacoss et al. (1969) and
Capon (1969); and the multiple signal classification (MUSIC)
method presented by Schmidt (1986) and Goldstein and
Archuleta (1987). Alternative SPAC processing include the
centerless circular array method introduced by Cho et al
(2004, 2006, 2008) and the single circular array method
introduced by Garcia-Jerez et al. (2008). By recording syn-
thetic ambient noise with a dense array of sensors, Wathelet
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et al. (2008) concluded there is no significant difference in
the evaluation of SWV profile with the FK or SPAC method.

The microtremor survey methods require the hypothesis
of temporal and spatial stationarity of the microtremor wave
field, so it can be treated as a stochastic process (Aki, 1957).
This hypothesis is generally valid when recording long (but
still less than 1 hr) microtremor time series, using an array
with an aperture smaller than one or two kilometers (Toksoz,
1964). The temporal and spatial stationarity of microtremors
is essential to validate because unstationarity on the power
spectra makes them time-dependent and impossible to treat
as a simple function of frequency (Toksoz, 1964). By record-
ing microtremors over a long period of time with an array of
sensors, microtremors can be analyzed as an assemblage of
coherent waves traveling in various directions and covering
an extended interval of frequencies.

An important hypothesis to consider when using array-
based microtremor survey methods is that all sensors of
the array must sample the same geology. This hypothesis
restricts the use of microtremor survey methods to regions
where the geology can be approximated by a layered earth.
This requirement is very restrictive in the evaluation of SWV
at specific sites, and several authors have evaluated the use
of the microtremor survey methods above more complex
geology. For example, several studies used single-station
microtremor observations, such as the standard spectral ratio
(SSR) and horizontal-to-vertical spectrum ratio (HVSR), to
identify the modes and frequencies of resonance that develop
in valleys (Field, 1996; Steimen et al., 2003; Uebayashi, 2003;
Roten et al., 2006). While some authors have used HVSR
observations to evaluate SWV profiles (Arai and Tokimatsu,
2004), Asten et al. (2002) and Chavez-Garcia et al. (2007)
demonstrated that single-station microtremor observations
show poor resolution in evaluating SWV profile and most
often require a priori knowledge of the velocity structure
for site resonance study in valley environments.

Some authors have developed methodologies to use
array-based microtremor observations in complex geology.
Cornou et al. (2003a, 2003b) used the MUSIC algorithm with
HVSR observations to identify the wave field associated with
site amplification in the Grenoble Valley (France), using an
extensive array of 29 three-component seismometers and a
total array aperture of 1 km. Hartzell et al. (2003) used the
FK and MUSIC methods to detect edge-generated surface
waves with a dense array of 52 sensors in the Santa Clara
Valley (U.S.A.), using site response spectra from earthquake-
generated motion to evaluate the SWV profile. Roten et al.
(2006) and Roten et al. (2008) used the FK method to iden-
tify the expected modes of resonance in the Rhéne Valley
(Switzerland); and Roten and Fih (2007) evaluated the SWV
profile in the Rhone Valley, using a joint inversion on the
velocity dispersion curve obtained with the FK method
and two-dimensional (2D) resonance frequencies observed
on an SSR profile. Recently, Picozzi et al. (2009) used high-
frequency seismic noise tomography to image shallow

structural heterogeneities with an array of 21 geophones
at the Nauen test site in Germany.

The SPAC method requires a broad azimuthal distribu-
tion of energy sources to achieve best results (Asten, 2003,
2006a). This particularity is of interest when recording am-
bient seismic noise in a urban environment because cities
provide microtremor sources from various and unknown
origins. The FK method is more reliable when a preferential
source of microtremor energy is identified. The need for a
wide azimuthal source distribution is an important require-
ment in order to obtain reliable results with the SPAC method.
Results obtained by Cho et al. (2004, 2006a) and Asten
(2003, 2006a) showed a departure between the observed and
theoretical coherency spectra with limited source azimuth
sampling. This outlines the importance of verifying the
source distribution of the microtremor wave field in the
SPAC method flowchart (Aki, 1957).

The SPAC method requires fewer sensors than the FK
method to achieve similar resolution (Henstridge, 1979;
Kudo et al., 2002; Chavez-Garcia et al., 2005; Okada, 2006),
reducing human labor and equipment and simplifying the
logistics of field data acquisition. It also offers better resolu-
tion at low frequency (corresponding to deep material) for
the same array size (Asten, 1976; Okada, 2003; Hartzell
et al., 2005; Claprood and Asten, 2009a), which justifies
the deployment of smaller arrays to achieve good resolution
at depth. Because SPAC arrays are constrained to regular
array geometry (which can be difficult to achieve in an urban
environment), the smaller dimensions of the array and the
use of fewer sensors for the SPAC method are advantageous
when deploying the equipment in a city.

The approximation of a layered-earth geology is an
important restriction when using the SPAC method. To the
best of our knowledge, little work has been done to analyze
the capabilities of the SPAC method in 2D environments. This
paper presents an alternative approach to the FK method in
2D environments, profiting from the recognized advantages
of the SPAC method (fewer sensors and smaller array geome-
try) and quantifying perturbations on SPAC data induced by
departures from the usual assumption of layered geology.
The objectives are (1) to recognize such perturbations by op-
timizing the direction between sensors and (2) to analyze the
potential of SPAC observations to evaluate one-dimensional
1D SWV profiles in 2D environments. Microtremor observa-
tions were recorded in the city of Launceston (Tasmania,
Australia), where the presence of the Tertiary-age Tamar
Valley has been outlined, in-filled with soft sediments that
vary rapidly in thickness from 0 m to 250 m over a few
hundreds of meters.

Geophysical Settings

Information on the geology of Launceston is available
from unpublished maps from Mineral Resources Tasmania,
borehole logs held by Launceston City Council, and a gravity
survey completed by Leaman (1994). The geological map of
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Launceston presented in Figure 1 outlines the rapid changes
in surface geology in the central business district of Launces-
ton, with the geological interpretation of two gravity profiles
recorded across the valley.

The bedrock at Launceston comprises dense, fractured,
and weathered Jurassic dolerite (Fig. la, zone a), which
provides reduced seismic risk and excellent foundation con-
ditions (Leaman, 1994). It is covered by poorly consolidated
materials (i.e., clays, sands, conglomerates, silts, and fills),
which can be compressible, water saturated, plastic, and of
low density. Quaternary alluvial sediments (silts, gravels,
fills) were deposited in the valley floor and other marshy
areas near sea level (Fig. 1a, zones d and e). These sediments
have poor cohesion and negligible strength, and they may be
thixotropic. Low density Tertiary sands and clays fill the
ancient valley systems beneath Launceston (Fig. 1a, zones f).
The gravity interpretation of Leaman (1994) identified two
paleovalley systems in Launceston: the Tamar paleovalley
and the North Esk paleovalley, both trending in a north—
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northwest to south—southeast direction. Interpretation of the
gravity survey indicates that the Tamar Valley has a width of
700-1000 m and a maximum depth of approximately 250 m
(Fig. 1b). The Tamar Valley is the focus of our research
because it is more continuous and better defined than the
North Esk Valley.

SPAC Microtremor Method

Microtremors are recorded with an array of geophones
to evaluate the coherency spectrum between all pairs of
sensors in the array. Spatially averaged coherency spectra
are then computed for multiple interstation separations by
azimuthal averaging. When recording microtremors from
all sources and directions with an array of n sensors azimuth-
ally distributed at distance r from a center sensor, the com-
plex coherency spectrum C;.(f) evaluated by each pair of
sensors is computed as:
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(a) Map of surface geology of Launceston (modified from Mineral Resources Tasmania). The map is divided into six zones

delimited by thick black lines. Triangles are the location of SPAC microtremor observations at sites DBL and RGB. Dashed lines indicate the
location of two gravity profiles from Leaman (1994), presented in panel (b). The bottom of (b) shows the centered triangular SPAC array
geometry with interstation separations r; and r,. The color version of this figure is available only in the electronic edition.
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Cjc(f) = exp{ikrjc COS(@jC - ¢)}s (1)

where i is the imaginary unit number; k is the spatial wave-
number at frequency f; rj. is the interstation separation of
the jth sensor relative to the center sensor ¢, with azimuth
0;.; and ¢ is the propagation azimuth of a single plane wave
across the array (Asten, 2006a). When considering an infinite
number of sensors positioned around a center sensor, the
integration of coherencies C;.(f) with azimuth leads to the
spatially averaged coherency spectrum C(f) (Aki, 1957;
Okada, 2003):

1 2m
C(f) = EA exp{ikrcos(6 — ¢)}do, 2)

which can be expressed as the Bessel function of the first
kind and zero order J, of variable rk:

c) = aotkn) = 1o 7755, ()

where V(f) is the surface wave velocity dispersion function
of a layered-earth model for which the 1D SWV profile is
evaluated.

Aki (1957) demonstrated the possibility of using
the horizontal components of a microtremor wave field to
resolve for the Rayleigh and Love wave dispersion curves,
gaining constraints on the SWV profile. Kohler et al. (2007)
and Fih er al. (2007) presented the advantages of the addi-
tional information gained about Love waves when using the
three-component SPAC and FK methods, respectively. For its
simpler processing, the traditional SPAC method (using the
vertical component only) is used in this paper.

Modifications to the conventional SPAC processing have
been developed to permit its use with arrays that deviate from
the standard circular and equidistant configuration (Bettig
etal.,2001; Ohori et al., 2002; Cho et al., 2004; Kohler et al.,
2007). This idea was originally proposed by Aki (1957) and
mathematically demonstrated by Capon (1973), who proved
that identical results are obtained when using either a single
pair of sensors to record an omnidirectional wave field or an
array of n sensors to record one single plane wave of unique
azimuth. The integration of complex coherency spectra is
adapted to sum over the sources azimuth ¢, with the sensors
orientation 6 fixed.

Some authors proposed using a single pair of sensors to
evaluate the coherency spectrum, replacing the spatial aver-
aging by temporal averaging and increasing the length of the
microtremor time series (Aki, 1957; Morikawa et al., 2004,
Chéavez-Garcia et al., 2005). By increasing the recording
time, the probability to respect the azimuthal distribution of
microtremor sources increases considerably, which improves
the reliability of SPAC observations recorded with a pair of
sensors. Following the recommendations from Okada (2006)
and Claprood and Asten (2010), we restrict the analysis to

frequencies up to the first minimum of the Bessel function
when using a single pair of sensors.

The domain of validity of the frequency interval to
interpret SPAC observations with an array of sensors is still
debated in the literature. Henstridge (1979) first proposed to
restrict the valid frequency interval to 0.4 < rk < 3.2, where
rk is the argument of the Bessel function (r is the interstation
separation, k is the wavenumber). The upper limit corre-
sponds to the Nyquist frequency, which limits the interpreta-
tion at high frequency. Okada (2006) further investigated that
upper limit, suggesting it is restricted by the number of sen-
sors in the array and approximately corresponds to the first
minimum of the theoretical Bessel function. Asten (20064,
2006b) suggested that the multiple mode SPAC method
(MMSPAC) can be reliable to frequencies as high as rk = 20
when the microtremor wave field has adequate azimuthal
coverage and that the upper frequency should be determined
by analyzing the microtremor wave field. The upper fre-
quency limit was pushed to extreme limits by Ekstrom et al.
(2009). We followed the MMSPAC philosophy in this study
when using the spatially averaged coherency spectra, select-
ing the interval of valid frequencies on a case-by-case
scenario. The valid frequency range is identified on each
selected site on the coherency spectra.

Field Procedure

Microtremor observations were recorded in October
2007 in the city center of Launceston, using four three-
component Guralp CMG-3ESP 30-s and 60-s period
geophones. Coherency spectra are observed at two separate
sites, DBL and RGB, located within the assumed limits of
the Tamar Valley (Fig. 1a). SPAC observations were recorded
with time series of 20-30 minutes, sufficient to ensure
reliability in the observed coherency spectra computed with
a limited number of sensors (Chdvez-Garcia and Rogriguez,
2007; Chavez-Garcia et al., 2007; Claprood and Asten, 2010).
The time series are divided into time segments of 80 seconds
with 50% overlap, which are weighted with a Hanning bell
and then fast-Fourier transformed in the frequency domain
to obtain the raw spectra S;(f) of microtremor energy at every
sensor i. The coherency spectrum between each pair of
sensors (i, j) is computed using the equation:

_ SOS0)
JSiNS NS85 ()

Cii(f) “4)

where C;;(f) is the complex coherency and * denotes the
complex conjugate. Complex coherency spectra are averaged
over all time segments to yield the temporally averaged
coherency spectrum at each pair of sensors.

Spatially averaged coherency spectra are computed by
averaging over azimuth for interstation separations r; and r,,
available from the centered triangular arrays used in Laun-
ceston (Fig. 1b, bottom). The MMSPAC method is followed
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to interpret SPAC observations because of its increased
precision in the evaluation of SWV profiles. The MMSPAC
method also helps at the recognition of higher modes of
propagation and justifies the use of fewer sensors and arrays
of smaller dimensions. Asten (2005), Roberts and Asten
(2005), and Stephenson et al. (2009) presented case studies
in which the advantages of the MMSPAC method are
outlined.

The real component of observed coherency spectra is
directly fit to the theoretical coherency spectrum J, by
least-square optimization of successive forward modeling
(Herrmann, 2002) to evaluate the SWV profiles without eval-
uating the surface wave velocity dispersion function. Asten
et al. (2004) indicated that the direct fit of coherency spectra
ensures minimal loss of information when evaluating the
SWV profile. Assuming the predominance of the fundamen-
tal mode of propagation of Rayleigh-type surface wave, the
fit between the observed and inverted theoretical coherency
spectra is quantified by minimizing the mean square of re-
siduals (MSR). The MSR is obtained by dividing the sum of
the square of residuals (SSR) between observed and theore-
tical coherency spectra by the length of the frequency vector.

The MSR is used as an alternative to the SSR tradition-
ally employed to compare observations to theoretical
models. The MSR was found to be the preferred option to
compare observed coherency spectra computed on different
frequency intervals (Claprood and Asten, 2010). The MSR is
insensitive to the length of the frequency interval while the
SSR varies proportionally with the length of the frequency
support. When comparing two vectors of the same length,
results analyzed with the MSR are equivalent to results
analyzed with the SSR. A sensitivity study was completed to
analyze the precision and uniqueness of the preferred SWV
profile evaluated.

Asten (2006a) suggested analyzing the behavior of the
imaginary component of the coherency spectrum by separat-
ing it into a smoothed and roughened components. Any
cyclic behavior of the smoothed imaginary component gives
indication about the distribution of the microtremor wave
field; while the root mean square of the roughened imaginary
component rmsy, iS an evaluation of statistical noise on the
microtremor observations.

We propose the hypothesis that the presence of the
Tamar Valley impacts the observed coherency spectrum dif-
ferently, depending on the orientation of the pair of sensors
from which it is computed. Coherency spectra recorded by
pairs of sensors oriented axially and transverse to the valley
axis are likely to present the most significant differences.
This will affect the reliability of the SWV profile if tradition-
ally computed from the spatially averaged coherency spec-
trum. By analyzing the coherency spectra observed from
each pair of sensors of varying azimuth (Claprood and Asten,
2010), we study the spatial distribution of the microtremor
wave field and the valid range of frequencies at sites DBL
and RGB. The MSR computed between the observed coher-
ency spectrum on each pair of sensors and the theoretical
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coherency spectrum is used to quantitatively assess the reso-
lution of the coherency spectra recorded by pairs of sensors
of different azimuth. It is an alternative to the FK method
to evaluate the azimuth distribution of the microtremor
wave field when using a limited number of sensors to record
microtremors.

Having access to only four low-frequency seismometers,
coherency spectra were successively recorded with two
centered triangular arrays of different orientations to form a
nonuniform hexagonal array at each site. The first array was
oriented with the pair of sensors XA; (X is the center
sensor, A, is the first sensor on the array circumference)
parallel to the axis of the Tamar Valley (azimuth 6, = 135°
or 315° relative to geographic true north). The second array
is oriented with the pair of sensors XA, transverse to the valley
axis (azimuth 0, = 45° or 225°). The orientation of each
array is shown in Figure 2. We use the term “axial-COH”
to designate the coherency spectrum recorded with a pair of
sensors oriented parallel to the valley axis and “transverse-
COH” for the coherency spectrum recorded with a pair of
sensors perpendicular to the valley axis. The spatially aver-
aged coherency spectra on interstation separations are referred
to as SPAC and are computed from the average of coherency
spectra recorded from both arrays at each site.

Site DBL

The site DBL (detention basin of Launceston) was
selected for its assumed location above the deepest part of
the Tamar Valley (Fig. 1a). Sensors were positioned on foot-
paths of secondary roads with light traffic to reduce the
statistical noise envelope on SPAC observations. Two 50-m-
radius centered triangular arrays were used at site DBL. The
first array was oriented with the pair of sensors XA;
parallel to the valley axis (#; = 315°), and the second array
was oriented with the pair of sensors XA, transverse to the
valley axis (0, = 45°).
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Figure 2. Orientation of two centered triangular arrays used in

Launceston, with the pair of sensors XA oriented parallel to the
valley axis (axial-COH), and XA, perpendicular to the valley axis
(transverse-COH). Thick dashed lines are the outlines of the valley.
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The temporal stationarity in the microtremor wave field
is increasingly important when using a limited number of
sensors to record SPAC observations. The temporal stability
of the microtremor wave field recorded at Launceston is
improved by the removal of time segments presenting tran-
sient or abnormal behavior (Margaryan et al., 2009). A total
of M, = 15 time segments were used for array 1, and M, =
21 for array 2 at site DBL. Figure 3 presents the power spec-
tra recorded at site DBL at sensors X and A from both arrays,
for all time segments used in the interpretation and their time
averaged power spectra.

The similarity of the power spectra on all time segments
from each sensor, more obvious for f <2 Hz, proves the
temporal stability of microtremor propagation at site DBL;
which was improved by the removal of transient time seg-
ments. The decrease in power spectra observed at approxi-
mately 1.0 Hz could be induced by a filtering effects of
low-velocity sediments on vertical motion (Scherbaum et al.,
2003). This filtering effect is also observed on the HVSR
curve, which shows a broad peak for 0.8 Hz < f < 1.2 Hz).

The coherency spectra observed on all pairs of sensors
and interstation separations of both arrays at site DBL are
presented in Figure 4 on the frequency interval considered
reliable to evaluate the SWV profile with SPAC at this
site (0.75 Hz < f <11.5 Hz).

Visual analysis of the observed coherency spectra gives
us some knowledge about the source distribution of the
microtremor wave field. We observe little variability between
the observed coherency spectra on pairs of sensors of differ-
ent orientations for f <2.0 Hz. This suggests the micro-
tremor wave field has adequate azimuthal distribution to
compute coherency spectra with pairs of sensors at these
low frequencies. The increased variability of the observed
coherency spectra with azimuth of the pair of sensors for f >
2.0 Hz suggests the azimuthal averaging of observed coher-
ency spectra is required to validate the spatial stationarity of
the microtremor wave field at these higher frequencies. The
source distribution at site DBL was studied in detail in
Claprood and Asten (2010) by analyzing the variability of
coherency spectra recorded on pairs of sensors oriented at
different azimuths and comparing with SPAC on interstation
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separations. A frequency—wavenumber analysis conducted
with the same two 50-m centered triangular arrays at site
DBL (not presented) agrees well with the results determined
by the observed coherency spectra at high frequencies.
FK plots, however, have poor resolution to detect the direc-
tion of microtremor energy sources at frequencies lower
than 1.6 Hz.

Site RGB

The rugby ground of Launceston (site RGB) is
assumed to be located above the eastern flank of the Tamar
Valley. SPAC observations at this site provide additional
information about the soft sediments filling the Tamar Valley.
This location was also chosen to test the SPAC method over a
dipping bedrock interface. Two 50-m radius centered trian-
gular arrays were laid out in the rugby ground, with the pair
of sensors XA successively oriented parallel (f; = 315°) and
perpendicular (6, = 45°) to the valley axis. SPAC observa-
tions were recorded with larger arrays at site RGB
(r; = 140 m), but the high level of statistical noise restricts
the analysis of coherency spectra recorded with these larger
arrays. Figure 5 presents the power spectra recorded at site
RGB on sensors X and A from both arrays.

The interpretation of SPAC observations is conducted on
the frequency interval 0.5 Hz < f <4.25 Hz. The increase
in power spectra at low frequency (f < 0.5 Hz) on array 2
is unexplained but does not impact the interpretation because
it falls outside the valid frequency interval. The power spec-
tra at some sensors (X, A;) presents some variability at high
frequencies, which suggest temporal nonstationarity of the
microtremor wave field. The frequency interval upper limit
was fixed at 4.25 Hz to validate the hypothesis of temporal
stationarity of microtremors at site RGB. The azimuthal
distribution of microtremor wave field is also verified at site
RGB by analyzing the coherency spectra recorded on all
pairs of sensors and interstation separations. The observed
coherency spectra are presented in Figure 6.

The observed coherency spectra present some differ-
ences, depending on the azimuth of the pair of sensors they
are computing. As previously analyzed in Claprood and
Asten (2010), the microtremor wave field contains energy

DBL, X, DBL, A, DBL, X, DBL, A,
102 102
|
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Figure 3.

frequency (Hz) frequency (Hz)

Power spectra recorded at site DBL. (Two left panels) Power spectra from array 1 at sensors X; and A; on M, = 15 time

segments. (Two right panels) Power spectra from array 2 at sensors X, and A, on M = 21 time segments. Gray lines, power spectra on each
time segment; black lines, time averaged power spectra (logarithmic axis).
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Figure 4. Observed coherency spectra at site DBL on all pairs
of sensors and interstation separations of two centered triangular
arrays for (a) r; = 50 m and (b) r, = 87 m. Gray lines, coherency
spectra recorded on pairs of sensors; thick black lines, spatially
averaged coherency spectra; solid line (at bottom of each graph),
valid frequency interval at site DBL.

propagating from a restricted azimuth at site RGB for
f 2 2.0 Hz. The Tamar River and the busy Bathurst Street,
located at approximately two array radii from the array
center, are responsible for the restricted azimuth of the
microtremor wave field. The variability of the observed co-
herency spectra is significantly reduced at lower frequency.
The spatial averaging of coherency spectra on both intersta-
tion separations helps to significantly reduce the effect of the
restricted azimuth distribution of the microtremor wave field
at high frequency.

This analysis of the microtremor wave field was essen-
tial to better distinguish possible 2D effects from the valley
and localized sources of microtremor. While the variability of
the microtremor wave field at higher frequencies complicates
the identification of 2D effects, it is suggested from the
results of numerical simulations shown in the next section
that 2D effects from the valley are occurring at frequencies
lower than 2 Hz and could thus be identified on observed
coherency spectra because the microtremor source distribu-
tion is more stable at these low frequencies.

We analyze the limit of resolution of the array geometry
(ry =50 m, r, = 87 m) deployed at both sites by comput-
ing the minimum frequency resolvable on both interstation
separations following Henstridge (1979) criteria: 0.4 < rk
and using equation (3):
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_ 0-4Vmax (f)
o 2nr

f (&)
where V ..(f) is the maximum Rayleigh-wave velocity
estimated at 880 m/s for the Tertiary sediments in-filling
the valley (Michael-Leiba, 1995). Using equation (5), the
minimum frequency resolvable at sites DBL and RGB is

estimated at 1.12 Hz for interstation separation r; = 50 m
and 0.64 Hz for r, = 87 m.

Numerical Simulations

Numerical simulations of microtremors in complex
geological media are used to better control the parameters
impacting the recording of coherency spectra in a 2D envi-
ronment and to compare with coherency spectra observed at
sites DBL and RGB in the Tamar Valley. The program pack-
age NOISE developed within the European Site Effects
Assessment using Ambient Excitations (SESAME) project is
used for the computation of seismic noise (microtremors)
propagation in 3D heterogeneous geological structures with
a planar free surface, from surface and near-surface random
sources (Moczo and Kristek, 2002; J. Kristek, P. Moczo, and
M. Kristekova, unpublished manuscript). The package is
divided into two main programs: Ransource for the random
space—time generation of microtremor point sources and
Fdsim for the computation of seismic wave fields in 3D het-
erogeneous geological structures (Kristek ez al., 2002; Moc-
zo et al., 2002; Kristek et al., 2009; Moczo et al., 2007).

The source time functions were selected to be 50%
deltalike signals (approximation to Dirac delta distribution),
and 50% pseudomonochromatic functions of random dura-
tion and frequency. All source time functions were band-
pass-filtered in the frequency range 0.4-3.0 Hz. The lower
frequency boundary is selected to avoid the propagation
of wavelengths larger than the size of the computational
model. The upper frequency boundary is determined by
the chosen grid spacing. A dense sampling of the shortest
wavelengths of the wave field is required to avoid grid dis-
persion. A total of 79,442 point sources were space—time ran-
domly distributed at the surface of a 9000 m x 3600 m grid
over 100,000 time levels (dt = 0.0014 s), generating a 140-s

RGB, X, RGB, A, RGB, X, RGB, A,
102 102
101 101
100 100
10-1 100 101 10-1 100 101 10-1 100 107 10-1 100 101
frequency (Hz) frequency (Hz) frequency (Hz) frequency (Hz)

Figure 5.

Power spectra recorded at site RGB. (Two left panels) Power spectra from array 1 at sensors X; and A; on M = 38 time

segments. (Two right panels) Power spectra from array 2 at sensors X, and A, on M, = 32 time segments. Same legend as for Figure 3.
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Figure 6. Observed coherency spectra at site RGB on all pairs
of sensors and interstation separations of two centered triangular
arrays for (a) r; = 50 m and (b) r, = 87 m. Same legend as for
Figure 4.

time series. The locations of the point sources are presented
in Figure 7.

We use a fine grid of 901 x 361 x 43 cells and a coarse
grid of 101 x 41 x 96 cells to simulate the Tamar Valley,
with a 10-m and 90-m spacing in the fine and coarse grids,
respectively. Simulated SPAC arrays were positioned at two
separate locations across the valley, with radii of 50 m and
100 m. The sensors are positioned to form centered triangular
arrays with orientation XA axial and XA, transverse to the
valley axis to compare with SPAC observations recorded in
Launceston. The location of all 26 receivers is plotted in
Figure 8.

An analytical expression of the valley interface is input
for the numerical simulations of surface waves. As suggested
by the interpretation of gravity profiles from Leaman (1994),
the valley geometry presents some asymmetry. The most
appropriate function to represent the Tamar Valley with
respect to horizontal distance x and depth z is the function

rea = (1+2)(1-2)7 - [a+oa-oF] 5.
©)

where a is the valley half-width, H is the maximum depth,
and ¢ the asymmetry coefficient (Paolucci, 1999). Figure 9a
shows the simulated Tamar Valley bedrock interface, with
a=350m, H=250m, and ( = —0.28571. A layered
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Figure 7. Simulated sources used in the numerical simulations
of the Tamar Valley. Thick dotted line, the outline of the computa-
tional model; thick dashed vertical lines, edges of the simulated
Tamar Valley; crosses, locations of receivers (represented in more
detail in Figure 8).
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Figure 8. Location of simulated receivers across the model

representation of the Tamar Valley. Arrays of radii 50 m and 100 m
are presented for sites TamA(x = —100 m) and TamB(x = 100 m).
Solid vertical lines, edges of the valley (x = —350 m, x = 350 m);
dashed vertical line, the axis of the valley at its deepest point
(x = —100 m).

earth with depth to bedrock z = 25 m at the right of the
valley is interpreted from HVSR observations at Launceston
(M. Claprood, M. Asten, and J. Kristek, unpublished
manuscript).

Apart from lateral change in the bedrock interface, no
lateral changes of velocity are considered in the overlaying
sediments. This assumption was used to isolate and better
understand the effect of a change in the bedrock interface
and is justified by preliminary SPAC and FK results and SPAC
observations recorded at 10 sites in Launceston (Claprood
and Asten, 2009a, 2009b). The 1D SWV profile used in the
simulations is presented in Figure 9b.

The 1D SWYV profile presented in Figure 9b is an approx-
imation of the SWV profile evaluated at site DBL from
previous high-frequency coherency spectra analysis with
constraints from a gravity survey and HVSR observations
(Claprood and Asten, 2008a, 2008b).

The shallow Quaternary sediments are modeled as a
15-m layer of constant shear-wave velocity Vg = 350 m/s
to suppress numerical instabilities at the free surface, where
the steep sediment bedrock interface reaches the free surface

TamA TamB

(a) 0 ke (b) 0
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location X (m) Vs (m/s)

Figure 9. (a) Bedrock interface of model representation of

Tamar Valley (vertical extension of 2). Sites TamA and TamB
are the surface locations of the SPAC arrays’ centers. Site TamA
is located above the deepest point of the valley. Site TamB is located
200 m from site TamA. The bedrock interface at site TamB is 156 m
deep, with a 38° slope. Dashed-dotted line is the geological inter-
pretation of the bedrock interface from gravity profile 2 (Fig. 1b).
Vertical dashed line in (a) is the location of SWV profile presented
in (b), at the deepest point of the valley.
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at the grid boundary in the perfectly matched layer zone. This
approximation has negligible impact when analyzing the
propagation of surface waves generated by the valley. We
calculate a negligible difference of 0.02 Hz when evaluating
the expected frequency of resonance computed with the
observed SWV profile at site DBL and with the approximate
SWV profile used in the simulations (thin 15-m layer with
V¢ = 350 m/s). This suggests the SWV profile used in the
numerical simulations is an adequate approximation to repre-
sent the SWV evaluated in the Tamar Valley.

The shear-wave velocity of Tertiary sediments is repre-
sented by a linear function that varies from Vg = 400 m/s
at depth z =15 m to Vg = 700 m/s at depth z = 250 m.
High quality factors were input for S-wave propagation
(1000 £ Qg <2000) and P-wave propagation (1500 < Qp <
8000) to neglect the compressibility of sediments. This
assumption is considered valid when dealing with low-
amplitude waves such as microtremors.

Simulated SPAC

The outputs of the numerical simulations are the time
series of the vertical and horizontal (X and Y components)
ground velocity at all receivers. The vertical component time
series of simulated microtremors are processed using the
same steps used to process SPAC observations in Launceston.
Figure 10 presents the power spectra simulated at the center
sensors X and sensors A from two 50 m radius and two
100 m radius centered triangular arrays at site TamA.

The power spectra in Figure 10 show the restricted fre-
quency interval input in the simulations. A rapid decrease in
the energy level is observed at all sensors for f > 3 Hz,
which corresponds to the higher frequency limit input as
initial parameter. The simulated coherency spectra at differ-
ent sites in the valley suggest the level of energy is sufficient
to analyze SPAC curves for frequencies higher than 0.75 Hz.
Sensors X and A; (from both 50-m and 100-m radius arrays)
present almost identical power spectra. This was expected
because all three sensors sample similar geology at the dee-
pest point of the valley with a random source distribution.
Small differences are observed between the power spectra
of sensors A, when moving away from the deepest point
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of the valley at sensor X. The small increases in power spec-
tra at approximately 1 Hz and 2 Hz are potentially induced
by varying geology under the sensor.

The energy level drops rapidly at lower frequencies,
which is partly explained by the lower frequency limit input
in the simulations (0.4 Hz). We suggest the decrease in ver-
tical microtremor energy at low frequency is further caused
by the filtering effects of low-velocity sediments on vertical
motion. A previous study (Claprood and Asten, 2008b)
estimated the SV mode of resonance at 1.18 Hz on HVSR
observations. Figure 11 presents the HVSR curves simulated
at the center sensors X at sites TamA and TamB and observed
at center sensors X at sites DBL and RGB.

HVSR simulated (site TamA) and observed (DBL) above
the deepest point of the valley present similar features and
shape, further suggesting that the 2D model of the valley
is appropriate to represent the propagation of surface waves
within the Tamar Valley.

Site TamA

The coherency spectra at site TamA, simulated from two
50-m radius centered triangular arrays above the deepest
point of the model representation of the Tamar Valley, are
presented in Figure 12. The pair of sensors XA, is oriented
axially, and the pair of sensors XA, is transverse to the
valley axis.

The results from two 100-m radius centered triangular
arrays are presented in Figure 13 for improved resolution
at low frequencies and to better detect the impact of the
valley on simulated coherency spectra.

We observe from Figure 12 and Figure 13 that the simu-
lated COH on all pairs of sensors present some variability for
f > 1.0 Hz. Steplike features are observed on selected pairs
of sensors at f = 1.0-1.5 Hz and f = 2.0-2.5 Hz. Such
features associated with layered-earth sites have been inter-
preted as evidence for jumps to higher modes of propagation
on the coherency spectrum (Asten et al, 2004; Asten,
2006b). We suggest these shifts to higher modes of propaga-
tion on selected pairs of sensors are generated by 2D effects
from the Tamar Valley.

TamA, X TamA, A, TamA, A,
103 103 103
"
102 102 102
101 101 101
0.5 1 2 3 456 0.5 1 2 3 456 0.5 1 2 3 456
frequency (Hz) frequency (Hz) frequency (Hz)

Figure 10.

Simulated vertical power spectra at site TamA. (Left) Power spectra from sensor X. (Center) Power spectra from array 1 at

sensor A ;. (Right) Power spectra from array 2 at sensor A,. Nomenclature of sensors and geometry of arrays 1 and 2 are defined in Figure 2.
Solid spectra are for 50-m radius triangular arrays, dashed spectra are for 100-m radius triangular arrays. Sensor X is the same for all arrays.
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Figure 11.
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(Two left panels) Simulated HVSR at center sensors X at sites TamA and TamB. (Two right panels) Observed HVSR at center

sensors X at sites DBL and RGB. Solid curves, total HVSR; dashed curves, axial component of HVSR; dashed-dotted curves, transverse
component of HVSR. (X and Y axes are logarithmic). The color version of this figure is available only in the electronic edition.

We decompose the spatially averaged coherency spectra
to analyze the behavior of simulated COH on selected pairs of
sensors. The decomposition of COH into pairs of sensors at
various azimuths was found to give indications on the source
distribution of the microtremor wave field above a layered
earth (Claprood and Asten, 2010). We postulate that similar
methodology could assist in the detection of different modes
of propagation in a valley environment, the valley polarizing
the propagation of seismic surface waves. We present the
simulated coherency spectrum at site TamA for pairs of
sensors oriented parallel (axial-COH, pairs of sensors XA;
and BC, from Figure 12 and Figure 13) and perpendicular
(transverse-COH, pairs of sensors XA, and BC; from
Figures 12 and 13) to the valley axis in Figure 14 and
Figure 15. The theoretical coherency spectra of fundamental
and first higher modes, computed from the SWV profile
shown in Figure 9b for interstation separations r; =
50-100 m and r, = 80-160 m, are respectively drawn in
dashed and dashed-dotted lines in Figure 14 and Figure 15.

We observe from Figure 14 and Figure 15 that the simu-
lated axial-COH and transverse-COH show different patterns
in the frequency interval 0.75-2 Hz. The jump to higher
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Figure 12. Simulated coherency spectrum (COH) at site TamA

on all pairs of sensors and interstation separations of two centered
triangular arrays for (a) r; = 50 m and (b) r, = 80 m. Thick solid
lines are spatially averaged coherency spectra (SPAC) on intersta-
tion separations. Dashed lines are coherency spectra on pairs of
sensors parallel to the valley axis: XA; on (a) and BC, on (b).
Dashed-dotted lines are coherency spectra on pairs of sensors trans-
verse to the valley axis: XA, on (a) and BC; on (b). Thin solid lines
are coherency spectra on all other pairs of sensors of the array. Pairs
of sensors are named following the nomenclature presented in
Figure 2. Straight line at bottom of each graph presents frequency
interval where theoretical COH is fit to simulated COH. The color
version of this figure is available only in the electronic edition.

modes of propagation, already observed in Figure 12 and
Figure 13, is better defined on simulated transverse-COH
at f = 1.0 Hz — 1.5 Hz and is of increasing amplitude with
increasing interstation separation. This jump is not present
on simulated axial-COH, which more closely follows the
theoretical COH. The simulated transverse-COH presents the
highest level of roughened imaginary coherency spectrum in
the frequency interval 1.0 Hz < f < 2.0 Hz (black bars on
Fig. 14 and Fig. 15). This high statistical noise seems to
be azimuth dependent and is not observed on axial-COH
and SPAC. The presence of high values of roughened imagin-
ary coherency spectra could be induced by high-frequency
numerical instabilities generated by boundary effects of the
finite size grid used in the numerical simulations.

We summarize the MSR values computed between the
theoretical COH and simulated axial-COH, transverse-COH,
and SPAC at site TamA on the frequency interval 0.75 Hz <
f<3.0Hz for the ry =50 m array and 0.75 Hz< f <
2.5 Hz for the r; = 100 m array in Table 1. Different fre-
quency intervals were selected to compare theoretical and
simulated COH in function on the array size in order to restrict
the analysis of coherency spectra computed with single pairs
of sensors up the first minimum of the Bessel function, as
suggested by Okada (2006) and Claprood and Asten (2010).

Lower values of the MSR on most axial-COH (r = 80 m,
100 m, or 160 m), when compared to transverse-COH
and SPAC on the selected frequency interval, suggest the
use of axial-COH alone is preferable to evaluate the 1D
SWV profile from the microtremor time series simulated
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Figure 13.  Simulated COH at site TamA on all pairs of sensors
and interstation separations of two centered triangular arrays for
(a) r; = 100 m and (b) r, = 160 m. Same legend as for Figure 12.
The color version of this figure is available only in the electronic
edition.
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Figure 14.  Best-fit coherency models for pairs of sensors and interstation separations (top row) ; = 50 m and (bottom row) , = 80 m
at site TamA. SPAC (right column) were computed from all pairs of sensors (n = 6) from two centered triangular arrays. Thick solid black
curve, real component of simulated COH; gray solid curve, smoothed imaginary component of simulated COH; bars, roughened imaginary
component of simulated COH; dashed curve is theoretical COH, fundamental mode for preferred layered-earth model; dashed-dotted curve,
theoretical COH, first higher mode. The straight line at the bottom of each graph presents the frequency interval where theoretical COH is fit
to simulated COH. MSR, mean square of residuals; rms;,, root mean square of the roughened imaginary component. The color version of this
figure is available only in the electronic edition.

above the deepest point of a valley. It is an indication that the As suggested in Claprood and Asten (2010), we com-
simulated axial-COH presents the highest degree of similarity pute MSR factors to evaluate the azimuth dependency and
to the theoretical COH when considering the fundamental the impact of spatial averaging of simulated coherency spec-

mode of propagation of Rayleigh waves. tra at site TamA. The MSR factors are computed as the ratio
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Figure 15.  Best-fit coherency models for pairs of sensors and interstation separations (top) #; = 100 m and (bottom) 7, = 160 m at site
TamA. Same legend as for Figure 14. The color version of this figure is available only in the electronic edition.
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Table 1

Mean Square of Residuals (MSR) between Simulated
and Theoretical COH at Site TamA

r MSR ax-COH*  MSR t-COH*  MSR SPAC
ry =50 m 0.024 0.020 0.012
r, =80 m 0.021 0.049 0.022
r; =100 m 0.024 0.075 0.043
r, = 160 m 0.056 0.184 0.066

*ax, axial; tr, transverse.

of MSR values in two different situations. For example, we
compute an MSR factor of 0.6 between the simulated axial-
COH and SPAC for r = 100 m at site TamA by dividing the
MSR on axial-COH (0.024 from Table 1) by the MSR on SPAC
(0.43 from Table 1). An MSR factor of 0.6 indicates the MSR
computed on simulated axial-COH is smaller than the MSR
computed on SPAC with » = 100 m at site TamA. This
suggests that the axial-COH provides a better fit to the the-
oretical coherency spectra to evaluate the 1D SWV profile.
We use MSR factors to compare coherency spectra simulated
(or observed) on pairs of sensors of different azimuths and
spatially averaged coherency spectra.

Table 2 presents MSR factors computed at site TamA.
The MSR factor referred to as ax-COH/SPAC is the ratio
between the MSR on axial-COH and the MSR on SPAC. The
MSR factor referred to as tr-COH/SPAC is the ratio between
the MSR on transverse-COH and the MSR on SPAC, while the
MSR factor referred to as tr-COH/ax-COH is the ratio between
the MSR on transverse-COH and the MSR on axial-COH.

The results from Table 2 further indicate that axial-COH is
the preferred option to evaluate a 1D SWV profile above the
deepest point of the valley at site TamA for the selected
frequency interval. The MSR factors ax-COH/SPAC are lower
or equal to 1.0x for all interstation separations except
r = 50 m. In Figure 14 (top left panel), the simulated axial-
COH closely follows the theoretical COH for r = 50 m,
and departure from the theoretical COH is observed for
frequencies greater than 2 Hz.

Site TamB

Simulated coherency spectra are recorded at site TamB,
modeling a location over the sloping flank of the Tamar
Valley. We present the simulated COH for pairs of sensors
oriented parallel (axial-COH) and perpendicular (transverse-
COH) to the valley axis in Figure 16 and Figure 17.

We observe that the simulated coherency spectra present
a different pattern at site TamB compared to site TamA. The
jump to a higher mode of propagation is not observed on
pairs of sensors at f = 1.0 Hz—1.5 Hz at site TamB. Higher
MSR on axial-COH and transverse-COH in comparison with
SPAC on larger interstation separations, which are more sen-
sitive to deeper material, suggest the conventional azimuthal
averaging of coherency spectra is preferable in evaluating
the 1D SWYV profile down to the basement at site TamB.
Localized high values of statistical noise (high rms,) is also
observed at most pairs of sensors on the simulated coherency
spectra.

MSR computed for axial-COH, transverse-COH, and
SPAC are summarized in Table 3. As completed for site TamA,
we present the MSR factors computed at site TamB in Table 4.

High MSR factors on both axial-COH and transverse-
COH relative to SPAC for most interstation separations further
strengthen the evidence that the azimuthal averaging of
coherency spectra is needed to evaluate the 1D SWV profile
at site TamB for the selected frequency interval. The high
MSR factors computed from axial-COH to SPAC at site TamB
for larger interstation separations, compared to those evalu-
ated at site TamA (Table 2), is evidence that the varying
geological conditions impact the two locations differently.

The analysis of the coherency spectra simulated at sites
TamA and TamB in the model representation of the Tamar
Valley suggests the decomposition of the spatially averaged
coherency spectrum into components oriented parallel
(axial-COH) and perpendicular (transverse-COH) to the valley
axis is an effective method for the recognition of 2D effects
induced by the deep and narrow Tamar Valley. This effect
is seen as a jump to higher modes of propagation at f =
1.0 Hz-1.5 Hz on the transverse-COH at site TamA, located
above the deepest point of the model representation of the
valley. Possible 2D effects could be detected at higher fre-
quency (jump to higher modes at f = 2.0 Hz-2.5 Hz at site
TamA) but would be difficult to isolate on observed coherency
spectra at sites DBL and RGB due to the increased variability
of the observed coherency spectra at higher frequency.

The results from the numerical simulations suggest that
the coherency spectra computed on pairs of sensors oriented
parallel to the valley axis (axial-COH) can provide a reliable
estimation of 1D SWV structure above the deepest point of a
valley because its fit to the theoretical coherency spectrum
presents lower MSR than the transverse-COH or the spatially
averaged coherency spectrum.

Table 2
Mean Square of Residuals Factors (MSR Fx) at Site TamA
MSR Fx MSR Fx MSR Fx
r (ax-COH/SPAC)*  (t-COH/SPAC)*  (tr-COH)/(ax-COH)*
ry =50m 2.0 1.7 0.8
r, =80 m 1.0 2.2 2.3
ry =100 m 0.6 1.7 3.1
r, = 160 m 0.9 2.8 33

*ax, axial; tr, transverse.
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Best-fit coherency models from pairs of sensors and interstation separations (top) r; = 50 m and (bottom) r, = 80 m at site

TamB. Same legend as for Figure 14. The color version of this figure is available only in the electronic edition.

Observed SPAC

Similar methodology was applied at sites DBL and
RGB in Launceston to validate the results obtained from
the numerical simulations and to detect the effects of rapid
changes in geology across the Tamar Valley. Site DBL is as-
sumed to be located above the deepest point of the Tamar
Valley in order to compare with site TamA, and site RGB

Axial - COH

Transv — COH

is located in the east flank of the valley at similar position
to that of site TamB.

Site DBL

Coherency spectra were recorded at site DBL with two
50-m-radius centered triangular arrays. The heavy traffic on
Wellington Street and the steep hill on Frankland Street west
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Best-fit coherency models from pairs of sensors and interstation separations (top) r; = 100 m and (bottom) r, = 160 m at

site TamB. Same legend as for Figure 14. The color version of this figure is available only in the electronic edition.
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Table 3

Mean Square of Residuals (MSR) between Simulated
and Theoretical COH at Site TamB

r MSR ax-COH*  MSR t-COH*  MSR SPAC*
rp =50 m 0.013 0.046 0.012
ry =80 m 0.010 0.046 0.019
ry =100 m 0.045 0.028 0.027
ry =160 m 0.081 0.048 0.012

*ax, axial; tr, transverse.

of the DBL array (Fig. 1) were the principal constraints in
deploying arrays of larger aperture at this site.

We apply the methodology followed on simulated
coherency spectra to extract (from Fig. 4) the coherency
spectra recorded with pairs of sensors parallel and perpendic-
ular to the valley axis on the frequency interval 0.75 Hz <
f <3.0 Hz. The fit between observed axial-COH, trans-
verse-COH, and SPAC to theoretical COH is presented in
Figure 18.

Axial-COH and SPAC agree well with the theoretical
COH computed from the preferred SWV profile at site DBL,
for both interstation separations r; = 50 m and r, = 87 m.
Transverse-COH presents the worst fit to the theoretical
COH, on which a steplike feature similar to that observed on
simulated transverse-COH at site TamA 1is recognized at
f = 1.0-1.5 Hz. This feature, not seen on axial-COH, is pos-
tulated to represent a jump to a higher mode of propagation.

A drop in coherency, interpreted as a filtering effect from
the low-velocity sediments, is observed at frequencies less
than 1.0 Hz on most pairs of sensors. This is an indication
of a low level of energy on the vertical component of micro-
tremors at frequencies approximately equal to and lower than
the expected frequency of resonance, also shown on the
HVSR curves in Figure 11. Both axial-COH and transverse-
COH show approximately the same level of statistical noise.
No frequency-dependent pattern, such as the pattern
observed on simulated roughened imaginary coherency spec-
trum at site TamA, are recognized on the observed roughened
imaginary coherency spectra at site DBL.

The distribution of MSR with the azimuth of the pair
of sensors and the spatial averaging of coherency spectra
is analyzed at site DBL by computing MSR factors such
as those evaluated on the simulated coherency spectra.
The results from the MSR factors analysis at site DBL are
presented in Table 5. The reader is referred to Table 2 for

comparison with MSR factors computed on the simulated
coherency spectra at site TamA above the deepest point of
the model representation of the Tamar Valley.

Lower values of MSR factors computed from axial-COH
to SPAC (ax-COH/SPAC), in comparison to those computed
from transverse-COH (tr-COH/SPAC), support the interpreta-
tion that coherency spectra observed on pairs of sensors
oriented parallel to the valley axis are the preferred option
to evaluate the SWV profile above the deepest point of
the Tamar Valley. MSR factors computed at site DBL for r, =
87 m present similar values to those computed on the simu-
lated coherency spectra at site TamA for 7, = 80 m (Table 2).

The preferred 1D SWV profile at site DBL is interpreted
from the observed coherency spectra recorded in Launces-
ton. The shallowest layers were previously interpreted with
a 20-m-radius centered hexagonal array during the 2006 field
survey for 1.5 Hz < f <23 Hz (Claprood and Asten, 2008a)
and with the spatial averaging of coherency spectra of the
50-m-radius centered triangular arrays for 3.0 Hz< f <
11.5 Hz (Claprood and Asten, 2010). Interpretation of SPAC
observations agrees well with shallow borehole logs (max-
imum depth of 20 m) held by the Launceston City Council.

Interpretation of coherency spectra simulated (site
TamA) and observed (site DBL) above the deepest point of
the Tamar Valley suggests that the axial-COH provides the
best fit to the theoretical coherency spectrum at low fre-
quency, corresponding to deeper sediments. The depth to
bedrock interface at site DBL is thus constrained by fitting
the observed coherency spectra recorded on pairs of sensors
oriented parallel to the valley axis (axial-COH, Fig. 18, left
panels) to the theoretical COH for 0.75 Hz < f < 3.0 Hz
The preferred 1D SWV profile interpreted at site DBL is
presented in Figure 19a.

We complete a sensitivity study to confirm that the inter-
face of the Tamar Valley at depth z = 250 m can be detected
by the 50-m-radius centered triangular arrays used at site DBL
with interstation separations r; = 50 m and r, = 87 m. We
follow the methodology from Arai and Tokimatsu (2004),
varying the thickness of the deepest layer by a value equiva-
lent to =10% and £20% of the total thickness of sediments
from the preferred SWV profile, and we analyze the changes
on the theoretical coherency spectra computed from the alter-
native SWV profiles thus generated. The sensitivity D;; from a
change in total thickness of sediment H is expressed as

Table 4
Mean Square of Residuals Factors (MSR Fx) at Site TamB
MSR Fx MSR Fx MSR Fx
r (ax-COH/SPAC)*  (t-COH/SPAC)*  (tr-COH)/(ax-COH)*
ry =50m 1.1 3.9 3.6
r, =80 m 0.5 24 4.7
ry = 100 m 1.7 1.0 0.6
r, = 160 m 6.8 4.0 0.6

*ax, axial; tr, transverse.
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Figure 18.

Best-fit coherency models from pairs of sensors and interstation separations (top) r; = 50 m and (bottom) r, = 87 m at site

DBL. Same legend as for Figure 14. The color version of this figure is available only in the electronic edition.
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where J is the theoretical coherency spectrum, and i corre-
sponds to the change in the parameter evaluated (H £ 10%
and H £ 20%). The results from the sensitivity study are
presented in Figure 19b.

While the absolute values of sensitivity are not high, the
variation of sensitivity (most significant on interstation sep-
aration r,, Fig. 19b) at 1.0 Hz < f < 2.0 Hz, with a change
in total thickness of 10% or 20%, confirms the capabilities of
observed COH at site DBL to locate the bedrock interface at
depth z = 250 m. The frequency for which the jump to a
higher mode of propagation was detected on transverse-
COH (Fig. 18) is included in this frequency interval. It further
strengthens the idea that the differences observed in the
behavior of axial-COH and transverse-COH can be induced
by the sensitivity of each component to the different modes
of propagation that develop in the Tamar Valley. The infinite
peak observed at f = 2.0 Hz on r, (Fig. 19b, right panel) is
induced by the zero crossing of the Bessel function at that
frequency and is a mathematical artifact of equation (7).

We evaluate the MSR between the observed coherency
spectra on axial-COH, transverse-COH, and SPAC and from
the theoretical COH computed from the preferred and alter-
native SWV profiles obtained from the sensitivity study. We
also evaluate MSR factors between the MSR computed on
alternative SWV profiles and the MSR computed on the pre-
ferred SWV profile on axial-COH, transverse-COH, and
SPAC. Table 6 presents a summary of MSR and MSR factors
computed during the sensitivity study at site DBL.

While the variations in MSR are quite small, clear tenden-
cies can be observed from Table 6. As expected, the intersta-
tion separation r, is more sensitive to a change in the total
thickness of sediments. While the MSR computed on SPAC
stay constant with a variation in thickness, MSR values on
axial-COH and transverse-COH have opposite reactions.
Shallowing the bedrock interface (H —20%, H — 10%)
worsens the fit obtained with axial-COH, while it improves
the fit obtained with transverse-COH. Deepening the interface
(H +20%, H + 10%) seems to improve the fit obtained
with axial-COH, while it has no effect on the fit obtained with
transverse-COH. We suggest the lower MSR on axial-COH
with a deeper bedrock interface is an artifact induced by

Table 5
Mean Square of Residuals Factors (MSR Fx) at Site DBL
MSR Fx MSR Fx MSR Fx
r (ax-COH/SPAC)*  (t-COH/SPAC)*  (tr-COH)/(ax-COH)*
ry =50m 1.6 3.0 1.9
r, =87 m 0.9 1.9 2.0

*ax, axial; tr, transverse.
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Figure 19. (a) Preferred 1D SWV profile interpreted at site
DBL (thick black line). Thin gray and black lines are alternative
SWYV profiles used in the sensitivity study. (b) Sensitivity study
on theoretical COH by varying the total sediment thickness by H £
10% and H % 20%. Straight line at bottom of graph presents the
valid frequency interval at site DBL.

the observed drop in coherency spectra for frequencies lower
than the frequency of resonance. The opposite reaction to a
change in sediments thickness observed on axial-COH and
transverse-COH further supports the idea that the two compo-
nents record different information from the microtremor wave
field propagating in the Tamar Valley.

Site RGB

Coherency spectra were recorded at site RGB with two
50-m-radius centered triangular arrays. Figure 20 shows the
observed coherency spectra at site RGB, recorded with pairs
of sensors parallel (axial-COH) and perpendicular (trans-
verse-COH) to the valley axis and the spatially averaged
coherency spectra for interstation separations r; = 50 m
and r, = 87 m.

Observed coherency spectra at site RGB are interpreted
for 0.5 Hz < f <4.25 Hz. All observed coherency spectra
(axial-COH, transverse-COH, SPAC) agree well with the
theoretical COH computed from the preferred SWV profile at
site RGB. Observed COHs from all azimuths present a drop
in coherency at approximately 1.0 Hz, effects which might
be induced by the filtering effects of low-velocity sediments

at the frequency of resonance, evaluated at f = 1.31 Hz
from HVSR (Fig. 11).

A jump to a higher mode of propagation is observed on
transverse-COH at f > 2.0 Hz, while it is only lightly detect-
able on r, on axial-COH. The decomposition of SPAC into
pairs of sensors, presented in Claprood and Asten (2010), has
suggested the presence of limited azimuth distribution of
microtremor energy at site RGB, which might mask possible
2D effects induced by the Tamar Valley at these frequencies.
We suggest this jump to higher mode, associated with highly
cyclic behavior of the smoothed imaginary coherency spec-
trum (gray curve, Fig. 20) is induced by limited azimuth
sampling in the microtremor wave field.

An MSR analysis similar to that conducted at site DBL is
presented in Table 7 to better analyze the azimuth sampling
of observed coherency spectra at site RGB.

High MSR factors between the MSR computed on axial-
COH and transverse-COH with respect to SPAC suggest the
importance of spatial averaging the observed coherency
spectra at site RGB to obtain a reliable evaluation of the 1D
SWYV profile. MSR factors ax-COH/SPAC and tr-COH/SPAC
present similar values for both interstation separations. This
further strengthens the hypothesis that neither axial-COH nor
tranverse-COH should be used alone to evaluate the 1D SWV
profile at site RGB. This is a significant difference when
compared with site DBL, where the axial-COH was the pre-
ferred option to evaluate the SWV profile.

This difference is explained by the location of both sites
within the valley; site RGB is located above the gentle slope
on the eastern flank of the Tamar Valley, which can be
estimated as a layered earth, while site DBL is assumed
to be located above the deepest point of the Tamar Valley,
where a 2D resonance is expected to develop. The HVSR
curves presented in Figure 11 also suggest that the approx-
imation of a 1D layered earth is valid at site RGB, where both
axial and transverse components of HVSR show a peak at the
same frequency.

Similar to completed at site DBL, a sensitivity study was
completed to analyze the possibility of detecting the bedrock

Table 6

Mean Square of Residuals and MSR Factors* between Axial-COH, Transverse-COH, and SPAC Recorded
at Site DBL and Theoretical COH Computed from Preferred and Alternative SWV Profiles

ax-COH tr-COH' SPAC ax-COH' tr-COH' SPAC
ry =50m ryr=50m ry =50m r, =87 m r, =87 m r, =87 m
MSR Computed from Preferred SWV Profile
H* 0.008 0.015 0.005 0.014 0.028 0.015
MSR (and MSR Factors*) Computed from Alternative SWV Profiles
H — 20%* 0.009(1.1x) 0.014(0.9x) 0.005(1.0x) 0.018(1.3x) 0.025(0.9x) 0.015(1.0x)
H — 10%* 0.008(1.0x) 0.015(1.0x) 0.005(1.0x) 0.015(1.1x) 0.027(1.0x) 0.015(1.0x)
H + 10%* 0.007(0.8x) 0.015(1.0x) 0.005(1.0x) 0.012(0.9x) 0.028(1.0x) 0.015(1.0x)
H + 20%* 0.007(0.9x) 0.015(1.0x) 0.004(0.8x) 0.011(0.8x) 0.028(1.0x) 0.014(0.9x)

*MSR factors (in parentheses) are computed as the ratio of MSR from alternative SWV profiles to MSR from preferred SWV

profile.
fax, axial; tr, transverse.
#H, total thickness of sediment.
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Figure 20.

Best-fit coherency models from pairs of sensors and interstation separations (top) 7; = 50 m and (bottom) r, = 87 m at site

RGB. Same legend as for Figure 14. The color version of this figure is available only in the electronic edition.

interface on the valid frequency interval used at site RGB.
The results are presented in Figure 21.

The sensitivity study shows that there is little sensitivity
to changes in the bedrock interface at site RGB; this is true
even if the depth to bedrock interface is interpreted as much
shallower than at site DBL. We believe the shallow sediments
of very low velocity that were encountered at site RGB have a
masking effect, limiting the resolution at greater depth.

Residuals Analysis

An analysis of residuals between the simulated and
observed coherency spectra from all interstation separations
of all arrays and the theoretical coherency spectra J, com-
puted from the preferred 1D SWV helps us to summarize
the results obtained at Launceston. Figure 22 presents the
frequency distribution of residuals computed at simulated
sites TamA and TamB and observed sites DBL and RGB.
The residuals are computed as the difference between each
component of the simulated or observed coherency spectra
(axial-COH, transverse-COH, SPAC) and the theoretical
coherency spectrum on the valid frequency interval.

Figure 22 better represents the differences between all
components of simulated or observed coherency spectra
and the theoretical coherency spectra (Bessel function Jj).
The residuals computed from the transverse-COH (dashed-
dotted curves, Fig. 22a—d) show a peak-and-trough feature
at f = 1.0-1.5 Hz at site TamA. The amplitude of the peaks
and the troughs on transverse-COH residuals is increasing
with larger interstation separation. This feature is not
observed on axial-COH (dashed curves, Fig. 22a—d). The re-
siduals computed from SPAC present a behavior between
those of axial-COH and transverse-COH. No such trend can
be observed at site TamB (Fig. 22e—h), where the residuals
behave more randomly regardless of the component from
which they are computed.

The peak and trough feature on the residuals of
transverse-COH is also observed at site DBL, for »r = 87 m,
while it is not present on the other components (axial-COH
and SPAC in Fig. 22i,j). Residuals at site RGB behave in a
similar way, regardless of the component used to compute
them (Fig. 22k,1). At all simulated and observed arrays,
we clearly observe more variability in the residuals for higher
frequencies (f > 2.0 Hz) for axial-COH and transverse-COH,

Table 7
Mean Square of Residuals Factors (MSR Fx) at Site RGB
MSR Fx MSR Fx MSR Fx
r (ax-COH/SPAC)*  (tr-COH/SPAC)*  (t-COH)/(ax-COH)*
ry =50m 7.5 5.0 0.7
r, =87 m 4.4 4.8 1.1

*ax, axial; tr, transverse.
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Figure 21. (a) Preferred 1D SWYV profile interpreted at site
RGB (thick black line). Thin gray and black lines are alternative
SWYV profiles used in the sensitivity study. (b) Sensitivity study
on theoretical COH by varying the total sediment thickness by H +
10% and H = 20%. Straight line at bottom of graph presents the
valid frequency interval at site RGB.
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Figure 22. Distribution of residuals with frequency for all
interstation separations at simulated arrays (a,b,c,d) TamA and
(e,f,g,h) TamB and at observed arrays (i,j) DBL and (k,]) RGB.
Solid curves, simulated or observed SPAC minus theoretical Bessel
function J); dashed curves, simulated or observed axial-COH minus
Jo; dashed-dotted curves, simulated or observed transverse-
COH minus Jy. The color version of this figure is available only
in the electronic edition.

while the residuals computed from SPAC show more
stability.

1D SWYV Profiles

The preferred SWV profiles interpreted at sites DBL and
RGB are presented in Figure 23a. Figure 23b shows the
shear-wave slowness profiles to better represent the varia-
tions in velocity in the low-velocity layers, as suggested by
Boore and Asten (2008).

Significant differences are observed between the
preferred SWV profiles interpreted at sites DBL and RGB.
The shallow layers (z < 25 m) at site RGB have significantly
lower velocity (greater slowness; Fig. 23b) than the shallow
sediments at site DBL. This could be explained by the proxi-
mity of the site RGB to the Tamar River (Fig. 1a), where the
shallow sediments are known to possess very little cohesion,
thus lower shear-wave velocity. Sediments with velocity
varying between 400 m/s and 700 m/s are interpreted as
sands and clays from the Tertiary period, filling most of
the Tamar Valley. Tertiary sediments are significantly thicker
at site DBL; the interface with the Jurassic dolerite bedrock is
interpreted at approximately z = 250 m at site DBL and z =
100 m at site RGB. Because of the poor sensitivity of the
arrays at site RGB, the bedrock interface at this location is
best constrained by HVSR observations (J. Kristek, P. Moczo,
and M. Kristekova, unpublished manuscript).

Interpretation of Results

As described in Bard and Bouchon (1985), and later
identified by Steimen et al. (2003), Frischknecht and Wagner
(2004), Roten et al. (2006), and Lenti et al. (2009), different
modes of resonance develop in a valley environment. In
shallow valleys, Bard and Bouchon’s model states that sur-
face waves are generated from the edges of the valley and
propagate back and forth within the sediments, inducing a
1D pattern of resonance. In deep and narrow valleys, different
modes of resonance develop (SH, SV, P), with their
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Figure 23. Preferred (a) 1D SWV-to-depth profiles and (b) 1D

slowness-to-depth profiles at sites DBL (solid lines) and RGB
(dashed lines).
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own frequencies of resonance and components of motion.
The Bard and Bouchon (1985) model states that a 2D pattern
of resonance develops in valleys with a shape ratio (referred
to as the ratio of maximum depth H to width at half-depth w)
greater than a critical shape ratio. The model recognizes the
development of a 2D pattern of resonance by the generation
of standing waves from the bottom of the valley and indicates
that edge-generated surface waves can also be detected.

As evaluated in Claprood and Asten (2008b), a 2D SV
frequency of resonance is identified in the Tamar Valley
(shape ratio of 0.59) at f = 1.18 Hz at site DBL. The shape
ratio is computed as the ratio of the maximum sediments
thickness (H = 250 m) to the width at half-depth (w =
421 m) evaluated from the model representation of the valley
(Fig. 9a). The velocity contrast is computed for a dolerite
bedrock shear-wave velocity estimated at 1800 m/s and
sediment shear-wave velocity of 350-700 m/s, evaluated
from the SWV profile used in the simulations at the deepest
point of the valley at site TamA (Fig. 9b).

The Bard and Bouchon (1985) model indicates that the
excitation of SV waves induces mostly Rayleigh waves of
first higher mode of propagation in shallow valleys. Rayleigh
waves of first higher mode have a greater velocity, which
approximately equals the P-wave velocity of sediments at
the frequency of resonance of a layered earth. These edge-
generated waves propagate from one edge of the valley to the
other in a direction perpendicular to the valley axis.

We suggest the observed coherency spectra recorded by
the pairs of sensors oriented transverse to the valley axis can
detect the transverse motion of propagation of these edge-
generated waves. This is suggested by the jump to higher
mode of propagation recognized on simulated (site TamA)
and observed (site DBL) transverse-COH recorded above the
deepest point of the valley; this jump occurs at a frequency
approximately equal to the SV frequency of resonance of the
Tamar Valley.

From the absence of a jump on the axial-COH curves, we
suggest the axial-COH is free of the higher mode of surface
wave propagation at f = f3V  and can be used with reliabil-
ity to evaluate a 1D SWV profile in valley environment, as
demonstrated by numerical simulations and SPAC observa-
tions in the Tamar Valley.

Conclusion

Numerical simulations of the propagation of seismic
waves from ambient seismic sources (microtremors) in a
valley environment and microtremor observations in the
Tamar Valley in Launceston (Tasmania, Australia) were used
to assess the potential usefulness of the SPAC method in study-
ing complex geology. The recording of coherency spectra on
pairs of sensors oriented parallel (axial-COH) and perpendic-
ular (transverse-COH) to the valley axis optimizes the capabil-
ity of the SPAC method to detect the existence of the valley, to
identify its SV mode of resonance, and, most importantly, to
evaluate a 1D SWV profile above the deepest point of the

M. Claprood, M. W. Asten, and J. Kristek

valley. The use of axial-COH alone is recommended only
when microtremor sources are recorded for sufficient long
time and are distributed over a wide range of azimuth, both
assumptions being necessary for a meaningful SPAC estimate
using single pair of sensors.

We observe that coherency spectra recorded above the
deepest point of the valley with pairs of sensors oriented
perpendicular to the valley axis can detect high-velocity
edge-generated surface waves at the SV frequency of reso-
nance. This was recognized on simulated transverse-COH
at site TamA and on observed transverse-COH at site DBL
above the deepest point of the Tamar Valley, as a jump to faster
velocity on coherency spectra at a frequency approaching the
SV fundamental frequency of resonance.

We suggest that the coherency spectra of the vertical
component computed on pairs of sensors oriented parallel
to the valley axis (axial-COH) is not affected by the propaga-
tion of these edge-generated waves of higher velocity.
No jump to higher mode of propagation was detected on
simulated or observed axial-COH, which closely follows the
theoretical coherency spectra computed from the preferred
SWV profile.

Lower mean square of residuals between simulated and
theoretical coherency spectra on axial-COH, when compared
to MSR values on transverse-COH and SPAC, suggest that the
coherency spectra recorded on pairs of sensors oriented
parallel to the valley axis are the preferred option to evaluate
a 1D SWYV profile above the deepest point of the valley.

This is observed on simulated coherency spectra at site
TamA from 50-m-radius and 100-m-radius centered triangu-
lar arrays. Observed coherency spectra recorded at site DBL
above the deepest point of the valley suggest similar conclu-
sions. MSR values computed between observed axial-COH at
sitt DBL and theoretical coherency spectra are lower or
approximately equal to MSR values computed for SPAC
and are significantly lower than MSR values computed on
transverse-COH. This suggests that the observed coherency
spectra recorded with pairs of sensors parallel to a valley axis
provide a reliable evaluation of the 1D SWV profile at sites
located above the deepest point of a deep and narrow valley,
such as demonstrated above the Tamar Valley in Launceston.

Simulated coherency spectra in the sloping flank of the
valley (site TamB) suggest that no effect of the higher veloc-
ity propagating surface waves is observed at this location. We
suggest the gently dipping interface of this side of the valley
dissipates the propagation of edge-generated higher mode
waves. Numerical simulations suggest it is preferable to use
the spatially averaged coherency spectrum to evaluate the 1D
SWV profile at site TamB, at which site the assumption of a
layered earth holds true for microtremor studies. The coher-
ency spectra observed at site RGB in the flank of the Tamar
Valley prorogate the interpretation completed on simulated
coherency spectra at site TamB. The presence of 1D and
2D modes of resonance within the same valley has also been
observed by Lenti er al. (2009).
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These initial results demonstrate the capability of SPAC
observations to detect the existence of a 2D structure, and to
interpret 1D SWV profiles in the environment of a deep and
narrow valley such as the Tamar Valley with a shape ratio of
0.59. SPAC observations are combined with HVSR microtre-
mor observations recorded in Launceston to complete the site
resonance study of the Tamar Valley (J. Kristek, P. Moczo,
and M. Kristekova, unpublished manuscript). Additional
field observations with larger arrays would help gain resolu-
tion at depth, although at this site the deployment of larger
arrays was restricted by the street layout. The use of three-
component SPAC observations should provide additional in-
formation, in particular by permitting the detection of the SH
mode of resonance, which develops in valley environments.

Data and Resources

All data used in this paper came from published sources
listed in the references. Information on the geology of Laun-
ceston is available from unpublished maps from Mineral
Resources Tasmania, borehole logs held by Launceston City
Council, and a gravity survey completed by Leaman (1994).
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