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Abstract. The Tamar rift valley runs through theCity of Launceston, Tasmania. Damage has occurred to city buildings due
toearthquake activity inBassStrait. Thepresenceof the ancient valley, theTamarvalley, in-filledwith soft sediments that vary
rapidly in thickness from 0 to 250m over a few hundreds metres, is thought to induce a 2D resonance pattern, amplifying the
surfacemotions over the valley and in Launceston. Spatially averaged coherency (SPAC), frequency-wavenumber (FK) and
horizontal to vertical spectrum ratio (HVSR) microtremor survey methods are combined to identify and characterise site
effects over the Tamar valley.

Passive seismic array measurements acquired at seven selected sites were analysed with SPAC to estimate shear wave
velocity (slowness) depth profiles. SPAC was then combined with HVSR to improve the resolution of these profiles in the
sediments to an approximate depth of 125m. Results show that sediments thicknesses vary significantly throughout
Launceston. The top layer is composed of as much as 20m of very soft Quaternary alluvial sediments with a velocity from
50m/s to 125m/s. Shear-wave velocities in the deeper Tertiary sediment fill of the Tamar valley, with thicknesses from 0 to
250m vary from 400m/s to 750m/s.

Results obtained using SPAC are presented at two selected sites (GUN and KPK) that agree well with dispersion curves
interpreted with FK analysis. FK interpretation is, however, limited to a narrower range of frequencies than SPAC and seems
to overestimate the shear wave velocity at lower frequencies. ObservedHVSR are also comparedwith the results obtained by
SPAC, assuming a layered earth model, and provide additional constraints on the shear wave slowness profiles at these sites.
The combined SPAC and HVSR analysis confirms the hypothesis of a layered geology at the GUN site and indicates the
presence of a 2D resonance pattern across the Tamar valley at the KPK site.

Keywords: frequency-wavenumber, high-resolution beamforming,microtremor surveymethod, passive seismic, resonance
pattern, shear wave velocity profile, site effects, spatially averaged coherency.

Introduction

The presence of soft sediments over hard bedrock induces
amplification of ground motion of propagating surface seismic
waves. Localised site effects (e.g. amplification of ground
motion, generation of seismic resonance patterns) caused by
earthquake ground motions have been the concern of several
recent studies by Olsen et al. (2000), Kudo et al. (2002), and
Komatitsch et al. (2004). The City of Launceston in northern
Tasmania hasexperienceddamage fromearthquakeactivity in the
Bass Strait, with epicentres more than 200 km from the city
(Michael-Leiba, 1995). This raises the possibility that the
geological complexity of Launceston, i.e. the presence of the
sediment-filled graben of the Tamar valley, may induce intricate
resonance patterns. Surface waves entering into a valley can be
trapped and hence bounce back and forth from the sides,
generating a 2D seismic resonance pattern (Bard and Bouchon,
1985). It is postulated this occurs in the Tamar valley andwe have
applied microtremor survey methods to test this hypothesis.

Borehole data and anecdotal evidence from residents indicate
the presence of very soft, shallow sediments in the northern part
of the City. This area was selected as a test site to evaluate the

performance of microtremor survey methods on these materials
and to extend the previous microzonation project by Michael-
Leiba (1995). Seismic data from several sites in this area were
interpreted using three passive seismic microtremor survey
methods i.e. spatially averaged coherency (SPAC), frequency-
wavenumber (FK) and horizontal to vertical spectrum ratio
(HVSR). This was achieved by first comparing the SPAC
and FK interpretations, and then applying HSVR to better
constrain the SPAC results. Comparison between microtremor
and strong ground motion analysis is presented in Claprood and
Asten (2007).

Geology of Launceston

Information on the geology of Launceston is available from
Mineral Resource Tasmania geological maps, unpublished
borehole logs held by Launceston City Council, and from a
gravity survey completed by Leaman (1994). The bedrock at
Launceston comprises dense, fractured and weathered Jurassic
dolerite. This provides reduced seismic risk and excellent
foundation conditions (Leaman, 1994). It is covered by poorly
consolidated materials, i.e. clays, sands, conglomerates, silts and
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fills which can be compressible, water saturated, plastic, and of
low density. Quaternary alluvial sediments (silts, gravels, fills)
were deposited in valleys floor and other marshy areas near sea
level. These sediments have very poor cohesion, negligible
strength, and may be thixotropic. Low density Tertiary sands
and clays fill the ancient valley systems beneath Launceston.
Leaman’s (1994) gravity interpretation identified two palaeo-
valley systems below Launceston, i.e. the Trevallyn-Tamar
lineament, referred as the Tamar Palaeovalley, and the North
Esk Palaeovalley, both trending in a NNW–SSE direction. Our
focus is on the Tamar Valley, which is more continuous than the
North Esk valley. Leaman’s (1994) gravity interpretation
indicates that the Tamar valley has a width of 700m to 1000m
and a maximum depth of 250m. Two profile sections across the
Tamar valley in the site area (fromLeaman, 1994) are provided in
Figure 1.The solid linesmark the approximate limits of theTamar
palaeo-valley.

Microtremor survey and interpretation methods

Microtremors are the continuous vibrations of the Earth’s surface
generated by natural phenomena or human activity. Aki (1957)
introduced the microtremor survey method 50 years ago and was
the first to consider recording and using background seismic
noise with an array of geophones, assuming spatial and temporal
stationarity of microtremors (Okada, 2003). While microtremors
are variable in time and space, they are not completely random
when observed simultaneously at spatially separated stations
(Okada, 2003). Toksöz and Lacoss (1968) demonstrated that
microtremors form a coherent assemblage of body and surface
waves travelling in various directions and contain information
on the sources, the transmission paths, and subsurface structure.

As body waves attenuate more rapidly than surface waves, it is
commonly assumed that Rayleigh and Love surface waves
dominate amicrotremor record atmore thanonewavelength from
the source (Arai and Tokimatsu, 2004). Analysis ofmicrotremors
uses the dispersion of surface waves with frequency to interpret
the subsurface structure.

We recorded the vertical component of microtremors with
arraymethods and interpreted the dispersion curve as being due to
only Rayleigh wave dispersion, because Rayleigh waves alone
possess a vertical component. The microtremor records from
Launceston were interpreted assuming a stochastic process in
respect to time and position. Three different analysis methods
were applied; theSPACmethod introducedbyAki (1957), further
developed by Henstridge (1979) and summarised in Okada
(2003), the FK method developed by Toksöz (1964), Lacoss
et al. (1969) andCapon (1969), and theHVSRmethod introduced
by Nogoshi and Igarashi (1971), and later popularised by
Nakamura (1989).

The SPAC method

While the SPACmethod is more commonly known as the spatial
autocorrelation method (Okada, 2003), we prefer using the term
‘spatially averaged coherency method’ as proposed by Asten
(2006). SPAC uses the spatial and time stationarity of
microtremors to evaluate coherencies between all pairs of
sensors in an array. This method was used to compute S-wave
velocity (SWV)-depth profiles. We present S-wave slowness
(SWS)-depth profiles (inverse of velocity profiles) in this
paper to better represent velocity variations in the shallow low
velocity layers. Thiswas followedby computation of azimuthally
averaged coherency for multiple station separations. Averaged
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Fig. 1. Central Business District of Launceston. Hexagons are locations of spatially averaged coherency/
frequency-wavenumber arrays presented in this paper (GUN, KPK, DBL). Dashed lines are the locations of
two gravity profiles presented on the right panel (from Leaman, 1994). Solid line is the approximate limits of the
Tamar valley.
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over all directions, the coherencyhas the formof aBessel function
of first kind and zero order:

Cð f Þ ¼ J 0
2pfr
V ð f Þ

� �
; ð1Þ

where C( f ) is the spatially averaged coherency as a function of
frequency f, J0 theBessel function offirst kind and zero order, and
r the radius of the array. V( f ) is the S-wave velocity dispersion
function associated with an assumed layered earth model.

The FK method

In the FKmethod a 2D frequency-wavenumber power spectrum is
computed from an array of sensors. Unlike SPAC, FK works best
when a dominant wave direction is present in the microtremor
wavefield. We can locate the direction and velocity of the surface
wave with the most energy by plotting microtremor power
spectra with respect to the wavenumbers in the north and east
directions for every frequency. Interpretation is achieved using the
maximum likelihood method developed by Capon (1969) as
implemented by Asten (1976) and Asten and Henstridge (1984).
The phase velocity of the most dominant wave at frequency f0 is
calculated as:

C0 ¼ 2pf 0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x0 þ k2y0

q ; ð2Þ

where (kx0, ky0) are coordinates on the FK spectrum. The
azimuth of the peak in this spectrum gives the orientation of
the dominantmicrotremorwave,while its distance to the centre of
the spectrum is related to its velocity. We thus calculate a phase
velocity dispersion curve from which the shear-wave velocity
parameters of a layered earth model are determined by inversion
methods (Hermann, 2002).

The HVSR method

The HVSRmethod is empirically found to estimate the Rayleigh
wave’s ellipticity in a layered medium (Lachet and Bard, 1994;
Tokimatsu, 1997; Scherbaumet al., 2003).Rayleighwave energy
propagates as an elliptical motion that varies with respect to the
wave period and the elastic parameters of the earth (Asten et al.,
2002). These resonance frequencies can be induced by rapid
variations in elastic properties with depth (Stephenson, 2003). At
S-wave resonance frequencies ( fh), theRayleighwave’s elliptical
motion tends to degenerate into predominately horizontalmotion.
HVSR provides a qualitative estimate of the natural resonance
frequency of layered sediments.

Consideringmore complex geology, e.g.with a palaeo-valley,
or laterally variable (2D) geology, the resonance frequency
determined by the peak on the observed HVSR curve is
located at higher frequency when compared to its equivalent in
1D geology (Bard and Bouchon, 1985). When entering a palaeo-
valley, surface waves are trapped and reflected back and forth
from the sides and floor of the valley. Depending on the shape of
the valley, different resonance patterns can be generated. Bard
and Bouchon’s model proposes the computation of the expected
in-plane ( f SV0 ) and anti-plane ( f SH0 ) resonance frequency in a
sine-shaped valley:

f SV0 ¼ f h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð2:9h=lÞ2

q
; ð3aÞ

f SH0 ¼ f h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2mþ 1Þ2 þ ðnþ 1Þ2h2=l2

q
; ð3bÞ

where fh is the frequency of resonance computed by the Rayleigh
wave ellipticity for an assumed layered earth model, h is the
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Fig. 2. Centred hexagonal array of seven stations used in Launceston for
spatially averaged coherency and frequency-wavenumber processing, with
four inter-station separations r1, r2, r3, and r4.
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Fig. 3. Best-fit coherency models at siteGUN (separations r1, r2, r3, and r4).
Solid line is observed azimuth averaged coherency spectrum from field data.
Thick dashed line is theoretical coherency spectrum of fundamental mode
Rayleighwaves for preferred layered earthmodel (Figure 8). Dashed lines are
theoretical coherency spectrum plus orminus 1 standard deviation. Solid bars
are imaginary components. Straight line at bottom of each graph present
interval of frequencieswhere theoretical coherency spectrum isfit to observed
coherency spectrum.
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maximum depth of the palaeo-valley, l is the palaeo-valley’s
width at the half-depth, andm and n are the vertical and horizontal
modes of resonance, respectively.

At every site, we calculate the resonance frequency fh for the
equivalent layered geology from the SWV profiles determined
fromSPACobservations. If the observedHVSRpeak is located at
frequency fh,we canassume thehypothesis of a layeredgeology is
valid; if not, we use the equations 3 to compute the resonance
frequencies f SH0 and f SV0 expected to develop in the Tamar valley.
WecomparetheobservedHVSRpeaksto thecomputedresonance
frequencies to identify if a 2D resonance pattern has developed.

Arai and Tokimatsu (2005) indicate that HVSR analysis is
more sensitive than array methods at lower frequencies and can
achieve better resolution at depth. Field (1996), Steimen et al.

(2003), Uebayashi (2003), and Roten et al. (2006, 2008)
presented some examples where HVSR is used to analyse edge
effects from a valley.

Launceston site hazard study

Centred hexagonal arrays of seven Mark L28–4.5Hz geophones
were used to record SPACandFKdata at separate sites in the city.
The results from two sites (GUN and KPK) are presented
(Figure 1). The GUN site is assumed to be located over
layered earth on the north bank of the North Esk River and the
KPK site is located within the Tamar palaeo-valley.

At each site, averaged coherencies for four inter-station
separations were determined by using a centred hexagonal
array (r1 to r4, Figure 2). The use of hexagonal arrays has been
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Fig. 4. Observed frequency-wavenumber spectra at siteGUN at frequencies 1.85Hz, 2.04Hz, 2.42Hz, and 2.80Hz. x and y-axis are slowness inmsec/m.Red is
high amplitude, blue is low amplitude. The radius of the black circle indicates the slowness of wave corresponding to maximum spectral amplitude.
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shown to be sufficient for approximation of spatial stationarity
(Asten et al., 2004). At the centre of each array, microtremor
recordings were also made with Mark L4C–1Hz, 3-component
geophones to allow HVSR analysis to be carried out.

SPAC and FKmethods were combined to interpret the data so
as to obtain the most information available from the array
recording. Iterative forward modelling was applied to directly
fit the coherency curves to theBessel functions (Asten et al., 2004;
Asten, 2006), using forward-modelling surface wave dispersion
calculation software from Hermann (2002). The results were
interpreted using a similar approach to that of Roberts and
Asten (2004) for an engineering-scale microtremor study.
S-wave slowness/depth profiles at sites GUN and KPK were
obtained from interpretation of the SPAC results. Direct
inversion of the coherency curves allows better selection of the
appropriate frequency range to consider in evaluating the SWS
profiles. For comparison with the results from the FK method, a
dispersion curve is computed directly from the SPAC results
together with a modelled dispersion curve from the computed
SWS profile.

FK data is analysed using an IDL software package based on
original FORTRAN code from Asten (1976), making use of the
maximum likelihood method developed by Capon (1969) for its
improved resolution. Over the frequency range of interest, a FK
plot is computed, which provides information on the azimuth and
phase velocity of themost energeticwave.Using this information
over the valid frequency range, we calculate a phase velocity
dispersion curve which we compare with the dispersion curves
observed and modelled using SPAC.

Minimum and maximum wavelengths analysed by FK
method are dependent on the array’s dimensions. For the
centred hexagonal arrays used at Launceston, the domain of
validity is from twice the smallest inter-station spacing of the
array (i.e. radius; l> 2r1, the theoretical Nyquist number) to less
than twice to several times the largest inter-station spacing
(diameter; l < br4), where b is variable and dependent on data
quality. Asten and Henstridge (1984) proposed an upper limit of
b = 5 to 7, Horike (1985) proposed b = 4 or 5, whereas Satoh et al.
(2001) suggests avalue ashighasb= 7.More recently,Ohori et al.
(2002) noted that the upper limit varies on a case-by-case basis
and care should be taken in the analysis of longer wavelengths.

The FK method has successfully been used before to analyse
2D terrain (Hartzell et al., 2003; Roten et al., 2006) and has the
potential to detect the preferred azimuth arrival of sources in
Launceston. This could particularly be useful to detect or analyse
2D resonance patterns generated by waves bouncing back and
forth from the edges of the Tamar valley.

The layered earth model obtained by SPAC analysis was used
to compute an ellipticity curve associatedwith the Rayleighwave
particle motion. This computed ellipticity curve was compared
with observedHVSR to better constraint the shearwave slowness
profiles at sites GUN and KPK. HVSR analysis was also used to
investigate possible 2D effects in the microtremor data.

SPAC and FK results

At both sites, we present the best-fit layered earth model obtained
fromSPACanalysis.We select the preferredmodel by examining
the variations in standard deviation between the modelled Bessel
function and the observed coherency for every iteration, and
by visual inspection of the fit over a range of frequencies where
the coherency curves were considered adequate. We use the
imaginary component of the observed coherency for quality
control (Asten, 2006).

With the FK method, we determined the S-wave slowness
profile by locating the peak in the frequency-wavenumber spectra

over a selected range of frequencies. The limits in frequencies for
the FK analysis are chosen during interpretation by assessment of
the behaviour of FK plots with frequency.

Site GUN

Figure 3 presents the azimuthally averaged coherencies obtained
over four inter-station separations from the 15m hexagonal array
at the site GUN for comparison with computed Bessel functions
over the interval 1.5Hz to 7Hz. The frequencies of interest were
selected by analysing the general behaviour of the four coherency
curves in comparison with their corresponding Bessel function.
There is a sharp decrease in coherency for frequencies less than
1.5Hz. This is believed to be due to the use of high-frequency
sensors to collect the data; these intrinsically lack precision at
low frequencies. This drop in energy in the coherency curves
also corresponds well with an increase in HVSR values at low
frequencies (Roberts and Asten, 2007). The vertical component
of the surface waves, corresponding to Rayleigh waves, is
proportionally low when HVSR is high.

The best fit between the observed coherency and the Bessel
function is observed at inter-station separations r1 and r4. The
agreement of the amplitude of the expected peaks of the
coherency with Bessel functions is indication of good wave
coverage from all azimuths (Asten, 2003). Poor fit over some
frequencies (2Hz, 3.5Hz) between the coherency curves and the
Bessel functions over all inter-station separations (r1 to r4)
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Fig. 5. Best-fit coherency models at site KPK. Same legend as Figure 3.
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suggests the presence of higher modes in the microtremor data.
The presence of high-velocity fill overlying very low-velocity
alluvial sediments could generate these higher modes of
propagation, as indicated by an increase in the wavelength of
the Bessel function with frequency (more apparent on r3 and r4 in
Figure 3). The S-wave slowness profile interpreted from SPAC
analysis for this site is presented in Figure 8.

Figure 4 shows four FK plots from the 15m and 30m radius
arrays. For both arrays, the complete range of wavelength
analysed is from l = 31m (~2*r1 of 15m radius array) to
l= 118m (~2*r4 of 30m radius array), corresponding to
frequencies of 2.8 to 1.85Hz, respectively. FK plots outside
of this range of frequencies show either aliasing or a lack of
energy and do not permit reliable interpretation of the S-wave
velocities.

On the first FK plot at frequency 1.85Hz (Figure 4, top left),
good wave coverage is observed from all azimuths. We suggest
the sources of microtremor being the heavy traffic at the
intersection of Lindsay Street and East Tamar Highway, and
the presenceof factories betweenKing’sWharf (west) and the site
GUN (Figure 1). While this good wave coverage assists SPAC
analysis, the effect is opposite for FK analysis for which a
dominant source is preferred.

Site KPK

The SPAC interpretation from the 28m radius array at the site
KPK is shown inFigure5.Thefit between theobservedcoherency
curves and theoretical Bessel functions was obtained over the
frequency interval 2.5 to 12Hz.
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The real component of the coherency curves agrees well with
the Bessel function curve over an extended range of frequencies.
The imaginary component has however high values along with
a pseudo-cyclic behaviour, which is most apparent for the
radius r1. The observed coherency amplitude also shows poor
correspondencewith theBessel function’smaxima. This could be
due to surface waves propagating in preferred directions at site
KPK, or to poor data quality (Asten, 2003; Asten, 2006). The
same behaviour was observed at the siteGUN as a rapid decrease
in coherency at low frequencies (Figure 3). Higher propagation
modes for the Rayleigh waves at some frequencies (2.5Hz,
4.5Hz) could also be present. These can be partially explained
by the presence of compacted fill overlying low-velocity soft
Quaternary sediments. SPAC interpretation of the data suggests
deep low-velocity sediments that could correspond to Tertiary
sediments filling the Tamar valley.

Four FK plots from this site are presented in Figure 6, with
frequencies ranging from 2.8 to 3.56Hz. These frequencies
correspond respectively to wavelengths of 178m (more than
3*r4) and 55m (2*r1).

A directional arrival of surface waves is observed in this data
with the main sources located east of the array for lower
frequencies. This could correspond to cultural noise sources
from Launceston’s CBD or to traffic on the major highway
(Bathurst Street, Figure 1), that is ~200m east of King’s Park.
A shift to south in the direction of arrival of dominant waves at
higher frequency is observed onFigure 6. The cause of this shift is
not clear but could be explained by the traffic on Paterson Street,
closer to King’s Park and site KPK (Figure 1).

Dispersion curves

The SPAC and FK analyses allow us to compute shear wave
dispersion curves for sitesGUN and KPK, presented in Figure 7.

Figure 7 shows that SPAC provides information over a wider
range of frequencies, particularly at higher frequencies, when
compared to FK analysis. The use of two arrays at the site GUN
provides additional information by extending the frequency
range available for interpretation. The FK method seems to
overestimate the S-wave velocities at low frequencies at both
sites, which is consistent with observations byAsten (2005). This
is more evident at site KPK, where higher mode propagation at
~2.5Hz is suspected.

The restricted range of frequencies available for FK analysis is
potentially limiting the determination of S-wavevelocities at both
sites, for both high and low frequency limits. For this reason,
SPACanalysiswasused todetermine theS-wavevelocityprofiles
at Launceston. Figure 8 shows SWS profiles fromSPAC analysis
at sites GUN and KPK.

The SWSprofile atGUN indicates a shallowbedrock interface
at ~25m.The overlying sediments are composed of a thin layer of
fill, underlain by 10m of very low velocity, as low as 50m/s,
alluvial clays and silts.Approximately 10mof slightly stiffer silty
clay to clayey sand is interpreted between these sediments and the
dolerite bedrock. Information from nearby borehole logs agrees
with this interpretation.

The SWS profile obtained at KPK is noticeably different than
that analysed at GUN. Again 1m thick layer of high velocity
(250m/s) fill is interpreted. The underlying layers are interpreted
as 17m of Quaternary clays and silts with shear wave velocities
from115 to 125m/s. These layers are underlain by a thick layer of
lowvelocity (400–500m/s)Tertiary sands.The interfacebetween
the Tertiary sediments and the underlying dolerite bedrock could
not be accurately located due to the use of high-frequency sensors
for the SPAC data, limiting resolution at depth. We interpret that
this interfacemust be at least 125mdeepbyusing bothHVSRand
SPAC information. Shallowing the depth to bedrock at less than
125m worsens both the fit between the SPAC coherency curves
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Fig. 7. Dispersioncurves atGUN (left), andKPK (right). Solid anddashed lines are thedispersioncurves
computedwith layered models from Figure 8, fundamental mode and 1st higher mode. Lines with square
symbols are dispersion curves interpreted from the FK method. Lines with star symbols are dispersion
curves interpreted from the SPAC method.
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and the Bessel functions, and the fit between the observed HVSR
and modelled ellipticity curves. Assuming 2D effects on HVSR
data, as will be discussed in the following section, and using the
gravity interpretation fromLeaman (1994) (Figure 1, right panel),
we interpret this interface tobe locatedat~230mdeep.We refer to
this latest model as our preferred model (Figure 8, solid line), and
the model with a bedrock interface at 125m as the alternative
model (Figure 8, dashed line) for the remainder of this paper.

HVSR results

TheRayleighwave ellipticities were computed at both sites using
S-wave slowness profiles (Figure 8) obtained from SPAC
analysis. Figure 9 presents the observed HVSR and modelled
ellipticity at the site GUN for the preferred model.

The peak observed on the HVSR curve agrees well with
the modelled ellipticity curve, with a resonance frequency
fh= 1.10Hz. There is also a match of the peaks at very high
frequency (50Hz). The higher mode suspected at 2.5Hz from the
SPAC analysis can explain why the HVSR curve remains high at
these frequencies. The good fit between the observed HVSR and
modelled ellipticity suggests that a layered earth model can be
used with confidence at the GUN site.

Figure 10 presents the observed HVSR and modelled
ellipticity at site KPK for the preferred model. The observed
HVSR data at this site show more complex behaviour at lower
frequency compared to that from theGUN site. TheHVSRpeak at
higher frequency (fh1 = 2Hz) agrees well with the modelled
ellipticity peak. This would correspond to the interface
between the Quaternary alluvial sediments and the Tertiary
sediments. Assuming 230m of Tertiary sediments fill the
valley as indicated by gravity data (preferred model), we
compute the ellipticity curve presented in Figure 10, showing
a resonance frequency fh2 = 0.53Hz for this equivalent layered
earth, well below the HVSR peak observed at 0.90Hz.

Figure 11 presents the observed HVSR curve at siteKPKwith
the ellipticity curve computed using the alternative model
(Figure 8, dashed line) obtained by shallowing the bedrock
interface to a depth of 125m.

We observe that the resonance frequency on the ellipticity
curve now agrees well with the observed HVSR peak at 0.90Hz.
This, however, disagrees with the gravity interpretation, which
suggests a much deeper bedrock interface (Figure 1, right panel).
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Fig. 9. Solid line is observed HVSR at site GUN. Dashed and dotted lines are modelled
Rayleigh wave ellipticity curves from preferred layered earth model (Figure 8, left) at site GUN,
fundamental mode and 1st higher mode.
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Fig. 10. Solid line is observed HVSR at site KPK. Dashed and dotted lines are modelled
Rayleigh wave ellipticity curves from the preferred layered earth model inferred from SPAC,
HVSR and gravity data (Figure 8 right, solid model) at site KPK, fundamental mode and
1st higher mode.
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We now provide further evidence for existence of a 2D
resonance pattern at this site by using Bard and Bouchon’s
model (equations 3) to compute the shift of frequency
expected in the Tamar Valley from the resonance frequency of
the preferred layered model (fh = 0.53Hz). We use a depth
h = 230m and width at mid-depth l= 500m (from Leaman,
1994) for the Tamar valley. An in-plane resonance frequency
of f SV0 = 0.88Hz at KPK was obtained that agrees well with the
observed HVSR peak (Figure 10). Interpretation of SPAC and
HVSR data acquired at another site near the centre of the palaeo-
valley (DBL site, south-east of KPK, Figure 1) shows a similar
shift between the modelled ellipticity and the observed HVSR
peaks, strengthening the hypothesis of the development of a 2D
resonance pattern in the Tamar valley.

Conclusions

SPAC was successfully used to estimate the S-wave slowness
profiles at two separate sites in Launceston and provides
information over a wider range of frequencies than does FK
analysis, when using the same hexagonal array. The information
obtainedwithin their respective domain of validity, i.e. frequency
range, is of similar precision, with FK analysis tending to
overestimate velocities. However, the ability of FK analysis to
detect the source direction for the wave of most energy presents
an interesting option to investigate the 2D resonance pattern
developing within the Tamar palaeo-valley. However, because
of limitations imposed by the use of high frequency (4.5Hz)
sensors, good resolution was not achieved at low frequency
(<1.5Hz), leading to a lack of information at depths greater
than 125m.

HVSR shows good correlation withmodelled ellipticity when
the earth canbe representedwith reasonable accuracybya layered
model as at the GUN site. By assuming 230m of Tertiary
sediments at site KPK site obtained from gravity interpretation
(Leaman, 1994), HVSR data suggests the Tamar palaeo-valley
can generate a 2D resonance pattern that differs from the 1D
resonance assumed for SPAC interpretation. Even though
SPAC does not provide good enough resolution at depth
greater than 125m, we clearly observe a shift in the resonance
frequency between the modelled ellipticity (0.53Hz) and
observed HVSR peak (0.90Hz) when recorded over the
ancient Tamar palaeo-valley, in agreement with Bard and
Bouchon’s model.

The analysis of the microtremor data that has been presented
has guided further observations practice at these sites. More
precision is clearly needed at lower frequency to detect 2D
effects from the Tamar palaeo-valley with array methods.

A secondphase ofmicrotremor data acquisition inLaunceston
with low-frequency sensors was completed in October 2007 to

improve precision at lower frequencies. Data were recorded
with 30 s (0.033Hz) and 60 s (0.0167Hz) Guralp CMG-3ESP
seismographs and are currently being processed. It is hoped to
present these results in future papers.
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