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ABSTRACT

We investigate the mechanisms of seismic anisotropy aeduwtion (YQ) beneath the
southernmost part of the Taupo Volcanic Zone (TVZ) by cormuuvariations in S-wave
attenuation factors with the direction of wave polarizatidVe rotate pairs of horizontal
components in steps of 22.5om O to 67.5 and into the radial and transverse directions
to search for the optimal separation of the attenuationesuand thereby determine an
anisotropy symmetry system. The frequency dependenc€g fof the rotated S-waves
is estimated by means of the non-parametric generalizegtsion technique (GIT) of
Castro et al(1990 using shallow earthquakes @0 km depth) recorded by GeoNet within
100 km of Mt. Ruapehu. To analyze the effects on computedh@teon properties of
source locations, we divide our dataset into two groups:\&Z"Tgroup containing earth-
guakes within the TVZ in a distance range of 5-55 km and a “IW¥@- group containing
earthquakes outside the TVZ in a distance range of 5-50 km.

To measureQ, we compute the spectral amplitude decay with distancermgeof
empirical functions at 20 separate frequencies in the #aqu bands 2-10 Hz and 2—
12 Hz for the TVZ and non-TVZ datasets respectively. We aoiesthomogeneous and
two-layerQ models for the TVZ dataset based on characteristic featind® attenuation
function, while for outside TVZ we only analyse a homogersQumodel.

The homogeneou® models obtained for the two datasets indicate that S-wanes a
more attenuated within the TVZ than outside. The homogesmi€omodel for the TVZ
dataset reveals that the S-wave is anisotropic at high érecjas ( > 6 Hz) along N-S/E—
W directions with the relatio®s. (f) = (6.15+ 1.22) f (173012 and Qg (f) = (4.14+
1.26) f(206£0.14) "\hile the non-TVZ dataset shows a weak frequency depeedsfratten-

uation anisotropy at low frequencies in NE-SW/SE-NW dioe giving the power law



function Qg () = (50.93+ 1.18) f(020+010) and Qg () = (22.60+ 1.10) f (053+0.06),
Here, the uncertainty estimates are 95% confidence ingerval

To investigate the variation of attenuation anisotropyhvdéepth within the TVZ, we
first calculateQ along propagation paths<(25 km, which corresponds to a maximum
turning point depth of 9 km ) and then using paths of 25-55 kmgtle. Small attenuation
anisotropy with low attenuation in the N-S direction for thgper crust of TVZ may be
related to heterogenous structure as reported by previadges. Attenuation anisotropy
in the northwest direction yielding lower attenuation méel for the deeper crust suggests

the presence of connected melt aligned with the extensrextibn of TVZ .
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Chapter 1

Introduction

1.1 Motivation

Seismic attenuation occurs when seismic waves passingghrihe Earth lose their en-
ergy in different amounts due to geometric spreading, scaff, multipathing and intrinsic
processes (e.@gtein and Wysessig2003. The amount of attenuation is usually param-
eterised by the inverse of the quality factQr namelyQ—1. The two main mechanisms
thought to be responsible for this amplitude variation aatsring and intrinsic attenu-
ation. Intrinsic attenuation converts the seismic enengy heat, while scattering causes
redirection of the energy of the wave (eSiein and Wysessig8003. In volcanic regions,
both intrinsic and scattering attenuation are importanttos difficult to distinguish the
mechanism of predominant attenuatiémdvalo et al, 2003.

Seismic attenuation measurements have been conductedarals@Icanoes and gave
significant contributions to both geological and geophsisgtudies in volcanic regions.
For example, the seismic attenuation structure at Rabduoawo, Papua New Guinea,
has been studied using regional earthquake data and thieadpatto method to estimate
the quality factors of P and S waveSydmundsson et al2004. Gudmundsson et al.
discovered that near-surface rocks inside the calderaetatvely more attenuative than

those outside the caldera, wighvalues ranging from 15-20 in the caldera indicating the
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influence of fractured rocks and the presence of geothermdsfDel Pezzo et al2006
estimated the attenuation factor on Mt. Vesuvius using @&anvelopes and determined
the minimum value of the total quality facto®) around 10 at 2 Hz. The attenuation at
Deception Island volcano (Antarctica) was studiedMogvalo et al.(2003, who analysed
P-waves, S-waves and coda waves using frequency-depeartttAndependent methods
to determine the quality factor. Those results indicaté tihe region has relatively high
attenuation compared to other volcanic or tectonic regions

In an anisotropic medium, the attenuation depends on thgagadion direction be-
cause scatters may be preferentially aligned. Recentigrakechniques have been broadly
adopted in seismic attenuation anisotropy studies to tekiegphysical properties of the
Earth and to separate the site and attenuation terms frosothiee termCarter and Kendall
(20069 used the spectral ratio method to quantify the differérigenuation of the slow
waves &) and fast wavesS) using a microseismic dataset extracted from an active oil
well in Valhall, a North sea oil field. The result of the measuents appeared to contra-
dict Hudson'’s theoryHudson 1981), which predicts that the slower arriv&? should be
more attenuated at high frequencies than the faster a8ivalsing a method based on the
spectral ratio technique and a waveform-fitting methodHert999 Chi-chi earthquake se-
guenceliu et al. (2005 calculatedQ value of the near-surface crust to be approximately
61—68 for the fast components and 43-52 for the slow compemethe range frequency
of 2—15 Hz. This observation suggests the presence of mawkalignment, which is also
suggested as the main cause of the velocity anisotropy isatme region.

An empirical method using a generalized inversion teche{@iT) is another common
way of quantifying the anisotropy of body wave attenuatind to separate the site and at-
tenuation terms from the source function (€Cgstro et a].1999. Castro et al. attempted
to identify the presence of seismic anisotropy in the Managgon of Italy. That study
provided additional evidence of seismic anisotropy in thgion, as previously reported
based on seismic velocity anisotropy observations (daygheriti et al, 1996. The low

Qs anisotropy estimation using deep wave paths (55-125 kmyethdhat theQg, val-
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ues are greater than tiigy values at low frequencied (< 4 Hz), suggesting magmatic

activity related to the compressional tectonics in thatareg

1.2 Relation between attenuation anisotropy and seismic
velocity anisotropy

In an anisotropic medium, S-waves split into two orthogbnpblarized fast and slow di-
rections causing a difference in travel times (delay tim8gyeral techniques can be used
to determine the delay time, which separates the fagta&d slow ($) components, and
the direction of the fast shear wave-component (8ayage1999. The splitting time is
a function of the thickness of the anisotropic layer and tlagmitude of the anisotropy,
whereas the fast polarization direction commonly providésrmation on the orientation
of the anisotropy axeB@arton 2007). Seismic anisotropy can be caused either by aligned
cracks or crystal lattice-preferred orientation (eStein and Wysessior2003. Unfortu-
nately, seismic velocity anisotropy analysis alone cardetermine the likely cause of
the anisotropy, since aligned cracks and lattice-prefeorgentation may yield the same
observed seismic velocity anisotropy. However, these twohanisms should produce dif-
ferent observations of seismic attenuation anisotroppalticular, attenuation anisotropy
may be strongly produced by preferential alignment of csdmkt not by crystal lattice ori-
entation Carter and KendalR006§. Therefore, using a combination of velocity anisotropy
and attenuation anisotropy measurements may allow us ¢éordigte the possible mecha-
nism of the anisotropy and thereby elucidate the structadecamposition of the Earth.
This study aims to measure attenuation anisotropy in théheaumost part of the TVZ
and to test its conformity with the previously measuredm@sanisotropy. This research
is also motivated by the fact that there are no seismic adt@uanisotropy studies in New
Zealand and we need to better understand anisotropic presreoim the volcanic region,

since seismic velocity anisotropy alone cannot distingpisssible causes of anisotropy.
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1.3 Tectonic and geologic setting

—32°

164° 168" 172° 176° 180°

Figure 1.1 The plate tectonic setting of New Zealand and
its environs describing the interaction between the Pacifnd
the Australian plates (adapted afterSmith and Sandwell (1997,
http://topex.ucsd.edu/marinepo/martopo.htm).


http://topex.ucsd.edu/marine_topo/mar_topo.html
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New Zealand is located at the boundary between the Pacifith@ustralian plates.
To the southwest of New Zealand, the oceanic crust of theraligs plate is subducting
beneath continental crust of the Pacific plate at the Puysesnch Lamarche and Lebryn
2000. Along the Hikurangi margin of the North island, the thinnde Pacific plate
subducts obliquely beneath the thicker lighter continlertest of the Australian plate with
a relative convergence rate of 43 mm/yeBedvan et a).2002 (Figurel1.1). These two
subduction margins are connected by a northeast trangprakslip movement along the

Alpine fault which crosses New Zealan8utherland et a12006.

. |« Wanganui

Figure 1.2The tectonic setting of the North island of New Zealand tllates the
boundary of the TVZ extending from Mt. Ruapehu in the souitpart to White
Island in the northern part (Adapted afidflson et al.(1995)

The Central Volcanic Region (CVR) is a wedge-shaped basanacterized by mate-
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rial with low density and seismic velocities (e 8tratford and Stern200§. The CVR

is the continuation of an oceanic back-arc basin behind thregd Kermadec Trench,
the Lau Havre Trough, into continental New Zealasdefn et al.2010. Shallow « 6

km depth) and subduction zone earthquakes dominate séigmithin the CVR (e.g.
Ansell and Bannisterl996. 1.8—2.7 km thick volcanic deposits cover the surface ef th
CVR (Stern and Daveyl987. The eastern part of the CVR is defined by a volcanically
active region as discussed below.

Oblique subduction in the northern part of New Zealand tesula region of rapid ex-
tension with extremely active volcanism and high geothéauivity (Wilson et al, 1995.
The most active part in this region is the Taupo Volcanic Z@n&Z) which can be defined
as the young active volcanic and high heat flow region extenétiom Mt. Ruapehu to
White Island (e.gWilson et al, 1995 (Figurel.2). The TVZ is a region under active ex-
tension with an extension rate of up to 15 mnt¥yat the Bay of Plenty, and decreasing
to < 5 mm yr! near the southernmost part of the TVEberhart-Phillips and Reyners
2009 Stern 2009. Andesitic volcanic activity in the TVZ started around 2 N&g.
Wilson et al, 1995. Intensive and large rhyolitic activity began from aroun@ Ma and
it produced the largest and most vigorous rhyolitic magoagime on Earth; it is about
300 km long (including 200 km inland), more than 60 km wide ahkast 10,000 kof
rhyolitic magma has been eruptadfi{son et al, 1995 Houghton et al.1995. The central
6000 knt of the TVZ produces an average heat flux of 700 mA(Bibby et al, 1995. A
migration and 30 clockwise rotation of the volcanic front since 4 Ma defined #astern
boundary of the TVZ $tern et al.20086.

The southernmost part of the TVZ is a volcanic area dominayedINE-SSW trending
faults parallel to the orientation of volcanic vents. Thésalts are probably related to
magmatic intrusion into shallow<( 10 km) crustal reservoirs and overlying dike injection
(Cole 1990. This area is called the Tongariro Volcanic Center, camgiof Mt. Ruapehu,
Mt. Ngauruhoe and Mt. Tongariro (Fid.3).

Mt. Ruapehu is an active andesitic volcano located at théhsou terminus of the
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TVZ. It currently reaches 2979 m in elevation and is estimatehave a volume of 110
km3 (Hackett 1985. Active faults surrounding Mt. Ruapehu are formed as alresu
subsidence in the central axis of the TVZ and define the TVaisndlary in the southern
part of the volcanoQole 1990 (Fig. 1.3).

There are four major formations around Mt. Ruapehu: Te HmEg250-180 ka),
Wahianoa (166115 ka), Mangawhero (5515 ka), and Whakapapa:(5 ka) (Gamble
et al., 2003). Gamble et al (2003 suggest that the maximum age for the inception of
volcanism at Ruapehu is around 340 ka and the average magaaa fi. Ruapehu is 0.6—
1.2 knf/ka. The volcanic deposits around Ruapheu, which are masglianche debris and
lahar deposits, appear as a low-velocity voluMe & 4 km/s) in the seismic tomography
image Rowlands et al.2005.

The eruptions of Ruapehu started more than 120,000 yeararabthe evidence con-
cerning the history of the eruptions is recorded in the segeef tephra layers within
its surrounding ring plaindfonoghue et al.1995. The 1995/1996 eruption of Mt. Ru-
apehu provided further valuable insight into geological gaeophysical properties around
the volcano. Bryan and Sherburill999 analysed the seismicity related to the eruption
sequence in 1995-1996 and suggested that it reflects pescessnected to the intrusion
of magma to shallow depth and changes in the volcanic plugdystem. The character-
istics of seismicity associated with the 1995-1996 erunstiovere different from those in
the period 1971-1995. Specifically, volcanic tremor and&olc earthquakes were dom-
inated by a frequency of 2 Hz before the eruptions and becaore broadband during
the 1995-1996 eruption$herburn et al.1999. Sherburn et al. suggested that the types
of seismicity and the eruption styles may have been affdaydtie presence of the crater
lake at Ruapehu. They also hypothesized that the volcanmlmhg configuration would
slowly return to the pre-eruptive state and the seismidigracteristics return to those
observed in the pre-eruptive period.

In volcanic regions, the geophysical and geochemical pt@seof the crustal struc-

ture may change due to volcanic activities. When an erugtemurs, the magma ascends
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175.3 175.4 175.5 175.6 175.7 175.8 175.9 176 176.1

Figure 1.3 The southernmost part of the TVZ and Mt. Ruapehu showing the
GeoNet stations (the black triangles) used in this study Albe lines represent
active faults around the TVZJole, 1990.

to the surface causing changes in stress, pore pressuremmpeérature of the volcanic
rocks. These changes affect the crack orientations, irdlngrthe propagation of seis-
mic waves Nur and Simmons1969. Recent studies of seismic anisotropy of Ruapehu
using the shear-wave splitting method show changes intatien of crustal anisotropy
by 80, interpreted as being caused by reoriented cracks aftet388-1996 eruptions
(Miller and Savage2001 Gerst and Savag2004). These studies suggest that the changes
were due to repeated filling or depressurizing of a magmatie ¢ystem, resulting in
the reoriented cracks. The presence of cracks also inflgethee attenuation of seis-
mic waves. Titzschkau et al(2009 demonstrated temporal changes of relative P wave

attenuation connected with the presumed changes in stifestiray seismic anisotropy.
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Titzschkau et al(2009 further showed that coda wave attenuation is stronglyueegy-
dependent with small fluctuations over the entire time gkob measurement and has
a relation ofQ; = (544 7)f(102£006)  The estimation of direct P- and S-wave attenua-
tion also revealed high attenuation values at the summituafpehu volcano, indicating
the presence of shallow highly scattering layers in theamilc deposits. Recent attenua-
tion tomography studies show a relatively |Qp (< 150) beneath the central part of the
TVZ at depths of 50—85 km, suggesting that there is a strongection between volcan-
ism and low attenuation in the shallow mantle and cr&dtefhart-Phillips et al.2008.
Eberhart-Phillips et al2008 suggested that the strong relation observed between fow at
tenuation of P-waves, low p/and high \b/Vs is mainly governed by high temperature
in this part of shallow crust related to partial melt in dikeesd veins (e.gReyners et a/.

20086.

1.4 Thesis outline

The remainder of this thesis is divided into five main chapt@ihe fundamental seismo-
logical concepts addressed during this project are intedun Chapter 2, which starts
with the theoretical background of seismic attenuatiorgnsie attenuation in volcano ar-

eas, and seismic attenuation anisotropy observed in ath@ns. The method and steps
of the data processing including error assessment of thesungaents are presented in
Chapter 3. The characteristics of the data used in the iloreese also described in this
chapter. Chapter 4 describes the implementation of thergkineerse technique described
in the previous chapter and its application to our datade¢nTthe attenuation function is
simultaneously separated from the source and site termsltbtheQ anisotropy model.

The implications of the attenuation anisotropy model areldburce and directional site
effects for the regional seismotectonics of the southestipart of the TVZ are discussed
in Chapter 5. Finally, Chapter 6 is a summary of the main tesanid conclusions of the

thesis.
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Chapter 2

Seismic attenuation anisotropy

2.1 Seismic attenuation

Attenuation is an important characteristic of seismic pigation used to quantify and char-
acterize the properties and ambient conditions in the EgB#ismic attenuation can be
described as the amplitude decay of seismic waves with thdelestance due to anelastic
and elastic processes as the waves propagate through the lBBaanelastic processes the
energy of a propagating wave is not conserved as the seismig\eis converted into heat.

In contrast, the amplitude decay of seismic waves in resgptimslastic processes includ-
ing geometrical spreading and scattering satisfies the fawrservation of energy within

the waves themselves.

2.1.1 Scattering and intrinsic attenuation

Many factors can produce attenuation of body waves and heg¢igimic attenuation mech-
anisms are well understood (eSfein and Wysessig2003. The most important mecha-
nisms governing attenuation are scattering and intrinssogtion. In the scattering case,
the energy of the seismic waves is reradiated in differergtctions or with different po-

larizations when the seismic waves encounter nonuniformignguch as cracks or other

lateral velocity variations. Intrinsic attenuation withthe Earth occurs when the seismic

11
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energy is converted into heat due to internal friction sigfriation along grain boundaries
(Stein and Wysessio2003.
Attenuation effects are usually expressed by the dimefessmuantityQ (quality fac-
tor). Q is measured in terms of the fractional energy loss per c\gle a
1 1 AE

WhereE is the energy of the propagating seismic wavis,is the energy lost per cycle,
andQ is the quality factor $tein and Wysessior2003. Q represents the energy decay
of an oscillation as a function of distance, whereas the iphl/property of the system
causing attenuation on seismic waves is generally paraimedein terms ofQ~1. The
value ofQ is observed to vary with the geological setting: for examgie presence of
magma and cracks cause volcanic regions commonly to hawer Rwalues than those
in other tectonic regions (e.@el Pezzo et al.1985 Arevalo et al, 2003. TheQ values
are also different for different rock types. Tal@& shows the ranges of th@ values for

different rock types.

Table 2.1 Typical Q values of rocks. The Q values for P-waves are usually to be
two or three times higher than those for S-wav&hdiff and Geldart1995

Rock type Q
Sedimentary rocks 20-200
Sandstone 70-130
Shale 20-70
Limestone 50-200
Chalk 135
Dolomite 190

Rocks with fluids in pore space 5-50
Metamorphic rocks 200-400

Igneous rocks 75-300
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It is generally difficult to determin€ directly from the definition given in equation
2.1, since most circumstances do not generate a medium wittsstraves of unchanging
amplitude and periodAki and Richards1980. Nevertheless, there are some conditions

under which attenuation can be directly observed (fortithtson see Figur@.1and?2.2):
1. the temporal decay of amplitude at fixed wavenumber;

2. the spatial decay in a propagating wave at fixed frequency.

4000 KRV Z EHE 0.29945°|

3000+ r
2000+ L

1000 r

—1000+
Amplitude decay

—2000+

—3000-

—4000 S wave arrival

—5000-SAC

0 10 20 30 40 50
Time (sec)

Figure 2.1 Seismogram from an earthquake in the southernmost pareaviz
showing how the S-wave amplitude decays with increasingdaime (time after
the earthquake’s origin time).

By assuming that attenuation is a linear phenomenon andt tisapproximately lin-
early dependent on frequency, Fourier analysis can beeapfiget the correct effect of
attenuation on actual seismic signals (d=gustel 1999. For a medium with a linear
stress-strain relationship under condition (1) or (2),gbismic wave’'s amplitud& is pro-
portional to the square root of the enerds*?). Further assuming th&@ >> 1 implies
that successive peaks have almost the same strain eneeggngingy stored within mate-

rial as a result of applying a force to an elastic mate&éin and Wysessio2003. It is
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Figure 2.2 Examples of the observed amplitudes of S-wave for two difier
events at the same frequency recorded by GeoNet stationis Ruslpehu, show-
ing amplitude decay due to attenuation as the distance batée source and

receiver increases.

important to note here that the amplitullenay represent a maximum particle velocity or

a stress component in the wave. Therefore, that conditiobeaxpressed mathematically

as:
1 1AA
- (2.2)

mA

Qw)

From equatior2.2, we can describe the amplitude fluctuations due to attesrudti
terms of two different mathematical models correspondinthé two different situations,

the temporal and spatial decay, as follows (for detailedvdgon of the equations, see

Aki and Richardg1980) :

(2.3)

(2.4)

Here, A(t) andA(x) are the seismic wave amplitudes after propagating for a tiared

distancex, respectively.Ag is the initial amplitude of the seismic wave,is the angular
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frequency and is the phase velocityAki and Richardg1980 emphasized that geomet-
rical spreading effects due to material heterogeneity lads@ an important role to play in
any spatial decay, so their contribution cannot be neglecte

The value ofQ is commonly constant for frequencies less than 1Aki &nd Richards
1980. At higher frequencies, attenuation does depend on frexyuand is often repre-

sented using a power law relatioAki, 19803:

Q) = [fﬂ 25)
where fg is the reference frequenc§) is the Q value at this reference frequency amd

is the frequency-dependency coefficient. The mechanismeqéiency-dependent attenua-
tion implied by equatio2.5is not well understood, although numerous attenuationesud
of body, surface and coda waves documented this phenomergpAKi, 1980a Kinoshitg
1994 Giampiccolo et al.2007). Aki (19800 observed that strong frequency dependence
(higha) is caused by the presence of high density cracks and faglsasing body waves

scattering, while the presence of hot materials charaeterby weak frequency depen-

dence (lown) suggests a dominance of intrinsic mechanism over saagtattenuation.

2.1.2 Geometrical spreading

It is well known that geometrical spreading causes seisravamplitudes to decay with
distance (e.gCastro et al. 1990, which is a consequence of the spreading of seismic
energy when waves and wave fronts expand in a larger volusee afhis mechanism
is independent of frequency and has an obvious and signifocartribution to amplitude
decay. In a homogenous medium and at short distances, tidastiafunction commonly

used to describe geometrical spreading of a body wave caadweided as
GR) == (2.6)

The phenomenon of geometric spreading in complex medidfisudi to model (Stein and
Wysession, 2003) and may lead to different forms of the géooaéspreading function in
the real Earth (e.gCastro et al.1999.
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2.2 Measurement of seismic attenuation

The principal goal in the determination of an attenuatiordelas to separate the source
and site terms from the recorded seismograms. Severalitge®shave been developed to
achieve that objective (e.gGeustel1998. Those techniques are able to quantify the quality
factor Q) based on an attenuation function as a function of time dadce. Although the
methods have proven effective and accurate in meas@jiige most significant problem
is to choose an appropriate method to measure attenuatemifisgo site requirements
(Feustel 1998. All the methods have their individual advantages anddiiaatages and
many geophysicists have contributed to their developmktgthods that are commonly
used to compute attenuation models from recorded seismsgree described below (after

Feustel 1998:

2.2.1 Spectral ratio method

This method considers the ratio between a body wave’s spadit a station of interest
and the spectrum at a reference station or the spectrum tiemueart of the seismogram
(Toksoz and Johnstori981). This method yields a single path-avera@geso it can be
applied to datasets containing only a few ray-paths andcesurn addition, this method
effectively cancels the source, the site and the instrumesponse effects and yields an
attenuation model relative to the seismogram recordeckattierence station or reference
phase (e.gCarter and KendalR006 Liu et al, 2005. For this reason, it usually requires
a particular array geometry in the dataset (e.g. homogethataset containing only events
recorded by all seismic stations). The method is based ofath¢hat higher frequencies
of seismic spectra attenuate faster than lower frequendiéss method only measures
the quality factors of the direct body wave, which is indegimt of frequency and cannot
distinguish attenuation due to intrinsic and scatteringcpsses. Therefore, when imple-
menting the spectral ratio method, only a small window ofglymal can be analyzed to

ensure that there is no contamination from scattered emefttye coda waves.
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2.2.2 Spectral decay method

The spectral decay method is based on Brune’s (1970) souwrdelrassuming that unat-
tenuated displacement spectra amplitude for all freqesrzelow the corner frequency are
flat, while frequencies past the corner frequency are weltatterized by a displacement
spectra slope of-2 (w?). Q measurement using this method is performed by estimating
the slope of the signal spectrum over a frequency band lifrlien, the estimated slope
is compared to thes2 slope of Brune’s model. As with the spectral ratio metho@, th
Q term resulting from this method of analysis is independéritemuency and valid for

a single path of direct body waves. Since this method useseBrumodel as a reference
signal, it does not need specialized array geometry or ssuddowever, the accuracy of
the method is very sensitive to the presence of scatteree emagrgy. The contamina-
tion of signal scattering in the signal window can raise tigaa energy affecting th®
measurementHeustel 1998. It is also requires knowledge or assumptions regardiag th

source mechanism.

2.2.3 Coda-Q method

The method measurd3 from the decay rate of coda waves with increasing lapse time
(measured from the origin time of the seismic event). Thisho@ assumes that coda
waves consist of body waves scattered from random heteeggenin the Earth (Aki and
Chouet, 1975). Therefore, an interpretation of enodel obtained using this method is
difficult because the decay of coda energy involves bothextiag) and intrinsic absorption
effects. However, a modification of the method is capableepasgating intrinsic and scat-
tering attenuation, which may help infer the dominant atttion (e.g.Del Pezzo et aJ.
2006. TheQ coda can be estimated as a function of frequency and time. edreii-

cal model for the distribution of coda wave energy proposg&ato(1977) shows that
the decay rate of coda wave amplitude is independent of bethaly path and the source-

receiver distanceHeustel 1998. The time window for th&€) coda analysis must be picked
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carefully because the resultiqggmodel analyzed may be dependent on the lapse time and
sensitive to the contributions of multiply-scattered wawv&lthough it is possible to calcu-
late Q coda for a single path, it is better to meas@reoda for several event-station pairs
to reveal theQ coda in a particular area. In addition, as with the speciahgl method,

specialized array geometry and active sources are notdsmesi essential.

2.2.4 Generalized inverse technique (GIT)

The GIT approach to attenuation estimation considers thaydef the spectral amplitude
with distance. It simultaneously separates the source,asitl attenuation terms by in-
verting the body wave spectra (eAndrews 1986 Hartzell 1992 Castro et al.1990,
thereby yielding information about the characteristicthef source, site amplification and
the attenuation of the body waves on their propagation flemsburce to the receiver. The
generalized inversion method is more flexible with respecalculatingQ for body waves
than the spectral ratio method because it can be applieddal@omogeneous dataset (i.e.
one in which not all of the events are recorded by all seistaittans). Consequently, this
technique can be applied to spectral amplitudes from bottl smd bigger events to define
the attenuation function describing tQenodel for a particular regiorQastro et al.1990.
Furthermore, the accuracy of the method improves as motteqeekes are included in the
dataset FField and Jacobl1995. As the coda wave decay method also does, the general
inversion technique yields a frequency-dependent qui@dipr for body waves. However,
the method requires assumptions about a geometrical spgefashction and at least one
site function or one source must be fixed as a constraint teovera linear dependency
between the source, site and path effects. In this study,seghe GIT method because
it yields frequency-depende@ models and provides additional products in terms of site

and source effects. The implementation of the method isritestin detail in Chaptes.
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2.3 Seismic attenuation in volcanic regions

Geological properties in volcanic regions are strongly plax and heterogenous. The
presence of ash layers and other volcanic materials at tfecswand the presence of fluid-
filled cracks, magma intrusions and hydrothermal resesviaideeper parts of the region
will affect the propagation of seismic waves (eAyevalo et al, 2003. This complex
composition causes attenuation in volcanic areas to bergignkigher than that in other
tectonic environments.

Table 2.2 Typical Qo and power law frequency-dependence coefficientfor
S-wave in different tectonic environments

Location Source Qo a

Volcanic region, southern part of ItalyCastro et al(2008 17.80 1.30
The back-arc, the Aegean sea, Greeé®latidis et al(2003 55 0.91
Subduction zone, Guerrero, Mexico Castro et al(1990 96 0.96
The crust, the southern Kanto, JapanKinoshita(1994) 130 0.70
The crust of Garda, Italy Castroetal(20089g 160 0.60

There have been several studies concerQrestimation in volcanic regions. For in-
stance,Del Pezzo et al(1985 calculated the direct S-wave quality factor at the Campi
Flegrei volcanic region, Italy, using the co@awaves decay method applied to shallow
earthquakes. They found a frequency-depen@dhiat is different from other tectonic re-
gions and inferred that the presence of magma affects themmachanisms of attenuation,
namely anelasticity and scattering. L@walues &40) obtained using P-wave dispersion
at Campi Flegrei were reported Mjlla et al. (1997, suggesting that this region has a very
low quality factor. Castro et al(2008h) measured S-wave attenuation in a highly active
volcanic region in the Apennines, in the southern part dy ltssing the spectral amplitude
decay with distance method to extract the attenuation foimciThey found a low quality

factor for the lower crust in this region, namedg = 17.80f 130, They argue that the high
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attenuation in this area is due to brittle-ductile defoiipratiuring past tectonic events.

A recent 3D tomography attenuation model of the Taupo VotcZone, New Zealand
(Styles 2009, reveals very low S-wav® of <350 at 10 Hz in the forearc crust. Styles
concluded that this region is fluid-rich due to the dehydrabf sediments carried down
with the slab and the presence of hydrous fluids transportdtie fractured crust. A
combination shear-wave splitting and attenuation at depthl8 km and 25 km in her
study shows that the slab-parallel fast orientation in tredrc is located within the low-
attenuation region, suggesting that the fractures anés®dend to at least 25 km beneath
that region. These results also imply a strongly heterogemstructure of the region as a
whole. In order to reveal the main mechanism of attenuatistudy based principally on

attenuation anisotropy is necessary.

2.4 Seismic attenuation anisotropy

As described above, a variety of mechanisms—such as therme®f fluid-filled cracks,
internal friction along grain boundaries and scattering thuinhomogeneities—cause at-
tenuation of seismic waves. Anisotropy in seismic atteionabccurs if there is a pref-
erential orientation or direction on the crystals, crackd heterogeneities. Thus, for the
anisotropic case, the attenuation depends upon the wapagmtion direction.

Several methods and theories have been developed to gatestine anisotropy of at-
tenuation. Theoretical crack modeldudson 1981]) predict that the seismic waves that
have particle motions perpendicular to fracture strikeusthbe more attenuated than those
which are parallel to the crack’s orientation. This thearyalatively straightforward to ex-
plain intuitively, since the waves propagating parallaite cracks’ orientation will propa-
gate faster and be less attenuated by scattering. Attemuatisotropy in the near-surface
was investigated using the spectral amplitude methodibt al. (2005, who measured
attenuation anisotropy in the uppermost 200 m of the crugteaborehole seismometer

CHY in Taiwan. TheQ values obtained range from 61 to 68 for the fast shear wavdand
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to 52 for the slow shear wave. They estimated 23—-30% of at@manisotropy suggest-
ing the presence of microcrack alignment, which also caB8%eselocity anisotropy at the
same station. Anisotropy of attenuation has also been teéet@t an active oil-field using
a microseismic dataseCérter and Kendall2006. In that case, using the spectral ratio
method, an intriguing result was reported in which the wakeageling parallel to the frac-
ture strike as measured by S-wave splitting are sometimes attenuated than those in
perpendicular directions. This result contradicts Hudstireory and therefore the results
require further examination.

Lab-scale measurements have also been used to examineasitiananisotropy in
rock samples containing aligned crack®o and King(1990 measured attenuation from
anisotropic rocks and isotropic samples using the speeta method (Sectio2.2.1).
They observed that attenuation anisotropy is generallgrapanied by velocity anisotropy,
suggesting that grain boundaries and aligned cracks goensible for both phenomena.
They concluded that attenuation anisotropy can be usedad #ot fracture detection in
oil exploration. At a very different scale, the variationaifenuation of the Earth’s inner
core with direction and geographic location has been qfiedtby Yu and Wen(20096.
The observations suggest that the Earth’s inner core is@ofsc with respect to attenua-
tion with high attenuation being related to fast propagatarallel to velocity anisotropy),
opposite to the relations for cracks. For example, theyda@ value of around 200250
along polar paths and an avera@Qevalue of 600 along equatorial paths, which corre-
spond to a polar-equatorial velocity anisotropy where tiveaWe in the polar paths travels
1.3%—2.8% faster than in the equatorial paths. They argued tltht gnienomena may be
due to different alignments of the hexagonal close-packed)(iron crystals.

Those measurements imply that attenuation anisotropyacvaluable information
to diagnose the structure and properties of the Earth at adlbrange scales. However,
observations of attenuation anisotropy are sparse comhpatbose of velocity anisotropy
and, to our knowledge, no attempts have been made to quattéguation anisotropy

in any volcanic regions in the world or any where in New ZedlaAs discussed in Sec-



22 Chapter 2 Seismic attenuation anisotropy

tion 2.3, volcanic regions commonly have high attenuation due teeeintrinsic process or

fluid-filled cracks. We expect that if attenuation is causgdhlrinsic process and there is
indication of attenuation anisotropy, it should exhibit@ak frequency-dependence, while
if it is caused by fluids in aligned cracks, there will be a sydrequency-dependence of

attenuationAki, 1980h Giampiccolo et al.2007).
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Methodology and data processing

As discussed in Sectidh2.4 measurements of spectral decay with distance using the gen
eralized inverse technique analyze seismic datasets tocsoattenuation and site effects
simultaneously. The advantages of using this method aré thelds frequency-dependent
Q models for body waves, can be applied to large datasetsibiegcthe Q model for a

particular region, and provides additional products fatHar seismic analysis in terms of

site and source effects.

3.1 The generalized inversion technique (GIT)

A seismic recordl (t,r), which has been already corrected for the instrument ressyon

can be described in the time domain by a convolution
dij (t,R) =s (t,R)*a(t,R) *z (t,R) (3.1)

wheres is the source terma is the path effect and; is the site function (e.g. Aki and
Richards, 1980). Consequently, in the frequency domairobserved spectrum can be

obtained by multiplying the source ter@the propagation path and the site functio# :
Dij (f, R =S (f)-A(f,R)-Zj (f) (3.2)

Here capital letters denote the spectra of the correspgroliver-case variables. Equation

3.2provides the basic model for the observed seismic speatralan constitutes the basic

23
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part of the generalized inversion technique.
Equation 3.2 may be transformed into linear form by taking the logarithfrboth
sides:

logDij (f,R) =1ogS (f)+logA(f,R)+logZ;(f) (3.3)

The linear equation above can be written in matrix form as:
Gm=Db (3.4)

In this equationb is the data vector of observed spectras a model vector containing the
unknown parameters describing the source, attenuatiositkrms, ané is the matrix
linear operator (see, e.lenke 1989. A problem that commonly arises when using this
approach is the linear dependence between the sourceyatitanand site terms, so we
should make sure that the solution is well constrained foheariable. The least squares
solutionm = (GTG)flGTB of the predicted model can be computed, for example, by
least square inversion (LSQ) or singular value decommus{iMenke 1989. In general
the accuracy of this approach can be improved by increabsgumber of earthquakes in
the datasetRield and Jacofl995.

The GIT was first used to separate the geometric-attenuatimected data into source
and site terms by constraining the solution of the model &itknown site response at
particular stationsAndrews 1986 Hartzell 1992. Some stations are chosen as reference
sites, in which the site effects are considered flat overriaguency band of interest; for
example, one station on hard rock may be constrained to hfla¢ r@sponse of 1. The
reference site also can be determined by setting the avefagyeral stations to 1. This
approach has been developed in order to invert simultahefarghe source, attenuation
and site terms.Castro et al(1990 and Salazar et al(2007) parameterized attenuation
function as a particular function of distance, and anotipgr@ach is to assume that the
attenuation function decays monotonically as a functiodisfance without specifying a
particular shape of the function (the non-parametric meiteay.Castro et al.199Q 1996
2003 Oth et al, 2008 2009. In this study we only use the GIT-non parametric method,
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because the attenuation function obtained can be corredtedany kind of geometrical
spreading form to determir@without recomputing the inversioéstro et al.1990. We

discuss this latter approach in more detail below.

3.1.1 Nonparametric inversion method

The source, attenuation and site terms are calculated iispectral inversion steps using

the non-parametric method proposedsstro et al(1990.

Step 1: Determination of attenuation function andQ

In the first step, the frequency- and distance-dependertbe observed spectra are written

as:
Dij (f,Rj) =M (f)-A(f,Rjj)
=Mi(S(f),Z;()-A(f,R;)

HereD;; (f,Rij) is the observed spectrum of earthqugkat stationi, M; (f) is a scalar

(3.5)

which depends on the size of the earthqualked also includes source effe§g f) and
the average site effecs (f) (Castro et al.199Q 2008ab), R;; is the hypocentral distance
of eventj to sitei, andA(f,Rij) is the attenuation function, which incorporates with
this formulation both geometrical spreading and anelagtenuation. The shape of the
attenuation function is independent of the size of the ewenthat it is possible to combine
the spectral amplitude from small and bigger events to ddfieeattenuation function
(Castro et a].199Q 1997).

The attenuation function determined using the non paracn@gthod is based on the
fact that the amplitude decay of S-waves with distance iy fybverned by geometrical

spreading, scattering and anelastic attenuation, whipéth@r can be expressed as:
—TIfR;j
A(f,Rj) =G(Rj) xe PQs (3.6)

HereG (Ri,-) is the geometrical spreading functioiis the frequency is the shear wave

velocity, Qs is the S-wave quality factor arfg)j is the hypocentral distance between event
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j and the site. This approach searches for monotonic decay curves anasramed to

be smooth as a function of distance. These requirements thatthe computed spectral
amplitudes decrease slowly with distance and that any napeiilations are considered
to be due to site effects and other wave propagation efféctsther words, the residuals
at each station between the observation and the model ebtasing this method can be
interpreted as the site effect84stro et al.199Q 2008ab).

The method assumes thatRt0, the spectral amplitude is controlled by the source

termS (f), so that at reference distanRg, A(f,Ry) has a value equal to 1. By taking the

logarithm, equatior.5can be made into a linear system of equations
b=m +a; (3.7)

in whichb = logD;j (f,Rj), m = logM; () andaj = logA(f,Rj). In matrix form, this
equation can be expressdchstro et al.199Q Oth et al, 2008, as follows:
Ga Gm| |&] |b
@ - (3.8)
0

3|

W 0
G4 is a matrix representing the parameters related to theusttiom function §), whereas
Gm is a matrix related to the model spagecontaining source and site termgV is a
matrix containing weighting factors; chosen so tha; = 0 atR = 0 (reference distance)

andw, chosen to weight the second derivative of the curves andrdete the degree of

smoothness of the model. The matikcan be written as:

W1 0 0 0 0 ..

—W> /2 W Wo /2 0 0o ..
W 2/ 2 2/ (3.9)

0 —W2/2 Wo W2/2 0o ..

The weighting factors are applied to suppress rapid unidula¢lated to site effects and to
preserve the monotonic characteristic of the attenuatiantfon. The optimal weighting

factors are chosen by visual examination of the model tarahete which give sufficiently
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smooth attenuation functions. When choosing the weigtitiotprw,, we should be care-
ful because if it is too high, it will give a straight line wiianeans that the attenuation
function cannot preserve properly the variations of até#ion characteristics with dis-
tance (Fig3.1. Ifitis too low, the attenuation function still has larganations over very

small distance ranges, which means the site effect is nettafely suppresse@®th, 2007

(Fig. 3.1).
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Figure 3.1 The effect of applying weighting factors to the attenuafiamction.

The discretization of earthquake hypocentral distanceth&attenuation function into
a number of bins is also important. Here, the bin widths sthdad equal and contain
enough data points to prevent the instability of the atteoodunction due to inadequate
suppression of undulation (Fig.2). Choosing a small bin width may result in empty bins.
In the matrix system, these empty bins will be merged wittptte¥ious bin which has data

points, causing the bin widths to be unequal. That will niytalffect the bins at a greater
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distance as they are determined by the previous unequalfims3.2).

The attenuation function obtained from the non-parametethod has an obvious ad-
vantage since it can be examined with any kind of geometsiggdading models without
recalculating the previous inversion process. To measw®tvalue, we can easily pa-

rameterizeA(f,Rij) by taking the logarithm of the equati@6 as follows:

_ miflog(e)

logA(f,Rij) = logG (Rij) “B0.

Rij (3.10)
The attenuation function can be corrected after defininggd@metrical spreading

function. Thus, we can rewrite equatid10(after Castro et al.2003:

y(R) = MR (3.11)

1if log(e)
BQs

is applied to get the slop® of the corrected attenuation function plotted versus dista

In whichy(R) = logA (f,Rij) —1ogG(R;j) andm= — . A linear least squares fit

Finally theQ value for a given frequency can be estimated as:

niflog(e)
-

Qf) = (3.12)

Step 2: Determination of site and source terms

In the second step of the inversion process, the correctdrspgirom the path effect can

be separated into source and site terms for a given frequie(Cgstro et al.1990:
Rj(f)=S(f)-Z(f) (3.13)
where the corrected spectra are described as:
Rij(f) =Dij (f,R)/A(f,R) (3.14)

Here,Rjj represent the spectral amplitudes after correction foattenuation effects.

By taking logarithms, equatiod.13can be linearized as follows:

logRj () = logS (f) +logZ; (f) (3.15)
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Figure 3.2 An example of attenuation function plots resulting from itheersion

of non-parametric method: undiscretized (top panel),rdiszed using small bin
width 0.2 km (middle) and with an appropriate bin width dista 2 km (bottom).
The solid black line and gray shaded area in the plot reptdbenmean and
the meant one standard deviation of 200 bootstrap replications nbthusing
bootstrap inversions (e.@th et al, 2008, discussed in more detail later (Section
3.1.2. Note: the standard deviation for the bottom panel is sc@tpared to
those for the top and middle panels.
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Figure 3.3 An example of a corrected attenuation function from geoiwagtr
spreading and a linear square fit to get the slop@lue attributed to the Q value.

and written in matrix form as:

Gm=bh (3.16)

Heremis the model space related $pandZ;j, G is the matrix linear operator arimiis the
data vector containing the elemefiRg. SinceG is a sparse matrix containing only two
non-zero elements in each column or row, this situationiregunodification to reduce
linear dependence between the site and source terms. Cmmsddication is to constrain
at least one station to have a specified site amplificationtiom (a reference site). The
reference site is chosen so that the site response is uratyfegquencies (i.e. flat with an

amplitude of 1). In this case, equati8ri6can be rewritten adutta et al, 2007):

G|_ |b
| m= (3.17)
C 0
A row matrix C is added in theG matrix to constrain the site functions in whi€m is
equal to zero. The solution can then be obtained using lgastrs inversion (LSQ) or

singular value decomposition.
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3.1.2 Assessment of the inversion stability

The accuracy and stability of the inversion results aresseskethrough bootstrap sample
inversion for each analyzed frequency using the same puoeets reported by, for exam-
ple, Oth et al.(2008. The bootstrap sampling process generates a random sauitiple
replacement from the original data (eEfron, 1979. Some points in the dataset may be
selected several times and others not selected at all. Edyabtstrap inversion, the tech-
nique simply generates a new matf and a new data vectall which have the same
size asG andd in equatior3.4. The new matrix is filled randomly with rows from the orig-
inal dataset and the generalized inverse is computed torgat/aolution. This process is
repeated fox times to produce different model solutions@th, 2007. For each model
solution, we then calculate the mean and the standard aeviaitthe model parameters.
In general, the model solutions of the bootstrap inversiencansistent with the models

obtained by inverting the original dataset (Fig3td).
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Figure 3.4 Red line: An example of attenuation function obtained byemsion
of the original dataset. Blue line and gray shade area: Aemattion function
computed by the mean of bootstrap inversioone standard deviation.
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3.2 Data

Seismograms of 156 regional shallow earthquaked4 km) recorded at 14 GeoNet seis-
mic stations are analyzed to determine the spectral andplitiecay of S-waves. The 14
stations are situated within 30 km of the summit of Mt. Ruap@Figure 3.5 and Table
3.1), and equipped with short-period and broadband seismbgrdfhe seismograms used
in the analysis are all sampled at 100 samples per secondhetimstrument responses
flat between at 1-40 Hz and 0.08-40 Hz for the short-periodbapaidband seismometers,
respectively. In this study, only events with magnitudeslof> 2 with signal to noise ratio
larger than 2 and epicenters within 100 km of the summit of Ritapehu are analysed.
It is also important to note that only seismograms contgit8rphase picked by GNS are
used in the dataset, but the picks can be changed manuaégdfed. This selection may
remove some earthquakes containing unpicked S-phase lfi@dataset.

To examine the effects of attenuation properties with selwcations, we divide our
dataset into two groups; one containing earthquakes angunithin the TVZ with mag-
nitudes of 2—3.8, whose ray-paths mostly lie south of Lakg®a(Fig.3.5and3.6), and
the other containing earthquakes outside the TVZ with magdes of 2—3.2 and ray-paths
sampling the southwestern flank of Ruapehu (Big.and 3.8). We then refer to those
two groups as the “TVZ” and “non-TVZ” datasets, respeciivdlhe TVZ and non-TVZ
datasets contain 90 and 66 earthquakes, respectively (geendixA), with more than
315 recordings for each dataset used in the inversion. Thed@ntral distances of the
earthquakes vary between 5 and 55 km for the TVZ and, betwesamd%0 km for the
non-TVZ dataset: we discretize the distance ranges of thecages to 2 and 3 km bin-
width, respectively. Figure3.7 and3.9 show vertical cross sections of the selected events
for both datasets and indicate that the TVZ events mostlg lsaurce depth of 5-10 km,
whereas the non-TVZ events mostly occur at depths of 10—20Tkma shallow events for
the TVZ data are concentrated at 5 km depth indicating tregelevents were probably

assigned by convention, because the GeoNet did not deteanourately the focal depths
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of the shallow earthquakes.

Table 3.1Locations of the GeoNet stations used for analysis

Name Code | Latitude () | Longitude() | Altitude (m)
Dome Shelter | DRZ -39.277 175.563 2692
Far West FWVZ | —39.256 175.552 2043
Karewarewa | KRVZ | —-39.096 175.641 1207
Moawhango MOVZ | -39.408 175.752 874
Mangateitei MTVZ | —39.386 175.470 840
Ngauruhoe NGZ -39.177 175.600 1452
Oturere OTVZ | -39.164 175.664 1506
Pokaka PKVZ | -39.291 175.346 770
Turoa TRVZ | -39.300 175.547 2062
Tukino TUVZ | -39.269 175.653 1446
Taurewa TWVZ | -39.072 175.437 1084
Wahianoa WNVZ | -39.328 175.597 1566
Whakapapa WPVZ | —-39.205 175.545 1244
West Tongarirg WTVZ | —=39.117 175.589 1186
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Figure 3.5The epicenters of the earthquakes used in the analysis picai:by
blue and red circles. The black triangles represent thenseistations. In total
we use 316 records for ‘the TVZ dataset (the red circles) ’ 8@l records for
‘the non-TVZ dataset (the blue circles)’. The black linesrknthe positions of
the cross sections shown in Fy7and3.9.
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Figure 3.6 Map showing the raypaths of the TVZ earthquakes.
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Figure 3.7 A SW-NE vertical cross section of the TVZ earthquakes shawn i
Fig. 3.5(black line).
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Figure 3.8 Map showing the raypaths of the non TVZ earthquakes.
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Figure 3.9 A SE-NW vertical cross section of the non TVZ earthquakeshen t
figure3.5(black line).
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3.2.1 Data preparation

Aoy
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Figure 3.10 The initial pair of horizontal component (X and Y componénts
which is rotated at an angle 6f

The seismograms used are baseline-corrected by subtralsérmean and removing
the instrument response. We rotate pairs of horizontal covapts (north-south and east-
west components) in steps of .82 from 0° to 67.5° and into the radial and transverse
directions (Fig.3.10 to search for the optimal separation of the attenuationesiand
thereby determine an anisotropy symmetry system. In oadeoinpute the displacement
spectra for each of the rotated seismograms, we select tindows containing clear S-
wave arrivals. The initial time window starts 1 s before thev&e arrival and ends at
a time selected automatically that corresponds to the @inthich 80% of the S-wave
energy has been achieved. The offset of 1 second has beesndioasssure that the main
S-wave arrival energy is included in the analysis. A 5% oedaper is applied to each
window before the Fourier transform calculation and theaigpectra are smoothed using

the Konno-Ohmachi windowKonno and Omachil998:

We (£, fo) = [sin (1oguo(1/10)°) /logo(1/10)°] (3.18)

Hereb = 20 is the bandwidth coefficient for smoothinfand f; are frequency and
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Figure 3.11Smoothing spectra using the Konno-Ohmachi window

center frequency, respectively. The paraméteontrols the smoothing of the spectra:
higher values ob will give less smoothing. The advantage of using this funtis that
the window has a constant width on a logarithmic frequeneyesand consequently pro-
vides equidistant points in logarithmic scale. In this meging, we compute the smoothed
spectra at around 20 frequency points in the range 2—10 HthéofVZ data, and from
2-12 Hz for the non-TVZ data. Noise spectra are calculatedjui3-coda windows which
have the same length as the signal windows. It is importanbte that we use P-coda
windows as noise windows because some records in our datasevery small pre-event
noise windows, that preclude us from using pre-event (ire-R) noise as a noise win-
dow. The amplitudes of the signal spectra over each frequeand are then compared
with the calculated P-coda spectra and only data with sigraloise” ratios larger than 2
(S/N > 2) are retained for the inversion. FiguBel2displays some data examples. The
left panel shows selected records of horizontal componeittstheir S-wave windows,
whereas the right frame corresponds to the displacemeatrapesing the indicated win-

dows.
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Figure 3.12 Left panel: Example records of the E-W and N-S components;

signal and noise windows denoted by the red and blue dashesk bespec-
tively, used to compute the displacement spectra. Rightlp&xamples of the
smoothed displacement spectra obtained from the seledtetbws of the seis-

mogram on the left panel.
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3.3 Q model

The attenuation functions obtained by the procedure deeitiin the previous section are
used to estimate tH@ model. We address thg estimation process based on two model as-
sumptions: 1. a homogeneo@Qsnodel calculated from the attenuation functions assuming
a single homogenous layer; 2. a hon-homoger@usodel that distinguishes attenuation
distance curves of the upper crust from those of the lowestcrli is important to note
that the presence of attenuation anisotropy is determipedimparing attenuation models
of two rotated orthogonal components. Then, the directibanssotropy is determined
based on the model of two orthogonal components producingnman separation of the

attenuation values.

3.3.1 Homogenous) model

To calculate a homogeno@model, we examine the amplitude decay function within the
entire distance range rewritten as:

-1ifR
A(f,R) =G (Rj) x e PQs (3.19)

Here, we use an average S-wave velocity3ef 3.5 km/s, based on the S-wave velocity
model beneath the TVZ as obtained Bgnnister et al(2004). We define our geometrical

spreading functions followin@astro et al(2008h:

G(R) = Ro/R Ro<R<R (3.20)
Ro/(RR)Y?, R>R
We use this geometrical form to minimize the flattening dff@c the amplitude decay
function of the secondary arrivals of reflected waves anchagh in geometrical spreading
function (Castro et al.1996. Here,Ris the hypocentral distance and R’ is the hypocentral
distance at which the flattening effect on the amplitude @éaoaction begins. In this study,

we use R'=25 km (see Chaptd). Ry is the reference distance, here chosen t&pe 5
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km; we normalize our geometrical spreading function atdigtance because most records
have hypocentral distances larger than 5 km. Fin&llys estimated for each frequency
using equations3.11and 3.12 To describe the frequency dependence oQimeodel, we

use a model of the formAki, 19803:

Q(f) =Qo HJ ’ (3.21)

whereQy is the value ofQs at 1 Hz andx is the frequency-dependency coefficient.

3.3.2 Two-layerQ model

To investigate the contribution of the crust to the overairauation anisotropy, we propose

a non-homogenou® model to separate the effect of attenuation in the uppet angthe

lower crust in this region. We expect that the attenuatidearopy in the upper crust is

due to a high density of cracks, fractures and pore spacég tia presence of connected

melt beneath the TVZ may contribute to the attenuation artpy in the lower crust.
Following the same procedure for a two-layer attenuatiodehas outlined by Castro

et al. (2008b), we divide ou estimation based on the changes in slope of the ampli-

tude decay at different distances. The notaf®mised below is the same as that used in

equation3.20

The upper crust Q model R < R)

In this model we modify equatioB.6to quantify the upper cru€ model as:
Au(f,R):G(R)xe% x e K (3.22)
whereG (R) is geometrical spreading functigy is the S-wave velocity in the upper crust
(3.2 km/s based on the S-wave velocity model beneath the BdBnister et al(2004);
Rowlands et al(2009), Qg is the quality factor in the upper crust and the final té¢rs
the near-surface attenuatiohnderson and Houghi984). The inclusion oK enables us

to investigate the effects of local geology on attenuatiothie upper crust. To estimate
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Q andK, we correct the attenuation function for the effects of getsioal spreading. We
estimate the geometrical spreading using equagi@Q Then, we linearize the equation
regarding the corrected attenuation function to estir@aadK. Thus, equatio.22can

be written Castro et al.20083:

y(R)=mR+C (3.23)

niflog(e)

herey(R) = logA (f.Rii) — 109G (R) andm= —
wherey(R) = l0gA (f,Rj) —10gG(R) andm BQs

andC = —mtfKlog(e).

The lower crust Q model R > R))

The lower crust attenuation can be estimated by assuminglalratthe form Castro et al.

2008h:
—1fR

A (f,R) = G(R) x eP2Q (3.24)

Here[3; is the S-wave velocity in the lower crust (3.7 km/s based enStwave velocity
model beneath the TVZB@annister et a).2004 Rowlands et aJ.2005, Q< is the quality
factor in the lower crust, an# (f,R) is the corrected attenuation function after the effects
of upper crust attenuation have been removed. We corredittbruation function for
the effect of upper crust attenuation using equad?and theQ andK values obtained
from equation3.23 Thus, the corrected attenuation function for the lowestuoan be
expressed as:

whereA; (f,R) is the observed attenuation function 8r< RandA; (f,r) is the attenu-
ation function at = R/, the maximum distance of the upper crust in this observafitve

geometrical spreading correction is represented usingtemB.20
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Results

In this chapter, we present attenuation anisotropy refuwitareas inside and outside the
Taupo Volcanic Zone. In Sectighl, we first display the amplitude decay functions found
using the non-parametric GIT method described in Se@&itnThe attenuation anisotropy
results for both regions are presented in Sectb@sand4.3. Finally, additional results
pertaining to source and directional site effects obtainawh the second step of the non-

parametric GIT method are shown in Sectibd.

4.1 Non-parametric attenuation function inside the TVZ

S waves consist of two components: S waves’ horizontal compo(SH) polarized in

the horizontal plane parallel to the Earth’s surface and &ewavertical component (SV)

polarized in the vertical plane. SH and SV correspond to thestverse and radial di-
rections in term of the direction linking the source and teeeiver, respectively. Since
seismograms are usually recorded on vertical, east-wgstn@Enorth-south (N) sensors,
which rarely correspond to radial (R) and transverse (Tapzdtion directions, we must
rotate the seismograms to determine R—T components in tieime 8-wave propagation’s
direction.

Radial and transverse directions are the natural cooelneged in a layered isotropic

43
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earth because they separate the components: P and SV wayagsent on radial com-
ponents while SH waves are on transverse component. Exagriir@nsverse component
allow us to see the effects of horizontally polarized wapesyiding information about ra-

dial anisotropy, while azimuthal anisotropy is measuresvben horizontal components.

The effect of rotation

We perform the non-parametric GIT approach described itic@e8.1to obtain attenua-
tion functions for two different regions in the southernitnuert of the TVZ. The inversion
method is applied to the directional spectra after rotatege—\W and N—-S components in
steps of 225° from O° to 67.5° and into radial and transverse components using earthquake
dataset described in Secti82.1 The purpose of the rotation is to search for the orthog-
onal direction producing maximum separation of the attdondunctions and thereby
identifying an anisotropy symmetry system.

In Figure4.1, we compare the attenuation functions obtained for the E-eWpo-
nent S-wave (blue lines) and with those for the N-S compo(aaghed red lines) at six
frequencies. A similar pattern also can be seen for othections of seismograms (see
AppendixB.1). At low frequencies (2.58 to 4.67 Hz), the functions deseemonotoni-
cally with hypocentral distance, but a flattening effecttstéo appear at around 6.02 Hz,
particularly for hypocentral distances greater than 25 Hine flattening effect becomes
stronger with increasing frequency (F#&2). In addition, the decay rates of both compo-
nents are generally about the same at low frequencies, atiigh frequencies the decay
of the E component with distance is markedly more rapid tloathfe N component.

Figure4.3shows the effects of rotating seismograms on the amplitadaydcurves at a
frequency of 8.44 Hz. In general, for pairs of the orthogammahponents, the decay curves
of the component lying close to the E-W direction decay fasgtan those lying away
from that direction. For example, the decay curve obtaiedhfe 675° direction attenu-
ates more than that obtained for the orthogonal directiamotation angléd = 22.5°, there

is no significant differences between two components’ spedéecay, while the maximum
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difference of two orthogonal components’ amplitude decesues at the original compo-
nents (N-S vs E-N) of the seismogram, particularly for hygmd@l distances greater than
25 km.

Figure 4.4 shows the amplitude decay functions obtained from the siwwarof the
spectra calculated for radial and transverse componeets [farallel and orthogonal to
the ray propagation direction). In general, the resultssshatriking similarity with the
general trend from the E-N amplitude decay model. In theuteeqy range 2.58—-6.02 Hz,
and particularly for distance less than 25 km, both ampéitdelcay curves show the same
rate of decay, whereas at high frequencies and hypocenstahde greater than 25 km
the functions obtained from the transverse component étbhetd lines) attenuate more
rapidly than those obtained from the radial component. Téugefing effect is also ob-

served at high frequencies of the decay function, and is ffadgin the radial component.
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Figure 4.1 Amplitude decay functions versus hypocentral distancé&fanN and
N-S components at six frequencies. The dashed red and beserkpresent the
mean of 200 bootstrap samples and the gray shaded areaemgrd®e mean-

20.
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non-parametric GIT method at six selected frequencies tdmand bottom pan-
els represent attenuation functions for north and east oaems, respectively.
For both components, the spectral amplitude decays fastemwafrequencies
than at high frequencies. The flattening effect also getsgar with increasing
frequency.
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bootstrap samples and the gray shaded area representsahe-rle
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Figure 4.4 Amplitude decay functions versus hypocentral distanceddral and
transverse components at six selected frequencies. Thedlesd and blue lines
represent the mean of 200 bootstrap samples and the gragdshesh represents
the meant 20. The trend of the function are generally the same as obséoved
E and N components. The flattening effect also appear at hegjuéncies of the
decay function, particularly at hypocentral distance®5 km.



50 Chapter 4 Results

4.2 Q model inside the TVZ

4.2.1 Homogeneou® model

Information about radial and transverse directions is ireguto determine the distribu-
tion direction of both components regarding the S-wave @gagion’s direction. The rose
diagrams in Figuret.5 show the distribution of directions of the radial and traarse
components for the TVZ data. The most common direction ofréigal component lies
at approximately 215 whereas the transverse component’s directions mostigrdiand
305’. The pattern of the rose diagrams also suggests that thele loe a dependence be-
tween the propagation direction and the polarization attimisor example, average radial
direction is 210, which suggests that the decay of3fF 120° may be similar to that of

radial and transverse components.

Transverse component directions

Radial component directions

300 300

270

240 240

180 180

Figure 4.5 Rose diagrams showing the distribution of the radial andstrarse
components’ directions obtained from the TVZ dataset.

We plot the estimate@ for S-waves measured for 20 individual frequencies betvZeen
and 10 Hz from the E-W, N-S and all rotated seismograms irdEgg At low frequencies
(f <6 Hz), the value®) of the two orthogonal components are generally about thesam
with slightly different values o) at the 2—3 Hz band for some orthogonal components. At
frequencies higher than 6 Hz only the model of E-N and R-T Baysficantly different

values ofQ, suggesting that the shear wave is anisotropic to high &eqy propagation
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only. The weak attenuation anisotropy in the E-W/N-S dioaatan be approximated with
the relationQs. (f) = (6.15+ 1.22) f(173+012) gnd Qg (f) = (4.14+ 1.26) f (206+0.14),
Here, the power law function @ may correspond to the contribution of random scattering
or to rheology (e.gAki, 19800 as discussed further in Chapter We summarize th€

values obtained for homogeneous model in Table

Table 4.1 Summary of homogeneo3 model Q = Qpf%) with 20 confidence
level for the TVZ data

Orthogonal components Qo of] Qo, oy
N-E 4.14+1.26 2.06:0.14 6.15-1.22 1.73:0.12
NNE-ESE 4.691.23 1.89-0.13 6.24:1.19 1.76:0.11
NE-SE 5.2%1.27 1.76:0.15 5.481.19 1.790.11
ENE-SSE 5.931.25 1.6940.14 4.64-1.21 1.9:0.12

R-T 42A1.26 1.980.14 6.46:1.19 1.63:0.11
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Figure 4.6 Estimates of homoge-
nous Q models for S-waves ob-
tained from the E-W, N-S and
all rotational displacement spectra.
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4.2.2 Two-layerQ model

To determine the depth of influence on the distance rangeed@riplitude decay function,
we compute a raytracing model using velocity models (TdkBederived from a seismic
tomography study in the southernmost part of the TRoWlands et aJ.2005. We find
from raytracing using/lac Raytracer software Luetgert 1992 that the maximum depth of
the rays for earthquakes recorded at distances 5-25 kifl lan (Fig.4.7). The distance
range 5-25 km is defined based on the change of rate of anpliechy observed on the
amplitude decay curves. Therefore, it is reasonable to Isatythe first segment of the
decay function (5—-25 km) is associated with attenuatiorcgsees at depths less than 9

km.

Table 4.2Raytracing velocity models for S-waves in the southernrmpastof the
TVZ

Vs (km/sec) Depth (km)

1.875 0
2 3
2.47 6
3.23 9
3.5 12
3.88 30

Figure 4.8 shows the upper cru) model computed from those seismograms with
hypocentral distances of 5-25 kiQy tends to be slightly higher thapg at high frequen-
cies, while all other horizontal component models yieldgn#icant differences between
the two components in the frequency considered. Thesdsesiggest that the shear wave
attenuation is only weakly anisotropic in the upper cruse ddserve that th® values
for the two-pair components of the R-€J model also show a slight difference @ at
high frequenciesf( > 7 Hz) , although the difference betwe@g and Qr is within the
statistical uncertainties of each estimate (F@). In general, the upper cru§ model
exhibits strong frequency dependence for the whole frecpueange of interest marked
by a high value ofx (frequency-dependency coefficient) (Tadl8). However, the north

component of the E-NXD model in the 8-10 Hz frequency band shows a weak frequency
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Figure 4.7 Rays propagating beneath the TVZ from a source at 5.6 km depth
The 5.6 km depth is the average hypocentral depth of thecqaakes shown in
Fig.3.7.

dependence with large uncertainties. The large error agtsrare due to the effect of ge-
ometrical spreading correction on the the first segmentqbgptral distance: 25 km) of
attenuation function causing large uncertainties whetyapplinear least square fitting to

estimate the slope.

Table 4.3Summary of upper cru€ model Q = Qo f?) with 2o confidence level
for the TVZ data

Orthogonal components Qo (o8} Qo, o>
N-E 4.76t1.35 2.1@0.19 8.62-1.19 1.58:0.11
NNE-ESE 7.051.17 1.69%0.10 7.551.20 1.6%0.12
NE-SE 8.241.16 1.56:0.09 6.28-1.23 1.74:0.13
ENE-SSE 8.8%1.14 1.490.09 5.281.25 1.840.14

R-T 6.3A41.22 1.740.13 7.3%#1.19 1.630.11
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The resulting estimate of lower cru@models (depth> 9 km calculated for the dis-
tance range 25-52 of the decay function) for two horizontahgonents are depicted in
Fig. 4.9. In general, the lower cru€) model exhibitsQ values lower than those for the
upper crusQ model (Tablegl.3and4.4). At the rotation angl® = 45°, the estimates of
Q for the S-waves in the 134irection are generally higher than those at d&ection,
particularly in the 3—8 Hz frequency range. The different@walues between a pair of
orthogonal components also can be seen inQhmodel for radial and transverse com-
ponents, indicating greater attenuation at high frequen(i> 5 Hz) for S-waves in the
transverse direction than for those in radial componentsvé¥er, theQ values for model

0 = 135 between 7-10 Hz becomes approximately constant with frexyue

Table 4.4Summary of lower crus) model Q = Qo f?) with 2o confidence level
for the TVZ data

Orthogonal components Qo o1 Qo, (00}
N-E 3.7A41.28 2.06:0.15 5.03:1.32 1.86:0.18
NNE-ESE 3.841.33 2.06:0.18 5.46:1.28 1.8Q:0.16
NE-SE 428141 1.88:0.22 4.84-1.26 1.88:0.15
ENE-SSE 4.791.41 1.830.22 4.1#1.27 1.940.15

R-T 3.2A1.38 2.16:0.21 6.08:1.24 1.6%0.14
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4.3 Q model outside the TVZ

The distribution of orientations of the radial and transeecomponents from the non-
TVZ data described in Sectidh8 are depicted in the rose diagrams below. Figlk)
indicates that the most frequent directions for the radmhjgonent are in the direction
ranges 70-80° and 110-12C, while the transverse component has prominent directions

at orthogonal directions.

Radial component directions
Transverse component directions

300 300

270, 270

240 240

180 180

Figure 4.10 Rose diagrams showing the directions of the radial and vease
components for the non-TVZ data based on earthquake amolstatations

We only measure th® model using a homogeneous model, because we do not see
any significant changes of the decay rate with distance &id). Figure4.12shows the
results of attenuation for the regional paths outside th& T8e Fig.3.8). In general,

Q is higher and the frequency dependenceQois more complex for S waves outside
the TVZ (Table4.5 and Fig.4.12. In this Figure,Q values for all rotated seismograms
show a weak dependence of frequency on the frequency raogedh2—7 Hz. The trend
above 7 Hz becomes more frequency-dependent. The NE-S\tidir€45) has high
anisotropy at low frequencies compared to other horizatitaktions. By fitting straight
lines to the points within the 2—12 Hz range for the NE and SEdtiions, we find that the
Q frequency dependence of S waves can be approximated wiflartibBonsQs () =

(50.93+ 1.18) f(0-20+0.10) gnd Qg (f) = (22.60+ 1.10) f (0-53+0.06),
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Table 4.5Summary of homogeneow3 model Q = Qpf%) with 20 confidence

level for the non-TVZ data

Orthogonal components

Qo, a1 Qo, o>
N-E 56.211.14 0.180.08 46.5A41.21 0.29:0.11
NNE-ESE 111.5#1.38 -0.15-0.19 39.59%1.21 0.340.11
NE-SE 50.931.18 0.26:0.10 22.661.10 0.53-0.06
ENE-SSE 36.081.14 0.35%:0.08 23.941.10 0.49:0.06
R-T 98.341.32 -0.05:0.17 30.63%1.20 0.390.11
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4.4 Source and directional site effects

The major focus of this work is attenuation anisotropy. Hesvesource and site effects
result as a by product. We examine the source and site effgcteparating source and
site amplification functions using the second inversiorhefrion-parametric GIT method,
as described in Sectidhl1.1 We impose the constraint in equati8ri7that the average
of the logarithmic site terms is equal to zero to eliminate lihear dependence between
the source and site functions. However, in the inversiomeftvVZ data we do not use all
seismic stations as reference sites because there arehaorive stations containing less
than 10 earthquakes (Tables). Using all stations as the reference sites caused thexmatri
inversion to be unstable. So instead, we select stationsicamg at least 10 earthquakes
as reference sites for the TVZ data. For the non-TVZ dataghewwe include all stations

for the reference sites because most of them contain manelthavents (Tabld.6).

Table 4.6 Number of earthquakes recorded by GeoNet stations aroentvi

Name Code | Number of earthquakes
The TVZ | The non-TVZ

Dome Shelter | DRZ 2 18

Far West FWVZ | 11 29

Karewarewa | KRVZ | 47 11

Moawhango | MOVZ | 8 25

Mangateitei MTVZ | 6 23

Ngauruhoe NGZ 39 16

Oturere OTvVZ | 24 13

Pokaka PKVzZ | 3 6

Turoa TRVZ | 4 12

Tukino TUVZ | 25 29

Taurewa TWVZ | 28 34

Wahianoa WNVZ | 6 38

Whakapapa | WPVZ | 42 42

West Tongarirg WTVZ | 71 42
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4.4.1 Source effects

The source functions obtained from the second inversionbeawritten in a functional

form with a single corner frequency proposedBuyatwright(1978:
S(f) = Qo/[L1+(f/fe) M2 (4.1)

HereQo is the low-frequency amplitude leve; is the corner frequency andrepresents
the displacement spectral falloff above the corner frequeifhe corner frequencies are
determined directly from the measured source functionsenTlthe best values of the
decay ratey are determined by fitting the theoretical model with the obsg model. In
this study, we compute manually source parameters of 4ttedl@vents from the TVZ
data.

Figure4.13displays a sample of six of the resulting source functiortaiokd from the
second step inversion for events within the magnitude raige0—3.2. The solid lines
correspond to the inverted source function in the east arti nomponents and the dashed
lines correspond to the optimal model fit. In general, thetéigcal models match well
the displacement spectra obtained from the inversion atid dmmponents show similar
amplitude-frequency trends. However, for a given freqyetie source function ampli-
tude for the north component is sometimes higher than tmah&east component.

The selected source terms in Tall& provide corner frequencies ranging from 2.2 to
4.4 Hz and a high spectral fall-offranging from 1.9 to 4.9 for the east component, while
the north component data has corner frequencies of 2.4-3.8nd spectral fall-off of

2.4-4.9. These results indicate that all spectra may ddoag tow 2 andw 2 or greater.
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Table 4.7Examples of source parameters calculated for selected Vgite with 95% confidence level

Event Qo (nM's) | Qon (nmS) | fe | fon Ve YN MI L
2004.250.2290416 13640970 | 2051G+950 |3.0|2.5|3.24+0.61| 4.4+ 0.50| 2.86
2004.357.2342078 1841+280 24224202 | 34135 |13.3£154|45+1.38| 2.23
2005.022.2558328 1042+-28 1319499 3.4133|29+0.23]| 3.6+0.84| 2.20
2005.133.2403552 550203680 | 92430+5560 | 3.5 | 3 3.7+0.82]| 44+0.82]| 3.42
2005.289.2473535 938.8+51.6 1609458 36(129|3.1+£053]| 3.8+£0.38| 2.30
2006.023.2517149 808.1+105.6| 847.8:35.6 | 3.3|2.9|2.94+0.86|2.7£0.28| 2.11
2006.061.253295Y 1058+61.7 1035+91.6 | 2.7(13.1|2.6+£0.34| 3.8+1.01| 2.11
2006.106.2554479 249H-150 4292+184 | 35(129|12.6+0.47| 3.0+0.33| 2.49
2006.136.2568736 550.14-39.9 | 582.6+34.5 | 3.5|3.5| 2.7+ 0.57| 2.9+ 0.52]| 2.23
2006.270.2630946 175590 19194129 |35|35|3.4+057| 3.8+£0.88| 2.38
2006.271.263101Y 693.6:68.9 | 808.1+49 35|135|135+1.11|4.14+0.86| 2.17
2006.327.2657786 886.8:150 1664+134 | 4.3|3.2|4.6+£3.43|3.3+0.77| 2.28
2006.335.2661705 6388+421 8226+499 |3.2]129]28+051(3.1+£0.49| 281
2006.336.2662040 450.8+30.5 | 506.6+44 42139|28+0.66|3.2+0.94| 2.14
2007.009.2680142 1465%+130 1593+89 3.313.2|3.0+£0.60| 3.1£+£0.50| 2.26
2007.061.2704158 595.9+32.4 | 639.6:58.8 | 3.7 | 3.5| 2.3+ 0.37| 2.6+ 0.70| 2.10
2007.089.2717771 8077547 12590t540 | 29|25 |3.2+0.57| 3.9+ 0.39]| 2.87
2007.091.271843Y 948.5+34.2 1302£75 40)|3.6|3.4+0.44| 434+0.92| 2.14
2007.098.272207Y 598.6+81.4 | 939.6+170.113.5|3.1|4.3+£2.10| 4.1+ 2.32]| 2.22
2007.207.2771378 1595+85 2988+133 | 3.0]24|3.0+£0.42| 3.3+£0.30| 2.33
2007.207.2771402 3456+199 6225+186 |3.3]129]28+0.45| 3.5+£0.28| 2.63
2007.207.2771473 4481+232 5195+262 |3.3]13.1]28+£0.40| 3.2+ 0.45| 2.70
2007.207.2771475 1052+69.4 1515+84 3.2125|1294+054| 2.7+£0.32| 2.14
2007.207.2771558 7156+308 10180+563 | 3.1 |3 26+0.30] 3.1+ 046 3.11
2007.208.2771980 4098+312 6247229 |3.2]2.6|3.3+£0.73| 3.4+0.29| 2.48
2007.208.2772028 2438+87 3072197 | 2.8]29|3.2+0.29|49+1.00| 2.35

Continued on next pag
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Table 4.7— continued from previous page

Event Qe (nm s) Qon (nMs) | fe | fon Ve YN MI L
2007.208.2772064 11980610 | 217461060 | 3.3 | 2.6 | 3.64+:0.59| 3.6+ 0.42| 2.93
2007.209.2772336 621.5+67.9 | 747.6:23 3.3|3.1|33+1.07| 3.3+:0.29| 2.02
2007.264.2797040 3204+-289 3792+341 | 35(13.2|28+£0.77| 3.1+£0.81| 2.59
2007.320.2823239 936.6+49.7 1344+126 |3.8|3.3|3.2+056| 3.4+0.97| 2.34
2008.001.284483Y 565.8-33.2 | 693.5+24.2 (2.2 | 2.6 |1.9+0.18| 2.7+ 0.20]| 2.19
2008.050.2867955 733.5£158.6| 819.6:82.6 | 4.4 | 3.8 |2.14+1.29| 2.4+ 0.75| 2.22
2008.157.2918616 5313t574 8992+461 |3.3|3 3.6+1.23|4.8+£0.80| 2.26
2008.197.2938750 563.4+-42 890.6t47.9 | 3.8 | 2.7 | 3.3+£0.75| 3.1+0.40| 2.13
2008.208.2944198 102754 1268+115 |3.2|12.9|2.3+£0.32| 24+ 053] 2.17
2008.211.2945663 4685+372 4932+537 | 3.1 3.213.2+0.70| 3.9+ 1.31| 2.62
2008.223.2951298 7136+776 7504760 |3.1]31|3.6+1.13(39+1.21|252
2008.225.2952218 5352+168 6742£802 |3.213.23.7£0.35/45+1.81| 2.46
2008.244.2961706 5280+774 7519+512 | 3.2 3 3.8+1.7014.7+1.04| 2.30
2009.003.3024650 1159+61 2320+49 3.3(24|139+0.66| 3.6+0.16| 2.14
2009.014.3030120 724.6+50.5 1099+-68 38(34|139+£1.01|4.2+0.89]| 2.02

lthe magnitudes ML are defined according to the Richter digfindf local magnitude (e.@Stein and WysessigR2003.
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4.4.2 Directional site effects
The TVZ results

The directional site functions of several stations obtdinsing the TVZ dataset in the
second step of the inversion described in SecBdrbare shown in Figurd.14 4.15and
4.16 As expected, the sites containing more than 10 events @gneave site ampli-
fications close to one, as imposed by the constraint. Althdbg general trends of the
curves are similar for all rotated data in each seismicatatiheir amplitudes differ for
each direction. For instance, the general trend of amgiificaof all rotated data in sta-
tion OTVZ decreases with increasing frequency. Howeveir thmplitudes are different
within a given frequency band (e.g. the amplification in tBedirection is lower than that
at 157.5 for frequencies less than 6 Hz). Another interesting featsiithat site amplifi-
cation curves obtained for stations TRVZ and DRZ are not asosimas those for other

stations.

WTVZ oTvZ
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Figure 4.14 Directional site amplifications of the TVZ for stations WT\&hd
OTVZ.
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Figure 4.16 Directional site amplifications of the TVZ for stations TWVZ
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Figures4.17and4.18show the site amplifications of selected stations as funstad
frequency and direction of polarization. The contours @ $ite amplification at station
PKVZ and WPVZ exhibit peaks centered at 3.5 and 6.2 Hz, reésedg while stations
WTVZ and OTVZ do not show any significant peaks. At site PKMz& tontouring con-
firms peak values of up to 4 in the directions 6t 67.5 without a broadening effect of
the amplified frequency band. A peak value around 4 is alsergbd for station WPVZ
in the directions of 45to 157.5.

Figure4.19displays the directional site effects at 14 GeoNet statéwoand the TVZ.
In general, contours of the geometric mean of the site aroalitin for some seismic sta-
tions exhibit the presence of a directional resonance. Mb8te peak values of the site
amplifications occur at low frequenciek € 6 Hz), except for stations WPVZ and TWVZ.
The highest amplifications occur at station MTVZ for direatiof 157.5 with an ampli-
tude around 10. Another interesting feature of the directicite effect is that the ori-
entation of the directional resonance is found to be predanily about 4% and 157.5.
For instance, the resonance direction at sites MTVZ and Tusv/around 157.5 while
stations NGZ and DRZ exhibit the resonance direction at #Ashomogeneous pattern of
site amplification is also found at the sites close to the sitmifRuapehu, namely TRVZ

and FWVZ.
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Figure 4.17The directional site amplification as a function of frequeaad di-
rection of polarization obtained for stations OTVZ and WTVihe mid panel
shows the mean of 200 bootstrap inversion of the directisitakeffect, while the
top and bottom panels show thelo, respectively.
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Figure 4.18The directional site amplification as a function of frequeaad di-

rection of polarization obtained for stations PKVZ and WRVAe mid panel
shows the mean of 200 bootstrap inversion of the directisit@akffect, while the
top and bottom panels show thelo, respectively.
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Figure 4.19 The directional site amplifications in the southernmost pathe
TVZ using the TVZ dataset.
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The non-TVZ results

We invert the non-TVZ dataset separately in order to ingaséi possible directional de-
pendence of site amplification on source location. Figugg) 4.21and4.22display the
resulting site amplifications obtained from the inversidthe non-TVZ dataset. As ex-
pected, the directional site amplifications of the non-T\&eadare generally comparable
to the previous estimates of the directional site functibtamed from the TVZ data. The
shape of the directional site functions from both dataseds/ary similar. However, the
amplification values at stations DRZ, MTVZ and PKVZ for the Z'data are higher than
for the non-TVZ data.

Figure4.23shows that the directional resonance pattern of GeoNébssaaround the
TVZ are generally similar for both datasets. However, a canspn of Fig.4.23and4.19
demonstrates that there are peaks for several stationdX(@4 MTVZ and PKVZ) for the
TVZ model do not occur in the non-TVZ model. Furthermore, dalierage amplifications

of the TVZ model at station DRZ, MTVZ and PKVZ are higher thange of the outside

TVZ one.
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Figure 4.20Directional site amplifications of the non-TVZ for stationstvz
and OTVZ.
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Figure 4.21 Directional site amplifications of the non-TVZ for statioRKVZ,
WPVZ, MTVZ, NGZ, TRVZ and TUVZ.
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Figure 4.22Directional site amplifications of the non-TVZ for stationg/VvZzZ,
WNVZ, DRZ, FWVZ, KRVZ and MOVZ.
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Figure 4.23 The directional site amplifications in the southernmost péthe
TVZ using the non-TVZ dataset.
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Chapter 5

Discussion

We have investigated the frequency dependence of the éstr@g anisotropy in the
southernmost part of the TVZ by adopting the conventioraddiency-dependent law in
terms ofQp anda parameters (ed.5) described in Chapter Two. The mechanism gov-
erning frequency-dependent seismic attenuation is stdlear, although its existence has
been accepted for several decades (Ald, 1980a Kinoshita 1994). Aki and Chouet
(1979 suggested that frequency-dependent attenuation of cadesas due to variations
in backscattering processes with depth causing stronggelsanQ. The frequency de-
pendence o also has an important role to play in geophysical interpiatan terms of
its association with tectonic activity. Numerous studiesve that lowQg and higha are
characteristic of active tectonic regions, while stab&ans are typically characterized by
higherQgp and lowera (Aki, 1980k Castro et al.2008hc) (see Table.2).

In volcanic regions, high densities of cracks or faults nrayréase body wave scatter-
ing, causing loweR with strong frequency dependence (€dgstro et al.20081), while
the ductility associated with the presence of magma andemgpératures may reduce the
small-scale of heterogeneity, causing a dominance ohgitrimechanism over scattering
attenuation Aki, 19800 Giampiccolo et al.2007). Intrinsic attenuation is characterized
by a weaker frequency dependenc&pfGiampiccolo et al.2007). Thus, the frequency

dependence o can be interpreted as an indicator of the presence of hotrialatand

79
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cracks, providing insights into the mechanisms governitgnaation overall. We con-
sider strong frequency dependence (@e-1 (Mayeda et a].1992) to indicate scattering
and weaker frequency dependence witt0.2 to 0.3 to be caused by intrinsic attenuation
(Karato and Spetzlef990.

The geological structure of volcanic regions is commonliel@yeneous, containing
fractures, cracks, dykes and other volcanic features. &athres can be oriented in pre-
ferred directions, causing the medium beneath the volcargas to be anisotropic. In
anisotropic regions containing aligned cracks or fraguseismic waves may propagate
with different velocities and polarizations causing atrnigpy in velocity: seismic waves
polarised parallel in the plane of the cracks, travel fatan those polarised in a per-
pendicular direction. The presence of aligned cracks msy eduse seismic waves to
attenuate. The presence of aligned cracks or fractures neagfore establish a physical
connection between seismic velocity anisotropy and a#&om anisotropy. A common
crack model that has been widely used in the interpretaticgeismic anisotropy is the
penny-shaped crack model proposedHndson(1981). The theory predicts that the seis-
mic wave propagating perpendicular to the crack’s or fnasuorientation (slow shear
waves) should be more highly attenuated than those whicpaaedlel with the crack’s or
fracture’s direction (fast shear waves).

Hudson’s theory implies that the presence of aligned cragksontribute to attenu-
ation anisotropy. Cracks detected through attenuatiosotnmoipy have been investigated
using lab scale measurements and field observations. Fowpded.iu et al. (2005 found
23-30% of attenuation anisotropy in the uppermost 200 metthst at a borehole seis-
mometer in western part of Taiwan. They suggested thatwstarm anisotropy in the near
surface may be due to the contribution of microcracks’ atgnt, which also causes 8%
velocity anisotropy at the same station. A fracturing cdotiion to attenuation anisotropy
was also reported b@arter and Kendall2006, who measured attenuation anisotropy us-
ing a microseismic dataset collected in an active oil-fiedterestingly, they observed that

sometimes the fast waves are more attenuated than the shwg wEhis finding is contra-
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dictory to Hudson’s theory and it may suggest that the maglelrong. As discussed in
Appendix C we initially obtained similar results when usidgrter and Kendall's method.
We suggest that the contradiction with the results provigadg this model may be due to
the directional effects of site responses as describedatidbel.4.2 When each polariza-
tion has a different amplification due to a site effect, itasgible that S-wave spectra with
the slow polarization are enriched at high frequencies|enthiose with fast polarization

are depleted, yielding a negative slope on the differeati@nuation (Appendix C).

5.1 The data

Some of the source depths reported by GeoNet for the TVZ eledias fixed at 5 km depth
(Fig. 3.7). This will have caused inaccurate hypocentral distaneeatse routine analysis
probably did not determine accurately the depths of thel@hadvents. However, inac-
curate hypocentral distances should not greatly affecestienated attenuation functions
because the basic idea of the non-parametric GIT methodl@tofor a smooth func-
tion of distance by suppressing rapid undulations inteéegras site effects. However, this
inaccuracy may affect the measured site and source effeotsexample, if the assumed
hypocentral distances do differ from the true distances; Will produce amplitude varia-
tions of the attenuation function. The inversion suppres$isis variation in order to obtain
a smooth function. Once the attenuation function has betemrdned, the corrected spec-
tra from the attenuation function are then split into sowand site effects. However, the
corrected data still contain amplitude variations (measwant error) resulting from the
suppression in the first inversion. We conclude that the dsggffect would be in the
source effect, in particular the falloff of the spectral slope. The source function is not
constrained in the inversion, so errors in the source magecany shape of function to
minimize residuals in a least-square serfdey6l et al,, 2002).

As already discussed in Chapter 2 and 3, the accuracy anlitiescof the method

depend on the density of the earthquakes used in the inmelsiour dataset, we only used
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seismograms containing S-phases picked by GeoNet. Cosmiseyjilsome usable records
may have been omitted from the dataset because they did veSiphases picked during
the initial analysis. In any further studies, it will be impant to pick S waves arrival by
hand to increase the raypath coverage of the dataset.

In addition, most of the earthquakes in the TVZ data have bgptral distances less
than 50 km, even though the search criteria was to examimadhquakes within 100 km
of Ruapehu. This can be explained by computing the theatatiodel of amplitude decay
based on equatidh4. We use an averadg@value (~7 at 1 Hz) obtained for the upper crust
model, because the upper crust model Qdsgher than the other models, allowing the S-
wave to propagate further. Then, we plot the theoreticalehotiamplitude decay showing
how the S-wave energy decays with distances as shown inéFglir This figure shows
that the S-wave energy decreases almost completely withiknbin the TVZ, which is
consistent with our dataset. In other words, the model iegdhat the S-waves are highly

attenuated in that region.

o o o
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Figure 5.1 The theoretical model showing how the S-waves amplitudayledth
distances.
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5.2 Inside the TVZ

5.2.1 Amplitude decay functions

In general, the amplitude decay functions obtained 8 andSr attenuate more strongly
than those obtained frofys andSg, respectively, particularly at high frequencies (HidL
and4.4). As high frequencies are most sensitive to scattering,xpe that this mecha-
nism may dominate the attenuation process overall fkg.19800h. It is also important
to note in those figures that particularly at high frequeniéoe both components, the func-
tions show a change in the rate of decay for hypocentralmistagreater than 25 km, in
which the attenuation function versus distance curvesrbeaoore flattened.

The flattening effect apparent in the attenuation functioag reflect by several factors.
Firstly, the flattening effect at > 25 km may be the effect of postcritical layer reflection
when the ray travels to a deeper layer of the Ea@hstro et al.1996. An increase in
velocity beneath the TVZ might cause a similar reflectidarrison and Whit¢2004) de-
duced that a 16 km-thick quartzo-feldspathic crust is ulageto ~ 30 km depth beneath
the Taupo Volcanic Zone by a mafic material containing attl2&s partial melt. In con-
trast,Stratford and Ster(2004) reported an increase in seismic velocity for the same depth
interval beneath the TVZ and suggested that the velocitiggtre from 16 to 30 km depth
represents the presence of anomalously low-velocity up@tle. Another possible factor
is that of reflection due to lateral variations in crustalisture (i.e. the presence of dipping
interfaces). However, the different flattening effectshad aattenuation function between
radial and transverse components get larger with incrgatisiance, which suggests that
the different flattening on both components is mainly duettenaiation.

The directional attenuation-distance curves (Bi@) are probably related to the char-
acteristic of the geological structures beneath the TVZhsas the presence of cracks
aligned in the upper crust. Such an explanation is intditigéractive since seismic waves
propagating parallel to the cracks’ orientation should dss laffected by scattering pro-

cesses than those traveling perpendicular to the crackBiglme 4.3, the big difference
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between the amplitude decay rates in the E-N model, in wiierdecay functions ob-
tained from the N component are less attenuated than thdke i component, implies
the presence of cracks oriented in a N-S direction. Furtbe¥pthe characteristic of the
directional attenuation functions are consistent wittDa\% azimuthal anisotropy study
in which the fast directions were found mainly to N-S for thpger crust € 7 km) in the

southernmost part of the TVZperhart-Phillips and Reyner2009.

5.2.2 Q model

For the TVZ data, most records used in this measurementspmnel to earthquakes lo-
cated to the south of Lake Taupo (FR&5). Our results for the homogeneous, upper and
lower crustQ models show that there is a difference in the valu® dketween two orthog-
onal components (Figl.6, 4.8 and4.9) at some frequencies. These results indicate the
presence of attenuation anisotropy beneath the region.

Furthermore, the TVZ data has a dominant direction for aataimponent of approx-
imately 215, so we expect that the radial and transvepsmodel should correspond to
the Q model for rotations between 22.8nd 45. We compute an attenuation model for a

rotation angle of 35to test the consistency of the radial and transverse model.

Attenuation homogeneous model Attenuation homogeneous model
> Radial (R) 0 (h-ass:126/ L g 235
* Transverse (T) 61 (1.7720.12) !
, s 7740, .
0 ] 10°F 0 (=5.641.211 ° 02125

) - (1.98+0.14)
0, (4.2711-26)/(1‘6&0.11) ¢
0., (N=(6.46£1.19) @

Frequency (Hz) Frequency (Hz)

Figure 5.2 ComparisorQ values to test the consistency of the radial and trans-
verse model.
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Figure5.2 shows that there is no appreciable difference betw@ealues of the two
orthogonal components on the°3Bodels, while the R and T model shows that be
values of the transverse component are lower than thoseliafl mponent at high fre-
guencies. A plausible explanation regarding the discreperthat the waves on the radial
component travel along the raypath from the source to thestain the vertical plane,
while those on the transverse component propagate in tliweoheal plane. Thus, the exis-
tence of vertical cracks may cause the waves on the trarsgensponent (SH) to be more
attenuated than those on the radial component. The presdisogssion suggests that the

orientation of the vertical cracks is N-S, at angle of 8the dominant radial direction.

HomogeneouxQ model

In general, the low values of homogene®uéFig. 4.6) obtained for S-waves beneath the
TVZ agree with those found in other volcanic regions. Fomepgke, Castro et al(2008h
found a strong frequency dependenceéQuflescribed by the relatiofs = 17.8f12 for a
highly volcanically active region in the southern part aflyt Styles(2009 found low
S-wave Qs of ~350 at a frequency of 10 Hz and depths shallower than 15 kmen th
southernmost part of the TVZ. She determir@g at 10 Hz and extrapolated to other
frequencies by assuming=0.3. By using this power law for the frequency dependence
of Q, we can compare our results with Styles’ avergyeesults (Fig.5.3). We take an
average value dDp=5 anda=1.8 for our data.

Figure5.3shows that our results are comparable with the averages/ahtained from
Styles’Qstomography study aft= 10 Hz. At frequencies less than 10 Hz, our results imply
lower Q than Styles’ results. This can be explained because Sttiedy mainly focused
on the attenuation structure in the mantle and subductioe,zeo she assumed-0.3
(Karato and Spetzl€A990 suggestr values ranging 0.1-0.3 for mantle rocks), instead of
the value of > 1 that we determined for the crust in the volcanic region.

The homogeneou® model also shows that the pair of orthogonal seismograms in

the N-S and E-W directions yield maximum attenuation areggt in which S-waves
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Figure 5.3 Comparison of averag® values obtained in this and Styles’(2009)
studies.

polarised in the N-S direction are less attenuated tharetpokarised in the E-W orien-
tation. The attenuation anisotropy implied by this modésesxmainly at high frequencies
(f > 6 Hz), where we expect that scattering due to crack alignmevides the dominant
contribution. Adopting the average S-wave velocity of 3ni2/& used in the homogenous
Q model for the 6-10 Hz frequency band of the NQEnodel (Fig.4.6), the wavelength
of the anisotropic S-waves is computed to be of the order 0t8®00 m. This range may
be comparable to the dimensions of dikes and other volcaaitifes, and we infer on the
basis of the homogeneous model that the attenuation ampgoreneath the TVZ may be

caused by scattering due to heterogeneities.

Two-layer Q model

The simple single laye®@ model does not distinguish the contributions of the uppér an
lower crust to the observed attenuation anisotropy. Wecigiatie waves traveling in the

upper crust to be sensitive to cracks’ orientations whits#propagating in the lower crust
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beneath the TVZ to be affected by the presence of mineratfabpartial melt, providing
information about their influence on attenuation. With tistivation, we also considered
a two-layer model (Sectios.2.2 for comparison with the homogeneous model.

The results shown in Figuré.8 imply that the maximum attenuation anisotropy in
the upper crust occurs at high frequenciés>( 7 Hz) in the E-N geometry. The slight
difference between the statistical uncertainties of thienages indicates a weak attenuation
anisotropy in the upper crust. However, the small diffeeebetween th&r and Qr
estimates is within the statistical uncertainties of thesueements.

The N-S direction of lower attenuation for the upper crusttlsmf Lake Taupo is
comparable to the N-S fast orientation of seismic anisgtadgained using inversion of
3D travel time data (Eberhart-Phillips and Reyners, 2089 glready discussed in Section
5.2.1 The smaller values of anisotropy in this model comparetdedbomogeneous model
may reflect heterogeneous structure as reported alEbéshart-Phillips and Reynef2009
andStyles(2009.

For the deeper portion of the crust @ km), theQ values tend to be lower than those
obtained for the upper crust (Figd.8 and4.9). The lower crust results show that the
principal orientation of attenuation anisotropy is radiaith Qr greater tharQr at high
frequencies (> 5 Hz) (Figure 4.9). Conversely, in the azimuthal plan®, values in
the 45 direction have higher attenuation than those in the orthabdirection at most
frequencies.

Although theQ values reveal a strong overall frequency dependence, stiggehat
scattering may still dominate the attenuation mechani$m,ftequency dependence is
less pronounced at some frequencies (e.g. 7-10 Hz), suggestontribution of in-
trinsic attenuation. Thus, the attenuation anisotropydiepths greater than 9 km in this
region may not be related to spatially extensive fractursgociated with the TVZ'’s
ongoing extension, because extensive fracturing shoulorieated 48 causing low at-
tenuation in that direction. Our results are consistenhwlite higherQ direction co-

inciding with the fast velocity direction obtained from tB® Vp azimuthal anisotropy
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study Eberhart-Phillips and Reyner2009. Eberhart-Phillips and Reynef2009 ob-
served that the fast direction within the TVZ in the lowerstrhas a northwest orienta-
tion, parallel to the extension direction of the TVZ. Theguwed this could be related to
extensional strain features in a ductile material, sineeldver crust in the TVZ would
be ductile as indicated by the shallow seismogenic z&sy1iers et al.200§. However,
attenuation anisotropy in ductile materials is not well erstood: we know of no geophys-
ical observations or theoretical models addressing th&ibation of ductile materials to
attenuation anisotropy. Further studies are necessamveal the exact mechanism of
attenuation anisotropy in ductile materials, such as thioselikely form the lower crust
beneath the TVZ.

Attenuation anisotropy accompanying seismic velocitysatmopy in the lower crust
has been also reported in another regiorClagtro et al(1999. Castro et al. measured at-
tenuation anisotropy in the Marche region of Italy, promgladditional evidence of seismic
anisotropy reported by previous seismic velocity anigotretudies (e.gMargheriti et al,
19969. Castro et al. observed low attenuation for the radial comept compared to the
transverse component at low frequencies<(# Hz), which they interpreted as due to

magmatic activity related to the compressional tectomdlé region of Marche.

5.3 Outside the TVZ

Qs determined from the non-TVZ dataset is higher than thatioetafrom the TVZ
dataset. The frequency dependence obtained for all seramodirections is also very
weak and nearly frequency-independent at frequencies DHz; with maximum atten-
uation anisotropy occuring in the NE—-SW direction {¥&t frequencies less than 7 Hz
(Fig.4.12. In contrast, attenuation anisotropy for the TVZ data rtyasrccurs at high fre-
guencies { > 6 Hz) and exhibits strong frequency dependence. Thesesesully that
the two regions have different attenuation anisotropy rapigms.

Q values with weak frequency dependence obtained for thelivdhelata indicate that
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intrinsic attenuation dominates over scattering, in asttto the scattering inferred for
the TVZ on the basis of the pronounced frequency-dependdrteedifferent attenuation
mechanisms inferred to be characteristic of the two regammsd be an artefact related
to the depths of earthquakes used in the datasets3E@nd 3.7). The non-TVZ data
have generally deeper focal depths {0 km) than the TVZ (mostly less than 10 km
depth) causing the waves to penetrate deeper into the Edotine studies show that the
domination of intrinsic mechanism over scattering incesasith depth (e.gAki, 1980h
Martynov et al, 1999 Castro et a].2009. We expect that the contribution of scattering
to the attenuation anisotropy would be significant for theZldtie to shallower ray paths
used in the dataset and heterogeneities within the voleagi.

As noted above, most of the records in the non-TVZ dataset fuwal depths greater
than 10 km (Fig3.9). They are also located in the boundary of the southern textion of
the TVZ in the vicinity of what is known as the Taranaki-Rulapdine (TRL) (Fig.3.5).
The region north of the TRL has thinned crust (20-25 km), /sbuth of the TRL has
thickened crust{40 km) Stern and Davey1987 Reyners et al2007 Stern et al.2010.

A combined seismic attenuation and magnetotellurics s{(Baymon 2008 has revealed
that the crust in the region south of the Taranaki-Ruapetaii§ underlain by cool high-
density lithospheric mantle (63G) with high resistivity & 1000Qm) and low attenuation
(Qp > 1000). The higheQs obtained in this study suggests that the non-TVZ waves
travel through this structure. In addition, the effect atkiened crust also appears on the
attenuation function, in which the decay curves are a bépeat distances greater than

35 km (Fig.4.11).

5.4 Source and site effects

Source effect

We estimated the source parameters of regional earthq@wakesd the TVZ in terms

of the low-frequency amplitude levefdq), the high frequency fall-offy) and the corner
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frequency () using the source effects obtained in the second step ioveos the non-
parametric method (Sectid®11.1). The source effect can be separated from the site effect
by imposing the constraint that the average site effectlequae. The constraint is also
applied in the first step of the inversion when calculatihpgWe constrained the attenua-
tion functions to be smooth functions of distance. This ¢@mst is needed to avoid strong
trade-offs or ambiguities causing large errors during lisia@. In the second step of the
inversion, however, both the source and site effects depefficecquency, meaning that any
tradeoff or ambiguity cannot be reduced complet&agtro et al.1990. Furthermore,
the source function is not constrained in the inversionsTimplies that the source func-
tion may have any functional shape in order to reduce reldnaa least-squares sense
(Akyol et al., 2002.

The slope of the source spectrum at high frequencies, teschy the parametgr has

values ranging from 1.9 to 4.9. For clarity, we rewrite Boagjit's equation as
S(f) = Qo/[1+(f/fe) M2 (5.1)

These results suggest that the events decay at rates poopbtb approximatelyw 2
andw 2 or greater. Most of the simple theoretical models yiglof about 2—-3 (Ambeh
and Fairhead, 1991). For instan®&rune (1970 found anw 2 decay model, which is
equivalent toy= 2. However, the fact that the high frequency fall-gff flas values greater
than 3, may imply either the presence of some attenuatiorhaméem other than path
effects as defined on equatidréor complicated source functions which cannot be defined
as simple theoretical source models such as Brune’s sowdelrhmbeh and Fairhead
199]). Another possible source gigreater than 3 is that the TVZ dataset are fixed at 5 km
depth affecting the source functions in the inversion asrilesd in Sectiorb. 1

It is difficult to compare the corner frequencidg)(obtained in this study and I8tyles
(2009, because we use different earthquakes and the corneefiegualues may vary for
different earthquakes depending on source size and rupbanelexity (Stein and Wyses-
sion, 2003). However, ouf; values, which range from 2.2 to 4.9 Hz, are generally com-

parable to those obtained from the 3D S-wave tomography qibtyles 2009. Styles
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(2009 obtainedf; values ranging from about 3.7 to 13.8 Hz by assuming thatitjtefre-
quency spectra of the earthquake decay wasfollowing Brune’s source model. Further
analysis is needed to determine other source parametesshieg earthquakes scaling

relationships and the stress drop of local earthquakesiodhtral North Island.

Site effects

The results from two different groups of source locationg.(B.5 show that the ampli-
fications at the GeoNet sites are approximately the sameotbr datasets, as expected if
the site response is independent of earthquake locationetts, the amplifications at sta-
tions PKVZ, MTVZ and DRZ for the TVZ data are higher than thésethe non-TVZ data
(Fig. 4.15- 4.16 and Fig.4.21-4.22. A possible explanation is that a directional effect
may exist in this region. All the earthquakes in the non-T\&fadare located closer to the
stations and deeper than those within the TVZ, causing tyetwtravel nearly vertically
to the stations (Fig3.5). As a consequence, the TVZ and non-TVZ data are expected to
have different incident wavefields. In this case, we sugtiegtas the angle of incidence
increases, the amplification decreases (erigchknecht and Wagnez004). Another pos-
sibility is that could be due to lack of TVZ earthquakes oliedrby those stations (Table
4.6). This causes the site amplification of the three statiofsetpoorly constrained. Ad-
ditional work is needed to study the intriguing possibiliydirectional site functions in

this region.
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Chapter 6

Summary

We have analyzed earthquake data sets from two differerreg the southernmost part
of the TVZ with the aim of studying the mechanisms governitbgraiation anisotropy. Our
results reveal the presence of attenuation anisotropyeiselthernmost part of the TVZ.
We find a connection between the frequency dependence of/&-attnuation anisotropy
and geological features beneath the region: in particuldine upper and lower crust. The
findings are consistent with a general theoretical framkvidudson 1981 and with the
results of previous structural and seismological invesions in the southernmost part of
the TVZ (e.g.Styles 2009 Eberhart-Phillips and Reynerz009.

The low values 0fQs exhibiting strong frequency dependence obtained withen th
TVZ are comparable to those found in other volcanic regi@ng. Castro et al.2008h.
The frequency dependence Q& beneath this region suggests that scattering may dom-
inate over intrinsic attenuation, reflecting heterogeegitvithin the volcanic area. If
we consider the variation d with depth, the weak attenuation anisotropy in the N—
S direction found for the upper crust can be related to gecdbdneterogeneity (e.g.
Eberhart-Phillips and Reyner2009 Styles 2009. Conversely attenuation anisotropy in
the lower part of the crust beneath the TVZ is aligned in ahweest orientation and consis-
tent with results of the 3D Vp azimuthal anisotropy studydiiart-Phillips and Reyners,

2009), which those authors related to extensional straitufes in ductile materials.
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TheQs values obtained from the non-TVZ dataset indicate that $eware less atten-
uated outside the TVZ than those within the TVZ. The weakdesgy-dependence Qfs
observed at low frequencies outside the TVZ suggests théendmee of intrinsic attenua-
tion over scattering. Furthermore, attenuation anisgtropinly occurs at low frequencies
for the non-TVZ and at high frequencies for the TVZ, indiogtithat attenuation in the
two regions reflects different attenuation anisotropy raecms.

The source parameters of the earthquakes analyzed for tAeifarticular the high
frequency fall-off {) and the corner frequency), indicate that the spectra decay at close
to w2 andw3 or greater. However, the fact that the high frequency ftillg > 2 and
attenuation frequency dependence coefficient*¥ 1 as mentioned in Chaptdrand5
may result as a trade-off between the source parametersharattenuation terms. The
high a seems contrary to the fact that the high frequencies of baalyes are usually
attenuated more rapidly than that of lower frequencies enhighly attenuating regions
(Lowrie, 1999. Furthermore, the trade-off may also lead to an ambiguityhe seismic
moment Q) results (Chaptet) which should be the same for the two different components
of the seismograms. It is expected that there may be caomelaetween the errors in
andy. Therefore, further research is needed to reveal the dessile-off.

The site amplification results as a function of polariza@mgles and source locations
are generally similar for both datasets, suggesting tleabbserved site functions may be
independent of the earthquakes’ locations. A few statibog/san indication of directional
site effects, although this observation requires furthealyssis. Further investigation is

necessary in order to substantiate the possibility of doeal site effects around the TVZ.
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Appendix A

Event information

Table A.1 Events used for Q model of inside TVZ

Cupsid | Evtdate | Evtlat | Evtlon | Evt depth | Evt mag
2283711| 2004234 | -38.99 | 175.72 | 5.51 2.65
2283569| 2004234| -39.00 | 175.71 | 5.22 2.01
2285465| 2004238| -38.99 | 175.71 | 5.00 2.49
2285516| 2004238| -38.99 | 175.71 | 4.20 2.44
2290416| 2004250| -38.84 | 175.86 | 5.00 2.86
2485053| 2004294| -39.13 | 175.66 | 4.77 2.24
2342078| 2004357 -38.79 | 175.67 | 5.00 2.23
2558323| 2005022 -38.90 | 175.87 | 4.21 2.20
2376709| 2005073 -39.02 | 175.73 | 5.00 2.80
2403552| 2005133| -38.83 | 175.82 | 5.00 3.42
2469742| 2005280| -39.27 | 175.55 | 3.48 2.24
2473535| 2005289| -38.85 | 175.69 | 5.00 2.30
2494762| 2005336| -39.13 | 175.67 | 3.79 2.43
2507731| 2006002 -39.00 | 175.78 | 7.31 2.67
2507784| 2006002 -39.00 | 175.78 | 9.48 2.15
2517145| 2006023 -39.00 | 175.78 | 5.00 2.25
2517146| 2006023 -39.00 | 175.78 | 7.66 2.52
2517149| 2006023| -38.99 | 175.78 | 10.05 2.11
2532957| 2006061 | -38.92 | 175.89 | 8.67 2.11
2554479| 2006106| -38.88 | 175.64 | 5.00 2.49
2562153| 2006122| -39.14 | 175.64 | 4.69 2.07
2568736| 2006136 -38.98 | 175.81 | 7.59 2.23
2593778| 2006190| -38.96 | 175.71 | 11.08 2.23
2593780| 2006190| -38.96 | 175.71 | 8.73 2.13
2608767| 2006222| -39.01 | 175.75 | 5.20 2.65
2608774| 2006222| -39.01 | 175.75 | 5.00 2.38

Continued on next pag
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Table A.1 — continued from previous page

Cupsid | Evtdate | Evtlat | Evtlon | Evt depth | Evt mag
2608778| 2006222| -39.01 | 175.75 | 9.99 2.01
2619218| 2006245| -39.01 | 175.74 | 7.85 2.28
2630946| 2006270 -38.93 | 175.72 | 7.95 2.38
2631017| 2006271 | -38.92 | 175.71 | 5.00 2.17
2657786| 2006327| -38.97 | 175.77 | 6.37 2.28
2661705 2006335| -38.99 | 175.81 | 5.00 2.81
2662040 2006336| -38.99 | 175.82 | 6.62 2.14
2680142| 2007009| -38.97 | 175.82 | 6.95 2.26
2704153| 2007061 | -38.97 | 175.82 | 6.32 2.10
2712064| 2007077| -39.02 | 175.76 | 5.00 2.04
2717771 2007089| -38.94 | 175.74 | 5.00 2.87
2718437| 2007091| -38.89 | 175.80 | 5.60 2.14
2722077| 2007098| -38.94 | 175.88 | 6.82 2.22
2771473| 2007207 -38.93 | 175.84 | 5.00 2.70
2771475| 2007207 -38.93 | 175.85 | 5.00 2.14
2771553| 2007207| -38.94 | 175.79 | 2.57 3.11
2771378| 2007207| -38.93 | 175.85 | 5.67 2.33
2771402| 2007207 -38.92 | 175.82 | 5.00 2.63
2771980| 2007208| -38.93 | 175.85 | 5.00 2.48
2772028| 2007208| -38.93 | 175.83 | 5.28 2.35
2772064| 2007208| -38.93 | 175.86 | 5.94 2.93
2772336| 2007209| -38.94 | 175.85 | 7.12 2.02
2797040 2007264| -39.04 | 175.79 | 10.02 2.59
2819924| 2007314| -39.12 | 175.65 | 4.28 2.03
2823239| 2007320| -38.91 | 175.86 | 7.46 2.34
2831557| 2007339 -39.13 | 175.66 | 5.00 2.01
2844837| 2008001| -38.99 | 175.75 | 5.57 2.19
2852376/ 2008018| -39.10 | 175.67 | 3.00 3.72
2852375| 2008018| -39.11 | 175.69 | 3.00 3.07
2855969| 2008025| -39.07 | 175.66 | 7.21 2.02
2855673| 2008025| -39.08 | 175.68 | 5.97 2.32
2855797| 2008025| -39.08 | 175.68 | 5.00 2.36
2867955 2008050| -39.04 | 175.79 | 7.94 2.22
2880771| 2008076| -39.14 | 175.64 | 3.17 2.14
2881694| 2008078| -39.06 | 175.73 | 5.00 2.38
2887121| 2008090| -38.98 | 175.66 | 5.26 2.34
2888474| 2008093| -38.98 | 175.72 | 7.09 2.47
2899045| 2008115| -39.01 | 175.72 | 1.83 2.13
2915807| 2008151 | -39.02 | 175.81 | 3.66 3.37
2915902| 2008151 -39.01 | 175.80 | 5.00 2.03
2918368| 2008156| -39.02 | 175.82 | 3.00 2.24
2918478| 2008157| -39.03 | 175.81 | 3.00 2.51
2918616| 2008157| -38.78 | 175.86 | 2.76 2.26
Continued on next page
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Cupsid | Evtdate | Evtlat | Evtlon | Evt depth | Evt mag
2933865| 2008187| -38.96 | 175.72 | 4.28 2.02
2935261| 2008190| -39.02 | 175.75 | 6.05 2.13
2938750( 2008197| -38.93 | 175.82 | 5.00 2.13
2944198| 2008208 -39.01 | 175.74 | 12.00 2.17
2945700| 2008211| -38.94 | 175.71 | 5.00 2.48
2945663| 2008211 | -38.94 | 175.71 | 5.00 2.62
2945864| 2008212| -38.94 | 175.71 | 5.00 2.17
2946956| 2008214 | -38.94 | 175.71 | 5.00 2.15
2949560| 2008219| -38.95 | 175.70 | 5.00 2.04
2951293| 2008223| -38.84 | 175.88 | 5.00 2.52
2952218| 2008225| -38.84 | 175.85 | 5.00 2.46
2957115| 2008235| -39.04 | 175.68 | 5.00 2.40
2957361| 2008235 -39.04 | 175.69 | 5.00 2.01
2961706| 2008244 | -38.84 | 175.92 | 5.00 2.30
3024650( 2009003| -38.89 | 175.88 | 5.00 2.14
3029757| 2009013| -38.98 | 175.72 | 5.97 2.08
3030322| 2009014| -39.08 | 175.68 | 5.00 3.12
3030120( 2009014 | -38.86 | 175.87 | 5.00 2.02
3030339| 2009014| -39.08 | 175.68 | 5.00 2.35
3036573| 2009027 -39.08 | 175.76 | 5.00 2.28
3037129| 2009028| -39.10 | 175.65 | 5.00 2.31

Table A.2 Event used for Q model of outside TVZ

Cupsid | Evtdate | Evtlat | Evtlon | Evt depth | Evt mag
2223442| 2004122 -39.24 | 175.32 | 15.65 2.32
2226361| 2004127 -39.31 | 175.29 | 5.00 2.23
2226627 2004128| -39.31 | 175.33 | 12.00 3.07
2226865| 2004128 -39.30 | 175.33 | 12.00 2.30
2252384| 2004175| -39.26 | 175.30 | 22.24 2.20
2258972( 2004187 -39.25 | 175.29 | 16.08 2.04
2258443| 2004187 -39.29 | 175.46 | 13.18 2.01
2264285| 2004195| -39.40 | 175.29 | 8.50 2.06
2268180| 2004203| -39.23 | 175.32 | 13.20 2.19
2269167| 2004205 -39.35 | 175.38 | 16.28 2.06
2273155| 2004214 | -39.35 | 175.41 | 13.97 2.36
2276848| 2004220 -39.32 | 175.52 | 13.11 2.13
2288218| 2004244 -39.31 | 175.35 | 30.88 2.33
2295430| 2004261| -39.26 | 175.47 | 15.72 2.09
2297938| 2004266| -39.22 | 175.31 | 26.01 2.01
2301462| 2004274 -39.25 | 175.25 | 13.45 2.27

Continued on next pag

D




108 Chapter A Event information

Table A.2 — continued from previous page
Cupsid | Evtdate | Evtlat | Evtlon | Evt depth | Evt mag
2301796| 2004275| -39.27 | 175.44 | 17.99 2.18
2301893| 2004275| -39.24 | 175.25 | 10.60 2.72
2302302( 2004276| -39.24 | 175.33 | 14.29 2.06
2304574| 2004281 | -39.24 | 175.32 | 19.49 2.10
2314788| 2004304| -39.25 | 175.25 | 13.59 2.30
2329743| 2004334| -39.23 | 175.33 | 14.34 2.27
2522919 2004343| -39.42 | 175.41 | 5.00 2.33
2345765| 2005001 -39.27 | 175.44 | 12.86 2.74
2345770( 2005001 -39.30 | 175.41 | 12.00 2.01
2355970( 2005024 | -39.23 | 175.48 | 12.40 2.80
2361176| 2005036| -39.24 | 175.47 | 14.22 2.13
2368977| 2005055| -39.23 | 175.47 | 14.10 2.09
2370815| 2005059| -39.23 | 175.45 | 14.46 2.06

2594369 2005070| -39.41 | 175.52 | 5.00 2.05
2378454| 2005077| -39.26 | 175.21 | 28.80 2.72
2380251| 2005081| -39.22 | 175.39 | 9.07 2.62

2383016| 2005087| -39.24 | 175.32 | 13.19 2.79
2385407| 2005093| -39.23 | 175.32 | 13.62 2.55
2390123| 2005104| -39.25 | 175.22 | 13.17 2.01
2617848| 2005107| -39.41 | 175.73 | 12.41 2.64
2392562| 2005109| -39.37 | 175.60 | 8.91 2.27
2393711| 2005111| -39.28 | 175.20 | 11.44 2.25
2394291| 2005113 -39.28 | 175.23 | 21.94 2.51
2394458| 2005113| -39.28 | 175.24 | 24.02 2.39
2396978| 2005118| -39.24 | 175.33 | 13.92 2.31
2401380 2005128| -39.23 | 175.42 | 9.64 2.12
2401616| 2005129| -39.28 | 175.20 | 10.87 2.21
2403591| 2005133 -39.26 | 175.23 | 15.47 2.44
2405968| 2005138| -39.25 | 175.28 | 14.53 2.46
2428115| 2005187| -39.34 | 175.57 | 17.65 2.12
2428845| 2005188 -39.31 | 175.30 | 28.71 2.26
2432753| 2005196 -39.33 | 175.49 | 10.70 2.41
2434827| 2005200| -39.38 | 175.53 | 10.14 2.59
2435569| 2005202| -39.37 | 175.54 | 6.70 2.20
2436195| 2005203| -39.35 | 175.54 | 3.53 2.38
2439273| 2005210| -39.24 | 175.33 | 13.54 2.69
2450013| 2005235| -39.34 | 175.32 | 29.96 2.07
2451974| 2005239 -39.27 | 175.35 | 12.00 2.02
2452439| 2005240| -39.35 | 175.55 | 1.54 2.11
2452440 2005240| -39.42 | 175.58 | 12.37 2.21
2454018| 2005244| -39.24 | 175.32 | 17.82 2.05
2455947 2005248 -39.31 | 175.29 | 12.00 2.07
2459027| 2005255| -39.25 | 175.39 | 8.46 2.06
Continued on next pag

D




109

Table A.2 — continued from previous page

Cupsid | Evtdate | Evtlat | Evtlon | Evt depth | Evt mag

2464712 2005269| -39.24 | 175.23 | 23.62 2.49
2476484 2005295| -39.23 | 175.34 | 14.85 231
2476751| 2005296| -39.24 | 175.34 | 14.24 2.23
2480193| 2005304 -39.26 | 175.46 | 15.19 2.02
2483009| 2005310| -39.24 | 175.49 | 7.30 2.18
2487566| 2005320| -39.35 | 175.40 | 16.72 2.18
2506485| 2005364| -39.24 | 175.32 | 16.96 2.22
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B.1 The TVZ decay functions
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Figure B.1 Amplitude decay functions versus hypocentral distancedtation
22.5 at six frequencies obtained from the TVZ data. The dashedmnedblue
lines represent the mean of 200 bootstrap samples and thalgrded area rep-
resents the meat 20.
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Figure B.3 Amplitude decay functions versus hypocentral distancedtation
67.5 at six frequencies obtained from the TVZ data. The dashedmnedblue
lines represent the mean of 200 bootstrap samples and thalgrded area rep-
resents the meat 20.
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B.2 The non-TVZ decay functions
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Figure B.4 Amplitude decay functions versus hypocentral distancéefand N
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Figure B.5 Amplitude decay functions versus hypocentral distancerfand T
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Figure B.6 Amplitude decay functions versus hypocentral distancedtation

22.5 at six frequencies obtained from the non-TVZ data. The dhsed and
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Figure B.7 Amplitude decay functions versus hypocentral distancedtation
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Appendix C

Spectral ratio-differential attenuation
method

C.1 Spectral ratio-differential attenuation method

In the initial stages of this study, we implemented the défdial attenuation method pro-
posed byCarter and Kendal{2006 to quantify attenuation anisotropy. The results ob-
tained using this approach are discussed in Appefdi The differential attenuation
method compares the relative frequency content of f&gtdnd slow &) shear-waves
(Carter and KendalR006, and is based on the fact that the amplitude decreasestwith i
creasing frequency. Thus, forming the ratio of spectrallaoges forS1 andS2 yields the
dimensionless differential attenuatiAQf’l.

The amplitude spectra &L andS2 recorded at a seismic station as a function of fre-

guency satisfy

n=1,2 (C.1)

A(f) =e&<f>s91<f>R3q<f>exp[‘”~°“f} ,

Q-
whereGg, is the geometrical spreading factor experience®psndS,, Sg, is the source
spectrumRg, is the instrument respondg; is the travel time of the split shear waves and
Qg describes the frequency-independent quality factor ofsgl¢ waves. The spectral
ratio method Bath, 1974 can then be used to determine the relative attenuationcestw

the waveforms. Spectral division 8&; with Ag is expressed as,

Aa(f)  Ge(f)Ss(f)Ra(F) {f(tsz tSl)} (C.2)

Ax(f)  Ge(f)S(f)Re(f) Qe Qu
119
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Because botly; andS, recordings are from the same source and recorded by the same
station, we assume th&; (f) = Se(f) andRs1 () = Rex( ), but we check the instrument
response and correct for any variation if they are not eduiarefore, we can neglect the
source spectrum and the receiver response. We further agbatthe geometric spread-
ing factors Gsi(f) and G (f)) have the same frequency dependengi,%; is then
independent of frequency. Taking logarithms on both sidexjoC.2, which allows us to
determine the corner frequency of the spectrum, we obtain

A31(f) B &) 1
log {m} =c+log exp{m‘(Q—52 — Q—Sl)] (C.3)

The first term on the right hand side of €.3 is independent of frequencly in the
Az (f)
Ag(f)
m, from which the differential attenuation ter&Q;* can be calculated after dividing

Gg, term in equation edC.1 Therefore, a plot of Io% } versusf yields a gradient

(loge10.m) by mits;; In other words,

t 1
AQil= 2 = C.4
Qr Qe Qs C4)

We use the same seismograms as analysed using the non-par&nhe method. We
split the S-wave int&; andS, using a modified Splitlab cod&\(ustefeld et al.2008. In
calculating the spectral ratio, a time window and pre-eveige are chosen using the same
window lengths. Amplitude spectra are then calculatedutindast Fourier transform and
smoothed using the Konno-Ohmachi windowing functi&orfno and Omachil998 as
outlined in Sectior3.2.1 To calculate the differential attenuation, the signaésmocessed
to identify an appropriate bandwidth by comparing the atagk spectra fof andS, with

the pre-event spectral amplitude of the noise (see FiGule

C.2 Results

We display the results obtained using the spectral ratichotebf Carter and Kendall

(2009 (see SectiorC.1 for details of the method). We analyse the same dataset as the
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non-parametric GIT method, which forms the bulk of Chapten#rder to determine the
preferred method of quantifying seismic attenuation anigy.

The right panel of FigC.1reveals a negative slope of the spectral ratios indicating i
this case that the S-wave the fast polarization is more @dted than that with the slow po-
larization. The reverse is true for the earthquake depictdite left panel. The two events
exhibit splitting times of 0.16 and 0.2 s. Although the gpig times are slightly different,
this should not adversely affect the attenuation anisgtropasurement. The important
thing in this method is that the shear wave must be split iiotd quantify attenuation
anisotropy Carter and Kendall200§. We choose appropriate frequency bands for the
spectral ratio by comparing the amplitude spectr&aindS, with the pre-event spectral
amplitudes of noise. Interestingly, the results for eveappear to contradicHudson
1981)’s theory, which predicts that the slower arri&lshould be more attenuated in high
frequencies than the faster arrivl. However, the results are in good agreement with
previous observations reported Garter and Kendal2006, who also found some results
showingS, to be more attenuated th& and some witls; more attenuated th& and
they state that the precise mechanism of the effect is stdlaar. We show in Section
4.4.2that polarisation dependent amplification occurs in thggaie, which could affect

the measurements made with this method.
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Figure C.1 Result for two earthquakes recorded at GeoNet stations WainZ
OTVZ, showing the seismograms of tg and S, components. The top panel
shows splitting results. The middle panel shows the speatnalitudes ofS; and
S and their pre-event noise. Data 2 (right) in the bottom pahelvs thats, is
richer in high frequencies the, whereas data 1 (left) shows the converse.
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