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ABSTRACT

Seismic waves can trigger earthquakes and tremor at large distancéisefrom
causable event. Dynamic triggering occurs when the surface waves froredatygpuakes
change the stresses conditions on previously overstressed faults, promatneg Tail
understand the causative stresses and environments behind dynamic triggeringektaenod
change in the stress field that the passing of Rayleigh and Love waves cadaaloplane
of arbitrary orientation relative to the direction of propagation of the waves, andaapply
Coulomb failure criterion to calculate the potential of these stress chamtgggger
seismicity. We apply our model to three different study regions and comphre wit
observations. In the first case, we compare our model results with data fromichlha
triggered earthquakes in the Australian Bowen Basin, Our data analysis tsfadvor this
region, surface waves arriving at 45 degrees from the average locafistcease the most
likely to trigger local seismicity. This agrees with our observations. Inettensl study case,
we show how the same model can be applied to dynamic triggering of Non-voleamic tr
(NVT). Our modeling predicts the potential of a seismic wave to trigger slifaultgplane
promoting NVT. We search for tremor in the Central Range in Taiwan triggerenfages
waves and compare the observations with our modeling. In the last study casegwe pres
our modeling of the dynamic stress that triggered two events in Utah, one trigge¢hed b
1992 Landers earthquake and the other by the 2002 Denali Fault earthquake. We show how
dynamic stress modeling can be used to discriminate between the two aeal gia first

motion focal mechanism of a dynamically triggered event.
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CHAPTER 1

NTRODUCTION

Recent studies have shown that seismic waves can remotely trigger $gigroigands
of kilometers from an epicenter. This process is called dynamic. Thistdigs®efocus on the
modeling of the dynamic stress caused by the passing of the surface nwavésde
earthquakes and their potentials to trigger seismicity base on the chstiastef the waves, the

position and orientation of the triggered fault plane and the elastic propertiesyeédiee

Dynamic triggering has been clearly documented for several large ededisgucluding
the 1992 Landersdv,, = 7.3) (Hill et al., 1993; Anderson et al., 1994;), the 2002 Denali Fault
(My = 7.9) (Eberhart-Phillips et al., 2003; Gomberg et al., 2004; Husen and Wiemer, 2004;
Pankow et al, 2004; Prejean et al., 2004), and the 2004 SuMatra9.15) (West et al., 2005;
Velasco et al., 2008) earthquakes. Many studies on dynamic triggering sgisotigs on the
triggering of small earthquakes on previously overstressed faults (e.gc¥elzal., 2008).
Recent studies have also demonstrate that non-volcanic tremor (NVT) cajgbeettiby
seismic waves as well (Obara, 2002; Nadeau and Dolec et al., 2005; Miyazawa ar&D0&r
Rubinstein et al., 2007; Gomberg et al., 2004; Miyazawa and Brosky 2008; Peng et al., 2008;
Peng and Chao, 2008). NVT is usually observed in subduction zone and transform-fault
environments away from volcanic regions. We apply our modeling to the triggering of

earthquakes and NVT, and compare our model result with observations.

Dynamic triggering may occur when surface waves passing through a phgvious

overstressed fault plane change the fault local stress in a suitable manmandeling allows



for the calculation of the dynamic contributions to the shear and normal swassésult plane
of arbitrary orientation. In Chapter 2 we develop the modeling and show and compéme it wi
observations from triggered seismicity in the Australian Bowen region. We fourforthiais
region, seismicity is more likely to be triggered by Love waves arriid§%from the average
local compressive stress orientation. Observed events similar to thoségorégithe modeled
potentials demonstrate that our model suitably represents the stresshgatimedassing of the

surface waves and that dynamic triggering seismicity can be explainesuton® stress basis.

In Chapter 3, we show that dynamic triggering of NVT can be modeled based on the
same Coulomb frictional approach. We identified three large events besides theudi K
earthquakes that have had triggered NVT beneath the CR in Taiwan: The 2003 Hokkaido, the
2004 Sumatra, and the 2005 Sumatra earthquakes. We modeled the stress caused bgthe surfac
waves from ten large earthquakes to investigate the stress conditions regtrigeget NVT in
this region. For the Kunlun earthquake, our modeling shows that the orientation and magnitude
of the incoming Love wave contributes to increasing the fault plane local slessr. &trthe
cases of the Hokkaido and Sumatra earthquakes, the orientation and magnitude of timg incomi
Rayleigh waves contribute to the shear local stress. In general, N\élatesrwith peaks in our

modeled triggering potential.

In Chapter 4 we analyzed the dynamic stress caused by the passing dattessuaves
from two large events, the 1992 Landers earthquake and the 2002 DFE that triggenedyseism
in Utah. We modeled the stress that triggered two of the largest dynaricgred events in
this region, both of which show a well-constrained normal fault mechanism. We showed how
dynamic stress modeling can be used to discriminate between the axialgblarfiest motion

focal mechanism of a dynamically triggered event.



The modeling of dynamic stress triggering constitutes an important tool for
understanding the stress conditions under which earthquakes occur. The study af gtatloe
dynamic stress interaction will lead to a better understanding of theyaldt and at some

point, dynamic triggering events could be used as a regional local stress indicator



CHAPTER 2

DYNAMIC TRIGGERING : STRESSM ODELING AND A CASE STUDY

2.1 ABSTRACT

Changes in the static stress can trigger nearby earthquakes that dlcruaview fault
lengths from the causative event. Transient stresses caused by passdge®iaves
commonly trigger events at remote distances, yet little is documented ortaadeasout the
processes and stresses necessary for remote triggering. To understangdtiee stresses and
environments behind remote, or dynamic, triggering, we must decipher thesstassed by the
passage of the surface waves in relation to the local stress field and fauibogsnahere the
triggered events occur. In this study, we model the change in the str@shdighe passing of
Rayleigh and Love waves cause on a fault plane of arbitrary orientatione détathe direction
of propagation of the waves, and apply a Coulomb failure criterion to calculate thegbotent
these stress changes to trigger reverse, normal or strike-slije fallercompare these model
results with data from dynamically triggered earthquakes in the AustBdiaven Basin, an area
with low seismicity, mapped regional stress, and at the margin of a stetieental craton.

Our data analysis shows that for this region, surface waves arriving at 48slégm the
average local stress field are the most likely to trigger local seigniibis agrees with our

observations.

2.2 NTRODUCTION

Although our understanding of earthquakes and faulting has grown tremendously since

the development of Elastic Rebound Theory (Reid, 1910), many questions remain about the



fundamental physics behind earthquake rupture. Some questions stem from a growing body of
works that shows that the passage of transient signals, such as seismjcaavesiotely

trigger earthquakes thousands of kilometers from an epicenter. This proceleslidyr@mic
triggering. Generally, dynamic triggering results from the passagefate waves, which are
classified by two distinct types: Rayleigh and Love. Rayleigh waVabieshearing and
compressional, dilatational, and shear particle motion. Love waves only indudeghear
Triggering by either type of surface waves implies fundamentally diffgxi@ysical mechanisms.

The first accepted case that dynamic triggering occurred was docuni@ntiee 1992 Landers

(My, = 7.3) event (Hill et al., 1993; Anderson et al., 1994). Dynamic triggering has subsequently
been shown to have occurred for the 2002 Denali etgnt=(7.9) (Eberhart-Phillips et al.,

2003; Gomberg et al., 2004; Husen and Smith, 2004; Pankow et al., 2004; Prejean et al, 2004),
and the 2004 Sumatra eveht,(= 9.15) (West et al., 2005; Velasco et al., 2008) earthquakes.
Velasco et al. (2008) studied 15 large events and showed that 12 of them had some evidence of

dynamic triggering and their occurrence was virtually independent of teqgmnince.

Mechanisms for dynamic triggering fall into two broad categories (Hill, 2B@&ean et
al., 2007): (1) Models related to the excitation of crustal fluids or aseised@p or (2) frictional
models described by Coulomb failure. Most of the studies focusing on the physieslsa®of
dynamic triggering are associated with geothermal activity, such as tlemanivof magmatic
fluids, magmatic intrusions, or bubble excitation (Hill et al., 1993; Linde et al., 1088)r
examples of proposed mechanisms include subcritical crack growth thaglesratea by seismic
waves (Brodsky et al., 2000), pore fluid flow along with Coulomb stress change8éslcgand
Nur, 2002), and unclogging of fractures (Brodsky et al., 2003). A similar mechanisat fliid

flow acts as a low pass filter for seismic waves (Brodsky and Prejear), Z0@5mechanism



predicts that long period waves lead to high-pressure oscillations. Akelgatate-and-state
friction has been proposed to cause dynamic triggering of earthquakes (eegcbetal.,

1994; Gomberg et al., 2001; Perfettini et al, 2003). Perfettini et al. (2003), used a 2-D quas
dynamic model of a strike-slip fault, governed by a rate-and-stetierfirlaw, to show that
dynamic triggering is limited to understressed areas, that is, areas of heghr@ssure or faults
near failure. Brodsky and Prejean et al. (2005) found similar resultsabyz ey triggered
earthquakes predicted by the rate- and state-model. Parsons (2005) showetd¢hateisence
of rate- and state-friction, if the passing seismic waves ‘damag&uheontacts, dynamic
triggering could explain both delayed earthquakes and the Omori-like decay ofettigger
earthquakedill et al.(2008) developed a Coulomb failure model based on a frictional strength
threshold using Mohr’s Circle, yet the model cannot fully explain the dominancewhdated
Rayleigh wave triggeringAlthough fluids appear in many dynamic triggering explanations,
West et al. (2005) demonstrated that at Mt. Wrangell, Alaska, the fluid efeesesondary
factor. Dynamic triggering at Mt. Wrangell was primarily attrilslite changes in horizontal
normal stresses. This is similar to the mechanisms proposed by Brune et al. (tioABYarson
et al. (1994) who suggested that triggered earthquakes are caused by unclampingtbafault
are in a preferred orientation relative to the passing seismic waves. Thadawf explanations
for dynamic triggering suggests that this process is poorly understood andyskxdial in

extensive study and modeling.

In this paper, we build upon the results of Hill et al. (2008) who presented an analysis of
the dynamic stresses associated with fundamental-mode Love and Rayders and their
potentials to trigger frictional failure on critically stressedt& However, Hill et al.’s (2008)

study is limited to faults of specific orientations. In this article, wegmwea method for



modeling triggering potentials, but for an arbitrary fault planentation relative to the direction
of the triggering wave propagation. In addition, we analyze the likelihood of the faults to be
triggered by the different parts of a wave cycle over tilve present an example of
dynamically triggered seismicity in the Australian Bowen Basin, ea aith mapped regional
stress, low seismicity, and at the margin of a stable continental cratoresDlis show that
Love waves arriving at 45° from the principal stress axis of faults prestms iregion are the
most likely to trigger local seismicity which supports the idea that passiegic waves

unclamp faults.

2.3COULOMB STRESS FAILURE CRITERIA

Dynamic triggering may occur when surface waves pass through a previously

overstressed fault plane and change the fault local stress in a suigalernift and o,

represent the changes caused by the passing of the triggering seisesowalre fault plane’s
shear and normal stresses, respectively, according to the Coulomb Fatkenia,Gine fault will
be brought closer to failure if the change in the Coulomb Failure Fungiibr defined as:

OCFF =7+ uo, (2.1)
. Wherey is the coefficient of friction. IOCFF is positive, or it will be moved away from failure
if SCFF is negative. To calculate the components of the dynamic stress tensor thabookres
to the shear and normal directions of a fault plane of arbitrary orientatiomastiah of depth
and time, we calculate the dynamic stress teiS¢D,t for $urface waves, as function of depth
(D) and time (t), for a coordinate system with one component parallel to theatiref wave
propagation and the other in the depth direction (Figure 2.1). We rotate this tensor to a new

coordinate system with components parallel to the dip, strike, and normal directeofautif



plane of arbitrary orientatiorf), to obtain a new tensadi(D,t,«,0). We then calculate
components of the fault plane’s shear and normal stresses for different fendthgnisms
caused by the new tensor. We then apply the values of these stress component®to(2duati

to estimate a triggering potential indicator (P). This is discussed and deVbklpe in detail.

2.4DYNAMIC STRESSESON AN ARBITRARY FAULT PLANE

We use the technique of West et al. (2005) to model the stress change caused by the

passing of Rayleigh waves. We extend this modeling to include the components afahecdy
stress tensof °(D,t rlated to the displacement of both the Rayleigh and Love waves as a
function of time and depth. For a coordinate systerwherei = 1, 2, 3, the Rayleigh waves’
related particle displacement for a Poisson half space in the thdaald verticall , directions

for a wave propagating in the direction is defined by (Stein and Wyssession, 2003):

U, = AK; sin(wt — x, X )[expBx; x;) - CexpDx;X;)] (2.2)
U, = AK, cosivt — x, X, )[BexpBx;X;) + EexpDx;X;)] (2.3)
whereA is amplitudep is the angular frequency, is horizontal wave number, and is depth.
CoefficientsB = -0.85,C = 0.58,D = -0.39, andE = 1.47 are constants. Rayleigh waves do not
cause motion in th&, direction. The straing, induced by the motion are given by:

&j = &j :%(Ui,j +Ui,i)

1

(2.4)

whereU; |

; represents the first derivative of the displacement in direction relative to thg

direction.

In general, the components of the stress tensor are defined by:



0 =Cjéu (2.5)

wherecy, accounts for the elastic properties of the media.

The transient stresses, , assuming a Poisson solid € 1), are defined by:

Oy = AEy + Eg5) + 2pe,, = 1By, + £45) (2.6)
Ogs = AEyy + 1y) + 2p55 = A&y, +3e3;) (2.7)
O3 = Oz =245 (2.8)

where normal stresses are negative for compression and positive forodilatat

To model Love waves we consider the displacement in the transverse dirggtion,

within a layer over a half space (e.g. Stein and Wyssession et al., 2003), such that
U, = Aexp{(wt— i, X)) cosK,r,X;) (2.9)

where A is the amplitude and is the transverse displacement component’s wave number and

SER

where ¢, is the surface wave’s apparent velocity gfids the shear velocity for the layer. The

(2.10)

related shear straing; are calculated using equation (2.4). The shear stress components for
Love waves are:
Oy = Oy = 2UE,, (2.11)
Opy = Ogp = 2UEp, (2.12)
Figure 2.2 shows the dynamic stresses as funcfiome and depth produced by a 20-s

period Rayleigh wave and a 20-s period Love waMas kind of modeling allows us to

determine what components of the stress tensorgoiagportant role in the triggering of a fault



located at a given depth, and at a given mometimi@. For normal stresses, the red color
represents dilatation and blue compression, whdoeahear stress the color defines the
direction of the shearing. The change over tim@hefdirections and magnitudes of the stress
components occurs in phase with the ground dispianeat the surface. Figure 2.2 also shows
how stress depends on depth. For example, at shd#pths, Rayleigh wave’s normal stresses
and Love waves horizontal shear stress mainly mgianes perpendicular to the direction of

wave propagationd,;, and o,, reach a maximum at surfaces). However, at grelaeths,
normal stress and lateral shearing is strongemozdntal planes€,, and o ,, increase with
depth). Also note that the shear stress causedpheigh waves §,;) increases with depth. This
dependency of the stress components on depthneraeis a function of the frequency of the
waves.

Our next step is to model the effects of thesessé® on fault planes of arbitrary
orientation. The components of the dynamic stree@on a plane of arbitrary orientation can
be calculated by rotating the stress terB)D,t (Figure 2.1). By multiplyingr °(D,t Yoy the

matrices of the Euler angles (Arfken, 1995), we icdate to the fault plane orientation around
the anglesq, 0) relative to the direction of propagation, as nedi in Figure 1, to obtain a new

matrix T(D,t,0) corresponding to stresses on the rotated plaesd&finedc,, (0, o ),
074(0,), andor (0, )as the components ©{D,t,a,0) acting in the normal, dip, and strike

direction of the fault plane, respectively (Fig@r&). Figure 2.3 shows the stress that the passing
of a Love wave similar to that of Figure 2.2 willuse on a plane of arbitrary orientation at a
depth of 5 km and time equal to 5 s. Note that ¢kiengh the Love wave causes only shear

stresses on a coordinate system with one compamére direction of propagation and the other

10



in the depth direction, Love waves will cause angjeain the normal stresé4,, ) on a rotated

planes, reaching a maximum value for vertical pdae= 90 ©) striking 45°( = 45°) from the
direction of propagation. In this fashion, we caodel the change in local stress that passing
surface waves will cause on a fault plane of aabjtorientation. The next step is to calculate if

this change will promote faulting.

2.5TRIGGERING POTENTIAL

We define the triggering potenti@lof a seismic wave as the change of the Coulomb
failure function (equation 2.1) that the passinghaf seismic wave causes on a fault plane. The
definition of the potentials will depend on the diaf faulting mechanism that is been triggered.

Potential is positive if failure is encouraged awedative if discouraged. For exampde,

represents a change in the fault plane’s sheassimehe dip direction, where a positive value
represents a contribution in the reverse direc@@onsequently, when defining the potential for a

reverse fault the shear stress in equation (2.1pwirepresented by 67, whereas for a normal
fault, it will be — 67, so that a negative value 6t , meaning a contribution in the normal

direction, will makeP(Reversemore negative and(Normal)more positive. On the other hand,

a positive value obo,, indicates that the fault is unclamped, encouratarigre. Hence, alll
cases+ oo, will represent the change in the fault normalssirén the same way, the potentials

of triggering strike-slip faults are defined belomhere the change in shear stress will be in the

strike direction ¢7,).

P (Reverse) =z, + udo, (2.13)

11



P (Normal) =— &z, + udo, (2.14)
P (Strike-slip Left-lateral)=0z + udo,, (2.15)

P (Strike-slip Right-lateral)=- o7, + poo (2.16)

In general these potentials are a function of tidepth, wave characteristics (frequency,
velocity and amplitude), and elastic propertiethef media. We calculate the potentR(D, t, a,

0 ) for surface waves as a function of tinjet@ trigger failure on a normal, reverse or stigkip
fault plane of arbitrary depth, and orientationo, 6) (Figure 2.1). Figure 2.4 shows an example
of the potentials using the values in Figure 2d8responding to a Love wave when time equals
5 s (Figure 2.2). Under these conditions, the maxn value oP is reached for strike-slip right-
lateral faulting, specifically, for vertical faul{g8 = 90°) with a 70° anglexj with the direction of
wave propagation, meaning that this type of faution is most likely to be triggered by this
specific wave.

This kind of analysis provides us with an importeal for understanding the stress
conditions under which failure occurs. By modelgtigess changes associated with the Love and
Rayleigh we can understand why a particular wawvedee likely to trigger a specific kind of
earthquake mechanism, and why triggering occuassgiecific moment in time. For example,
Figure 2.5 shows the potentials for four key pooftthe both a 20-s period Love and a 20-s
period Rayleigh waves: the negative- and positlepesinflexion points, and for the maximum
and minimum displacements. With our modeling we estimate the type of faulting mechanism
and/or fault orientation that is the most likelya® triggered by the Love or Rayleigh wave as a
function of time and depth. This modeling can dlstp us to identify what part of the wave is

responsible for triggering of a known fault (typedaorientation) relative to the direction of wave

12



propagation. To test our model, we focus on aoregiith documented dynamic triggering, a

regional with mapped local stress field, and thatat near a major tectonic boundary.

2.6 CASE STUDY: DYNAMIC TRIGGERING IN THE AUSTRALIAN BOWEN REGION

Velasco et al. (2008) showed the abundance of dynisiggering that occurs with the
passage of surface waves from large earthquakiesy Showed that dynamic triggering can
occur in areas that are not thought to be tecttipiaative, and they suggest that triggering is a
process independent of tectonic setting. To furithegstigate this result, we focus on an area
that showed dynamic triggering in their study, fhestralian Bowen Region (Figure 2.6) an area
with relatively low seismicity (Leonard et al., Z)Qlocated at the margin of a stable continental
craton. We analyzed seismograms from large, andpply a high-pass filter to identify small
local earthquakes hidden in the broadband speatfisurfaces waves (Figure 2.7). We used
stress data for this region (Hillis et al., 1998jislet al., 1999) in order to compare observed

dynamic triggering to local stress field orientaspand in the process, test our modeling results.

Reverse faults are mainly present in the BowenrB@silis et al., 1999). We know the
faults have an average dip angle and of 70° ang| 8d€pectively. Assuming that triggering
occurred along some of these reverse faults, wescéate from Figure 2.5 the potential
corresponding to reverse faulting ahd 70° (Figure 2.8 and 2.9). Figures 2.8 and 2dvshthe
potentials extracted from Figure 2.5 for the Ragheand Love waves, respectively, as a function
of incident anglex and time. We can see that for Rayleigh waves (EiguB) maximum
potential is reached at the negative inflectiompai the vertical displacement (first panel from
left to right), The maximum potential occurs forwga arriving perpendicularly to the strike of
the fault planeso(= 0°). The polar diagram shows the overall po&tiitor the whole wave

cycle) as function of, once again showing that Rayleigh waves arriviegpendicular to the

13



strike of the fault planes are the most likelyrtgger seismicity. Figure 2.9 shows that a
maximum potential of the Love waves occurs at tiiection points, where waves arrive at 45°
from the fault strike. Note that maximum potent@l Love waves is almost double that for
Rayleigh waves, indicating that Love waves arentlost likely to trigger seismicity in the

Bowen region. Figure 10 overlaps the Love and Raglylpotentials and shows their relation with
the average local compressive stress for revewenig Our model predicts that Love waves
arriving at 45° from the local compressive strasstlae most likely to trigger seismicity in the

Bowen region (Figure 2.10).

To test our prediction (Figure 2.10), we performaegkarch for dynamically triggered
earthquakes recorded near the Bowen region. Wetbfuk triggered local seismicity caused by
passing surfaces waves produced by lakjeX7.0) earthquakes that occurred since 1992. We
obtained three component broadband seismogramsliRt®8n(Incorporated Research
Institutions in Seismology) for the CTAO.IU stati@igure 2.6) for 5 hours before and 5 hours
after the origin times of the large events. Fos timalysis, we manually identified small, local
events from the high pass filtered traces. Fi@ureshows an example of the identification of a
dynamic triggered event caused by the March 199Balsland earthquake. In our data set, 8
out of 35 large earthquakes clearly triggered sieisymear the CTAO station (Table 2.1).
Figure 2.11 shows a polar histogram of the distrdpuof the triggered events, where the
observed incident angles for these triggering esséfigure 2.11) highly correlate with the angle
predicted by our model (Figure 2.10). Four eventised ato = 45+£10°, three events arrived
close toa = - 45+12°, and one evemt= 109°. Figure 2.12 shows the overlap of the argul
distribution of the observed triggering events with predicted potentials, relative to the average

local stress for the reverse faults. These redeltsonstrate that stress from seismic surface
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waves can be modeled using Coloumb Failure criterestimate their potential to trigger

seismicity on fault planes of arbitrary orientation

2.7DISCUSSION

Our modeling allows for the calculation of the dgma contributions to the shear and
normal stresses on a fault plane of arbitrary ¢aigon caused by the passing of the surface
waves. Two aspects of the modeling become evident dur analysis: First, in concordance
with the Coulomb failure criteria, we can arguet ihgnamic triggering of seismicity depends on
both compressional/dilatational (normal stress) simehring changes acting together in a suitable
manner, dilatation unclamping the fault and faaiiitg the slip driven by shearing stresses, an
interaction that is well represented by the trigggpotentials. Second, in order to precisely
guantify the contribution of normal and shear stregused by the seismic waves to the fault
local stress, the rotation of the dynamic stressdeis essential. For example, Love waves are in
general related to changes in the shear stresswwittontribution to the normal stress. However,
this only applies to the planes orthogonal to theiwal, transverse, and radial direction relative
to the wave propagation. Love waves can cause elsamga fault plane’s normal stress
depending on orientation as showed in Figure 2t8¢hvextends the work of Hill et al. (2008)

and gives us new insight into this failure process.

One difficulty in identifying the seismic phasepesasible for triggering is that not all
triggered events appear at exactly at the samedsntlee triggering phase in the seismogram.
This may be due to the difference in path of tiggering and triggered waves to the station,
permanent damage done to a fault contacts chatfygnigictional properties of the fault and
accelerating failure (e.g., Parsons, 2005). If wevk the type of faulting mechanism and the

orientation of the triggered fault plane, the teggg potential can be used to estimate what wave
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and what time section has the highest triggerirtgmi@l for that specific fault, and therefore,
was the most likely to have triggered the faildreggering delay is usually explained on a rate-
and delay- frictional law basis (Parson, 2005). ideer, our modeling, along with a large
number of real observations, could help to estirt@mtghat extent changes in the Coulomb stress

damage changes the frictional properties of thi.fau

Even more challenging is to calculate determinimgrelatively small triggering dynamic
stresses to the much larger driving local stresBesaddress this, more precise local stress
models and better and more complete dynamic stmesiels are required. In the case of the
Bowen region, we had a number of observations and/gre able to compare them to the
modeled potential corresponding to a single wavspetific characteristics. In order to estimate
a local-dynamic stress, it is necessary to calewdatotential threshold for triggering, which will
require a more complete analysis considering tlevicual characteristics of the triggering and
non-triggering waves. Similarly, to calculate thmgyke o for the observations, all triggered fault
planes were considered to have a single orientatemaverage faults’ dip and strike suggested
by (Hills et al., 1999). Alternatively, the horiz@mhmean stress orientation calculated by the
Australian Stress Project (Hills et al., 1998) niigh used to represent the direction
perpendicular to normal faults strike; howevers tthoes not give information on the dip of the
faults. Ideally, individual triggered faults woube located and their real orientation used for the

modeling. The introduction of this kind of paranretall be considered in future work.

2.8 CONCLUSION

Dynamic triggering may occur when surface wavesipgghrough a previously
overstressed fault plane change the fault locasstin a suitable manner. Modeling the potential

that seismic waves have to trigger faulting at renttistance constitutes an important tool for
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the understanding of the dynamic triggering phenmam®ur modeling allows for the calculation
of the dynamic contributions to the shear and nbstrasses on a fault plane of arbitrary
orientation.. These potentials might be used, fangle, to estimate what kind of faulting is
more likely to be triggered by every part of a jpagsurface wave. Alternatively, the potentials
could constrain the kind of wave (and directiorpadpagation) that is most likely to trigger
faulting on a specific fault or fault region. As easample, we show that seismicity in the
Australian Bowen region is more likely to be trigg@ by Love waves arriving at 45° from the
average local compressive stress orientation. @edezvents similar to those predicted by the
modeled potentials demonstrate that our modellslyitapresents the stress caused by the
passing of the surface waves and that dynamicerigg seismicity can be explained on
Coulomb stress basis. The study of the local stdyicamic stress interaction will lead to a better
understanding of the fault cycle, and at some pdyrtamic triggering events could be used as a

regional local stress indicator.
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TABLES

Table 2.1.Events that triggered seismicity at station CTA€@mAustralian Bowen Region.

Date Event Mw Angle o

(degrees)

03/25/1998 | Balleny Island 8.1 109

11/16/2000 New Ireland 8.0 307

06/23/2001 | Peru 84 54

07/13/2005 | Tarapaca, Chile 7.8 53

09/25/2005 Northern Peru 7.5 48

05/03/2006 | Tonga 80 24
01/13/2007 East Kuril 8.1 294
04/01/2007 Solomon 8.1 323
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FIGURES
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oGn
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Figure 2.1 (a) The orientation of a fault plane relativehe tirection of propagation of a
seismic wave is defined in terms of angles alpina 0-360° ) and theta®(= 0-90° ). (b)

oo, , org, andor, represent the stress changes caused by the pagsirsgismic wave

in the normal, strike, and dip direction respedyivan the fault plane.
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Synthetic vertical displacement representing a pérsd Rayleigh wave, related particle

displacement, normal stress in the direction ofevaropagationd,,), normal stress in



the vertical direction &,;), shear stresso(,). Note thato,, decreases with depth,
whereaso,, and o, increase. (b) (From top to bottom) Synthetic tvanse

displacement representing a 20-s period Love walated particle displacement, and

shear stresses(,) and (o,;). o,, decreases with depth whereag increases.
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Figure 2.3 Example of the modeling of the dynamic stress @ahaove wave, similar to that of
Figure 2.2(a), will cause on a plane of arbitratigmtation(a,0) as defined in Figure 2.1,
for a depth D =5 km and time = 5&.(0,a , Jr,(0,a), anddo, (0, ) represent the
contribution of the strike, dip and normal planesdiions respectively. Notice that even
though the Love wave induces only shear stressescoonrdinate system with one
component in the direction of propagation and tifkewin the depth direction, the Love
wave will cause a change in the normal streis, (0, ) on)rotated planes, reaching a

maximum value for vertical plane@ £ 90°) striking 45°¢ = 45°) from the direction of

propagation.
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Figure 2.4.An example of triggering potentials modeling. &dun Figure 2.3 were used to

calculate the potential of a 20-s period Love wgmnilar to that in Figure 2.2(a)) to

triggered reverse, normal, left- and right-latégallting. In this example we used a depth
of 5 km, time equal to 5 s. (see figure 2.2(a)}l @n 0.85. We plot only foa = 0-180

deg since there is a periodicity around 180 deg (in general= 0-360 deg).
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Figure 2.5.(a) Triggering potentials as function of faultpéaorientationd,0) for a 20-s period
Love wave at 5 km depth. The upper row shows thernpials of the wave to trigger
reverse faulting for four key moments of the trarse motion: Negative-slope
inflection, minimum, positive-slope inflexion, angbximum points (columns from left to
right). Similarly, the second, third, and fourthoare the potential to trigger normal,
left-lateral, and right-lateral strike-slip fauljmespectively. The same analysis is
performed for four points of the vertical displaaarhof a 20-s period Rayleigh wave (b).
By modeling the Love and Rayleigh waves relateglsstive can understand why a wave
is more likely to trigger a specific kind of fawltientation over another, and why

triggering occurs at a specific moment in time.
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Figure 2.6. Australian Bowen region. Station CTAO.IU was usedlentify dynamically
triggered events, local seismicity since 1992 mnghby yellow dots, some of the
possible triggered events are shown as blue cjratesaverage stress direction for the
reverse faults mainly present in this region (maxmprincipal stress axis) is shown by

red arrows.
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Figure 2.7. An example of identification of dynamic triggeredents. (Top) Vertical
displacement at the Australian CTAO.IU station ealgy the seismic waves from the
March 3% 1998, Mw 8.1 Balleny Island event. (Middle) A 5 High pass filter is applied
to identify the high frequency local events trigegeby the passing of the seismic waves.

(Bottom) Magnification of a triggered event.
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180 0 a=0°

Figure 2.10.Figure shows the overlap of the Rayleigh wave{g#ring potential (shown in
green color) and the Love wave’s potential (bl@tative to the average local
compressive stress direction in the Bowen regied érrows). Maximum potential is
reached by Love waves arriving at 45° from thellstr@ss, meaning that these waves are

the most likely to trigger failure in the reverseilts present in this region.
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Figure 2.11.Histogram showing the distribution for the evemsrfd to have triggered

seismicity in the Bowen region (histogram with goantervals of 20°).
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Figure 2.12. Insetshows the triggering events epicenters (open giecld their ray paths to the
Bowen region, along with the local compressionadsst (red arrows) Figure shows the
overlap of the angular distribution of the obsertraghering events (black bins) with the

predicted potentials (dark gray), and the averagalIstress for the reverse faults (red

arrows).
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CHAPTER 3

DYNAMIC STRESSMODELING FOR THE TRIGGERING OF NON-

VOLCANIC TREMORS BENEATH THE CENTRAL RANGE IN TAIWAN

3.1ABSTRACT

Seismic waves can trigger seismicity at great digdrom the causable event. Recent
studies have shown that the passing of seismic svea trigger high frequency, low amplitude
seismic signals with no clear body wave arrivadg ticcur away from volcanic regions, known
as non-volcanic tremor (NVT). In this paper, wewhww dynamic triggering of NVT can be
modeled using a simple frictional approach based Goulomb failure criterion. Our modeling
predicts the potential of a seismic wave to trigglgr on a fault plane promoting NVT. We
search for tremor in the Central Range in Taiwaggéred by surfaces waves for ten laryg £
7.5) earthquakes and compare the observationsowitimodeling. Four events triggered NVT:
the 2002 Mw 7.8 2002 Kunlun earthquake, the 20038/BvHokkaido earthquake, the 2004 Mw
9.0 Sumatra-Andaman earthquake, and the 2005 MB@7atra-Indonesia earthquake. The
orientation of the incoming waves appears to plaglain triggering, and both Rayleigh and
Love waves promote triggering. In the case ofikhalun event, modeling shows that Love
waves promoted triggering, while for the Hokkaichal &Sumatra events the Rayleigh waves
promoted triggering of the NVT. A change in the @mob stress of ~2 kPa appears to be

sufficient to trigger NVT in this region.
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3.2INTRODUCTION

Recent studies have shown that seismic waves ocaoteby trigger seismicity thousands
of kilometers from an epicenter. This process Iedalynamic. Dynamic triggering has been
clearly documented for several large earthquakeadmg the 1992 Lander$/(, = 7.3) (Hill et
al., 1993; Anderson et al., 1994;), the 2002 Déeralilt (M,, = 7.9) (Eberhart-Phillips et al.,

2003; Gomberg et al., 2004; Husen and Wiemer, 2B@dkow et al, 2004; Prejean et al., 2004),
and the 2004 Sumatrk®l{ = 9.15) (West et al., 2005; Velasco et al., 26€&8}hquakes. Many
studies on dynamic triggering seismicity focus loa triggering of small earthquakes on
previously overstressed faults (e.g., Velasco.eR@D8). Recent studies have also demonstrate
that non-volcanic tremor (NVT) can be triggeredseysmic waves as well (Obara, 2002; Nadeau
and Dolec, 2005; Miyazawa and Mori, 2006; Rubimsetial., 2007; Gomberg et al., 2004;
Miyazawa and Brosky 2008; Peng et al., 2008; PegGhao, 2008). NVT is usually observed
in subduction zone and transform-fault environmemtay from volcanic regions, and it has a
unique seismic signature. NVT is characterizeddnglduration, no clear body wave arrivals,
and spectra depleted in high frequency energy coedpaith regular earthquakes with similar
amplitude. NVT is commonly related to “slow-slip¥ents,. Slow-slip generally occurs so

slowly that almost no seismic waves radiate. Howenesome cases, slow-slip and tremor occur
as a coupled phenomenon, and thus is termed ‘Epi3oeimor and Slip’ (ETS) (e.g., Shelly et

al., 2006).

In this study, we develop a simple frictional apgario based on a Coulomb failure
criterion that has been shown to work for dynantydaiggered earthquakes (Chapter 2) and
apply this model to NVT. The model predicts thegodial of a seismic wave to trigger slip on a

fault plane, and we apply this modeling to four N¥iggered events that were identified in the
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Central Range in Taiwan. The model appears to expla observations. We found that the
orientation of the incoming waves appears to plaglain triggering, and that both Rayleigh and
Love waves promote triggering. A change in the @i stress of ~2 kPa appears to be

sufficient to trigger NVT in this region.

3.3IDENTIFICATION OF TRIGGERED NVT

The collision of the Eurasian continental margid #me Luzon Arc results in the creation
of the CR in Taiwan. Part of the deformation issiamed by lateral and thrust faulting along the
Longitudinal Valley fault in eastern Taiwan. Thestres accommodated by the fold-thrust belt
that forms the Western Foothills of the CR. Perdy@hao (2008) showed evidence of NVT
beneath the Central Range (CR) in Taiwan triggesethe 2001 Mw 7.8 Kunlun earthquake.
They hypothesized that NVT occurred on a weak b#esi@chment fault beneath the CR (Figure
3.1). The NVT location was calculated to be at 829E + 0.04 °and 23.10° N £0.04 °
underneath the CR in a transition zone betweetotked and creeping portion of the basal
detachment fault, and the depth is constraine® at@ km. Peng and Chao (2008) suggests that
the NVT triggered by the 2001 Kunlun event occuwadhe subhorizontal decollement below
the CR, so that the stress induced by the passiting d.ove wave would result in southwest
movement of the upper CR relative to the underlftngasian plate and the Luzon Arc (Figure

3.1), promoting lateral motion compatible with tbeal tectonic stress (Yu et al., 1997).

Inspired by Peng and Chao (2008) work, we performsédarch for instances of
dynamically trigged NVT in this region by otherdarearthquakes. We analyzed 10 events
occurring between 2001 and 2005, within a radiu80of from the CR, and with Mw 7.5,
(Table 3.1). We obtained three component seismagfeom IRIS (Incorporated Research

Institutions in Seismology) for the stations of Badband Array in Taiwan for Seismology

40



(BATS) shown in Figure 3.1. In order to identif\YM in the broadband spectrum of surfaces
waves, a high-pass filter at 5 Hz was applied. @=sthe 2001 Kunlun earthquake, previous
study (Velasco, et. al., 2008) showed that thremtsvhave triggered NVT, the 2003 Hokkaido,

the 2004 Sumatra, and the 2005 Sumatra earthquetl@sn in bold in Table 3.1 (Figure 3.2).

We hypothesize that NVT occurred beneath the CiRarsame place or near the NVT
triggered by the Kunlun earthquake. To address tie calculate energy envelopes for all four
events at all stations where NVT was observed (Ei@u3). The envelope function is generated
by taking envelopes of 5 Hz high pass filteredreeigrams and smoothing using a moving
average of 200 samples. A strong move-out of thelepes of the NVT signal is observed for
all stations that is similar between all eventgigasting that these signals are being generated at
near that same source. Furthermore, the strosggetls are generated at the nearest stations
(TBUP, TWGB) to the CR. We next model the stremssed by the passing of surface waves
from the large events on the plane where the NV3 l@ated and calculated their potential to

trigger slip in the direction of the local streas,described below.
3.4FORMULATION OF THE MODELING

According to the Coulomb failure criterion, slidiog a fault plane will be promoted
when stress increases in the direction of the faoéil shear stress, and/or in the normal direction
to the fault plane, unclamping the fault and faailng shearing. For example, in Taiwan, local
tectonic stress acts in the fault plane strikedtiioea. Consequentially, if passing surface waves
causes a change in this direction,-sdy., and/or in the normal direction unclamping thdtfau

say+ do,,, sliding will be promoted. In such a case, thggeiring potential, as defined by as the

change in the Coulomb failure function will be pivs:
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P =ACFF =67, + oo,

3.1)
wherep is known as coefficient of internal friction. Arg$s change in the direction opposite to
the local shear stress ¢z.) and/or in the normal direction-@©o,,) clamping the fault, will
move the fault away from sliding, and make thegeigng potential®) negative. Our goal is to
calculate the magnitude and orientation of the ghan the fault plane shear and normal

stresses, caused by passing surface waves foerteiggremor events.

In general, the Rayleigh waves’ related maximuressttomponents are normal stresses

(compression/dilatation) in the radial directiar/) and in the vertical directiorr(,), and the

shear stressr(,, ). Love waves generate only shear stressgs éndr, ). These stress
components can be grouped into a dynamic stresertemhich can be rotated to the fault plane
to measure its contribution to the local shearramnal stress (Chapter 2), a contribution that
depends on the fault plane orientation. This isedon both waves and for every peak and
inflection point, then a quadratic interpolatiorperformed to represent the total potential as a

function of time.

3.5STRESSM ODELING AND OBSERVATIONS

Figure 1 shows the location of stations and NVThc8istation TPUB appears to be the
closest station to the NVT events, we model thengtadisplacement caused by the passing of
the Love and the Rayleigh waves (as recorded byBr§tation transverse and vertical
components, respectively) from the four large &gy earthquakes, and calculate the change

that this displacement caused in the fault plasas@z,) and normal stress¢,,). The

triggering potential®), as defined in by equation 3.1, was then caledl&atVe correlate each
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observed NVT at a single station with calculatedri®] estimate possible triggering mechanisms

for every triggered event.

5.5.1THE 2001Mw 7.8 KUNLUN EARTHQUAKE

The November 14, 2001, Mw 7.8 Kunlun earthquat®iaed in northeastern Tibet
along the western segment of the left-lateral Kardtrike-slip fault system and produced a
surface rupture of ~400 km, with the fault plangpiing 61° to the south and a location 200 km
east of the rupture initiation (Ozacar and Be€)4). We model the transverse and vertical
displacement caused by the Love and Rayleigh wgeesrated by the Kunlun earthquake near
the CR and we calculate their contribution to theas and normal stress, and triggering potential
(Figure 3.4). We choose the triggered fault plamentation from Peng and Chao (2008). We
closely match the data with our synthetics (Figiir, and show the changes in the shear and
normal stress caused by the Love wave and Rayedyfe, plus the sum (labeled as total) of the
contributions by the two waves in the shear dicgctind the sum of the two contributions in the

normal direction. Figure 3.4 also shows the P, wldet is the total stress change in the shear
direction (strike direction)oo,, is the total stress change in the normal direcaowlp is the

coefficient of internal friction, we usggd= 0.1 for this region (Suppe, 2007). We plot a édsh
line to denote a possible threshold for the triggepotential of ~2 kPa, since in general, events
that reached this potential caused; such that seisaves causing a potential greater than 2 kPa
are the most likely to trigger NVT on this faulbpk.

For the Kunlun earthquake, the triggered NVT shaw®od correlation with the
calculated potential, which is dominated by the e xaves. In particular, the triggering potential
reaches a maximum of ~25 kPa. Maximums in the énigg potential can be reached when the

total shear stresy¢, Total) peaks (Figure 3.4). In this case, the potengiahostly created by the

43



shear stress since the contribution to normals(@s, Total) is relatively weak. This total shear
stress is caused almost entirely by the Love was@4 Rayleighis almost negligible). Also,

the shear stress caused by Love wave peaks whératiseerse displacement peaks. Love wave
amplitude diminishes with depth and this vertiaadient in displacement results in horizontal
shear in the displacement directian), as shown in Figure 3.5. Seismic waves from the
Kunlun earthquake arrive almost perpendicularlghostrike of the fault and the fault. Thus, the

change in the shear stress in the strike direcfiQifand so the triggering potentia)almost

totally caused by the,, component of the Love wave (as predicted by PedgCirao, 2008).

3.5.2THE 2003Mw 8.3HOKKAIDO EARTHQUAKE

The September 25, 2003, Mw 8.3 Hokkaido eartheuweks located about 60 km
offshore and occurred as the result of thrust-fiagilon the plate interface between the overriding
North American plate and the subducting Pacificepl&lVT in Taiwan triggered by the
Hokkaido event also correlate with peaks in thggering potential. In this case, a maximum
potential of ~10 kPa is reached (Figure 3.6) amdetlis a more equitable contribution to the total
normal (6o, Total) and total shear streséz( Total). Figure 3.6 also shows that total normal
stress correlates with the Rayleigh wave verticgdldcement, since this part of the wave causes
large changes in the vertical and radial normailsstr However, the potential is in phase with the
shear stress because of the low contribution ohtinenal stress to the potential as a result of the
low value of coefficient of frictiomu (0.1). The total shear stress is almost comple@ised by
the Rayleigh wave (a8z, is relatively low). Figure 3.6 also shows that Rayh wave shear
stress (and potential) correlates with the positiflection points for the vertical displacement.

The negative inflection points for the Rayleigh waworrespond to positive inflection points in
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space. This part of the Rayleigh has a shear stesponent acting on a horizontal plane in the
direction of propagation (Figure 3.7). The seismaves from this event arrive almost parallel to
the strike of the fault planerg, ). This stress component is thus likely respondiniehe change

in the shearing in the strike direction and for titiggering.
3.5.3THE 2004Mw 9.0 SUMATRA -ANDAMAN AND THE 2005M W 8.7 SUMATRA -I NDONESIA
EARTHQUAKES

The December 26, 2004 (Mw 9.0) Sumatra-Adams gaatke occurred as thrust-faulting
on the interface of the India plate and the Burhasep The width of the earthquake rupture,
measured perpendicular to the Sunda trench, imai&d to have been about 150 km and the
maximum displacement on the fault plane was abOum@ters. This is the fourth largest
earthquake that has occurred since 1900 and larpest since the 1964 Prince William Sound,
Alaska earthquake. The March 28, 2005 (Mw 8.6) Stariadonesia earthquake generated a
rupture length of about 500 kilometers. The epieenas located approximately 200 km
southeast of the December 2004 epicenter.

In the case of both the 2004 earthquake (Figi#eehd the 2005 earthquake (Figure
3.9), the modeled triggering potentials correlagdl with the NVT recordings. For the 2004
earthquake, the maximum potential is ~15 kPa, wihiléhe 2005 event the maximum potential

was ~8 kPa. In both cases, a relatively equal tmriion to the sheardz, Total), and normal
(0o, Total) stress was observed. As seen for the other eubstselatively low coefficient of

friction p (0.1) causes the shear stress to be responsititesftriggering. Given the large
rupture length of the 2004 earthquake, the azirofithe arrival phases is likely to vary by
several degrees. Nonetheless, the higher poténtitie 2004 event results from the higher

ground displacement rather than azimuthal directione both epicenters lie relatively close to
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each other. For both of these events, the Rayleayles appear to be responsible for the
triggering stresses; the shear stress (and pddecttiaelates with a positive inflection point in
the vertical displacement. These inflection pocdsespond to a negative inflection point in
space (Figure 3.10), which has a component of stezss acting on a horizontal plane in the

negative direction of propagatior ¢, ) and contributes efficiently to the fault sheaessz,.

3.6DISCcUSSION

For four of the ten large earthquakes that we ingated, we discovered triggered NVT
that we can model using simple Coulomb Failureedeat From these events, we have shown that
the direction of the incoming wave and the wavetglay an important role in the ability to
trigger earthquakes. Both Love and Rayleigh wabesv potential for triggering earthquakes,
and can contribute to additional shear stressmiagtcause a fault close to failure to trigger.
Furthermore, the magnitude of the triggering steggsears to be important. To investigate this

more closely, we discuss the events that did nggér.

Figure 11 shows the seismic waves and related patefor the six large events for
which we did not find evidence of have triggereghiors beneath the CR in Taiwan. With the
exception of the Mw 7.6 2005 Pakistan earthquakeghwvreached a maximum triggering
potential of ~5 kPa (Figure 3.11), the triggerireggmtial did not exceed 2 kPa. The Pakistan
event should show a similar mechanism as the Kueduthquake, since high potential was
manly due to Love waves arriving almost at the sdirextion as Love waves from Kunlun
earthquake. However, the triggering potential far Kunlun earthquakes was five times higher
than for the Pakistan earthquake. Figure 3.12 shibgvsverlap of the potentials for the ten
events. Dark color denotes the non-triggering esjemhile light colors are used for triggering

events. In general, the threshold value for tlggating of tremors of 2 kPa matches our
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observations relatively well. We propose a thredholthe change in the Coulomb stress of 2
kPa which of the same order with threshold forttiggering of NVT in the Long Valley
Caldera (Brodsky and Prejean, 2005), and receregsiof triggered tremor in Vancouver

Island (Rubinstein et. al., 2009) and Taiwan (Pamd) Chao, 2008).

If we are able to model the triggering using simptalomb Failure criteria, this implies
that NVT is caused by movement along faults thatsamilar to typical earthquakes and are
close to failure. Slow rupture could be the onffedence from high frequency failure; NVT are
shown to occur at depth where temperature andyressare greater. For Taiwan, the original
location by Peng and Chao (2008) was 19 km, whhely suggest it occurred below the
seismogenic zone. High confining pressures colalg @ role slowing slipping while high
temperatures could cause a low coefficient ofiiicivhich would allow a gradual realizes of
energy, opposite to earthquakes, where a rapicstliphigh coefficient of friction cause a faster

release of energy.
3.7 CONCLUSIONS

Dynamic triggering of seismicity may occur when sheface waves pass through a fault
plane and change the fault’s local stresses intaldet manner. We show that dynamic triggering
of NVT can be modeled based on a simple Coulonehidnal approach. We identified three
large events besides the 2001 Kunlun earthquakesdlve had triggered NVT beneath the CR
in Taiwan: The 2003 Hokkaido, the 2004 Sumatra,taed2005 Sumatra earthquakes. We
modeled the stress caused by the surface wavedérofarge earthquakes to investigate the
stress conditions required to trigger NVT in thegion. For the Kunlun earthquake, our
modeling shows that the orientation and magnitddberincoming Love wave contributes to

increasing the fault plane local shear stresshércases of the Hokkaido and Sumatra
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earthquakes, the orientation and magnitude ofrtb@ming Rayleigh waves contribute to the
shear local stress. In general, NVT correlates piaks in our modeled triggering potential, and

we suggest that a minimum threshold of ~2 kPa ineiseached to trigger NVT.
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TABLES

Table 3.1List of events used in this study. Triggering egeate denoted by bold type.

Event

Kunlun, China
Mindanao

New Guinea

Date

(year mo day)

2001 11 14
2002 03 05

2002 09 08

Irian, Jaya, Indonesia 2002 10 10

Denali Fault, AK
Hokkaido, Japan
Macquarie Ridge
Sumatra-Andaman
Sumatra-Indonesia

Pakistan

2002 11 03

2003 09 25

2004 12 23

2004 12 26

2005 03 28

2005 10 08

Time
(hr min sec)
09:26:10
21:16:09
18:44:26
10:50:20
22:12:41
19:50:06
14:59:03
00:58:53
16:09:36

03:50:40

52

Latitude Longitude Mw

35.946 90.541 7.8
6.03 124.24 7.5
-3.228 142.87 7.6

-1.707 34.165 7.6

63.52 -147.53 7.9
41.81 143.91 8.3
-50.14 169.36 .1 8
3.3 95.96 9.0
2.074 97.013 8.7
34.493 73.629 7.6



FIGURES
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Figure 3.1. Central Range (CR) region in Taiwan. (a) The istetws the epicenters of the
large earthquakes used to investigate the triggeritNVVT beneath the CR in
Taiwan. Red circles represent triggering eventsldne circles non-triggering

events. Red star represents the location of trelap. shows location the BATS
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stations used to identify tremor hidden in the éaegents’ surface waves. (b) A
schematic cross-section of geological featuresurtreern Taiwan along AA’ (as
defined in (a)). The red and blue color mark thekéal and creeping portion of the
basal detachment fault, respectively, whereas tbengcolor denotes the transition
zone where triggered tremor occurs. The directianiggered lateral slip is defined
by circle symbols; Modified from Peng and Chao,080 Key for earthquakes in
inset: KO1 — 2001, Mw 7.8 Kunlun, China; M02 — 208Bv 7.5 Mindanao; NG —
2002, Mw 7.6 New Guinea; 102 — 2002, Mw 7.6 Iridaya, Indonesia; DFE — 2002,
Mw 7.9 Denali Fault; HO3 — 2008w 8.3 Hokkaido, Japan; MR — 2004, Mw 8.1
Macquarie Ridge; S04 — 2004, Mw 9.0 Sumatra-Andargas — 2005, Mw 8.7

Sumatra-Indonesia; P05 — 2005, Mw 7.6 Pakistan.
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TPUB Vertical Dispacement Se'smograms
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Figure 3.2.Vertical-component, broadband displacement wavesaeunorded at seismic
station TPUB in Taiwan for four large earthquaktes triggered NVT (2003 Mw 8.1
Hokkaido, 2001 Mw 8.1 Kunlun, 2004 Mw 9.2 Sumatmag 2005 Mw 8.5 Sumatra).
The top traces are unfiltered displacement seisamgrand the bottom traces are
high pass filtered. Note the triggered NVT in thghhpass filtered (at 5 Hz) traces

that correspond to the passing surface waves.
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Sumatra 2004
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Surnatra 2005
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Figure 3.3.Record sections of envelope functions showing tbeeyout of the tremor signal
triggered by four large earthquakes: 2003 Mw 8.kkadado (a), 2001 Mw 8.1
Kunlun (b), 2004 Mw 9.2 Sumatra (c), and 2005 M& 8umatra (d). The dashed
lines mark the S-wave (tremor velocity) travel tibssed on a 1D velocity model
(Chen et al., 2001). Lower panels show the trematmserved at the nearest station

(TPUB).
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earthquake at TPUB station. Blue dashed lines septehe synthetic displacements
used to calculate stress. Middle panel — Fromdadgpottom, changes in the shear

(or,Love and normal §o,Love stress caused by the Love wave; changes in the
shear ¢z Rayleigh) and normal §o, Rayleigh) stress caused by the Rayleigh wave;
and total change in the sheadir(Total =67 Love+dzr Rayleigh) and normal

(0o, Total =00, Love+do, Rayleigh) stress. Lower panel — Shows the triggering

potential P as defined by equation 1 calculated thé total stress change and a
pn=0.1, suggested threshold of 2 kPa for the trigggeof NVT (dashed line), and 5 Hz
high pass filtered vertical displacement reveathmgNVT. In this case, shear stress
caused by the Love waves seems to be the respemfsititiggering (as describe in

Figure 3.5).
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Love wave

Figures 3.5Triggering mechanism proposed for the 2001 Mw 7uBlkin earthquake. In this
cases, stress modeling shows a large contribufibove wave to the local shear
stress (Figure 3.6). Figure shows Love vertigaland radial (R) direction of
propagation. Love wave related stress compongntaused by the decrease in
displacement with depth, acts in approximatelyséume direction as the fault local

shear stress (strike direction as defined by csgtabols) adding shear stresg () in

this direction and promoting sliding.
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Japan earthquake at station TPUB. Blue dashedr@pesesent the synthetic
displacements used to calculate stress. Middld@amer panels, same as shown in
figure 3.4. In this case, shear stress causedebR@lyleigh waves seems to be the

responsible for triggering (see text for details).
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Figures 3.7Triggering mechanism proposed for the 2003 Mw 88Kkdido, Japan
earthquake. In this cases stress modeling shoargi@ tontribution of Rayleigh wave
to the local shear stress (Figure 3.6). Figure shibw Rayleigh wave verticat)and
radial (R) direction of propagation. Because thgl&gh wave arrives almost parallel
to the fault plane strike, the Rayleigh wave st@saponent;,, acts in
approximately the same direction as the fault Isb&lar stress (strike direction as

defined by circle symbols), adding shear stregs)in this direction and promoting

sliding.
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displacements used to calculate stress. Middld@amer panels, same as shown in
figure 3.4. In this case, shear stress causedebR@lyleigh waves seems to be the

responsible for triggering (as describe in Figude 1

69



0.03

. Transverse
=
[ k]
% 0.01} .
s “ertical
5 D %W]\f\/\/\/\/\
&
_DD'] 1 1 1 1 1 1 1 1
12':' T T T T T T T T
5’1’.3 Love
1MmME . L] N T e
ﬁljn Love
BD I~ B I e e
) bt_ Rayleigh
& 6O+ 5_4-\_/’\/'\/\/\/\/\/\/\/\/-\/\/\/\:
@ 6o Rayleigh
o — ANV
&t_ Total
wp B A ANV AN
&a_ Total
_ED 1 | 1 1 1 1 1 |
High Pass Yertical Disp.
m
< 10t
g5
E o - - - L] - - -
g 0}
Potential
5k
_'“:I 1 ] 1 1 1 1 1 |
BO0 8a0 900 950 1000 1050 1100 1150 1200 1250
Tirme (s)

Figures 3.9Top panel — Transverse and vertical displacementsex] by passing of the
Love and Rayleigh waves (respectively) caused &Y005 Mw 8.7 Sumatra—

Indonesia earthquake at TPUB station. Blue dabhesd represent the synthetic

70



displacements used to calculate stress. Middld@amer panels, same as shown in
figure 3.4. In this case, shear stress causeldeéoRayleigh waves seems to be the

responsible for triggering (as describe in FigudO}
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Rayleigh wave

Figures 3.10Figure shows the Rayleigh wave verticdl &nd radial (R) direction of
propagation. In this case stress modeling showghadontribution of the Rayleigh
wave to the local shear stress. This contributionto the local shear stress (strike
direction as defined by circle symbols) can accdonthe Rayleigh wave related

shear stress componep}, promoting sliding.

72



Displacement {m)

w
o
X
=
=
o
i=
o
-2 i 1 1 1 1 1 1 1 i
400 4R &00 &850 GO0 BA0 700 a0 go0
Tirme (5]
Figure 3.11(a)
g 10°
2 1 1 1 1 1
E Trangverse
51 ?
= )
k]
[
= 0
2
-1 1 1 1 1 1
2 e e e e e e e e e e —————————————————— -
(143
o L 4
=<
= 0t WWMMW i
=
o - -
=
- -2 i 1 1 1 1 1 i
aa0 900 1000 1100 1200 1300 1400

Time (5]

Figure 3.11(b)

73



10"
2 T T T T T

]
Yertical

Displacerment (m)

Fotential (KFa)
-
| | |

2k i

| | | | |
700 750 800 g0 200 250 1000
Time (5]

Figure 3.11(c)

10"
'lll T T T T T T T T T

Transverse
2 - -

D’_’“—’_\——"\,’/’W

“Yartical

Displacement {m)

Fotential (KFa)
=

2F i

| 1 | | | | | | 1
1900 1950 2000 2050 200 2150 2200 2250 2300 2350 2400
Time(s)

Figure 3.11(d)

74



1':' T T T T T
E
E 5
[uk}
=
I
LUU 0 »—\_f‘v—mm
= “Yartical
2

5 I I I I I

T T T T T

_2f ]
o
S ot -
£’ %/\/W
% - -
* -2 i | | | | | ]

1800 2000 2100 2200 2300 2400 2600

Time (=)

Figure 3.11(e)

“ertical
DL—JW

Displacement ()

m

Fotential (KFa)
-

| | | | | |
1150 1200 1250 1300 1350 1400 1450 1500
Time (5]

Figure 3.11(f)

75



Figure 3.11Top panel shows the transverse and vertical displaats caused by passing of
the Love and Rayleigh waves (respectively) forrtbe-triggering events: The 2002
Mw 7.5 Mindanao earthquake (a), the 2002 Mw 7.6 NBavinea earthquake (b), the
2002 Mw 7.5 Irian, Jaya, Indonesia earthquaketlie) 2002 Mw 7.9 Denali Fault
earthquake (d), 2004 Mw 8.1 Macquarie Ridge eaakgye), and the 2005 Mw 7.6
Pakistan earthquake (f). Only in case (f) is thggested triggered potential of 2 kPa,

all other events cause stress smaller than threstioitd.
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CHAPTER 4

DYNAMIC STRESS FORTRIGGERED EVENTS IN UTAH FROM

THE 1992L ANDERS AND THE 2002DENALI EARTHQUAKES

4.1 ABSTRACT

Dynamic triggering occurs when the surface wdk@s large earthquakes
change the stresses conditions on previously aessstd faults, promoting failure. In this
study, we present our modeling of the dynamic sttleat triggered two events in Utah, one
triggered by the 1992 Landers earthquake and tex bty the 2002 Denali Fault earthquake.
The two triggered events show similar, well conagd, normal focal mechanisms. This
allows a direct comparison of the normal and sk&ass generated by the triggering events.
We model the dynamic stress based on the particteomof the Rayleigh and Love waves,
which we rotate to the triggered fault plane torgifg the normal and shear stress. The
change in the Coulomb stress function is calcultdembmpare the triggering potentials of
the two large events. We show how dynamic stremdafimg can be used to discriminate
between the two axial planes of a first motion fanachanism of a dynamically triggered
event. We find that the waves from the Denali eprétke caused a change in the Coulomb
stress about twice as large as the change cauded hynders earthquake on a fault

triggered by the Denali earthquake.
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4.2 NTRODUCTION

According to the Elastic Rebound Theory (Reid,@9plate tectonic forces cause a
gradual build up of stress, slowly distorting timest of the Earth. Eventually, a fault cannot
resist the strain any longer and fails. Studieslshowed that secondary events such as Earth
tides (Cochran et al., 2007), volcanic activity §{zend Scholz, 1981; Harris, 1998; Freed, 2005;
Steacy et al., 2005), and other earthquakes (Hall. e1993; Anderson et al., 1994; Eberhart-
Phillips et al., 2003; Gomberg et al., 2004; Huskal., 2004; Pankow et al., 2004; Prejean et al.,
2004; West et al., 2005; and Velasco et al., 20€8),add stress to a fault plane, triggering or
promoting failure. Two of the most studied largetleguakes that triggered seismicity at large
distance are the 28 June 1992,(#7.3) Landers, California earthquake (Hill et, 4B93;
Anderson et al., 1994; Bodin and Gomberg et ab4i®ankow et al., 2004) and the 3
November 2002 (M = 7.9) Denali Fault earthquake (DFE) (Gomberd.e2804; Husen et al.,
2004; Husker and Brodsky et al., 2004; Prejeah €2@04). Both earthquakes ruptured strike-
slip faults and both had significant directivityattstrongly impacted the surface wave amplitude
in the directions of rupture (Velasco et al., 1998lasco et al., 2004). Seismicity caused by the
Landers earthquake seemed to occur preferentralggions of magma-related geothermal fluid
flow or recent volcanic activity (Hill et al., 199&omberg et al., 2001; Glowacka et al., 2002),
while seismicity triggered by the DFE does not etatte with volcanic or geothermal activity
(Gomberg et al., 2004). However, Velasco et ab08 showed that dynamic triggering is a
global phenomenon, independent of the tectonioregr geothermal environment.

Both the Landers and the DFE triggered seismiaitytah (Pankow et al., 2004). The
DFE triggered a M 3.0 event near Salt Lake Cityl #re Landers earthquake triggered a M 4.0

event near Cedar City (Pankow et al., 2004). Egut shows the location of the two triggered
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events in Utah (Pankow et al., 2004) and the looatf the seismic stations used for this study.
Inset show location of the DFE and Landers eartkegial o identify triggered events hidden in
the wave trains of large earthquakes, a high plssis applied to broadband seismograms
(Figure 4.1). As has been noted in other studigs, (¢elasco et al., 2008), a time delay
sometimes exists between the passage of the largitiade surface waves and triggered events.
Regardless, measuring the contribution that thiaseiwaves generated by these large events
have in the triggered fault’s stress field can hedgo understand the stress conditions are

necessary for an earthquake to occur.

Generally, Peak Dynamic Stress (PDS), which isoagntionality of the recorder peak
particle velocity, is used to measure triggeringaiyic stress. Although this is useful for
understanding overall stress conditions, this anesdsional value cannot quantify the real
change in the stress conditions on a triggered fdaihe. This is because PDS is measured at the
surface, and no assumptions are made about thie aewhich triggering occurs. Furthermore,
the change in stress conditions on a fault plansexhby a seismic wave is dependent on the
orientation of the plane relative to the directafrwave propagation, factors that are not inferred
from PDS measurements. In this study, we takeppeocach developed in Chapter 2 to model
the stress change caused by the passing of suvtaass to closely investigate the two triggered
normal faults in Utah triggered by the DFE andlthaders earthquake. We found that the waves
from the DFE caused a change in the Coulomb dtin@ssvas about twice as large as the change

caused by the Landers earthquake on the possilitepfane triggered by DFE.
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4.3DYNAMIC STRESSM ODELING

According to the Coulomb criterion, sliding on ailtgplane will be promoted when an
external event adds stress in the direction ofdh# local shear stress, and/or in the normal
direction to the fault plane, unclamping the fauit facilitating shearing. For example, in our
case study, the triggering mechanism is normatetbee, if the passing of surface waves causes

a change in the dip direction, sayr,, and/or in the normal direction unclamping thdtfesay
+ 00, , sliding will be promoted. In such a case, we dafine the triggering potential by the

change in the Coulomb failure function (Chapter 2):

Potential= ACFF = 67, + udo, 1)
which will be positive when failure is promoted (@b is known as the coefficient of internal

friction). The aim is to calculate the magnituadel @rientation of the change in the fault plane

shear and normal stress caused by the passing efitface waves.

Dynamic stress can be calculated based on theleaription of the Rayleigh and Love
waves as a function of depth, wave frequency angliaurde at the surface, and elastic properties
of the media (Chapter 2). In general, the Rayleighies’ related maximum stress components

are normal stresses (compression/dilatation) imati&l directionzr., and in the vertical
directionr,, , and the shear stress, (where Z represents for vertical and R radial)ilevhove

waves generate only shear stressgsand r;, (T represents transversal). These stress

components are grouped into a dynamic stress tewkarh can be rotated to the fault plane to
measure its contribution to the fault plane loteas and normal stress. This is done for both set
of surface waves and for every peak and inflegbioimt, and then a quadratic interpolation is

performed to represent the total potential as fonadf time (Chapter 3).
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4.4STRESSM ODELING AND OBSERVATIONS

The Landers and DFE exhibited both strike-slip na@edms and they caused similar
ground motion and comparable PDS (~0.20 MPa) irutlaé region (Figure 4.2). Both events
triggered an earthquake with well defined normakfanechanisms in this region (Pankow et al.,
2004). We model the dynamic stress responsibléhtriggering. Since we do not know which
of the two possible axial planes defined by th&t finotion mechanism is the actual fault plane,

the stress caused by the passing of the surfaceswsicalculated for both axial planes.

In figures 4.3 and 4.5 the upper beach ball regmssthe focal mechanism triggered by
the DFE, whereas the lower beach ball representd fechanism triggered by the Landers
earthquake. In each of these figures black bealthdpaesents the event triggered by the
earthquake in inset. Figure 4.3 shows the maximotanpials caused by the passing of surface
waves generated by the DFE on both focal mechaniBhese potentials and stress components
are presented in figure 4.4 as a function of tiimilarly, figure 4.5 shows the maximum
potentials caused by the passing of the surfaceesngenerated by the Landers event, and figure

6 shows these potentials and stress componentiiastin of time.

4.4.1EVENT TRIGGERED BY THE 2002DENALI FAULT EARTHQUAKE

The event triggered by the DFE (upper beach bdigures 4.3 and 4.5) occurred ten
years after the passing of the surface waves fhentanders earthquake. Why this local event
was not triggered by the Landers earthquake buttngagered by the DFE, even though the PDS
in the region was essentially the same for botm&?eln addition to other factors, such as the
increase/decrease in the tectonic stress accurdwateng the ten years between the two large
events, and the possible stress changes due ¢a¢berence of other large and small events near

this region, one factor that could favor the DFEmlanders for the triggering of this event is
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the orientation and magnitude of the stress gee@itat the surface waves relative to the plane

fault orientation.

The surface waves generated by the DFE causeggeting potential equal to 0.44 MPa
for the plane dipping north or axial plane 1, ar®PQVPa for the plane dipping south or axial
plane 2 plane (Figures 4.3 and 4.4), whereas tii@aceuwaves generated by the Landers event
caused a potential of 0.47 MPa for the plane 1028 MPa for the plane 2 (Figures 4.5 and
4.6). Note that potential for plane 1 was higloerlfanders than for the DFE, the event which
triggered this mechanism. If we assume that thal Istatic stress was almost the same in this
region (no tectonic loading) during the passinghefwaves from Landers and the DFE, we can
argue that axial plane 1 is less likely to be tttma fault plane, because this plane had already
previously experienced (during the Landers evdmnges in the Coulomb stress (or potential)
greater that those caused by the DFE without failin other words, if plane 1 was the real fault
plane, and failure occurred because the streseddnysthe DFE (Potential = 0.44 MPa)
overcame a threshold value for failure, then failsinould have happened previously at the
passing of the waves from Landers which reachadleehstress value (Potential = 0.47 MPa).
On the other hand, if plane 2 is the real faulbhplave can see that it was not triggered by
Landers but by the DFE because the DFE caused dhicet(Potential = 0.62 MPa) the

potential caused by Lander (Potential = 0.29 MPa).

4.4.2EVENT TRIGGERED BY THE 1992l ANDERS EARTHQUAKE

The even triggered by the Landers earthquake showedal focal mechanism with one
axial plane dipping west (plane 1) and the othppitig southeast (plane 2). The surface waves

generated by the Landers event caused a triggeotamtial of 0.59 MPa for plane 1 and 0.29
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MPa for plane 2 (Figures 4.5 and 4.6). Ten yedes the waves generated by the DFE caused a
potential of 0.49 MPa on plane 1 and 0.35 MPa an@P. Note that the Landers event caused a
larger potential than the DFE for plane 1, andDR& causes a larger potential than the Landers
event for plane 2. Following the logic of the p@aw example, we might say that plane 1 is the
real fault plane, since plane 2 underwent a pakotiused by the DFE higher than the caused by
the Landers event without showing seismicity. Hoarein this case is more difficult to make
assumptions about which is the real fault plane.example, it is possible that plane 2 was the
real fault plane, so that the passing of the serf@aves generated by the Landers event triggered
failure in this plane releasing the accumulate@dllstress and that the stress build up on this
fault plane by the time when the DFE occurred cdongahot large enough to be triggered by the
DFE’s surface waves. On the other hand, the madmitdi the potential caused by the Landers
event on plane 1 (0.59 MPa) seems more consisiéntive magnitude of the potential that we

assume to have triggered seismicity for the DFEe{@62 MPa).

4.5DISCUSSION

By modeling the change in the normal and sheasswa a fault plane caused by
dynamic stress, we can quantify more preciselyctmribution of the distance event to the local
stress responsible for failure. Even though the B&%be used to estimate the change in the
local stress, this change will be more relatedangs orthogonal to the direction of wave
propagation. Stress thresholds can be calculateddoleling a large number of triggering and
non-triggering events acting on a fault plane. Bgfifying the contribution in the local normal
and shear stress direction, dynamic triggeringseisy can be use as an indicator of the fault

strength.
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Although the delay observed in triggered eventsteel to the arriving triggering waves is
difficult to explain using a frictional approachlamge change in the Coulomb stress represents
the potential of a wave to cause strain in a systemch can result in damage to fault's contacts,

and consequently the weakening of the fault, acatehg failure.

4.6 CONCLUSIONS

We analyzed the dynamic stress caused by the gasisihe surfaces waves from two
large events, the 1992 Landers earthquake and)the RFE that triggered seismicity in Utah.
We modeled the stress that triggered two of thgelstrdynamically triggered events in this
region, both of which show a well-constrained ndrfaalt mechanism. We showed how
dynamic stress modeling can be used to discrimineti®een the axial planes of a first motion
focal mechanism of a dynamically triggered evemthe case of the event triggered by the DFE,
the axial plane dipping south (plane 2) seems t@akfault plane. For the event triggered by the
Landers earthquake we cannot determine which isstlidfault plane, however, the magnitude of
the stress change observed for the west dippimglalane 1) is greater and more consistent
with the amount of stress change in the first ctisdy. The modeling of dynamic stress
triggering constitutes an important tool for undansling the stress conditions under which

earthquakes occur.
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Figure 4.1.Map shows location of normal events triggered fah.by the 2002 Denali Fault
Earthquake (DFE) and the 1992 Landers earthquakseismic stations used in this
study (triangles). The Landers event triggered 4. 0Awith a delay of 0.55 days near
Cedar City at a depth of 8.0 km. The DFE triggeaed 3.0 event with a delay of 4.6
days near Salt Lake City, at 7.4 km depth (PankioaV.£2002). High pass filtered (at 5
Hz) vertical component seismograms from Universftytah seismic stations NMU
and JLU show the triggered events. Inset showgitocaf the DFE and Landers

earthquakes.
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Figure 4.2.Seismic waves as recorded by the three comporid@t Eeismic station (see
figure 4.1 for location). Transverse, radial andiecal components are showed for the

DFE (a), and the Landers earthquake (b).
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Figure 4.3.Black beach ball represents the earthquake triggeyehe DFE and gray color
beach ball represents the earthquake triggeredeéblyanders event. Triggering
potentials for the surface waves generated by tfie, Dn the two possible axial planes,

are shown for each focal mechanism.
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Figure 4.4.Dynamic stress caused by the surface waves geddrgtthe DFE on the focal
mechanisms triggered by the DFE (a) and on thd foeahanisms triggered by the
Landers earthquake (b). Left panels show the stassed on the axial plane defined as
‘plane 1’ and right panes for axial ‘plane 2'. Rraop to bottom, the upper panels
shows the stress caused by the Love waves in phestlike and normal direction;
stress caused by the Rayleigh waves in the digesind normal direction, and the sum

of these components for every direction labeletiodal’ (i.e.' o7, Total =dz_ Love +
or Rayleigh’). Numbers inside parentheses at theofedtach panel represent the

maximum stress (in MPa) reached for the correspgnciomponent. Bottom panel
shows the change in the Coulomb failure functiotriggering potential as defined by

equation 1 for normal faulting caused by the swfaaves.
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Figure 4.5.Black beach ball represents the earthquake triggeyehe Landers event and
gray color beach ball represents the earthquatgetred by the DFE. Triggering
potentials for the surface waves generated by #melérs event, on the two possible

axial planes, are shown for each focal mechanism.
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Figure 4.6.Dynamic stress caused by the surface waves geddrgtthe Landers event on
the focal mechanisms triggered by the Landersr(d)oa the focal mechanisms
triggered by the DFE (b). Left panels show thesstieaused on the axial plane defined

as ‘plane 1’ and right panes for axial ‘plane 2eSigure 4 for panels’ descriptions.
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