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Abstract 

Sequences of non-volcanic tremor have been identified along the Nankai and Cascadia subduction 

zones [41, 151. The source mechanisms of tremor have been attributed to flow-induced rtesonance i n  

fluid-filled conduits [23]. In northern Cascadia, transient surface deformation indicates that slow slip 

occurs every 13-1 6 months on the inter-plate boundary and landward of the locked zone. Elevated 

levels of tremor activity have been found to coincide spatially and temporally with slow slip episodes 

[46]. 1 image two tremor sequences: one which occurs during a slow slip episode (episodic) and 

another which occurs in between slip episodes (non-episodic). Episodic tremors migrate 150 km 

along strike from south to north and correlate with the subduction megathrust. Non-episodic tremors 

do not migrate, and are found mostly at 5-10 km depth within the continental crust. Non-episodic 

tremors could arise from readjustment of the crust following the preceding slow slip episode. 
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Chapter 1 

PROJECT SCOPE AND SIGNIFICANCE 

Recent discovery by surface-based deformation monitoring of episodic slip on the subduction megath- 

rust faults in Japan and the Pacific Northwest [15,41] has opened new avenues for research into the 

dynamics and seismic hazard assessment of subduction zones. In northern Cascadia, these slow slip 

events occur periodically every 13-16 months and last 2-3 weeks [46]. Though the time sequence 

of slip events has been identified, their depths are poorly constrained. In May 2003, ilt was found 

that low amplitude non-impulsive vibrations referred to as non-volcanic tremors are temporally and 

spatially associated with these slow slip episodes [46]. Identification of the spatial location and se- 

quence of episodic tremor activity coinciding with slow slip may make it possible to better estimate 

the depth at which slow slip occurs. The implications of such possibilities are significant in that 

stress loading on the shallow part of the fault caused by one of these slip events will likely be a 

trigger for a great subduction earthquake. Lower levels of non-volcanic tremor activity have also 

been detected in between episodes of slow slip. These non-episodic tremor sequences have never 

before been imaged, and their origins are unknown. In this thesis, I image both an ep~isodic and a 

non-episodic tremor sequence, with the objectives of further understanding tremor source mecha- 

nisms by comparing their source locations and characteristics. The source locations of both classes 

of tremor will also provide important information on the rheology of the megathrust interface. Iden- 

tifying the locations of tremors, and understanding their association with megathmst, and perhaps 

other earthquake-related processes significantly advances the understanding of the tectonics of the 

Clascadia subduction zone and may lead to a more accurate assessment of the seismic hazard in the 

Pacific Northwest. 
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1.2 THE CASCADIA SUBDUCTION ZONE 

The Cascadia subduction zone extends 1,100 km from northern California to southwestern British 

Columbia. The region is characterized by complicated tectonics due the interactions of three main 

lithospheric plates: the large Pacific and North American plates and the intervening Juan de Fuca 

plate system, which includes the Explorer, Juan de Fuca and Gorda plates [ I I]. 

At the Northern Cascadia margin, the oceanic Juan de Fuca plate underthrusts North America 

at a rate of approximately 46 mmlyr [ 131 along the megathrust interface, generating damaging lev- 

els of seismicity in the forearc crust and downgoing plate (Figure 1.1). Three different classes of 

earthquakes occur along the Cascadia margin: 

1. Megathrust events on the shallow (< 25 km depth) portion of the megathrust interface where 

the Juan de Fuca and North American plate are currently locked [3, 471. Megathrust earth- 

quakes have moment magnitudes M,. > 8 and re-occur every 200-600 years [19]. The most 

recent megathrust event occurred January 26, 1700 with a magnitude estimated to be approxi- 

mately 9 [47, 101. The rupture associated with this event appears to have extended along most 

of the margin [I 91. 

2. Crustal earthquakes occur within the ovemding North America plate in response to subduc- 

tion. High rates of crustal earthquakes occur in Puget Sound and southwestern Washington 

[6] with moment magnitudes that may exceed M,. = 7. 

3. Inslab earthquakes, also called Wadati-Benioff earthquakes, whose magnitude is usually less 

than 7, occur at depths as great as 80 km. Despite great depths, inslab earthquakes dominate 

current seismicity in the northern Cascadia subduction zone. Canada's fourth generation seis- 

mic hazard model [2] has found inslab earthquakes to occur at a rate up to five-fold higher per 

unit area than crustal events, and their predicted shaking is stronger than crustal events of the 

same size [I]. 

The conditional probability of a megathrust event occumng within the next 100 years is con- 

strained by the time since the last event, the main recurrence interval of characteristic earthquakes, 

and the distribution of these intervals [33]. Earthquake recurrence intervals and distributions are 

largely dependant on the deformation associated with post-seismic relaxation. Shortly following 

fault rupture, a part of the fault downdip may slip aseismically. Later in the interseismic period, 
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Figure 1 . I :  Lithospheric plates at the northern Cascadia margin. The Juan de Fuca plate underthrusts North 
America at a rate of approximately 46 mmlyr. 

deformation is dominated by fault locking. Seismic hazard assessment therefore translates to the 

appraisal of slab and crustal stresses due to the (interseismic) locking and (coseismic) unlocking of 

the subduction fault. 

Contemporary geodetic deformation along the Cascadia margin is used to measure elastic strain 

accumulation due to the locked subduction fault. A 3-D viscoelastic finite element model developed 

at the Pacific Geoscience Center takes into account along-strike variations of fault geometry, geode- 

tic plate convergence parameters and asthenospheric viscoelasticity [52]. The model represents 

interseismic deformation as a combined effect of the previous megathrust event and subsequent 

loading on the locked fault. Surface displacements along the Cascadia margin have been measured 

with respect to a stationary site at Penticton (on the North America plate) by Global Positioning 

System (GPS) sensors. Seaward GPS sites were found to have larger velocities in the plate con- 

vergence direction than landward sites. This observation is interpreted as evidence for the locking 

of the subduction fault [IS]. The 3-D viscoelastic model predicts post-rupture elastic deformation 

due to the relaxation of a low-viscosity asthenosphere. Model-predicted strain rates for the present 

day define a locked fault zone extending 60 km landward of the deformation front. The transition 

zone to stable sliding on the megathrust extends from the locked zone to more than 120 km from the 
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deformation front, and becomes progressively wider as the fault remains locked. 

The Intermontane superterrane. made up primarily of sedimentary and volcanic rocks, collided with 

the North America plate approximately 200 My ago [43]. The last major collisional episode oc- 

curred during the mid-Cretaceous, which accreted the Insular superterrane against the Intermontane 

superterrane. The mid-Cretaceous to early Tertiary intrusive rocks of the Coast Belt were generated 

in the suture region [43]. Onshore, Vancouver Island is largely composed of the Wrangellia terrane 

(part of the Insular superterrane), which is composed of Devonian through Lower Jurassic igneous 

sequences and sedimentary rocks which are interpreted to represent a Jurassic island arc [21, 351. 

The Pacific Rim and Crescent terranes were the last to be accreted to the continent and reached 

their present locations during the late Cretaceous and Tertiary periods [20]. The Pacific Rim terrane, 

composed of a mainly Mesozoic metasediments, is found along the west coast and southern part of 

Vancouver Island [I  I]. The Eocene volcanic Crescent terrane is found at the southern tip of Van- 

couver Island and northwest Washington, which is largely composed of basalt, diabase and gabbro 

[36]. The mafic rocks of the Crescent terrane are considered correlative to the Metchosin volcanics 

of southern Vancouver Island [36]. 

1.2.3 THE STRUCTURE OF THE MEGATHRUST FROM REFLECTION AND REFRACTION 

IMAGING 

The imaging of reflection data has identified a thin reflection zone, which broadens from 2 km off 

the west coast of Vancouver Island into a thick (5-7 km) reflection package at the islamd's eastern 

margin [40]. This reflection zone is commonly referred to as the E-reflectors, and is interpreted 

to represent interlayered mafic and/or sedimentary rocks [54, 121, or intensely sheare~d sediments 

in which fluids released from the subducting plate are trapped [S]. Complementary to these inter- 

pretations is the identification of a low velocity zone (6.4-6.6 krnls) at depths of 25-35 km beneath 

southern Vancouver Island in 3-D P-wave velocity model images of southwest British Columbia 

and northwest Washington [55, 441. Additionally, magnetotelluric surveying and modelling [30] 

has located a landward dipping highly conductive zone in the 20-50 km depth range beneath Van- 

couver Island, landward of the transition zone determined by viscoelastic modelling, and coinciding 

with the E-reflector package. A highly conductive E-layer may indicate the presence of hydrated 

rocks [17, 91. Water-rich fluids are thought to be released at the 40-50 km depth range, resulting in 
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hydration of the overlying mantle and crust material. Temperature estimates on the megathrust [ 191 

and fluid-filled porosity estimates within the E-reflectors [17] indicate that the fully developed E -  

reflector package most likely defines the zone of aseismic stable sliding downdip of the seismogenic 

zone. This is supported by the observation that earthquake seismicity terminates abruptly at the 

top of the E-reflectors, which indicates that ductile processes are the dominant form of deformation 

within this zone [7]. 

Seismic refraction and normal incidence reflection profiles acquired west of Vancouver Island 

locate the top of the subducting oceanic plate immediately beneath a reflector dlpping landward 

between 12 and 25 km depth [50, 12, 71. This reflector is observed intermittently at depths 2- 

6 km deeper than the E-reflectors. This reflection is referred to as the F-reflector, and has been 

interpreted to be the oceanic Moho [40] or the top of the subducting plate [7]. Common among both 

interpretations is the idea that the F-reflector originates from a very thin region or single interface. 

Across southern Vancouver Island, the E-reflectors dip shallowly east northeast (ENE) at 4". 

The package bends downward at the eastern margin, dipping sharply at 15" and reaching depths 

of 45 km [7]. The F-reflector is found to dip at 15" at the western margin of Vancouver Island, 

and flatten out to the east. The E -  and F-reflectors are therefore thought to define a duplex thrust 

structure extending 110 km in width [7] in which crustal rocks are imbricated (Figure 1.2). The 

top of the E-reflectors (roof thrust) and the F-reflector (floor thrust) are interpreted to accommodate 

slow slip. 

Data from continuously recording GPS sites have recently provided evidence for sudden periods of 

aseismic slip [15]. Over a two-week period in August of 1999, displacements of 14 GPS stations 

(relative to the GPS site at Penticton) have indicated a total horizontal displacement of 2 to 4 mm 

over a 6 to 15 day period in  the direction opposite to that of longterm plate convergence [ 151 (Figure 

1.3). 

With increased GPS station coverage, aseismic slip has been found to reoccur every 13 to 16 

months (Figure 1.4). The largest horizontal motions are found 100 km landward of the locked zone, 

roughly bounded by the 30- and 40-km depth contours of the plate interface. Slip appears to migrate 

from stations in the southeast along strike to the northwest at a rate of approximately 6 krnlday. The 
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,WSW ENE. ,WNW ESE. ,SW NE, 

- I 20 krn - 
Figure 1.2: Composite seismic cross-section across the northern Cascadia forearc: showing migrated rcHcc- 
tion data superimposed on P-wave velocities de~ivctl by 3-11 tomographic inversion of first arrivals. Seismic 
profiles were projected onto an  azimuth oS 063", which is a representative dip direclion for the subtlucting 
plate ncar the seismic profiles. Sourcc: [7], by permissions. 

surface deformation has been modelled by a slip of 2.1 cm on a landward-dipping interface at 30-40 

km depth, which is equivalent to approximately half a year of plate convergence and generates a 

tnaxi~nurn surface strain signal on the order of 20 x 10-') to 30 x lop9 1 IS]. Discontinuous slip rates 

along the plate interface imply that the convergent plate motion across the deeper plate inte~face 

varies with time. Silent deep-slip events could indicate cumulative stress loading of the shallower 

seismogenic zone, each event bringing the locked zone closer to failure. 

Non-volcanic tremor-like signals, identifiecl by visual inspection of seismograph station records 

from the Canadian National Seismic Network (CNSN), have recently been found to accompany 

transient slip. Moreover, these tindings par:~llel the discovery of non-volcanic tremors close to the 

Moho of the overriding plate in the Nankai subduction zone of southwest Japan 141,271. The tremors 

of northern Cascadia have been observed o ~ l y  in the subduction zone region and specifically in the 

same general region as the deep slip events 1461. No correlation between local (deep or shallow) 

earthquake patterns and tremor activity has been found. The temporal correlation between non- 

volcanic tremors and slow slip suggests t h ~ t  the tremor source region is in some way associated 

with the location of slow slip. Howevel; the depth of slow slip is poorly constrained because i t  is 
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Figure 1.3: Location of continuous GPS sites that arc inclutletl in routme analysis of GPS data hy thc GSC 
lied arrays show displaccmen~s with respect to riorth America due to the 1999 slip evcnt. Hlack arrays show 
the 3- to 6-year average CPS motion. Source: 1 151, by permissions. 

determined by surface deformation monitoring. The association between tremor activity and slow 

slip - referred to as episodic tremor and slip (ETS) - has led to the hypothesis that the depth of slow 

slip thrusting can be constrained by the loca~.ion of tremor activity. 

Each tremor comprises multiple pulses of energy that last tens of seconds to several minutes, 

with a frequency content between 1 and 5 IIz [46J. Seismic waves emitted from the source region 

propagate at close to the S-wave velocity, ant1 tremor amplitudes are often barely visible above back- 

ground environmental noise. Tremor signals can therefore be detected only by correlating records 

from multiple stations. Identification of tht: tirst P arrivals and discrimination of phases is virtu- 

ally inipossible by visual inspections alone. An added colnplication is that tremor waveforms have 

been found to be inconsistent from one seismograph station to another, the cause of which may be 

due to either a poor signal to noise ratio, the source radiation pattern, or site effects beneath the 

seismograph station. 

Resonance of fluid-filled cracks and flowinduced oscillations in conduits are seen as the current 

descriptions of tremor sources [231. The n~odelling of flow stability through narrow conduits 141 

has indicated that fluid-induced oscillation:; in  conduit walls may provide a source for sustained 

seismicity. Balmforth et 01. (2005) have f o ~ u ~ d  that rapid flow of low-viscosity fluids is required to 

generate resonance 141. The propagation of water and C02-rich fluids at sufficiently high speeds is 
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Figure 1.4: Comparison of slip and trenior activity for (hc Victoria area. Hluc circles indicate day-by-day 
changes in the east component of GPS site ALBH relative to the GPS site near Pcntic~on. The bottom graph 
shows the total number of hours of tremor activity observed for southern Vancouver Island within a sliding 
10-day pcriod. Sourcc: 1461, by pcrniissiona. 

i] viable tremor source mechanism, though the nature and origin of the fluid motion has not yet been 

determined. 

Because the onset of tremor activity could indicate the occurrence of slip, and possibly an in- 

creased probability for the occurrence of a megathrust earthquake, the investigation into Cascadia 

tremors has focused on the development of a systematic and automated method to identify and locate 

tremor sources. Kao and Shan [25] have developed an algorithm - referred to as the source-scanning 

algorithm - to image the distribution of tremor sources i n  space and time using the coherence of 

tremor waveforms across a recording arrall. They compute the likelihood that a seismic source 

exists at a particular origin time and position. Tremors have been located by the source-scanning 

algorithm within an error of 1 3  km. It niay prove possible to infer the region of slow slip fro~n the 

spatial distribution of trenior sources. 

I t  has been found, however, tliar tremor activity associated with the March 2003 slow slip event 

is not confined to a single localized interface but distributes along a wide depth range 1261. If i t  is 

found that trenior activity and slow slip events occur in the same geographic area, but that tremors 

are distributed in a broad vertical zone, then this niay indicate a broad zone of shearing or multiple 

shear zones. This stn~ctut-a1 mechanism might support the two megathrusts proposed on thc basis 
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of seismic reflection surveys in northern Cascadia [7]. If i t  is found that tremor activity and slow 

slip events are spatially decoupled, tremor source mechanisms independent of slow slip must be 

considered. It has been suggested that tremors are created by fluid flow in subsurface conduits at 

high pressure, which can create a resonance-like phenomena [24]. If this is in fact the process that 

is generating non-volcanic tremor in Cascadia, then tremor and slow slip need not be coincident. In 

this case, the tremor locations may not indicate the depth of slow slip events, but could be related 

to stress perturbations arising from slow slip. Finally. though peak occurrence of tremor activity in 

Cascadia correlates with slow slip, there are several other peaks in tremor activity that occur at times 

when slow slip has not been inferred. These periods of tremor activity may indicate that slow slip 

occurred below the limit of detection by the existing GPS monitoring array. 

1.4 PROJECT OBJECTIVES A N D  IMPACT 

The primary objective of this thesis is to determine the spatial and temporal location of tremors from 

previous slow slip and non-slip tremor sequences along the Cascadia margin near southern Vancou- 

ver Island. I will focus on locating tremors associated with two sequences of activity: September 

2002, which is not presently linked to slow slip, and February 2002, which corresponds to a known 

slow slip event of the 13-16 month cycle. 

Slow slip causes stress loading along the megathrust interface and can potentially trigger megath- 

rust earthquakes. It is therefore of interest to refine the estimated duration and periodicity of slow 

slip thrusting. If the spatial distribution of tremors in the September 2002 sequence is similar to 

that of both the March, 2003 and February 2002 sequences, then we might reasonably associate 

the September 2002 sequence with slow slip. This in turn would indicate that slow slip can occur 

outside the defined 13-16 month cycle. 

If tremors and slow slip are found to be spatially correlated, the distribution of deep tremors 

will help to constrain the landward limit of the locked megathrust fault. A more accurately-defined 

landward limit of this locked zone will allow better estimates of ground shaking and damage from a 

megathrust earthquake. 

Alternatively, if it is found that the September 2002 sequence is not linked to slow slip but that 

a temporal association to local earthquakes exists, then it is possible that tremor activity may be 

associated with seismic sources unrelated to the megathrust. This possibility would be supported by 

the location of tremor sources away from the inter-plate boundary. 

By usins data from all available seismograph stations, including CNSN and POLARIS, I will 
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attempt a thorough search of the recorded data in southwest British Columbia to produce results of 

direct relevance to the populated areas of northern Washington State and southern British Columbia. 



Chapter 2 

THEORY AND METHODS 

Conventional methods for hypocenter detennmation are based on minimizing differences between 

the observed and predicted arrival times of various seismic phases recorded on a seismograph array. 

Minimum error estimates of seismic source location parameters (coordinates, depth, and origin time) 

typically require impulsive P- and S-wave amvals for accurate picking of amval times, accurate ve- 

locity models, and sufficient seismograph coverage about epicentres. Consequently, phase-picking 

methods are most useful for individual events that are well separated in time and generate clear 

arrivals at seismic stations with a relatively low level of background noise. Tremor waveforms are 

characteristically non-impulsive, emergent, and low amplitude. Typically, only S-wave arrivals of 

tremor sources are observed from waveform data, and are commonly difficult to identify on a single 

station above the background noise. Tremor events are therefore identified by correlating waveform 

data from various seismograph stations (Figure 2. I). 

In 2004, Kao and Shan [25]  developed the source-scanning algorithm: an automated method to 

image the source distributions and origin times of non-volcanic tremors. The algorithm estimates the 

likelihood that a seismic source exists at a particular location and origin time based on the coherence 

of the strongest phase arrival across a seismograph network. Essentially a grid-search method, the 

source-scanning algorithm calculates a measure of coherence for each combination of trial location 

and origin time in the search volume. The spatial and temporal distribution of tremor sources is 

determined by isolating the combination of spatial location and origin time that yield the highest 

measures of coherence. 
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2.2 THEORY O F  T H E  SOURCE-SCANNING ALGORITHM 

The coherence measure calculated by the source-scanning algorithm, referred to as "brightness", 

is recovered from the constructive additions of seismic waveform amplitudes from each station of 

the seismograph array. The brightness of a hypothetical tremor source at trial location (q)  and ori- 

gin time (2) estimates the likelihood that the tremor source exists at this location and origin time. 

Assuming that a tremor event is recorded by a seismic network of N stations, the N recorded seis- 

mograms are first normalized to partly correct for geometrical spreading during wave propagation. 

The brightness of a potential source at location (q) and origin time (7) is defined by 

where u, is the normalized seismogram recorded at station n and tq,, is the predicted travel time of 

the largest phase from point q to station n. Large brightness values will be found if the maximum 

amplitude of each seismogram originates from the same source-point q and origin time z. In this 

way, the source locations and origin times of tremor sources within the search volume are identified 

by local brightness maxima. 

Assuming an elastic and isotropic medium, predicted anival times tqn from each trial location q 

to each seismic station n are calculated by a 3-D finite difference solution to the Eikonal equation 

[16,51] at a grid-spacing of Ikm. The calculation uses a 3-D S-wave velocity model, which is scaled 
v 

from the SHIPS 3-D P-wave model [42] using the approximate 2 ratio of 1.76. To accommodate 
v s  

possible errors in the velocity model and travel-time calculations, equation (1.1) is modified to 

calculate brightness from amplitudes within a time window centered on the predicted arrival time 

rather than the single amplitude un(z+ tqn) at predicted anival time tq,,, such that 

where the duration of the time window equals the number of samples 2M multiplied by the sample 

interval 6t. W,,, specifies the weighting factor applied to amplitudes within the time window about 

the predicted amval time (either constant or a Gaussian centered on the arrival time). As a first order 

approximation, the length of the time window should be comparable to the possible travel time error 
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caused by velocity model inaccuracies. 
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Figure 2.1: A sche~nalic of tremor trace ampli~udcs plotkd (downward) in ordcr of increasing cpiccntral 
distance. The brightness oSa tremor souscc at point q al origin time T is co~np~~ted  by s~lrnming the normalized 
absolute trace amplitudes from slations A, 8, and C a1 the predicted arrival tinics (7 plus rcspectivc travel 
times ~ b , , ,  and I,.,,). A large brightness value is found in cases where the location 11 and origin time T 
arc consistent with the arrival of the largest anipli~~rde at each sta~ion. Pink bars indicate the time window. 
ccntcred at the arrival time of the largest plla:c, within which truce amplit~~cles arc summed to yield h c  
brightness value. 

The dimensions of the 3-D S-wave velocity model were used to define the dimensions of the scannea 

volume. The velocity model extends frotii 1-87 ktii in depth, 46.9"N to 50.9S0N in latitude and - 

126OE to -12I0E in longitude, which tran:lates to 1-361 km in the x-direction and 1-451 km in 

the y-direction. For the purposes of comparing the onset, distribution, and migration of episodic 

and non-episodic tremor sequences, vertical component waveform data were acquired for the entire 

months of February and September of 2002 from a combination of 3-component broadband and 

vertical component short period seismograph stations. A combination of eight regional Canadian 

National Seismograph Network (CNSN) s ~ort-period and broadband stations were online during 
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Febn~ary 2002 (Figure 2.2). An additional three POLARIS broadband stations were available during 

September 2002. All waveform data were downloaded from the Geological Survey of Canada's 

National Waveform Archive. Travel times trom each station to all grid point5 in the search volume 

A :  
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Figure 2.2: Seismograph stations from which wnvcforrn data wcrc acq~~ i r ed .  Kcd triangles indicate C'NSN 
short-period vertical component stations, red squares indicate CNSN 3-co~nponcnt broadband stations, ycllow 
squares indicate POLARIS 3-component broadband stations which bccanie available for September 2002 
\vaveSorm processing. 

were calculated using a 3-D finite-difference travel time code I 161. and at a spatial mesh interval of 1 

km. These travel times were used to generatc a set of reference travel time files for each station. The 

source-scanning algorithm uses the travel times from each station's reference file and the absolute 

trace amplitude of corresponding wavefornis to compute brighlness values for each combination of 

source location and origin time. 

All waveform pre-processing was carried out on one-hour segments of waveform data using the Seis- 

mic Analysis Code (SAC) for seed format data. Waveforms were anti-aliased and down-sampled to 

a sampling interval of 0.1 s. Wavefomi means, glitches, and linear trends were removed, and the 
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Figure 2.3: Tremor source loca~ion solutions from (a) absolute ~racc  arnpli~uclc wavehrrn dala and (b) tracc 
envelope \vavcl'u~nl dab. Brighhess values arc nomalizcd and delinc a probabili~y tlis~ribution thaL u Lrcmol. 
source cxists at thc dcfincd origin time and sourcc location. 
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data were deconvolved to remove instrument responses. A high-pass filter was applied using a cor- 

ner frequency of 1.5 Hz to remove low-frequency background noise. These pre-processing methods 

have been found to produce clearer, more distinct tremor amvals 12.51. Each waveform trace was 

normalized to compensate for amplitude variations due to transmission losses and geometric spread- 

ing. Tremor waveforms were normalized such that 2 standard deviations of the absolute amplitude 

is set to 1 .O. This normalization has been found to improve the visibility of tremor arrivals and fa- 

cilitate the search method. Smoothed envelopes of trace amplitude data were also calculated, using 

a 25-point (2.5 s) running average of trace amplitudes. Brightness values were calculated for each 

one-hour segment of waveform data using both absolute trace amplitudes and trace envelopes. Due 

to a smoother amplitude variation, brightness values calculated using waveform envelopes generate 

a broader, more Gaussian-like distribution about local brightness maxima. Brightness values calcu- 

lated using absolute trace amplitude data define a more irregular, though higher resolution brightness 

distribution (Figure 2.3). Tremor source locations and origin times determined from brightness dis- 

tributions calculated using absolute trace amplitude and trace envelope waveforms were compared 

for consistency and location accuracy. 

All brightness values were calculated by summing Gaussian-weighted waveform amplitudes (either 

absolute trace amplitudes or envelopes) along a time window (2MSr) of 1.5s centered at the predicted 

amval time (equation 2.2). These parameters were employed in previous tremor location studies in 

Cascadia [25]. The source-scanning algorithm is applied to the waveform data in 3 steps: 

1. Brightness values are initially calculated at time steps of 5 s along each waveform trace, and 

for trial source locations spaced every 10 km within the entire search volume. Each 5 s time 

step defines a reference time for the calculation, which is considered to be the amval time at 

a reference station. For each trace of waveform data, the amval time of a hypothetical source 

at trial location q was calculated by adding to the reference time the difference in travel time 

between the current seismograph station and the reference station. Gaussian weighting is 

applied to the waveform amplitudes within the time window centered at this arrival time, and 

the weighted amplitudes are summed. The summed amplitude values from all stations are 

averaged to yield a brightness value for each time step. 

2. Reference time and trial location combinations which yield brightness values greater than 

0.7 using absolute trace amplitude data and 1.0 using trace envelope data are used to define 
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reference time intervals and subvolumes for further scanning at higher resolution. Subvolumes 

with dimensions of 100 km in the x- and y-directions and 50 km in the z-direction were re- 

scanned at time steps of 0.1 s over a reference time interval of 30 s. For this second, more 

refined search, a spatial mesh interval of 1 km was used to define trial source locations. The 

origin time of the tremor source is determined by subtracting the travel time to the reference 

station from the reference time corresponding to the maximum brightness value. The trial 

location corresponding to the maximum brightness value is used to define a search subvolume. 

3. The final step involves calculating the distribution of brightness values within a subvolume 

for a single tremor origin time. In this step, the arrival times are obtained by adding the travel 

time to the origin time. A search volume with dimensions of 80 km in the x- and y-directions 

and 40 km in depth is scanned. Brightness values are calculated for trial source positions 

defined by grid locations every 1 km. The spatial distribution of brightness values indicates 

the probability that a tremor source exists at the define combination of origin time and source 

location. 

Located tremor sources that occur within a 20 km radial distance and 20 s origin time of local 

earthquakes were rejected. Tremor sources that are considered well-located are those that have been 

obtained using both absolute trace amplitudes and trace envelopes of the waveform data, and agree 

to within +15 km in x-, y-, and z-directions, and have origin times within 10 s. Brightness values 

computed using trace amplitude data must exceed 0.7, and those computed using trace envelopes 

must exceed 1.0. Brightness values which define a tremor source must be the largest within a time 

window of +30 s about the origin time. Tremor events which are located at depths less than 5 km 

are excluded, since these events could be surface-related environmental noise. 

A set of controlled tests was conducted to determine the accuracy of tremor source locations deter- 

mined by the source-scanning algorithm, and the error to be expected due to the seismograph station 

geometry. The spatial accuracy in tremor locations was determined by the gradient of the brightness 

function - a large brightness gradient indicates a higher spatial accuracy. The spatial range in the x-. 

y-, and z-directions defined by brightness values above a specified threshold was used to estimate 

tremor location accuracy. To determine an appropriate brightness threshold for error estimation, the 

source-scanning algorithm was used to locate earthquake epicenters (Figure 2.4). The deterioration 
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Figure 2.4: Top: Brightness dis~ribullon Tor al l  calthqunke (MI,=2.3) ha t  occurrcd Fcbruary 23, 2002 and 
at a depth of 19 km. Hottonl: 13rightness distribution for an earthquake (1ML=2.1) that occurled Fchluary 28, 
2002 and at a depth of 52.2 km. The deterivra~ion of the brighlness I'unction by 15% corresponds horifontal 
spatial error of 3 krn and a verlical spatial error o f  5 km. 
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of the brightness function corresponding to an acceptable spatial error of 3 km in the x- and y- 

directions and 5 km in the z-direction was used. Waveform data from the eight seismograph stations 

available during the month of February 2002 were acquired for two earthquakes, one at a depth of 

19.0 km and another at a depth of 52.2 km [39]. The source-scanning algorithm was implemented 

to locate the earthquake epicenters using the absolute trace amplitude waveforms. The deterioration 

in the brightness function corresponding to a horizontal (x, y) spatial error of 3 km and a vertical ( z )  

error of 5 km was found to be approximately 15% for both earthquakes. The deterioration of the 

brightness function by 15% of its maximum value was therefore used to define the spatial errors of 

tremor source locations. 

Regions of high and low tremor location accuracy within the search volume were determined 

by distributing synthetic tremor sources at different grid points, recovering their source locations 

using the source-scanning algorithm, and calculating their spatial accuracy as outlined above. Trial 

locations were positioned every 40 km in the x- and y-direction and every 20 km in d,epth (Figure 

2.5(a)). Travel times from each trial location to each seismograph station were calculated using 

the 3-D finite-difference travel time code [I61 and the S-wave velocity model. To generate a syn- 

thetic tremor source, a representative tremor waveform was selected from the data set, filtered, and 

normalized (Figure 2.5(b)). This tremor source was effectively positioned at each trial location by 

time-shifting the waveform by the travel time between the corresponding trial location and each 

recording station. Absolute trace amplitude and trace envelope waveforms files were generated and 

used to calculate brightness values corresponding to each synthetic tremor source trial location. All 

eleven seismograph stations available for the month of September 2002 were used in recovering the 

tremor source distribution. The average of the distance along the +XI-xl+yl-y directions from the 

recovered tremor source location corresponding to a decay in brightness by 15% was used to define 

the horizontal error of recovered tremor locations. The average of the distance along the +?I-z di- 

rections was used to estimate the vertical error. The horizontal and vertical errors of the recovered 

tremor source locations at depths of 6,26,46,  and 66 km were plotted as a function of radial distance 

between the tremor source and the center of the recording station array. Horizontal error was found 

to increase in an exponential manner with increasing radial distance from the array center (Figure 

2.6(a), (c)). Tremor locations recovered using absolute trace amplitude and trace envelope waveform 

data produce comparable results. At radial distances beyond 200 km from the center of the station 

array, the horizontal error becomes large, reaching values up to 30 km. One may therefore presume 

acceptable horizontal spatial error for tremor sources within 200 km of the center of the station 

array. The lowest horizontal errors were found for tremor sources positioned at a depth of 26 km, 
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Figure 2.5: Top: Grid points usetl to position synthcric tremor sources for error assessment tcsts. Velocilics 
correspond to (he S-wave veloci~y model used in the location  neth hod a1 a d c p h  slice oJ'3krn. Four shor~-period 
vertical stations (triangles) and seven broad-band stations (squares) were used to recover the synthetic tremor 
source distribution. Bottom: Tremor trace anipliludc waveform (bottom) and trace envelopc waveform (top) 
usetl to generate synthetic tremor sources within thc search volume. Waveform nniplitudes and envclopcs arc 
lime-shifted by the travel time belwccn the [rial location and seismograph station posilion. 
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and highest horizontal errors were found for sources at a depth of 6 km. The vertical spatial errors 

of tremor locations do not appear to be as dependant on the distance of the tremor source from the 

station center, but rcmain fairly consistent at approximately 7 km (Figure 2.6(b), (d)). Large vertical 

errors have been found for shallow tremor sources at a depth of 6 km, which average approximately 

8 km. Beyond 150 km from the center of the station array, vertical errors in tremor locations become 

highly variable. This indicates that acceptable vertical spatial errors in tremor source locations may 

be obtained within 150 km of the center of the station array. 

The absolute spatial error 5 of the recovered tremor source location was determined by calcu- 

lating the radial distance between the trial location and the location of the source determined by the 

source-scanning algorithm, such that 

where x,., y,, and 2,- denote the x-, y-, and z-position of the recovered tremor source, and x,, y,, 

and e, define the trial source location. Acceptable absolute error (< 10 km) is achieved up to radial 

distances of 250 km from the center of the seismograph station array for tremor sources at 6,26,46. 

and 66 km. Both trace amplitudes and envelopes yield comparable results up to this range (Figure 

2.7, 2.8). At larger radial distances from thc array center, the absolute error of source locations 

becomes increasingly variable and may reach values up to 20 km towards the edges of the search 

volume. Source locations obtained using trace envelope data contain less variability than those 

acquired with absolute tracc amplitudes, which is to be expected, as waveform envelopes contain 

less amplitude variability. 

The above spatial error tests indicate that the source-scanning algorithm is indeed robust to 

within approximately 200 km of the center of the seismograph array. These error estimates may 

be used for comparison with spatial accuracies of tremor source locations found using all available 

waveform data for the months of September 2002 and February 2002. Located tremor sources with 

spatial accuracies that are comparable to the estimates determined through thc above series of tests 

may been seen as reasonable tremor solutions. 
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Figure 2.6: Horimntal and vertical errors of Iccated ~remor sources plo~tccl as a function of radial dislancc 
of the sourcc location from thc array center. (a) Hosimntal enor  ol' trcrnor sources detcrrnincd using absolute 
trace amplitude data. (b) Vertical en-or of tremol- sources dctcrniined using absolute trace amplitude data. (c) 
Hol-izonk~l error o f  tremors located using trace e:welope data. (d) Vcrtical error of tremors located using tracc 
envelope data. 
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Figure 2.7: Absolute spalial error of tremor sou .ce locations recovered 1ro1n (a) tremor sourceh a( 0 km depth 
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COMPARISON OF TREMOR SEQUENCES 

The spatial distributions, magnitudes and spectral content of episodic and non-episodic tremor se- 

quences will be examined and compared in this chapter in order to identify the distinct characteristics 

of each tremor class. The spatial distributions of tremor sequences indicate regions of stress release 

along the Cascadia margin, which will be related to the structure of the megathrust interface and the 

zone of slow slip in  the following chapter. The magnitudes and spectral content of episodic and non- 

episodic tremor classes will be used to indicate whether or not tremor sequences occur in  relation to 

earthquake seismicity. The properties of episodic and non-episodic tremors will provide additional 

information to clarify their source mechanisms and rheological environment, and further indicate 

regions of stress accumulation and release along the subduction zone. It has been proposed that 

the location of tremor sequences may be used to constrain the depths at which slow slip occurs [46] 

because episodic tremor and slow slip have been found to correlate spatially and temporally. Since i t  

is believed that tremor activity originates from flow-induced resonance in subsurface conduits 1241, 

tremor distributions and slow slip need not spatially coincide. Rather, tremor source locations might 

indicate the location of flow conduits, which may provide important information on the rheology 

of the subduction zone and the potential for stress accumulation. The comparison of episodic and 

non-episodic tremor classes will provide the basis for discussions on tremor source mechanisms and 

rheological environments in  Chapter 4. 



3.1 Epicentral Distribution o f  Episodic Tremors 

A significant amount of tremor activity was detected by implementation of the source-scanning 

algorithm during the month of February 2002, which has been anticipated since a slow slip episode 

has occurred during this time. 482 tremor events were identified by brightness values in excess of 

0.7 using absolute trace amplitude waveforms, and by brightness values of 1.0 using trace envelope 

waveforms. 187 of the tremor source locations identified by trace amplitude waveforms and trace 

envelopes waveforms were consistent to within f 15 km in the x-,  y-, and z-directions, and 10 s 

in origin time. Based on these criteria, the 187 tremor sources are considered well-located. The 

low proportion of well-located tremor sources (38% of those identified) is likely a consequence of 

the availability of only 8 seismograph stations within the scanning region during February 2002. 

All identified and well-located tremor locations were compared with local earthquake epicentres, 

and rejected if tremor sources occurred within 20 km of earthquake epicentres and within 20 s. of 

earthquake origin times. A histogram of daily tremor frequency during February 2002 was generated 

to monitor the build-up and decline of the episodic tremor sequence (Figure 3.1). Two &-day periods 

of elevated tremor activity are identified, separated by two days of reduced tremor detection: the 

first between February 2"" gth and the second between February I l f h  - 18Ih. During February 2nd - 

91h, 2002, 132 tremor sources were identified (27% of those identified for the month) and 55 tremor 

sources were found to be well-located (29% of those well-located for the month). During February 

l l'h - 1 8Ih, 2002, 248 tremor sources were identified (5 1 % of those identified for the month) and 

107 tremor sources were well-located (57% of those well-located for the month). The background 

level of episodic tremors is approximately 5 events per day. 

At the onset of the episodic tremor sequence, tremors were located near the southeast tip of Van- 

couver Island. A gradual migration of tremor sources from south to north and along lthe strike of 

the subduction zone was detected the first pulse in tremor activity. This migration coincides with 

the movement of the surface displacement transient that has been found to occur during each slow 

slip episode [15]. During the second pulse in elevated tremor activity, tremors undergo enhanced 

migration to the northwest, reaching a rate of over 5 krntday (Figure 3.2). No migration is detected 

during the last 10 days of the month. Over the entire month, episodic tremors were found to migrate 
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Figure 3.1 : Number of idcntilicd and located episodic tremors dur~ng February 2002. Two 8-day pulses of 
elevated trcmor activity are identified, separalcd by a Lwo-day period of reduced tlelcction. The first pulse of 
clcvalcd activity (February 2"" - 9'". 2002) contdins 29% of wcll-locarcd tremor sources Tor the month. Thc 
second pulw (February I I"' - 18"'. 2002) conlai I \  57(d /rofwcll-localecl csernor sourccs. 

over 200 km from south to north and along {he strike of the subduction zone. 

The grid-search location of non-episodic tremors during September 2002 identified 194 tremors 

based on large brightness values above the thresholds of 0.7 using absolute trace amplitude wave- 

1-'omis and 1.0 using waveform envelopes. 99 tremor source locations acquired from trace amplitucle 

and trace envelope waveforms were consistent to within =k 15 k m  in the .x-, y-, and z-directions and 

with I0 s. in origin time. A larger proportion of tremor sources have been well-located (5 1 % of those 

identified) relative to February 2002 (38% of those identified) due to an additional 3 seismograph 
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Figure 3.2: Map showing ~ h c  tlis~ribulion of well-localcd episodic tremor hypocenters. Tremors located 
during February I "  - 1 0 ' ~  are shown in blue, during February I I"' - 2(yh in red, and during Fcbri~ary 21-" 
- 28'" in green. Loco! earlhqmkc hypocenlcrs during February 2002 are shown by black circles. Tremor 
migration over the course of the   no nth is indicated by the orange line, which represents thc mean cpiccnrral 
location during each 5-day period. CNSN Hrodband and short period seismograph stations arc shown by 
yellow squares and triangles, respeclivcly. 
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stations that became available during September 2002. A histograni of daily tremor occurrence 

indicates a short 3-day pulse of elevated activity during September 4'" - September 6'" above a 

background level averaging 4 events daily (I'igure 3.3). 41 % of identified tremors and 29% of well- 

located tremors have been detected during this period. Several isolated 1-2 day periods of elevated 

activity are also identified (September I6Ih, 21,". 2Sh, 2002). Aside from the short pulse in elevated 

tremor activity at the beginning of the month, tremor occurrence appears sporadic - no gradual rise 

and decline in tremor detection is apparent, :IS has been found in February 2002. 

I Identified Tremors 
Located Tremors 
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Figure 3.3: Number of identilicd and locatcd tremors during September 2002. A singlc pulse of clevated 
trcmor x I ~ v i t y  occurs at thc bcginnlng of the month, followed by several isolated days ol' ~ncrca\ed activ~ty 
above a bxkground level of approxmakAy 4 cvsnc\/ddy. 4I'k of ~dentificcl tremors and 29% o l  well-locaktl 
tremors were delecled during September 4"' - Scp~crnber 6"'. 



3.3 Tremor Depth Distribution 

The 99 well-located tremors detected during September 2002 were located in a circular region of 

approximately 100 km in diameter near the southeast tip of Vancouver Island (Figure 3.4). In con- 

trast to episodic tremors, no apparent migration of non-episodic tremor sources has baen observed. 

A large number of non-episodic tremors were located at shallow depths, predominant in the range 

of 5-10 km, also in  contrast to episodic tremor distributions. 

To compare the depths at which episodic tremors distribute during each pulse in elevated activity, 

histograms of tremor occurrence vs. depth were generated for the February 2002 sequence. Well- 

located tremor sources detected during each pulse were sorted into 2-km bins (Figure 3.5). During 

the first pulse in elevated activity (February 2"d - 9'", 2002), tremor sources are fairly evenly dis- 

tributed along a wide depth-range of 5 - 40 km. During this period, tremor sources slowly begin to 

migrate northwest. During the second and stronger pulse in activity (February 1 1'" - 18'", 2002), 

a larger amount of tremor sources are detected at greater depths, up to 48 km. What is most evi- 

dent from the depth histogram for this period is a highly variable depth distribution relative to the 

first pulse in activity. Large amounts of tremors are found on three depth ranges: 5-9 km (8% of 

well-located tremors), 19-23 km (7% of well-located tremors), and 34-39 km (1 8% of well-located 

tremors). Tremor sources detected during this second pulse in  elevated activity undergo rapid mi- 

gration to the northwest. 

A depth histogram of located episodic vs. non-episodic tremors was generated to emphasize the 

distinct depth distributions of both tremor classes. Well-located tremors detected during September 

2002 and February 2002 were grouped into bins of 2 km and plotted together on one histogram for 

comparison (Figure 3.6). Non-episodic tremors occupy a shallower depth range relative to episodic 

tremors, and locate predominantly in  the ovemding North American plate. The number of Septem- 

ber 2002 tremors shows a peak at a depth range of 5-10 km, and decreases smoothly and rapidly 

with increasing depth. Episodic tremors distribute over a 5-60 km depth range, and therefore are 

detected in both the subducting Juan de Fuca plate and the ovemding North American plate. 
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Figure 3.4: Map showing the distribution o f  well-located non-episodic tremor hypocenters. Tremors locatcd 
during September I"  - lo'" are shown in bluc, during Seplcmber I 1'" - 20"' in red, and during September 
21." - 28Ih in glccn. Local earthquakes during Scprember 2002 are indicated by black circles. No migration 
of non-episodic tremors is observed. CNSN Bro:~dband and short pcriod seis~nograph stations arc sIio\vn by 
ycllow squares and triangles, scspcctively. 
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Depth 

Figure 3.5: Top: depth distribution of well-localed episodic tremors during thc first pulse of lrernor aclivi~y 
(February 2"" - 9"'. 2002). Generally, tremors cre evcnly dislributed across a wide depth range extending 40 
krn. Bottom: depth distribution of well-loca~ed episodic Ircmors during the second pulse in trcnror activity 
(February 11"' - 18"', 2002). A large number of rrcrnors distribuk along narrow depth rangcs of 5-9 km, 
19-23 km, and 34-39 km. 
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Figure 3.6: Comparison of well-located episodic and non-cpisodic tremor depths. Ycllow bars indieale the 
number of September 2002 ~rcrnors within each 2-km depth bin. Blue bars indicalc the number of Febru- 
ary 2002 tremors within each depth bin. Episodic tl-crnors are detecled at greater depths than non-episodic 
wcmors, and within both the subducting Juan de Fuca and overriding North America plates. Non-episodic 
tremors distribute more evenly along a shallowcrdcpth rangc of 5 - I0 km and in thc Norzh American plate. 



3.4 Comparison o f  Tremor Amplitude and Frequency 

3.4 COMPARISON O F  TREMOR AMPLITUDE A N D  FREQUENCY 

Well-located episodic and non-episodic tremor amplitudes were compared to determine the magni- 

tude of each tremor sequence. To correct for geometric spreading, the maximum trace amplitude 

from each seismograph station corresponding to a tremor event was multiplied by the radial dis- 

tance from the tremor source to the recording station. Corrected trace amplitudes fram recording 

stations were then averaged to yield an amplitude estimate for the tremor event. Tremor amplitude 

estimates for each day were averaged to produce a histogram of daily tremor amplitude (Figure 

3.7(a), (b)). Amplitude estimates of the February 2002 sequence are significantly larger than those 

of the September 2002 sequence, perhaps indicating a larger amount of stress release during a pe- 

riod of aseismic slip. The amplitudes of non-episodic tremors shows larger variability than episodic 

tremors, which may signify a more unstable stress release process. 

The frequency spectra of local earthquakes was compared to that of both episodic and non- 

episodic tremors to identify the distinctions between the above processes, and to verify that the 

tremors located in this study are unrelated to local earthquake seismicity. The 15 best-located tremor 

events (tremor sources with the least amount of spatial difference between locations identified using 

absolute trace amplitudes and those identified using trace envelope waveforms) and the 15 largest 

amplitude tremor events from the February 2002 and September 2002 sequences were isolated. 

The spectra of these 15 events were stacked to produce a representative spectra for each group. 

The spectra of 15 local earthquakes with local magnitudes less than 1 .O, between 1.0 and 2.0, and 

greater than 2.0 were also stacked and compared to the stacked spectra of the largest and best- 

located episodic and non-episodic tremors (Figure 3.8). The spectral energy of tremor events peaks 

in the range of 2-4 Hz, whereas the spectral energy of earthquakes peaks at frequencies greater 

than 8 Hz. There is a substantial difference between the spectra of tremor events and that of local 

earthquakes with magnitudes greater than 1 .O, indicating that earthquakes and tremors are distinct 

physical processes. The spectra of small (ML < 1 .O) local earthquakes and tremor events are similar 

at low frequencies in the range of 1-5 Hz. However, the higher frequency content (greater than 8 

Hz) is much larger in these earthquakes than in tremor events. 

Despite the differences in location and amplitude between episodic and non-episodic tremors, com- 

parable degrees of waveform coherence have been obtained from tremor waveforms in February 



3.5 Con~parison of  Tremor Waveform Coherence 

0 2 4 6 8 10 I ?  I4 16 18 20 22 21 26 28 30 

Day 

Figure 3.7: Histogram of daily-avcraged, scaled tremor amplitudes (top) during Februa~y 2002 and (bottom) 
during Scpte~nbcr 2002. Raw waveform a~npl i t~~dcs  corresponding lo locatcd [rc~nor wcnls wcrc scalcd 
by multiplying wavcl'orm amplitudes by the radial distance from thc recording station to the tremor source. 
Largercpisodic [remor arnplit~~dcs might i~rdica~c a largcr arnnunl of strcss rcleascd during a slow slip cpisodc. 
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Figure 3.8: Comparison of the frequency spcctra betwecn local earthquakes, cpisodic tremors and non- 
cpisodic tremors. A1 frequencies between 1-5 Hz, the spectral energy of tremor events is siniilar to that of 
small (Mr < 1 .O) earthquakes. However, the energy o l  MI, c: I .O e:1rtliq~1akes peaks at approxima~cly I0 Hz 
while that oTtrcrnors peaks between 2-4 Hz. Thc spcctra ofearthcl~~akcs with Mr, 1.0 is \lery difl'erenl frorn that 
of episodic and non-episodic tremors, intlicalin:; that trenior activity and eurthcj~~akcs seismicity arc distinct 
physical processes. 
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2002 and September 2002. The source locations and origin times of both episodic and non-episodic 

tremors were determined by brightness values greater than 0.7 using absolute trace amplitudes and 

greater than 1.0 using trace envelopes. There was no apparent dependency of waveform coherence 
L 

on the depth of the tremor source. The brightness functions of two episodic and two mon-episodic 

tremor events have been plotted along with their waveforms to indicate the comparable degrees of 

waveform coherence between both tremor classes (Figures 3.9,3.10, 3.1 1, 3.12). 

Similar amounts of spatial error were found for episodic and non-episodic tremor sequences. 

For each well-located tremor event, the location error was calculated by the decay of the bright- 

ness function away from its maximum value (Appendices A and B). As outlined in Chapter 2, the 

horizontal spatial error was estimated by the average spatial range in the +XI-xl+yl-y directions that 

correspond to brightness values within 15% of the maximum value. Vertical error was calculated by 

the same method, yet averaging the spatial ranges along the +z/-z direction. An average horizontal 

error of 7 km and an average vertical error of 9 km was found for both episodic and non-episodic 

tremors. These errors are largely attributed to a reduced station coverage, since they exceed an aver- 

age horizontal error of 3 km and an average vertical error of 5 km found in previous tremor location 

studies in the Northern Cascadia subduction zone [26] that make use of a total of 40 broadband and 

short-period seismograph stations. 
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Figure 3.9: Map and profilcs displaying a lrcmor cvcnt identified February 4 2002. Lci't: nor.mali/ccl briphl- 
ncss function obtained from (top) absolutc trace aniplitude wavcfonns and (bottom) trace envelopcs. Right: 
trace amplitudes (lop) and envelopes (bottom) i idicatc waveform coherence across thc array. 
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Figure 3.10: Map and profiles displaying a t!.enwr event idcntifed February 14, 2002. Left: n o m a l i d  

brightness function obtained S-om (top) absolute trace amplitude wavcFornm sand (hottom) trace envelopes. 
Right: tracc atnplitudcs (top) and envelopes (bottom) indicate wavcforln cohcrcnce across thc array. 
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l-lgure 3.1 I :  Map and profiles showing a shallow ~r.ernor event identified Sep~eniber 6,  2002. Lcl'~: nor- 
malized brightness I'unc~ion obtained from (lop) absolulc trace alnplilude wavcSorms and (botkm) tract cn- 
velopes. Right: tracc amplitudes (lop) and envelopes (botlorii) indicale wavcl'mn coherence across the array. 
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Figure 3.12: Map and profiles showing a tremcr event idcntilicd Scptcmher 6, 2002. Thc normalized blight- 

ness function (top Icl't) obtaincd frorn trace absolutc amplitude waveforms (top right) shows consistency with 

the norrnalixd brightness funclion obtaincd froin ahsolute envelope wweforms (bottom Ic l i  and right). 



Chapter 4 

THE STRUCTURAL AND RHEOLOGICAL 

IMPLICATIONS OF TREMOR 

DISTRIBUTIONS 

It has been suggested that the location of tremor sequences may be used to refine the estimated 

duration and periodicity of slow slip thrusting [46]. However, tremors may play a much more sig- 

nificant role in the accumulation and release of elastic strain, and therefore seismic hazard along the 

northern Cascadia subduction zone. In light of Julian's (1994) argument that tremors are generated 

by flow-induced oscillation in fluid-tilled conduits [23], tremor activity may directly affect the local 

frictional stability regime by varying the local pore fluid pressure. Following a tremor sequence, 

the source region of tremors may undergo a decompression of pore fluids, resulting in a decrease 

in fluid pressure and an increase in effective nomial shear strength. In this sense, tremor activity 

may regulate the local frictional stability regime [49] and constrain both the location and magnitude 

of aseismic slip and earthquake seismicity. Earthquake activity and aseismic sliding may equally 

regulate tremor activity because interfaces of' stable sliding and fault systems may provide pathways 

for pore fluid flow. A thorough interpretation of tremor distributions and source mechanisms must 

therefore examine the stress interactions between tremors. earthquake seismicity, and aseismic slid- 

ing, each in relation to the structure of the megathrust interface. In this chapter, I will provide a brief 

rheological description of earthquake and aseismic slip source mechanisms, followed by a compar- 

ison of tremor distributions to the above processes and to the structure of the megathrust interface 

inferred from seismic reflection data. The spatial and temporal correlation of tremors from February 
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2002 and September 2002 to aseismic slip and earthquakes will provide valuable insight on how 

stress is accumulated, distributed, and released on the northern Cascadia margin. The interaction 

between the above processes will also clarify the rheological environment(s) necessary for tremor 

generation. 

4.1 SEISMIC vs. A S E I S M I C  S L I D I N G  A N D  F R I C T I O N  L A W S  

Both earthquakes and aseismic slip may be described by stick-slip frictional instabilities [S]. Earth- 

quakes are thought to occur predominantly by sudden slippage along pre-existing faults or interfaces, 

rather than by the conventional theory of brittle fracture [49]. The transition from seismogenic slip 

to aseismic slip occurs at the transition from elastic-brittle deformation to ductile flow [49, 481. A 

number of authors have suggested that this transition is thermally constrained [48, 18, 191. The 

observed maximum depth of crustal earthquakes and thermal modelling [ 181 indicate that beyond a 

critical temperature of about 350•‹C, earthquake seismicity decreases rapidly. Ductile flow. however, 

need not occur strictly at depths corresponding to temperatures above the critical 350•‹C limit, but 

also by the mechanism of cataclastic flow: a type of granular deformation which can occur in poorly 

consolidated sediments [49]. In this sense, slow slip need not occur exclusively at depth and along 

the megathrust interface, but may also release stress along shallow interfaces in the crust which 

exhibit poor sediment compaction and low shear strength. 

In the standard model of stick-slip friction, i t  is assumed that sliding begins when the ratio of 

shear to normal stress on the fault surface reaches a value p, (the static friction coefficient) [49]. The 

slip may occur seismically or aseismically, depending on the rheology. The effective normal stress 

of the fault zone is given by the relation 

where o is the applied normal stress (the lithostatic load) and p is the pore fluid pressure. Along 

subduction zones, increasing temperature and pressure conditions initially release large amounts of 

water from subducted sediment and oceanic crust through mineral dehydration reactions. This niain- 

tains high pore fluid pressures on the fault interface and limits the frictional build-up of shear stress 

and strain. If the pore fluid pressure p approaches the applied normal stress o, the effective normal 

stress and shear strength drop. Once the shear stresses become greater than the shear strength of the 

fault, stable aseismic sliding may occur. At some point, however, the rate of fluid loss decreases, 
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increasing the effective stress and allowing build-up of elastic strain and seismogenic behaviour 

[34]. 

Both aseismic slip and earthquake activity may affect the distribution and magnitude of tremors. 

The location of slow slip defines interfaces of low shear strength and high pore fluid pressure. The 

relaxation of accumulated elastic stress in the form of slow slip may propagate fluids along slip 

interfaces and induce tremor activity. Sudden slippage in the form of an earthquake may lengthen 

pre-existing faults, or remove asperities along the fault plane. This might result in lengthening, 

interconnection, or broadening of conduits along which fluid may be introduced. Additionally, 

tremor activity may regulate the frictional regimes that control aseismic and seismic slip. The onset 

of a tremor sequence may indicate a more rapid release of local shear stress. The reduction of pore 

fluid pressure following tremor activity may increase the shear strength along an interface or fault, 

and potentially terminate a slow slip episode or induce earthquake seismicity. The spatio-temporal 

correlation of slow slip, earthquakes, and tremor activity will serve to support or disprove these 

theories. 

4.2 ASSOCIATIONS B E T W E E N  A S E I S M I C  S L I P  A N D  T R E M O R  S E Q U E N C E S  

Episodic transient surface displacement of GPS stations has been modelled by up to 3 cm of slip on 

a region of the interplate interface roughly bounded by the 30-40 km depth contours and 100 km 

landward of the locked seismogenic zone [I 51. It has been proposed that fluid released from meta- 

morphic dehydration reactions in the subducting slab results in an increase in pore fluid pressure and 

subsequent decrease in shear strength along strike 141, 461, leading to the episodic release of stress 

accumulated around the transition zone in the form of aseismic slip. The spatio-temporal associa- 

tion of episodic tremor sequences with slow slip events (the aforementioned regions of low shear 

strength) promotes the idea that fluid migration generates episodic tremor activity [46]. Neverthe- 

less, the identification of tremor sequences outside the 13-16 month cycle may indicate that tremors 

originate from other source mechanisms besides fluid flow, and may nucleate in a variety of rheo- 

logical environments (not strictly environments of low shear strength). There may exist two unique 

classes of non-volcanic tremor with distinct source mechanisms. Though the fact that episodic and 

non-episodic tremors share the same spectral content and waveform character would contradict this 

point. If episodic and non-episodic tremors are indeed regulated by slow slip, aseismic slip could be 

occumng more frequently on a smaller scale and undetected by transient surface deformation. 



4.2 Associations Between Aseismic Slip and Tremor Sequences 

4.2.1 COINC'I I )ENCE OF SLOW SLIP WIT11 EPISODIC TREMOK SEQUENCES 

The locations of episodic tremors from February 2002 coincide with the proposed spatial range ol' 

aseismic slip (Figure 4.1). Tremors have becn located in both the subducting Juan tle Fuca plate and 

overriding North America plate, and over a depth range of 5-60 km. 'The largest densities of tremors 

occur at discrete depth ranges of 33-36 km and at 19-22 km, both of which lie at depths where slow 

slip is possible. In addition, episodic tremors migrate to the northwest and along strike i n  a simi- 

lar fashion to slow slip. The spatial and te~nporal correlation and migratory behaviour of episodic 

Figure 4.1: Epicenters of located episodic tremors (blue) and non-episodic tremors (yellow) super- 
imposed on the proposed transition zone (green) and zone of full aseismic slip (orange) as deter- 
mined from surface transient deformation studies (461. Episodic tremors distribute along the zone 
of full slip, whereas non-episodic tremor cluster at the eastern margin and at shallower depths. 

tremors and aseismic slip indicates that both processes are directly related and possibly co-regulated. 

If episodic tremors are the seimic expression ol' fluid flow through conduits, a non-uniform tremor 

depth distribution woulcl suggest that fluid is construined to flow along the two interfaces which 

correspond to the largest tremor densities. Tremor source localions therefore delineate interfaces of 

low shear strength. along which aseismic slip may be constrained and/or enhanced. As well, shear- 

ing along interfi~ces of slow slip may remove asperities, thereby allowing more fluid to propagate 

along the shear interface and inducing stronger tremor activity. These theories are suppo~.ted by 

observations of increased tremor activity coinciding with slip episodes (461. 
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4-2.2 COINCIDENCE OF SLOW SLIP WITH NON-EPISODIC TREMOR SEQUENCES 

September 2002 tremors were located at shallow depths, and immediately east of the proposed zone 

of slow slip. All tremors were located exclusively within the continental crust, and predominantly 

between depths of 5-10 km. Based on their spatial distribution, non-episodic tremors might not be 

the direct manifestation of fluid flow at depth, but instead liberate small amounts of stress in the 

brittle regime in response to shallow re-adjustment of the continental crust following a slip event. 

This, however, does not seems likely since the waveform character and frequency content of non- 

episodic tremors is identical to that of episodic tremors. A more plausible argument would be that 

shallow re-adjustment of the continental crust following the previous slow slip event generates, 

lengthens, or interconnects fault systems that serve as fluid pathways. Resonance of fluids through 

conduits extending into the crust would appear to generate shallow non-episodic tremor activity. 

One distinction between episodic and non-episodic tremors is that non-episodic tremors are 

found to have on average lower waveform amplitudes. Time-depth-amplitude histograms of the 

February 2002 and September 2002 tremor sequences are displayed in Fizure 4.2. The amplitudes 

of tremor events were calculated by first scaling the maximum amplitude of each tremor arrival 

from each recording station by the inverse of the radial distance between the recording station and 

the tremor source location. The scaled amplitudes from all recording stations and corresponding to 

one tremor event were then averaged to give a single corrected average amplitude for each tremor. 

The amplitudes of tremor events of the February 2002 sequence do not appear to have significant 

variability with respect to time and depth, though they are significantly greater, in general, than 

those of the September 2002 sequence. February 2002 tremor locations coincide with interfaces ac- 

commodating slow slip, and hence locate along extensive shear interfaces which may accommodate 

large amounts of fluid. Reduced amounts of fluid flow in the crust, relative to larger amounts of 

fluid migration along interfaces that accommodate slow slip, might explain lower amplitude tremors 

during September 2002. As well, shear interface or conduit geometry may play an important role. 

The surface area of fluid conduits through crustal fractures is likely much reduced and more variable 

than that of shear interfaces at depth, and might explain the larger variability in tremor amplitudes 

during September 2002. 
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Figure 4.2: Time-depth-amplitude 3-D histogranis of tremor events from the (a) Febn~ary 2002 
sequence and (b) September 2002 sequence. The amplitudes of tremor events were calculated by 
first scaling the maximum tremor arrival at each station by the inverse of the radial distance between 
the tremor source location and the station location, and averaging the scaled amplitudes. 



4.3 Coincidence o f  Earthquake Seismicity with Tremor Sequences 48 

4.3 COINCIDENCE O F  E A R T H Q U A K E  S E I S M I C I T Y  W I T H  T R E M O R  S E -  

Q U E N C E S  

Thermal and deformational modelling of the subduction interface [24, 18, 191 indicate that seismic- 

ity due to brittle fracture and frictional sliding is unlikely to occur in the subducting slab at depths 

greater than 35 km. Deep earthquakes within the slab are interpreted to originate by a process of 
L. 

embrittlement, during which internal pore fluid pressure due to dehydration of the slab reduces the 

effective normal stresses along faults [29]. Large increases in pore pressure are thought to cause frac- 

ture and frictional sliding along faults, or promote brittle reactivation of pre-existing faults [45,28]. 

Shallow slab events most commonly occur along the Pacific coast, around southern Vancouver Is- 

land and the adjacent mainland (551, which correlates with the boundary of the zone of slow slip. 

This spatial correlation suggests that slow slip and in-slab seismicity may be related to a common 

process of slab dehydration (141, or stress interaction. Because episodic tremors and aseismic slip 

associate both temporally and spatially, a common stress interaction between slow slip and in-slab 

seismicity could indicate that the source mechanism(s) of episodic tremors and in-slab earthquakes 

are also related. Earthquake seismicity may remove asperities along faults and enable or enhance 

the propagation of fluids being dehydrated from the subducting slab, and in this sense, may induce 

tremor activity. Alternatively, the removal of asperities along fault systems may result in the fault 

clamping shut. Because strain changes caused by earthquakes can alter pore-fluid pressures in rocks 

at a distance from the hypocenter 122,321, a relationship (whether direct or inverse) between tremors 

and earthquakes is likely. Tremor and earthquake distributions and magnitudes must therefore be 

compared in order to determine the exact association. 

4.3.1 EPISODIC TREMOR A N D  EARTHQUAKE DISTRIBUTIONS 

Elevated levels of tremor activity have been identified during February 2002, amounting to 482 

identified tremors, 187 of which are considered well-located. Despite significant tremor activity, 

earthquake seismicity during this month is relatively quiescent. 13 weak ( M L  < 2.8) crustal and in- 

slab earthquakes occurred during February 2002, and within the search region of this study. Reduced 

earthquake seismicity may be a consequence of the slow slip episode that occurs during this month. 

During the slow slip episode, fluids released from the subducting slab reduce the shear strength 

along the subduction interface, resulting in the aseismic release of shear stress. It is possible that an 

insufficient amount of the accumulated stress remains to generate earthquake seismicity. 

Earthquake hypocenters do not coincide with the locations of episodic tremors (Figure 4.3), but 
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occur specifically where tremors do not. Thi, ha\ important implications for thc rheological environ- 

Figure 4.3: Comparison of episodic tremors and local in-slab and crustal earthquakes during Febi-u- 
ary 2002. Blue circles indicate episodic trefiior,, green stars indicate earthquakes. 

inent of episodic tremors. Large amounts of tremor activity that coordinate spatially and temporally 

with slow slip rather than earthquake seis~ncity indicates that episodic tremors (at depths predom- 

inantly between 20-40 km) nucleate along shear interfaces (and low shear strength environments) 

that accommodate large a~nounts of fluid rarher than along fault systems. 

4.3.2 NUN-EPISOI>IC T K H M O K  AN13 F A K T H Q U A K B  D I S T K I H U T I O N S  

Lower levels of non-episodic tremor activity have been found during September 2002 than that 

of episodic tremor activity during February 2002. 194 tremors have been identified, 99 of which 

are considered well located. However, September 2002 experienced relatively large levels of weak 
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(ML < 2.8) crustal and in-slab earthquake seismicity, predominantly near the southeast tip of Van- 

couver Island. The majority of earthquakes during September appear to be crustal, indicating that 

large amounts of accumulated stress are being released in the crust 6 months following the previous 

slip event. There appears to be some spatial overlap between the location of tremors and earth- 

quakes (Figure 4.4) which indicates that large amounts of accumulated stress are being released in 

the general region from which non-episodic tremors originate. 

It is possible that slow slip may have been occurring during September 2002, though on a smaller 

and undetectable scale. However, aseismic slip and earthquakes require different frictional regimes 

(slow slip requires low shear strength, whereas earthquakes require high shear strength). High levels 

of earthquake activity in the crust indicates a high shear strength environment, unsuitable for slow 

slip. Furthermore, low levels of earthquake activity during the previous slow slip event supports the 

idea that these two processes are spatially disassociated. It is more likely that shallow re-adjustment 

of the crust following the previous slip event induces fracture and frictional sliding along faults, 

which may serve to remove roughness and asperities along fault systems, allow the propagation of 

fluid into the crust, and initiate the September 2002 tremor sequence. 

4.4 MEGATHRUST S T R U C T U R E  A N D  E P I S O D I C  T R E M O R  D I S T R I B U T I O N S  

The depth distribution of episodic tremors located during February 2002 may be characterized in 

relation to the two surges in tremor activity identified during February I "- lUh,  and February 1 l fh -  

2Uh, respectively. Tremors located during the first surge in activity distribute evenly over a broad 

depth range of 40 km, placing them in both the subducting Juan de Fuca and overriding North 

American plates. During the second and stronger surge in activity, the majority of tremors appear 

to distribute at two depths, approximately 20 and 34 km. If in fact the location of episodic tremors 

directly identifies the depth at which aseismic slip occurs. a segregated tremor depth distribution 

would indicate that slow slip occurs along more than one interface. Episodic tremor sequences 

have been projected laterally onto a seismic reflection profile (Figure 4.5) with superimposed P- 

wave velocities [42] to form a composite cross-section of the megathrust interface (Figure 4.6). A 

histogram of tremor depth distribution was generated by sorting located tremor depths into 2 km 

bins. The large number of tremors located at depths of 33-36 km coincides with the depth of the F- 

reflector. A second peak at 19-22 km coincides with the top of the E-reflector zone. It is important 

to note that the spatial correlation of episodic tremors to the proposed duplex thrust structure is 

apparent only during the second surge in tremor activity. It is possible that the first surge in tremor 
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Figure 4.4: Comparison of non-episodic trcmors and local in-slab and crwtal earthquake? during 
September 2002. Yellow circles indicate non-episodic tremors, red stars indicate earthquakes. The 
ma.jority of earthquakes occur at depths shal ower than 30 km, and within the North American plate. 

activity indicates a build-up in stress don?  the megathn~st which is subsequently released i n  the 

I'omi of deeper slow slip. 

Another important distinction between first-surge and second-surge tremor sequences is the dif- 

ference in migration rate. Tremors undergo a slow migration at the beginning of the monlh, while 

more rapid lremor migrations are observed cluiing the second pulse in activity. This second pulse 

also corresponds to a re-dislribution of many tremors along the two subsurface inteifaces. Because 

h i d  released from metamorphic dehydration reaclions has been proposed to induce ;~seisniic slip 

events [41, 461, the migration direction of the lremor sequence might indicate the direclion of fluid 

How in response to the redistribution of s h m -  stress along the slow slip interface(s). Changes in 

pore pressure due to the release of shear stress during slow slip may drive the migration of fluids in 
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Figure 4.5: Azimuth of 063" onto which tremor sequences were projected for comparison to reflec- 
tion data and P-wave velocities (Figure 4.6). 

the direction of slow slip. The correspondence of large migration rates to a divided depth distribu- 

tion could imply that the roof and floor thmst interfaces of a possible megathrust duplex structure 

accommodate fluid pathways which initiate aseismic slip and the associated tremor activity. 

4.5 MEGATHRUST STRUCTURE A N D  NON-EPISODIC TREMOR DISTRI- 

BUTIONS 

Non-episodic tremors identified during September 2002 distribute predominantly at depths of 5-10 

km, and eastward of the zone of aseismic slip. The distribution of non-episodic tremors appears 

unrelated to the depths of E- and F-reflec~ors (Figure 4.6), which suggests that the mechanisms 

which generate non-episodic tremors are uiirelated to possible fluid migration and shear stress re- 

distribution along these interfhces. The lack of tremor migration observed during September 2002 

suggests that non-episodic tremors relate to a more localized stress change at shallow depths i l l  

the crust. If small and undetected amounts of deep aseismic slip are occurring on the megathrust, 

shalIow tremors lnay originate from fluids released due to aseismic stress changes along the slip 
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Figure 4.6: Conlposite seismic cross-section across the Cascadia forearc, showing migrated reflec- 
tion data superimposed on P-wave velocitie:; derived by 3-D tomographic inversion of first arrivals. 
Seismic profiles were projected onto an azirtiuth of 063". which is a representative dip direction for 
the subducting plate near the seismic profile:; 171. (a) Episodic tremor sequences were projected onto 
the same azimuth, and are color-coded in  te.-ms of 10-day period. Tremors located during February 
IS' - 10'" are shown in blue, during February I I"' - 20'" in red, and during February 21"' - 28Ih i n  
green. A histogram of tremor depths (right) was generated by sorting tremor locatio~is into bins of 
2 km. Many tremors occur at the same depths as the F-reflector. A smaller peak in  the distribution 
corresponds to the top of the E-reflectors. Largest tremor migrations occur during the second surge 
i n  tremor activity, during February 11'" - 20'". (b) Non-episodic tremor sequences projected onto 
the same protile. Tremors located during September 1." - 10"' are shown in  blue, during September 
I I"' - 20'" in red, and during September 21" - 228'" i n  green. Non-episodic tremors have no direct 
spatial association with the megathn~st interface, and abruptly terminate at the top of the F-reflector. 
This indicates almost all non-episodic tremors are located i n  the continental crust. 
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interface(s) which propagate into the crust through fault systems. However, the magnitude of this 

deep aseismic slip must be considerably lower than in February 2002, because there is no evidence 

of comparable ground deformation in the GPS monitoring data. 



Chapter 5 

CONCLUSIONS AND SUGGESTIONS FOR 

FUTURE WORK 

In this thesis I have imaged the source locations and origin times of the two tremor sequences that 

occurred during February and September of 2002, with the incentives of obtaining more accurate 

estimations of the region and duration of slow slip thrusting and the distribution of stresses along the 

northern Cascadia margin. The comparison of two tremor classes. one of episodic nature which co- 

incides spatio-temporally with slow slip, and the other which is non-episodic and crustal, has led to 

theories on the rheology and structure of the subduction thrust and the nature of stress accumulation 

and release along the northern Cascadia margin. It has become apparent that stress release along the 

megathrust manifests through a sequence of interrelated processes, namely slow slip, earthquakes, 

and tremor activity. The critical factor which appears to control the release of accumulated stress 

and the interaction of the above processes is pore fluid pressure. The propagation of large quanti- 

ties of Ruids dehydrated from the subducting slab has the effect of varying the pore Ruid pressure, 

and therefore the frictional regime, in an apparently episodic manner that is precursory to episodic 

sequences of tremor activity and slow slip thrusting. These fluids seem to propagate along a large 

portion of the megathrust (corresponding to the region of slow slip) and at shallow depths into 

the crust (corresponding to the depths of the September 2002 tremor sequence), allowing seismic 

and aseismic processes that nucleate in different regions along the subduction thrust to become co- 

dependent and co-regulated. Flow modelling of Ruids dehydrated from the subducting slab will be 

a very important aspect of future research into the state of stress of the northern Cascadia margin. 

In  this chapter I will outline the conclusions drawn from my thesis research, and present important 



5.1 Conclusions 

avenues for future research based on my results. 

Episodic and non-episodic tremors corresponding the sequences of February and September of 2002, 

respectively, are identified by S-wave amvals with a frequency content in the range of 1-5 Hz, and an 

emergent waveform character that has been attributed to a common source mechanism of resonance 

in fluid-filled conduits [23, 22, 411. Both tremor sequences have been imaged using the source- 

scanning algorithm, which identifies the source locations and origin times of tremors based on the 

coherence of tremor S-wave arrivals across the seismograph network. Episodic and non-episodic 

tremors differ in terms of their spatial distributions. their migratory behaviour, and their magnitudes. 

The majority of tremors of the February 2002 sequence distribute at depths greater than 15 km 

and migrate from the southeast tip of Vancouver Island to the northwest. Non-episodic tremors of 

the September 2002 sequence generally locate between depths of 5-10 km at the southeast tip of 

Vancouver Island, and show no migratory behaviour. The amplitudes of September 2002 tremors 

are significantly lower than those of February 2002, which indicates reduced fluid flow and stress 

release associated with the non-episodic tremor sequence. 

Episodic tremors are spatially and temporally linked to slow slip through the propagation of 

fluids along the megathrust interface(s). Their source region and migration indicate the region and 

propagation direction of fluids dehydrated from the subducting slab. Two 8-day periods of elevated 

tremor activity were identified durinz February 2002, separated by a short two-day period of reduced 

detection. During the first period, tremor locations were fairly evenly distributed over a depth range 

of 15-40 km. The second period of enhanced tremor activity is accompanied by a more rapid migra- 

tion to the northwest and a redistribution of tremors along two interfaces at depths of approximately 

19-22 km and 33-36 km. The depths which correspond to the largest tremor populations identify 

two interfaces which accommodate large amounts of fluid such that the shear strength is sufficiently 

reduced to allow slow slip. In lieu of this argument, the structure of the megathrust interface may 

in fact be a duplex thrust structure, with shear and slow slip occurring on both the upper and lower 

thrust interface. Episodic tremor locations have an average spatial error of 7 km in the horizontal 

direction and 9 km in the vertical direction, and may therefore be used to further constrain the depths 

at which slow slip occurs (in addition to surface-based defornlation monitoring). The spatial error of 

tremor locations may be reduced by using horizontal-component seismometer data in addition to the 

vertical-component data used in this thesis, and a larger number of seismograph stations. Episodic 
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tremors appear to nucleate where local earthquakes do not, which further supports the theory that 

tremors are generated by fluid flow which decreases the shear strength along faults. 

Non-episodic tremors do not correlate spatially nor temporally to slow slip, though temporally 

coincide with elevated crustal earthquake seismicity. Non-episodic tremors distribute in a localized 

area in the crust, predominantly at depths of 5-10 km. The large spatial segregation of episodic 

and non-episodic tremors, despite their common source mechanism, indicates that fluid propagation 

along the northern Cascadia margin is abundant and wide-spread. Elevated pore-fluid pressures may 

result from both dewatering reactions at depth and poor sediment compaction at shallow depths 

in the crust, which may reduce effective stresses over a broad depth range corresponding to the 

distributions of episodic and non-episodic tremor sequences. High pore-fluid pressures along a 

significant portion of the northern Cascadia subduction zone would further indicate a weak coupling 

of the subduction fault. Non-episodic tremors occur during a period of elevated crustal earthquake 

seismicity, which has led to the theory that this tremor class is generated by the lengthening and 

interconnection of fault systems due to crustal seismicity which provide fluid pathways to shallow 

depths in the crust. As in the case of episodic tremors, non-episodic tremor locations do not coincide 

with earthquake hypocenters, which may indicate reduced shear strength along fault systems from 

which tremors originate due to fluid infiltration. 

The imaging tremor sequences may be used to map the movement of fluid in the subduction 

zone. Because tremors are generated by fluid flow. the location of tremor sequences may isolate 

regions of high pore fluid pressure and low effective stress, which define areas of low seismicity 

and hisher probability of shear. The February 2002 tremor sequence indicates the propagation of 

large amounts of fluid on the deeper (19- to 36-km) part of the northern Cascadia subduction zone 

interface, which has the effect of generating rheological or frictional instabilities that induce stable 

sliding. Transient deformation associated with slip increases the stress along the up-dip locked 

plate interface [46]. Consequently, the possibility of triggering a megathrust earthquake would be 

expected to increase as the frequency and magnitude of slow slip increases [46,31]. The September 

2002 tremor sequence indicates fluid-saturated fault systems at shallow (5- to 10-km) depths in the 

continental crust. High crustal pore pressures reduces the probability of large crustal earthquakes. 

'The imaging of non-volcanic tremor sequences is therefore a sensitive indicator of stress variation 

and a valuable tool to assess seismic hazard both along the megathrust and at crustal depths. My 

most general suggestion for future tremor research is to acquire and image tremor waveform data 

over an entire slow slip period (13-16 months) to develop statistical relationships between tremor 

occurrence, slow slip and earthquakes. More observational data and robust statistical correlations 
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will be required to address some important questions that arise from the interpretations of this thesis, 

as will be outlined in the following section. 

5.2 SUGGESTIONS F O R  F U T U R E  W O R K  

DO E A R T H Q U A K E S  TRIGGER TREMOR ACTIVITY? 

There is evidence that small- to moderate-sized earthquakes may trigger tremor activity by causing 

strain changes that can alter local pore fluid pressures [32, 221. It may be that shallow non-episodic 

tremor are dependant on earthquake seismicity to: 

I .  re-activate and interconnect fault systems which may become infiltrated with fluids dehy- 

drated from the subducting slab, and 

2. induce local pore fluid pressure gradients which drive fluids through fault systems. 

This may be verified by correlating shallow non-episodic tremor sequences with crustal earthquake 

seismicity. Additionally, it would be interesting to see if shallow non-episodic tremor has any effect 

on the focal mechanisms of crustal earthquakes. Systematic differences in the focal mechanisms of 

earthquakes accompanied by tremor may be used to quantify the amount of stress released by the 

non-episodic tremor sequence. 

ARE EPISODIC TREMORS PRECURSORS TO SLOW SLIP? 

Episodic tremors of the February 2002 sequence were found to have two 8-day pulses of elevated 

activity. During the first pulse, tremors were located fairly evenly over a broad (5- to 40-km) depth 

range and showed no significant source migration. The majority of the tremors of the second pulse 

were located along two shear interfaces an undergo a rapid source migration, and are therefore 

interpreted to accompany slow slip. It is possible that fluid propagation associated with the first 

pulse of elevated tremor activity is necessary to sufficiently hydrate the slip interface(s), reduce the 

effective stress, and induce the slip episode. This may be verified by determining the occurrence rate 

of tremor activity during several slip episodes. If an initial pulse in tremor activity characteristically 

precedes episodes of aseismic slip, the magnitude of these tremors may indicate the amount of stress 

accumulation required to induce slow slip. 
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WHAT A R E  THERE NO IN-SLAB EARTHQUAKES DURING SEPTEMBER 2002? 

Following an episodic tremor and slip event, one would expect the subducting slab to be sufficiently 

embrittled due to the propagation of large amounts of dehydrated fluids. Because deep earthquakes 

within the slab are interpreted to originate by a process of embrittlement [29], it is surprising that 

earthquake seismicity in September 2002 following the slip event is uniquely crustal. This might 

indicate that aseismic slip releases most of the accumulated stress in the subducting slab, and an 

insufficient amount of stress remains at depths beyond 35 km to generate earthquake seismicity. 

Temporal correlations between slow slip and in-slab seismicity may clarify any dependencies one 

process has on the other. 

C A N  T H E  COHERENCE OF TREMOR WAVEFORMS V E R I F Y  THE SOURCE MECHANISM(S)? 

It might be possible to verify or constrain the source mechanism(s) of non-volcanic tremors by 

correlating tremor events with the same source location but occur at different origin times. A large 

waveform coherence between common source-point tremor events (though with different origin 

times) would indicate that the tremor source mechanism is repeatable. This would indicate that 

the tremor source mechanisms are repeatable, and give further credibility to the assumption that 

non-volcanic tremor are generated by flow-induced resonance in fluid conduits. In addition, a large 

degree of waveform coherence between common source-point tremor events might indicate that 

these tremors were generated in the same fluid pathway, which may isolate the number of fluid 

pathways that generate an entire tremor sequence. 



Appendix A 

EPISODIC TREMOR SOURCES 

date 

~YYYmmdd 
20020202 
20020203 
20020203 
20020203 
20020203 
20020203 
20020204 
20020204 
20020204 
20020204 
20020204 
20020204 
20020204 
20020204 
20020205 
20020205 
20020205 
20020205 
20020205 
20020205 
20020205 
20020205 

February 2002 locations 

hour seconds lat lon depth dh dz 
hr after hour (') (") (km) (km) (km) 

06 660.690 48.55 -122.43 7 5.909 10.52 

Table A. 1 : February 2002 tremors 
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February 2002 locations 

date 

yyyymmdd 
20020206 
20020206 
20020206 
20020206 
20020207 
20020207 
20020207 
20020207 
20020207 
20020207 
20020207 
20020207 
20020207 
20020207 
20020208 
20020208 
20020208 
20020208 
20020208 
20020208 
20020208 
20020208 
20020208 
20020209 
20020209 
20020209 
20020209 
20020209 
20020209 
20020209 
20020209 
20020209 
20020209 
200202 10 
200202 10 
2002021 1 

2002021 1 
2002021 1 
2002021 1 
200202 1 2 
200202 1 2 
200202 1 2 

hour seconds lat Ion depth dh dz 
hr after hour (") ("> (km) (km) (km) 
04 741.890 48.62 -123.33 36 10.70 9.167 

Table A.2: February 2002 tremors 
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date 

YYYYmmdd 
200202 1 2 
200202 1 2 
200202 12 
200202 12 
200202 12 
200202 1 2 
200202 1 2 
200202 12 
200202 1 3 
200202 1 3 
200202 13 
200202 1 3 
200202 14 
200202 14 
200202 14 
200202 1 4 
200202 1 4 
200202 1 4 
200202 1 4 
200202 1 4 
200202 1 4 
200202 14 
200202 1 4 
200202 14 
200202 14 
200202 1 4 
200202 14 
200202 1 4 
200202 1 4 
200202 1 5 
200202 15 
200202 15 
200202 15 
200202 1 5 
200202 1 5 
200202 1 5 
200202 1 5 
200202 1 5 
200202 1 5 
200202 1 5 
200202 1 5 
200202 15 

February 2002 locations 

hour seconds lat Ion depth dh dz 
hr after hour (') (') (km) (km) (km) 

Table A.3: February 2002 tremors 
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date 

YYYYmmdd 
200202 1 5 
200202 1 5 
200202 1 5 
200202 15 
200202 15 
200202 15 
200202 1 5 
200202 1 5 
200202 1 6 
200202 1 6 
200202 16 
200202 16 
200202 1 6 
200202 1 6 
200202 1 6 
200202 16 
200202 1 6 
200202 1 6 
200202 1 6 
200202 1 6 
200202 16 
200202 1 6 
200202 16 
200202 1 6 
200202 1 6 
200202 1 6 
200202 16 
200202 16 
200202 1 6 
200202 17 
200202 17 
200202 17 
200202 1 7 
200202 17 
200202 1 7 
200202 1 7 
200202 17 
200202 17 
200202 1 7 
200202 1 7 
200202 1 7 
200202 17 
200202 17 

February 2002 locations 

hour seconds lat Ion depth dh dz 
hr after hour (O) (") (km) (km) (km) 
13 1501.98 48.71 -124.06 5 6.437 11.61 

Table A.4: February 2002 tremors 
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date 

~YYYmmdd 
200202 17 
200202 1 7 
200202 1 7 
200202 1 7 
200202 1 8 
200202 1 8 
200202 1 8 
200202 1 8 
200202 1 8 
200202 1 8 
200202 1 8 
200202 1 8 
200202 1 8 
200202 1 8 
200202 1 8 
200202 19 
200202 1 9 
200202 19 
20020220 
2002022 1 
2002022 1 
20020222 
20020222 
20020222 
20020223 
20020224 
20020225 
20020226 
20020226 
20020226 
20020226 
20020227 
20020227 
20020227 
20020227 
20020228 
20020228 
20020228 

February 2002 locations 

hour seconds lat lon depth dh dz 
hr after hour ( O )  c') (km) (km) (km) 

3015.50 48.58 -123.47 10.51 8.587 

Table AS: February 2002 tremors 



Appendix B 

NON-EPISODIC TREMOR SOURCES 

Date 

YYYYmmdd 
2002090 1 
20020902 
20020902 
20020902 
20020902 
20020902 
20020903 
20020903 
20020903 
20020903 
20020904 
20020904 
20020904 
20020904 
20020904 
20020904 
20020905 
20020905 
20020905 
20020905 
20020905 
20020905 

September 2002 locations 

hour seconds lat Ion depth dh dz 
hr after hour (") (") (km) (km) (km) 

549.230 48.68 -123.62 14 7.56 8.56 

Table B. 1 : September 2002 tremors 

65 



APPENDIX B. NON-EPISODIC TREMOR SOURCES 

Date 

YYYYmmdd 
20020905 
20020905 
20020905 
20020905 
20020905 
20020905 
20020905 
20020905 
20020905 
20020905 
20020906 
20020906 
20020906 
20020906 
20020906 
20020906 
20020906 
20020907 
20020907 
20020908 
200209 10 
2002091 1 
2002091 1 
2002091 1 
200209 1 2 
2002091 3 
200209 1 3 
200209 1 3 
200209 1 5 
200209 1 6 
200209 1 6 
200209 16 
200209 1 6 
200209 1 6 
200209 16 
2002091 6 
200209 1 6 
200209 1 6 
200209 1 8 
2002091 8 
20020920 
2002092 1 

September 2002 locations 

hour seconds lat Ion depth dh dz 
hr after hour (O) ("1 (km) (km) (km) 
15 1284.18 48.80 -123.25 10 9.99 9.03 

Table B.2: September 2002 tremors 



APPENDIX B. NON-EPISODIC TREMOR SOURCES 

Date 

YYYYmmdd 
2002092 1 
2002092 1 
2002092 1 
2002092 1 
2002092 1 
2002092 1 
20020% 1 
2002092 1 
2002092 1 
20020922 
20020922 
20020923 
20020924 
20020924 
20020925 
20020925 
20020925 
20020925 
20020925 
20020925 
20020925 
20020925 
20020925 
20020925 
20020925 
20020926 
20020926 
20020927 
20020927 
20020927 
20020927 
20020928 
20020928 
20020930 
20020930 

September 2002 locations 

hour seconds lat lon depth dh dz 
hr after hour (O) (") (km) (km) (km) 

2655.10 48.66 - 123.54 7.78 10.5 

Table B.3: September 2002 tremors 



Appendix C 

IMPLEMENTING SOURCESCAN 

C.1 PROGRAM AND SCRIPTS 

In this appendix I will describe the methods, scripts and programs I have implemented to obtain, pre- 
process, and image tremor waveform data. Several scripts and programs written by other researchers 
have been used, and will referred to but not included. They may be obtained directly from their 
authors, and are as follows: 

rnkPmodelnew . f (H. Kao): Converts a 3D P-wave velocity model to a C binary input file velP3dnew 
required by the 3D raytracing program punch. c. 

punch. c (J. Hole and C. Zelt): Calculates first arrival travel times within a gridded 3-D velocity 
model [16]. pnch. p a r  and velP3dnew are the required input files. 

pnch. par  (J. Hole and C. Zelt): Parameter file for punch. c, specifying the name and size of the 
velocity model and the grid size of the volume discretization. 

mkPref . csh (H. Kao): Script to calculate the reference P-wave velocity travel-times from each 
seismograph station to each grid point in the scanning volume. Station names, (x, y, z )  po- 
sitions and latitude-longitude coordinates are read from an input file s t a t i o n . d a t ,  of the 
form 

LZB 159.2930 265.3800 -0.8440 48.6117 -123.8236 
MGB 95.8430 221.1600 -1.3000 49.0000 -124.6975 
NAB 146.9000 197.3600 -0.2560 49.2222 -124.0039 

and punch. c is executed. Travel-time reference files are named according to their reference 
station and corresponding phase velocity. 
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mkSref . f (H. Kao): Reads in  a P-wave velocity travel-time reference file and multiplies the travel- 
time by 1.73 to produce the corresponding S-wave velocity travel-time reference file. Travel- 
time reference files are named according to their reference station and corresponding phase 
velocity. 

sacssplot-040616 . f  (H. Kao): Generates a SAC (Seismic Analysis Code) macro (readsta.m) 
to plot, decimate (sample interval=O. 1 s), and high-pass filter the vertical-component seismo- 
grams. Seismograph station instrument response files must be first acquired from the National 
Waveform Archive [38], which are used to transform waveforms to a unified instrument. 

press-040621. f (H. Kao): Reads in a series of SAC-format filtered waveform files. normalizes 
the waveforms, and outputs two ASCII-format waveform files used by sourcescan to calculate 
'brightness' values. The first contains normalized waveform absolute amplitudes (*.obsl), the 
second contains normalized waveform envelopes (*.envl). 

sourcescanV040531. f (H. Kao): Tremor source-scanning algorithm, which scans through a set 
of seismograms for coherent signals and locates the corresponding source point [25] .  

sourcescan .  i n c  (H. Kao): Include file for sourcescanV040531. f ,  which provides the dimen- 
sions of the scanning volume and the number of grid elements in  the volume discretization. 

I have written the following programs and scripts to supplement the above programs and pro- 
duce an automated method to obtain tremor waveforms and image tremor events efficiently on the 
WestGrid cluster facility at the University of British Columbia 1531. 

r eq f  i l e .  csh: Requests the waveform data from the National Waveform Archive [38]. 

s a c d i r  . csh: Organizes the waveform data into directories according to their date and time. 

hpsac .  csh: Submits the SAC waveform data to s a c s s p l o t  -040616. f .  

r u n p r e s s .  csh: Generates the input files for press-040621. f .  

mkinput . csh: Generates the input files for sourcescanV040531. f .  

mkrun. csh: Submits the sourcescanV040531. f jobs to run on the WestGrid cluster. 

fmparm. csh: Identifies x-, y-, and z-positions and occurrence times corresponding to large bright- 
ness values in  the output files of the first run of sourcescanV040531. f .  

fm. c: Used by fmparm.csh to identify spatial positions and occurrence times corresponding to 
brightness values above a specified brightness threshold. 

d i s c .  csh: Defines the spatial range and time period for scanning in the second run of sourcescan. 

d i s c 1  . c: Used by d i s c .  csh.  

d i s c 2 .  c: Used by d i s c .  csh.  
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f rparm. csh: Generates the input files for second run of sourcescanV040531. f. 

f r . c: Used by f rparm . csh. 

f indmax. csh: Generates the input files for final run of sourcescanV040531. f. 

maxbri . c: Used by f indmax . csh. 

The user must first 

1 .  download and install the Seismic Analysis Code (SAC) 

http: //www. llnl. gov/sac/ 

2. download and install rdseed 

http://www.iris.edu/pub/programs/ 

3. download and install Generic Mapping Tool (GMT) 

Several directories will need to be generated. As an example, I suggest the following: 

1. /tremor/src 

2. /tremor/bin 

3. /tremor/velmodel 

4. /tremor/allref /P 

5. /tremor/allref /S 

6. /tremor/sac 

7.  /tremor/obsl 

8. /tremor/envl 

9. /tremor/input 

10. /tremor/output5sec 

11. /tremor/outputO.lsec 

12. /tremor/outputssf nl 

Program executables and scripts should be placed in /tremor/bin. The paths to sac, rdseed, gmt, 
and /tremor/bin should be defined in  . cshrc so that programs may be executed in  all directories. 
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VELOCITY MODELS 

A 3-D P-wave velocity model for northern Cascadia, velocity-merged.datz87km, was first 
acquired from K. Ramachandran [42]. mkPmodelnew . f was executed to produce a direct-access 
C-binary P-wave velocity model named velP3dnew of (.r, y,  z) dimensions 361 x 45 1 x 9 1 km with 
a grid-size of 1 km. 

WAVEFORM DATA 

Waveform data from available CNSN and broad-band seismograph stations in southwestern British 
Columbia were requested and downloaded from the National Waveform Archive [38] in one-hour 
time-interval segments by executing reqf  i l e .  csh. The instrument response files for available 
stations were downloaded from the Canadian National Seismograph Network [37], and placed in 
/ t remor/polezero .  Seismograms are downloaded in seed-format, and are converted to SAC- 
format using the rdseed program. The script s a c d i r  . csh executes rdseed and places SAC- 
format waveforms in directories corresponding to their dates and times, for example, /day/hour. 
The seismograph station position file s t a t i o n .  d a t  was generated using information available from 
the Canadian National Seismograph Network website [37]. The Generic Mapping Tool (GMT) was 
used to convert latitudes and longitudes to (r, y, z) positions. 

# ! / b i n / c s h  -f 

# r e q f i l e . c s h  
# G i l l i a n  Royle 

# Generates t h e  emai l  r e q u e s t  f i l e s  f o r  waveform d a t a  
# from s p e c i f i e d  s t a t i o n s  f o r  t h e  s p e c i f i e d  day.  Data a r e  

# downloaded i n  one-hour t ime i n t e r v a l s .  This  example genera tes  
# t h e  r e q u e s t  from s t a t i o n s  LZB, MGB, NAB, f o r  Feb.l /2002.  
s e t  yea r  = 2002 
s e t  month = 02 

s e t  day = 01 
s e t  h r  = 0 

s e t  s e c  = 0000 
s e t  mai l  = g t r o y l e @ s f u . c a  
s e t  s t a  = 'LZB MGB NAB'  
whi le  ( $hr  <= 23) 

whi le  ($hr <= 9) 
echo "BEGIN" > req-$year$month$day'O'$hr 
echo "EMAIL "$mail >> req-$year$month$day)O'$hr 
echo "DATE1 "$year$month$day'O'$hr$sec >> \ 

req-$year$month$day'O'$hr 
echo "DUR 3600" >> req-$year$month$day'O'$hr 
echo "FORMAT SEED" >> req-$year$month$day'O'$hr 
echo "STA-LIST " $ s t a  >> req-$year$month$day'O'$hr 
echo "CHA-LIST *Z" >> req-$year$month$day'O'$hr 
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echo "WAVEFORMn >> req-$year$month$day'O'$hr 
echo "STOP" >> req-$year$month$day)O)$hr 
@ hr = $hr + 1 

end 
echo "BEGIN" > req-$year$month$day$hr 
echo "EMAIL "$mail >> req-$year$month$day$hr 
echo "DATE1 "$year$month$day$hr$sec >> req-$year$month$day$hr 
echo "DUR 3600" >> req-$year$month$day$hr 
echo "FORMAT SEED" >> req-$year$month$day$hr 
echo "STA-LIST "$sta >> req-$year$month$day$hr 
echo "CHA-LIST *Z" >> req-$year$month$day$hr 
echo "WAVEFORM" >> req-$year$month$day$hr 
echo "STOP" >> req-$year$month$day$hr 

@ hr = $hr + 1 
end 
set finp = '/bin/ls req-*' 
foreach file ($finp) 
echo "mailx -s "data" autodrm@seismo.nrcan.gc.ca <"  $file \ 

>>request 
echo "sleep 600" >> request 

end 
chmod +x request 

#!/bin/csh 
# sacdir.csh 
# Gillian Royle 
# Reads seed-format data and outputs sac-format data. 
# Uses rdseed. 
# Renames the waveform file by recording station and date. 
# Places in a directory labelled by the day and hour of the data. 
set flist = '1s CNSN-*.*' 
f oreach file ($f list) 

'/global/home/gtroyle/rdseed/rdseed -d -f $file -0 1' 
set saclist = '1s *.SACc 
foreach sfile ($saclist) 

set ddir = 'echo $sf ile I cut -c6-8' 
set hdir = 'echo $sfile I cut -clO-11' 
set sdir = 'echo $sfile I cut -cl3-14' 
set sacstnm = 'echo $sfile I cut -c27-29' 
set saccmpt = 'echo $sfile I cut -c32-34' 
set sacf nm = ' echo $sacstnm. $saccmpt I tr " [A-Zl I' " [a-zl " ' 
mv $sfile $sacfnm 
mkdir $ddir 
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cd $ddir 
mkdir $hdir'-'$sdir 
cd . . 
mv $sacfnm $ddir'/'$hdir'-'$sdir 
cp $file $ddirl/'$hdir'-'$sdir 

end 
rm rdseed.err* 
mkdir CNSN 
mv CNSN-* CNSN 

end 

REFERENCE TRAVEL-TIME FILES 

mkPref . csh was executed to calculate the reference travel-time files from each seismograph station 
to each grid point in the scanning volume. mkPref . csh inputs velP3dnew, station.dat, and 
pnch. par to punch. c. The travel-time reference files corresponding to the P-wave velocity model 
were placed in /allref /P. Travel-times corresponding to S-wave velocities were subsequently 
calculated by executing mkSref . f and placed in /allref /S. 

WAVEFORM PREPROCESSING 

In directories containing SAC wavefomi files, hpsac. csh was executed to generate the file f nlist 
that is input to sacssplot-040616. f. f nlist specifies the sampling interval and vertical-component 
wavefom~s for sacssplot~040616. f, which then generates the SAC macro readsta .m that dec- 
imates and high-pass filters the waveform files. The following lines of sacssplot-040616. f will 
need to be specified: 

lines 28 and 35: give the correct path to station. dat. 

lines 1 85, 1 87,201, and 206: give the correct path to /tremor/polezero 

#!/bin/csh 
# hpsac.csh 
echo S > !  fn-list # S for southern Vancouver Island target area 
echo 0.1 >> fn-list # specify 0.1 sampling interval of output 
1s *z >> fn-list # take vertical component waveforms 
sacssplot < fn-list # create SAC macro \texttt(readsta.m) 
sac readsta.m # run \texttt(readsta.m) to output filtered waveforms 
# (filtered waveforms end with extension \texttt(dec-hp)). 

The waveform data is then normalized. Input files for press-040621 .f are first generated, and 
have the extension *.press. The first line indicates the beginning hour, minute and second, the 
total duration of the waveform (in seconds), the N-th root factor for data processing (refer to Section 
C.6), and the normalization type (-1 indicates no normalization, 0 indicates linear normalization 
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with two standard deviations, 1 indicates mean linear normalization with the maximum amplitude 
being this positive value). For example, to apply a linear normalization with two standard deviations 
to waveforms recorded at 12:OO:O.O on February 1, 2002 and lasting 3600 s, use the following 
commands: 

echo 12 0 0.0 3600 1 0 > !  2002032-1200.preSS 
1s *hp >> 2002032-1200.preSS 
echo 2002032-1200.preSS I preSS 

The input files for press-040621. f are named according to the date and hour of the waveform 
data, of the form year j ulianday Lour. preSS. 

#!/bin/csh 
# runpress.csh 
# script to make .press input file and run preSS 
# Gillian Royle 
# Example generates the *.press files and runs preSS for data 
# acquired over the entire day of February 1, 2002 (julian day 032) 
# applying a linear normalization with two standard deviations. 
# note: assume the starting directory is /tremor/sac/032/00~00 
set yr = 2002 
set day = 032 
set hour = 'pwd I cut -cl7-18' 
while ( $hour <= 23) 

while ($hour <= 9) 

set hr = 'echo $hour I cut -c2-2' 
set fnm = $yr$day-O$hr'OO' 
echo $hr 0 0.0 3600 1 0 > !  $fnm.preSS 
1s *hp >> $fnm.preSS 
echo *.press I /tremor/bin/preSS 
mv *obs* /tremor/obsl 
mv *env* /tremor/envl 
@ hour = $hour + 1 
cd ../$hour-00 

end 
set hr = 'echo $hour I cut -cl-2' 
set fnm = $yr$day-$hr'OO' 
echo $hr 0 0.0 3600 1 0 > !  $fnm.preSS 
1s *hp >> $fnm.preSS 
echo *.press I /tremor/bin/preSS 
mv *obs* /tremor/obsl 
mv *env* /tremor/envl 
@ hr = $hr + 1 
cd ../$hour-00 



(2.3 The First Run o f  Sourcescan 

end 

The are four ASCII output files are: 

I .  2002032-1200. obsl: contains the normalized trace amplitudes 

2. 2002032-1200. obslabs: contains the absolute trace amplitudes 

3. 2002032-1200. envl: contains the envelopes of the normalized trace amplitudes, calculated 
by taking a 25-point running average of normalized amplitudes 

4. 2002032-1200. envl abs: contains the envelopes of the absolute trace amplitudes, calcu- 
lated by taking a 25-point running average of absolute amplitudes 

All *. obsl files are placed in /tremor/obsl and all *. envl files in /tremor/envl. 

As outlined in Chapter 2, sourcescanV040531. f is applied to the waveform data in three stages. 
In the first run, waveform data are scanned at a time interval of 5 s, and a spatial grid interval of I0 
km. 

INPUT FILES FOR THE FIRST R U N  

The input files for sourcescanV040531 .f should be generated in the directory /tremor/input, 
and are labelled according to the date and time of the waveform data to be scanned (for example, 
2002032-1200. input. For this example, 2002032-1200. input should be, 

0.0 3600.0 2.5 5.0 1 1 0 0.7 1 1 1.0 70.0 100.0 1 

1 361 1 451 1 91 10 
/tremor/allref/S 

2002032~1200.obsl (or 2002032~1200.envl) 
/tremor/output5sec/2002032/tremor/output5sec/2002032_1200.out12OO.out 

/tremor/station.dat 
/tremor/allref/S/lD-S 

The format is (refer to Section C.6 for lines 1 and 2): 

Linel: t lmin t lmax dtl dtwindow ilim iweight igrid bthre mbf Nroot stthre ttmax rlim ioutr- 
lim 

Line2: ixmin ixmax iymin iymax izmin izmax kmint 

Line3: path-to-ref-files 

Line4: filename-of-input-waveforms (normalized wavefomis or envelopes) 

Line5: filename-of-output 
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Note: Lines 6 and 7 are needed only when the 3-D travel time reference files for one or more stations 
can not be found in the path-toxef-files (line 3)  directory. The input files for sourcescanV040531. f 
may be generated using one script mkinput 1. csh within the directory of either the *.obsl files or 
the *.envl files /tremor/obsl or tremor/envl. 

#!/bin/csh 
# mkinput . csh 
# script to make .input files for sourcescan 
# Gillian Royle 
# Generates the *.input files first run of sourcescan 
# for *.obsl files of the form 2002032~1200.obsl 
set finp = '/bin/ls *.obslC 
f oreach file ($f inp) 
set yrdaytime = 'echo $file I cut -cl-12' 
echo 0.0 3600.0 2.5 5.0 1 1 0 0.7 1 1 1.0 70.0 100.0 1 > \ 

$yrdaytime.input 
echo 1 361 1 451 1 91 10 >> $yrdaytime.input 
echo /tremor/allref/S >> $yrdaytime.input 
echo $file >> $yrdaytime.input 
echo /tremor/output5sec/$yrdaytime.out >> $yrdaytime.input 
echo /tremor/station.dat >> $yrdaytime.input 
echo /tremor/allref/S/lD-S >> $yrdaytime.input 

end 

sourcescanV040531. f is run on the WestGrid cluster facility at the University of British Columbia. 
The program sourcescanV040531. f is not yet parallelized, so one node of the cluster is used for 
each job submitted. Input files must be generated to submit jobs (execute sourcescanV040531. f) 
on the cluster. These are generated using the script mkrunl. csh, which is executed in the directory 
containing the *.input files. 

#!/bin/csh 
# mkrun1.csh 
# script to generate run scripts for sourcescan jobs 
# Gillian Royle 
# Generates the submit scripts for the first run of sourcescan 
# for *.obsl files of the form 2002032~1200.obsl 
#!/bin/csh 
# mkrun.csh 
set finp = '/bin/ls *.input' 
f oreach file ($f inp) 
set date = 'echo $file I cut -cl-7' 
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set day = 'echo $date I cut -c5-7' 
set hr = 'echo $file I cut -c9-12' 
echo '#PBS -S /bin/csh' >> 'r'$dayY-'$hr.csh 
echo '#PBS -0 $date'-'$hr.outJ >> 'r'$day'-'$hr.csh 
echo '#PBS -e $date'-'$hr.errJ >> 'rJ$day'-'$hr.csh 
echo '#PBS -q ice' >> 'r'$day'-'$hr.csh 
echo '#PBS -1 walltime=2:00:00' >> 'rJ$day'-'$hr.csh 
echo 'cd /tremor/inputJ >> 'r'$day'-'$hr.csh 
echo 'time /tremor/bin/sourcescan < /tremor/input/'$finp >> \ 

'r'$day'-'$hr.csh 
end 

To submit all jobs to the queue: 

set runlist = '/bin/ls r*.cshC 
foreach file ($runlist) 
qsub $file 

end 

SORTING THROUGH OUTPUT FILES 

Once the first run of sourcescanV040531. f has completed, the output files have the form: 

5.00000 191 171 4 0.5657 0.4017 0.0334 -24.55 7 4 7 T LZB 
10.00000 251 171 14 0.5157 0.3556 0.0325 -27.47 7 4 7 T LZB 
15.00000 211 241 4 0.4866 0.3729 0.0222 -4.16 7 3 7 T L Z B  
20.00000 211 241 4 0.4518 0.3591 0.0180 0.84 7 3 7 T L Z B  
25.00000 61 321 14 0.4387 0.3635 0.0200 -6.62 7 4 7 T LZB 
30.00000 1 1  351 44 0.4424 0.3609 0.0237 2.48 7 4 7 T V G Z  
35.00000 171 341 24 0.4515 0.3821 0.0215 12.99 7 2 7 T VGZ 

The output files are scanned for brightness values in excess of a specified brightness threshold. 
fmparm. csh is executed, which isolates output files with large brightness values and moves them to 
a directory labelled by the brightness threshold (for example, the directory bthre0.7 contains output 
files with brightness values equal or greater than 0.7). 

#!/bin/csh -f 
# This script isolates times and locations corresponding 
# to large brightness values 
# fmparm.csh 
# Gillian Royle 
set finp = '/bin/ls *.outc 
foreach file ($finp) 
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set fn = 'echo $file I cut -cl-12' 
set line = 'auk 'END (print NR)' $filec 
auk '(print $1, $2, $3, $4, $5)' < $file > findmax.in 
echo $line 1 fm 
set tloc = 'auk '(print $1)' 'findmax.outJ' 
set tfin = 'echo $tloc[lI I cut -cl-6' 
mv findmax.out $fnJ-'$tfin.out 
mv $fnJ-'$tfin.out bthre0.7 
rm f indmax. in 

end 

f mparm . csh uses the program f m . c. 

# Program: fm.c 
#include <stdio.h> 
#include <math.h> 
#define INPUT "f indmax. in" 
#define OUTPUT "findmax.outl' 

int main(void) 

( 
int *xloc,*yloc,*zloc,i=O,j=O,line; 
int line ; 
double *tloc,*bri; 
FILE *input; 
FILE *output; 
input = fopen(INPUT,"r"); 
output = fopen(OUTPUT,"w"); 
scanf ("%ill, &mem) ; 
xloc=(int *)malloc(mem*(sizeof(int))); 
yloc=(int *)malloc(mem*(sizeof(int))); 
zloc= (int *)malloc (mem* (sizeof (int) ) ) ; 

tloc=(double *)malloc(mem*(sizeof(double))); 
bri=(double *)malloc(mem*(sizeof(double))); 

for (i=O; i<=(mem-I); it+) ( 
f scanf (input, "%lf %i %i %i %If \n" , &tloc [i] ,&xloc [i] ,&~loc [i] , \ 

&zloc [i] ,&bri [i] ) ; 

1 
for (j=O; j <= (mem-1); j++) ( 
while (bri[j] > 0.7) ( 
fprintf (output, "%lf %i %i %i %lf\nU, tloc[j] ,xloc [jl ,yloc[j] ,\ 

zloc[jl ,bri[jl>; 
jtt; 

1 
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1 
f close (input) ; 
fclose(output); 
free (xloc) ; 
free (yloc) ; 
free (zloc) ; 
free (tloc) ; 
free(bri1; 
return 0 ;  

1 

Output files in the directory bthre0.7 are scanned to determine the time interval of temporally- 
consecutive large brightness values. Tremor events typically last 30 s to a minute. In each output 
file, the x-, y-, and z-positions and occurrence times corresponding to consecutive brightness values 
equal or greater than 0.7 over a time period of at least 30 s were isolated by executing disc. csh. 

#!/bin/csh -f 
# determines the time interval over which large brightness values 
# are measured. 
# disc.csh 
set filein = '/bin/ls *.outc 
foreach file ($filein) 
set line = 'auk 'END (print NR)' $file1 
set fn = 'echo $file I cut -cl-12' 
auk '(print $1, $2, $3, $4, $5)' < $file > f indrange. in 
set beg = 1 
echo $beg $line I discl 
set linemax2 = 'auk 'END (print NR)' < max2.0ut1 
echo $linemax2 I disc2 
unset linemax2 
set tloc = 'auk '(print $(NF-4))' 'max3.0utfl 
set tshort = 'echo $tloc[lI I cut -cl-6' 
set finp = $fnY-'$tshort.disc 
mv max3. out $f inp 
rm max2.out 
set linemax3 = 'auk 'END (print NR)' < $finpC 
@ acc = $linemax3 + 1 
while ( $acc <= $line) 
echo $acc $line I discl 
unset linemax3 
set linemax2 = 'auk 'END (print NR)' < max2.0ut1 
echo $linemax2 I disc2 
unset linemax2 
set tloc = 'auk '(print $(NF-4))' 'max3.out'' 
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set tshort = 'echo $tloc[l] 1 cut -cl-6' 
set finp = $fn'-'$tshort.disc 
mv max3.out $finp 
rm max2.out 
set linemax3 = 'awk 'END (print NR)' < $finp' 
@ acc = $acc + $linemax3 
unset tloc 
unset tshort 
unset f inp 

end 
rm findrange.in 
end 

disc. csh uses the two programs disc1 . c and disc2. c. 

# disc1.c 
#include <stdio.h> 
#include <math.h> 
#define INPUT "findrange.inU 
#define OUTPUT "max2.out" 

int main (void) 

int *xloc,*yloc,*zloc,i=O,j=O,k=O,beg,mem; 
double *tloc , *bmax; 
FILE *input; 
FILE *output; 
input = fopen(INPUT,"r"); 
output = fopen(OUTPUT,"w"); 
scanf ("%i %ill, &beg, &mem) ; 
xloc=(int *)malloc(mem*(sizeof(int))); 
yloc=(int *)malloc(mem*(sizeof(int))); 

zloc=(int *)malloc(mem*(sizeof(int))); 

tloc=(double *)malloc(mem*(sizeof(double))); 
bri=(double *)malloc(mem*(sizeof(double))); 

if (mem == 1) ( 

f scanf (input, "%lf %i %i %i %If \nu ,&tloc [O] ,&xloc [O] ,&yloc [O] , \ 
&zloc [O] , &bmax [Ol ) ; 
fprintf (output, "%lf Xi %i %i %1f\nv , tloc [O] ,xloc [O] ,~loc [o] ,\ 

zloc [OI , bmax [OI ) ; 
1 

else if (beg == mem) ( 

for (i=O; i<=(mem-1); i++) ( 
f scanf (input, "%lf Xi Xi %i %If \nu ,&tloc [il ,&xloc [il ,&yloc [il , \ 
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&zloc [i] , &bmax [i] ) ; 
> 

f printf (output, "%lf %i %i %i %If \n" , tloc [mem-11 ,xloc [mem-11 , \ 
yloc [mem-11 ,zloc [mem-l] ,bmax[mem-11) ; 

> 
else C 
for (j=O; j<=(mem-1); j++) C 
f scanf (input, "%lf %i Xi %i %1f\nn, &tloc[jl ,&xloc [jl ,&~loc [jl ,\ 

&zloc [j] ,&bmax[jl) ; 

> 
for (k=beg; k<=(mem-1); k++) C 
if (tloc[k] - tloc[k-1]>30 ) { 

f printf (output, "%lf %i Xi %i %lf \nu, tloc [k-l] ,xloc [k-11 ,~loc [k-11 , \ 
zloc [k-11 ,bmax[k-11) ; 

break; 

> 
else C 

if (tloc[k] - tloc [k-1]<=30 ) C 
fprintf (output, "%lf Xi %i %i %If \nu, tloc [k-l] ,xloc [k-11 , \ 

yloc [k-11 , zloc [k-11 , bmax [k-11 ) ; 
f printf (output, "%lf %i xi %i %If \n" , tloc [k] , xloc [k] , yloc [k] , \ 

zloc [k] , bmax [kl ) ; 
> 

> 
> 

> 
f close(input) ; 
f close (output) ; 
free(x1oc); 
free (yloc) ; 
free (zloc) ; 
free(t1oc) ; 
free (bri) ; 
return 0; 

> 
# disc2.c 
#include <stdio.h> 
#include <math.h> 
#define INPUT "max2.out" 
#define OUTPUT "max3.out" 

int main(void) 
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int *xloc, *yloc, *zloc, j=O, k=O, mem; 
double *tloc, *bmax; 
FILE *input; 
FILE *output; 
input = fopen(INPUT, "r") ; 

output = fopen(OUTPUT,"w"); 
scanf ("%ill, &mem) ; 
xloc=(int *)malloc(mem*(sizeof(int))); 

yloc=(int *)malloc(mem* (sizeof (int))) ; 
zloc=(int *)malloc(mem* (sizeof (int) ) ; 
tloc=(double *)malloc (mem* (sizeof (double))) ; 

bri=(double *)malloc(mem*(sizeof(double))); 
if (mem==l) { 
f scanf (input, "%lf %i %i %i %If \nu, &tloc [O] ,&xloc LO] ,&yloc [O] , \ 

&zloc [Ol , bbmax [Ol ; 
fprintf (output, "%lf %i %i %i %lf\n" , tloc [O] ,xloc [o] ,yloc LO] ,\ 

zloc [OI , bmax [OI ) ; 
1 

else if (mem == 2) ( 
for (j=O; j<=(mem-1); j++) { 

fscanf(input,"%lf %i %i %i %lf\nN, &tloc[jl ,&xloc[jl ,&yloc[jI ,\ 
&zloc [ j] ,&bmax [ j 1 1 ; 

fprintf (output, "%lf %i %i %i %lf\nn , tloc Cjl ,xloc [jl ,yloc [jl ,\ 
zloc[jl ,bmax[jl>; 

1 
1 

else ( 
for (j=O; j<=(mem-1); j++) ( 
fscanf(input,"%lf %i %i %i %lf\nU, &tloc[jl ,&xloc[jl ,&yloc[jl ,\ 

&zloc [ j I , &bmax [ j I > ; 
> 

for (k=O; k<= (mem-2) ; k=k+2) ( 
fprintf (output, "%lf %i %i %i %If \nu, tloc Ckl ,xloc [kI ,yloc [kl ,\ 

zloc [k] , bmax [k] ) ; 
1 

fprintf (output, "%lf %i %i %i %If \nu, tloc [mem-l] ,xloc [mem-11 ,\ 
yloc [mem-l] ,zloc [mem-11 , bmax [mem-11 ) ; 

1 
f close(input) ; 
fclose(output); 
free (xloc) ; 
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free (yloc) ; 
free (zloc) ; 
free (tloc) ; 
free(bri) ; 
return 0; 

3 

Once all the large brightness files have been discretized into time-intervals and regions (.r-, y-, and z- 
positions) of interest, a new set of input files are generated for the second run of sourcescanV040531. f. 
These input files specify the scanning time interval and subvolume specified by occurrence times and 
positions corresponding to large brightness values. For the second run, a time step of 0. I s and grid 
spacing of 1 km is used by sourcescanV040531. f. 

#!/bin/csh -f 
# This generates the revised input files for 
# the second run of sourcescan 
# frparm.csh 
# Gillian Royle 
set finp = '/bin/ls *.disc' 
f oreach file ($f inp) 
set fn = 'echo $file I cut -cl-12' 
set line = 'awk 'END (print NR)' $file' 
awk '(print $1, $2, $3, $4, $5)' < $file > f indrange. input 
echo $line I fr 
set tmin = 'awk '(print $(NF-1))' 'findtime.output" 
set tmax = 'awk '(print $NF)' 'findtime.output" 
set ttmin = 'echo $tmin I cut -cl-6' 
set ttmax = 'echo $tmax I cut -cl-6' 
set xmin = 'awk '(print $(NF-5))' 'findrange-output" 
set xmax = 'awk '(print $(NF-4))' 'findrange.output" 
set p i n  = 'awk '(print $(NF-3))' 'findrange.output" 
set p a x  = 'awk '(print $(NF-2))' 'findrange.output" 
set zmin = 'awk '(print $(NF-1))' 'findrange.output" 
set zmax = 'awk '(print $NF)' 'findrange.output" 
echo $ttmin $ttmax 0.1 2.5 1 1 0 0.7 1 1 1.0 250 150.0 1 > !  \ 

$fnJ-'$ttmin.input 
echo $xmin $xmax $pin $pax $zmin $zmax 1 >> \ 

$fn'-'$ttmin.input 
echo '/tremor/allref/SJ >> $fn'-'$ttmin.input 
echo '/tremor/obsl/'$fn.obsl >> $fn'-'$ttmin.input 
echo ' / t remor/outputO. lsec / '$fn '_ '$ t tmin .out  >> \ 

$fn'-'$ttmin.input 
echo '/tremor/station.datJ >> $fn'-'$ttmin.input 
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echo '/tremor/allref/S/lD-S' >> $fn'-'$ttmin.input 
rm findrange.input 
rm findrange.output 
rm findtime.output 

end 

The x, y, and z spatial ranges for the second run of sourcescanV040531. f are defined using the 
program f r . c. 

# fr.c 
#include <stdio.h> 
#include <math. h> 
#define INPUT "findrange.inputn 
#define OUTPUTRANGE "findrange.outputM 
#define OUTPUTTIME "findtime.output" 

int main(void) 

{ 
int *xloc,*yloc,*zloc,xmax,xmin,ymax,ymin,zmax,zmin,i=O; 
int npts,mem; 
double *tloc,*bmax,tmin,tmax,tfmin,tfmax; 
scanf ("%ill, &mem> ; 
npts = mem-I; 
xloc = (int *)malloc(mem*(sizeof(int))); 
yloc = (int *)malloc(mem*(sizeof(int))); 
zloc = (int *)malloc(mem*(sizeof(int))); 
tloc = (double *)malloc (mem* (sizeof (double) ) ) ; 
bmax = (double *)malloc(mem* (sizeof (double) ) ) ; 
FILE *input; 
FILE *outputr; 
FILE *outputt; 
int min-x(int x [I , int n) ; 
int min-y(int y [] , int n) ; 
int min-z (int z [I , int n) ; 
int max-x(int x [I , int n) ; 
int max-y(int y [I , int n) ; 
int max-z (int z [I , int n) ; 
input = f open(INPUT, "r") ; 
outputr = fopen(OUTPUTRANGE,"w"); 
outputt = fopen(OUTPUTTIME, "u") ; 
for (i=O; i<=npts; i++) { 

f scanf (input, "%lf %i %i %i %If \nu, &tloc [il ,&xloc [il ,&yloc [il , \ 
&zloc [il , &bmax [ill ; 

> 
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tmin = tloc[O] ; 
if (tmin < 20.0000) { 
tmin = 20.0000; 
1 

tfmin = tmin - 20; 
tmax = tloc [npts] ; 
if (tmax > 3580.00) { 
tmax = 3580.00; 

1 
tfmax = tmax + 20; 
fprintf (outputt, "%lf %If", tf min, tfmax) ; 

fprintf(outputr,"%i %i Xi Xi %i %il', min-x(xloc, npts), \ 
max-x(xloc, npts),min-y(yloc, npts), max-y(yloc, npts), \ 
min-z(zloc, npts) , max-~(zloc, npts) ) ; 
fclose(input); 
fclose(outputr); 
f close(outputt) ; 
return 0; 
1 
/*-----------------------------------------------------------*/ 
/ *  Function to return min value of x */  
int min-x (int xloc [I , int n) 
{ 

int j; 
int xmin; 
xmin = xloc [O] ; 
for (j=l; j<=n; j++) C 
if (xloc [jl < xmin) { 
xmin = xloc [j] ; 

1 
1 

if (xmin < 101) ( 
xmin = 101; 

1 
return xmin - 100; 

1 
/*-----------------------------------------------------------*/ 

/*  Function to return min value of y * /  
int min-y(int yloc[l, int n) 

C 
int k; 
int ymin; 
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ymin = yloc  [O] ; 
f o r  (k=1; k<=n; k++) C 

i f  (yloc[k] < p i n )  { 

ymin = yloc  [k] ; 
> 

> 
i f  (ymin < 101) ( 

ymin = 101; 
> 

r e t u r n  ymin - 100; 
> 
/*----------------------------------------------------------- * / 
/* Function t o  r e t u r n  min value  of z */  
i n t  min-z(int  z l o c  [] , i n t  n) 

{ 
i n t  1 ;  
i n t  zmin; 
zmin = z l o c  [O] ; 
f o r  (1=1; l < = n ;  I++)  ( 

i f  ( z l o c [ l l  < zmin) C 
zmin = z l o c  [l] ; 
> 

1 
i f  (zmin < 81) ( 

zmin = 81;  

> 
r e t u r n  zmin - 80;  

1 
/*----------------------------------------------------------- * / 
/ *  Function t o  r e t u r n  max va lue  of x */ 
i n t  max-x(int x l o c [ l ,  i n t  n)  
C 
i n t  m; 
i n t  xmax ; 
xmax = xloc  [OI ; 
f o r  (m=l; m<=n; m++) ( 

i f  (xloc[ml > xmax) { 

xmax = xloc  [ml  ; 
1 

> 
i f  (xmax > 261) C 

xmax = 261; 
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/ *  Function to return max value of y */  
int rnax-y (int yloc [] , int n) 

int q; 
int ymax ; 
ymax = yloc COI ; 
for (q=l; q<=n; q++) ( 

if (yloc Cql > ymax) ( 
ymax = yloc [ql ; 

3 
1 

if (ymax > 351) ( 
ymax = 351; 

1 
return ymax + 100; 

1 
/*------------------------------------------- 

/* Function to return max value of z */ 
int max-z(int zloc[], int n) 

int p; 
int zmax ; 
zrnax = zloc [Ol ; 
for (p=l; p<=n; p++) ( 
if (zloc[pl > zmax) ( 
zmax = zloc [pl ; 

1 
1 

if (zmax > 17) ( 
zmax = 17; 

3 
return zmax + 80; 

3 
/*-----------------------------------------------------------*/ 

All previous input files in /tremor/input should be erased and replaced by the input files for the 
second run of sourcescanV040531. f. All jobs for the second run may be submitted to the cluster 
by again executing mkrunl . csh, followed by the commands: 

set runlist = '/bin/ls r*.cshl 
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foreach file ($runlist) 
qsub $file 

end 

Once the output files for the second run of sourcescanV040531. f are generated, a unique tremor 
origin time and refined spatial range must be defined for the third and final run. This involves 
searching through the output files and finding the origin time that corresponds to the largest tremor 
brightness. The spatial range is generated by taking the grid-point location corresponding to the 
largest brightness, and padding this position by 50 km on in the x-, y-, and z-directions to generate a 
small search volume. 

#!/bin/csh -f 
# Finds the origin time and defines the 
# search volume for the forward calculation 
# of sourcescan 
# findmax.csh 
# Gillian Royle 

set finp = '/bin/ls *.out' 
foreach file ($finp) 
set fn = 'echo $file 1 cut -cl-12' 
set line = 'awk 'END (print NR}' $file' 
awk '(print $1, $2, $3, $4, $51' < $file > brimax.input 
echo $line I maxbri 
set ttbri = 'awk '(print $NF}' 'brimaxt.output" 
set tbri = 'echo $ttbri I cut -cl-8' 
set xmin = 'awk '(print $(NF-5))' 'brimaxsp.output" 
set xmax = 'awk '(print $(NF-4))' 'brimaxsp.output" 
set ymin = 'awk '(print $(NF-3))' 'brimaxsp.output" 
set p a x  = 'awk '(print $(NF-2))' 'brimaxsp.output" 
set zmin = 'awk '(print $(NF-1))' 'brimaxsp.output'' 
set zmax = 'awk '{print $NF)' 'brimaxsp.output" 
echo $tbri $tbri 1 2.5 1 1 1 0.5 0 1 1.0 250.0 50.0 1 > !  \ 

$fn'-'$tbri.input 
echo $xmin $xmax $pin $pax $zmin $zmax 1 >> $fn'-'$tbri.input 
echo '/tremor/allref/S' >> $fn'-'$tbri.input 
echo '/tremor/obsl/'$fn.obsl >> $fn'-'$tbri.input 
echo '/tremor/outputssfnl/'$fn'~'$tbri.out >> $fn'-'$tbri.input 
echo '/tremor/station.dat ' >> $fn'-'$tbri. input 
echo '/tremor/allref/S/lD-S' >> $fn'-'$tbri.input 
rm br imax . input 
rm brimaxt.output 
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rm brimaxsp.output 
end 

f indmax. csh uses the program maxbri . c. 

# maxbri.~ 
#include <stdio.h> 
#include <math. h> 
#define INPUT "brimax.input" 
#define OUTPUTSPACE "brimaxsp.output" 
#define OUTPUTTIME "brimaxt.output" 

int main (void) 

{ 
int *xloc,*yloc,*zloc,i=0; 
int mem, npts; 
int xbri, ybri, zbri; 
double *tloc,*bri,bmax,tbri; 
scanf("%iM, &mem); 
npts = mem - 1; 
xloc = (int *)malloc(mem*(sizeof (int) ) )  ; 
yloc = (int *)malloc(mem*(sizeof(int))); 
zloc = (int *)malloc (mem* (sizeof (int) ) )  ; 

tloc = (double *)malloc(mem*(sizeof(double))); 
bri = (double *)malloc (mem* (sizeof (double)) ) ; 

FILE *input; 
FILE *outputsp; 
FILE *outputt; 
input = f open (INPUT, "r" ) ; 
outputsp = fopen(OUTPUTSPACE,"w"); 
outputt = f open(OUTPUTTIME, "w") ; 
double max-bri (double b [I , int n) ; 
double tloc-bri (double b [] ,double t [] , int n) ; 
int xloc-min(doub1e b [] , int x [] , int n) ; 
int xloc-max(doub1e b [I , int x [I , int n) ; 
int yloc-min(doub1e b [I , int y [I , int n) ; 
int yloc-max(doub1e b [I , int y [I , int n) ; 
int zloc-min(doub1e b [I , int z [I , int n) ; 
int zloc-max(doub1e b [I , int z [I , int n) ; 
for (i=O; i<=npts; i++) { 
f scanf (input, "%lf %i %i %i %If \nu, &tloc [il ,&xloc [il ,&~loc [il , \ 

&zloc [il ,&bri [il ) ; 

> 
fprintf(outputt,"%lf", tloc-bri(bri,tloc,npts)); 
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yloc-max(bri , y l o c  , n p t s )  , zloc-min(br i ,  z loc  , n p t s )  ,zloc-max(bri  , z l o c  , n p t s ) )  ; 

f  c l o s e  ( inpu t )  ; 
f  c l o s e  (outputsp)  ; 
f c l o s e ( o u t p u t t ) ;  

f r e e  (x loc)  ; 
f r e e  (y loc)  ; 
f  ree(z1oc)  ; 

f r e e  ( t l o c )  ; 
f r e e  (bmax) ; 

/ *  Function t o  r e t u r n  max b r i  value  */ 
double max-bri(doub1e b r i [ ] ,  i n t  n) 

i n t  j ;  
double bmax; 
bmax = b r i  [O] ; 
f o r  ( j = l ;  j<=n;  j++)  ( 

i f  ( b r i [ j ]  > bmax) ( 

bmax = b r i [ j l ;  

> 
> 

r e t u r n  bmax; 

> 

/ *  Function t o  r e t u r n  max b r i  value  */ 
double t l o c - b r i  (double b r i  [I , double t l o c  [I , i n t  n) 

i n t  k ;  

double bmax; 
double t b r i  ; 
bmax = b r i  LO] ; 
f o r  (k= l ;  k<=n; k++) ( 

i f  (b r i [k l  > bmax) ( 

bmax = b r i  [k] ; 

t b r i  = t l o c  [k] ; 

> 
> 

i f  ( t b r i  < 0.0000) ( 
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/* Funct ion  t o  r e t u r n  x-value of bmax */ 
i n t  xloc-min(doub1e b r i  [I , i n t  x l o c  [I , i n t  n)  

i n t  m; 
double  bmax; 
i n t  xbr  i ; 
bmax = briCO1 ; 
f o r  (m=l; m<=n; m++) ( 

i f  (bri[m] > bmax) C 
bmax = b r  i [m] ; 
x b r i  = x l o c  [ml ; 

1 
f 

i f  ( x b r i  < 81) ( 
x b r i  = 81 ;  

/* Funct ion  t o  r e t u r n  x-value of bmax */ 
i n t  xloc-max(doub1e b r i  [I , i n t  x l o c  [I , i n t  n )  

i n t  p ;  
double  bmax ; 
i n t  xbr  i ; 
bmax = b r i  [O] ; 
f o r  ( p = l ;  p<=n; p++) ( 

i f  ( b r i [ p l  > bmax) ( 

bmax = b r i  [pl ; 
x b r i  = x l o c  [p] ; 

1 
1 

i f  ( x b r i  > 281) ( 
x b r i  = 281; 

1 
r e t u r n  x b r i  + 8 0 ;  

1 
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/* Function t o  r e t u r n  x-value of bmax */ 
i n t  yloc-min(doub1e b r i  [I , i n t  y loc  [I , i n t  n)  

C 
i n t  q ;  
double bmax ; 
i n t  y b r i  ; 
bmax = b r i  [O] ; 
f o r  ( q = l ;  q<=n; q++) C 

i f  ( b r i  [q] > bmax) ( 

bmax = b r i  [ql ; 
y b r i  = yloc  Cql ; 

3 
3 

i f  ( y b r i  < 81) { 

y b r i  = 81; 

3 
r e t u r n  y b r i  - 80;  

3 
/*----------------------------------------------------------- */ 
/* Function t o  r e t u r n  x-value of bmax */ 
i n t  yloc-max(double b r i  [ I ,  i n t  y loc  [I , i n t  n)  

C 
i n t  r ;  
double bmax; 
i n t  y b r i  ; 
bmax = b r i  [OI ; 
f o r  ( r = l ;  r < = n ;  r + + )  { 

i f  ( b r i [ r l  > bmax) C 
bmax = b r i [ r l  ; 
y b r i  = yloc  [ r ]  ; 
3 

3 
i f  ( y b r i  > 371) { 

y b r i  = 371; 

3 
r e t u r n  y b r i  + 80;  

3 

/* Function t o  r e t u r n  x-value of bmax */ 
i n t  zloc-min(doub1e b r i [ ]  , i n t  z loc [ ]  , i n t  n)  

C 
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i n t  s ;  
double  bmax; 
i n t  z b r i  ; 
bmax = b r i  [O] ; 

f o r  ( s = l ;  s<=n ;  s++)  ( 
i f  ( b r i  [s] > bmax) ( 

bmax = b r i  [s] ; 
z b r i  = z l o c  [s] ; 

1 
1 

i f  ( z b r i  < 81) ( 
z b r i  = 81 ;  

1 
r e t u r n  z b r i  - 80 ;  

1 
/*-----------------------------------------------------------*/ 
/ *  Func t ion  t o  r e t u r n  x-value of bmax * /  
i n t  zloc-max(doub1e b r i [ ] ,  i n t  z l o c [ ] ,  i n t  n)  

i n t  t ;  
double  bmax; 
i n t  z b r i  ; 
bmax = b r i  [ O l  ; 
f o r  ( t = l ;  t < = n ;  t + + )  ( 

i f  ( b r i [ t ]  > bmax) ( 

bmax = b r i  [t] ; 
z b r i  = z l o c  [tl ; 
1 

1 
i f  ( z b r i  > 17) ( 

z b r i  = 17;  

1 
r e t u r n  z b r i  + 80 ;  

1 
/*-----------------------------------------------------------*/ 

The output files from the third run of sourcescanV040531. f  define the brightness distribution for 
each located tremor event. 

tlmin time mark for the beginning of process 
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tlmax time mark for the end of process 

dtl time shift for each step 

dtwindow time duration of moving window centered at each tl  

ilim 0 if searching through the entire model, 1 if a subvolume is specified in the next line 

iweight 0 means Gaussian weighting will be used, 1 means equal weighting will be used 

igrid 0 means the max, average, and standard deviation of each time step will be outputed, I means 
each time step will output a tile containing the brightnessAocation1occurrence times of each 
point if its brightness is >= bthre 

bthre only points with brightness >= bthre*bmax will be outputted 

mbf 0 means the t l  min and tlmax are referred as the time limits at the source (origin times, i.e. 
forward calculation for the first and second run of sourcescanV040531 . f ) ,  I means the 
tlmin and tlmax are the time limits at the reference station (arrival times, i.e. backward 
calculation for the third run of sourcescanV040531. f )  

Nroot This will raise the calculated brightness to its N-th power (to sharpen the image) 

stthre only points calculated from (stthre)% of total stations are kept 

ttmax only traveltime <= ttmax will be used in brightness calculation 

rlim any positive number (e.g., 150.0) means that the calculation of brightness will be limited 
to the region (+I- rlim) from the station with the largest absolute amplitude. In this case, 
the program will load in the absolute amplitude information from the file named "$file-. 
name-of-input-waveform"-abs (which was generated by press-040621. f previously). The 
two files' format is exactly the same. <= 0.0 means that no constraints from the absolute 
amplitude is used in the calculation. Nore: We should set rlim whenever possible. Even a 
more generous rlim (=100.0) can save calculation time by as much as 50% 

ioutrlim 0 means that all points outside the (+I- rlim) region will be ignored (when rlim is set to a 
positive value). I means that, when a point is outside of the (+I- dim) region from the station 
with the largest absolute amplitude (Station MaxAm), its brightness will still be calculated if 
it is located closer the Station MaxAm than to any other stations. Note: This parameter is not 
used if rlim is set to be <= 0. When rlim is > 0, the calculation times for ioutrlim=0 and 
ioutrlim=l sometimes is limited (< 1%). Thus, it is suggested to use ioutrlim=l all the time 

ixmin minimum x-coordinate 

ixmax maximum x-coordinate 

iymin minimum y-coordinate 
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iymax maximum y-coordinate 

izmin minimum z-coordinate 

izmax maximum z-coordinate Note: This line should be a blank line if ilim = 0. 

kmint calculation will be performed every kmint points 
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