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Chapter 1

Introduction

The dramatic geology and topography of western Washington is dominated by
the influence of the Juan de Fuca (JDF) plate system. Over the last half million
years, the JDF plate has been actively converging with the North America plate at
an average rate of 3-4 centimeters per year [Riddihough, 1984]. The interaction of
the two plates is responsible for the Cascade strato-volcanos, the impressive vertical
relief of the Olympic Mountains, and the westward accretionary growth of the
North American continent. Figure 1.1 shows the regional plate relationships of the
present-day system.

Subduction zones are usually seismically active regions and are associated with
the largest earthquakes on earth. The Cascadia subduction zone (CSZ) has been the
focus of much recent attention in connection with the possibility of large subduction
earthquakes [Heaton 1990]. Heaton and Hartzell [1987] conclude that very strong
similarities exist between the CSZ and other subduction zones that have experienced
large shallow earthquakes and that the CSZ may be locked, with slip occurring only
during infrequent large earthquakes. However, during the last 150 years of written

history there has been a lack of documented thrust-type subduction earthquakes at
all energy levels.

Discoveries of buried, intertidal marsh surfaces in the coastal low-lands in
westernmost Washington state by Arwater [1987] suggest that rapid coastal sub-
sidence of the type commonly accompanying great subduction earthquakes has
occurred at least six times during the last 7000 years. Anomalous sheets of sand
atop at least three of the surfaces suggest that tsunamis could be associated with the
Same events that caused the subsidence [Arwater 1987]. Traditional Makah Indian
legends of tsunamis and crustal uplift, possibly associated with local subduction
earthquakes, have been reported by Swann [1868). Heaton and Snavely [1985]
conclude these reports are noteworthy as they exist for a region for which there is
growing concern that large subduction earthquakes may be a real possibility.

To properly evaluate the potential hazards associated with this area, knowledge
of the geometry of the subducted slab is essential. The structural relationship of the
Plates that make up this system exerts an important influence on the tectonics and
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: earthquake generating processes. Studies of interplate and intraplate earthquakes,
analyses of regional stress and strain, and investigations of large scale tectonic
processes all require accurate models of the plate structure.

y The objective of this study is to aid in the fundamental understanding of the
' tectonic framework, seismicity, and earthquake hazards associated with the CSZ by
refining our understanding of the crustal structure and shape of the JDF plate
' beneath western Washington. To fulfill this objective, receiver functions obtained
from teleseismic P-waveforms will be modeled using data collected at a single
proadband station deployed at a site on Indian Island, 35 miles northwest of Seattle,
Washington. This analysis will provide important geometric constraints on the
depth and orientation of the subducted slab immediately beneath Puget Sound. We
will develop a velocity structure model of the subducted slab which can be com-

pared with the regional working models.




Chapter 2

Tectonic Framework of the Cascadia Subduction Zone

The tectonic framework of the Cascadia subduction zone has been of interest
]

to earth scientists since the earliest days of plate tectonic theory and the structure of
the crust and upper mantle have been investigated using a variety of techniques.

One of the first attempts to describe the geometry of the JDF plate was made
by Dickinson [1970]. He estimated the approximate depth to the subducted plate
using petrologic variations within the andesitic suites of the Cascade volcanic chain.
- His inferred depth contours suggest an arch in the JDF plate at depth.

Using local hypocenter data and receiver function analysis, Crosson and
Owens [1987] proposed that the subducted part of the Juan de Fuca plate is arched
- upward with its axis trending roughly east-west beneath the Olympic Mountains -
Puget Sound Region. Weaver and Baker [1988], using seismicity data, also illus-
trated a similar geometry. Figure 2.1 shows the local tectonic framework and depth

~contours of the subducted oceanic Moho according to the arch model of Crosson
and Owens [1987].

Qualitatively, the JDF plate must deform to accommodate the change in strike
of the subduction zone from N-S along the Oregon coast to NW-SE off the coast of
Vancouver Island. This deformation results in compression within the slab along the
strike of the subduction zone. Chiao and Creager [1989] have studied the kinematic
deformation of the subducted slab and suggest that the arch model reduces the

along-strike compressive strain rates and may be the optimal geometric

- configuration. Their slab model, derived from calculating the in-plane strain-rate

field of the CSZ has added further insight into the nature of the arch structure.

The Olympic uplift has been causally linked with the coincident local reduc-

tion in dip of the subducted slab beneath the Olympic Peninsula by Davis and

- Hyndman [1989]. Here the gentle dip (< 10°) of the slab causes the accretionary

prism to grow upward well above sea level to form the Olympic Mountains. The
‘basaltic belts of the Crescent For

Olympic Peninsy]a, display a disti

~ 1978] and this oceanward-concav
. ‘dncted slab.

mation, which comprise the eastern side of the
nct horseshoe outcrop pattern [Tabor and Cady,
e shape mimics the depth contours of the sub-
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In a well defined patch beneath central Puget Sound, hypocenters of slab earth-
es provide localized evidence of the arch structure to depths of about 70-80
km. This concentration of slab seismicity (both in number and size of earthquakes)
| ear the axis of the arch (Figure 2.2). This coincidence suggests that the upwarp
re of the slab is associated with the location of subcrustal earthquakes. A
ati-Benioff zone to a depth of 100 km exists only beneath the Puget Sound
‘ n, where it dips approximately eastward at 10° to 12° [Crosson 1983, Taber
nd Smith 1985]. Few earthquakes occur in the subducted slab outside the arch

egion, so the large scale structure of the slab is only poorly defined by seismicity.

Receiver function studies using teleseismic P-waveforms collected at a number
f 3-component broadband stations above the subducting JDF plate have been used
essfully by Cassidy [1991], Lapp et al [1990], and Crosson and Owens [1987]
o model local plate geometry. Their analyses verify a dipping slab structure con-
nt with the arch model both to the north and south of Puget Sound. The sites
the previous broadband studies, as well as the Indian Island site investigated in
study, are shown on Figure 2.1 as boxes. The location of the Indian Island
ding site (IND) is also shown in the center cross-section on Figure 2.2. Due to
ts strategic location, analysis of data from Indian Island will provide additional crit-
*al geometric constraints of plate structure near the apex of the arch.
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Chapter 3

Receiver Function Theory

The velocity structure of the crust beneath a recording station can be inferred
sugh interpretation of the teleseismic P waveform. Using source-equalization
bed below) it is possible to isolate the effects of local structure in the
veform and to develop a simplified velocity model which explains major features
| observed seismograms. Because the effect on the waveform is due to velo-
 structure directly below the recording station, this method is ideal for imaging
@; geometry of the JDF slab.

" The deconvolution technique necessary to isolate the response of the crust and
ser mantle from the observed teleseismic P waveform was initially developed by
on [1979], and has been examined in detail by Owens et al [1983a]. This
ethod has been successfully applied to model both horizontal layers [e.g. Owens et
b], and dipping structure [e.g. Owens et al 1988, Lapp et al 1990]. The
ng is a general outline of the source equalization procedure, and a descrip-

n of the modeling technique used to identify local structure.

ource Equalization

The recorded seismogram is influenced by: near-source structure, propagation
ith through the deep mantle, recording instrument response, and crust and upper
velocity. Mathematically, the teleseismic P wave displacement response, D,
a station may be represented by three components:

Dy(t) = S(t) * (1) * Ey(1)
Dr(t)=S(t) * I(t) * Eg(t) (3.1
Dr(t) = S(t) * I(t) * Er(t)

€re subscripts V, R, and T represent vertical, radial, and tangential components
Pectively; S(r) is the seismic source function; I(¢) is the impulse response of the
ording instrument; E (¢) is the impulse response of the earth structure; and aster-
S Iepresent the convolution operator.
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rhe receiver functions aré defined in the frequency domain by:

Dp(w) Ep(w)(w)S(w) Eg(w)

He @ =D @ ~ Bl @5® ~ By

(3.2)

Dr(w) Er ()] (0)S (w) Er(w)

Hr (@) = 5 ) ~ B, @l @S @)  Ey@)

siver functions are sensitive to near receiver conversion from P-10-S and are
oful for modeling near receiver structure.

ducing a minimum allowable level for the amplitude spectrum of the vert-
onent stabilizes the source equalization deconvolution and avoids dividing
ery small numbers due to troughs in the spectrum [Helmberger and Wiggins
. The results of the deconvolution are also smoothed by a Gaussian factor to
high frequency noise.

al estimates for the radial and tangential receiver function expressions are,
1e frequency domain:

Dr (0)Dy ()

Hg (@) = Rq)(—m)"c(m) (3.3)
D+ (0)Dy ()

Hp(w) = ——— ¢(m)v G ()

() = max[DV(m)D’V(m), c- max[DV((o)D—V(co)D

G((D) = e—(x)2/4(12

In these expressions, ¢ is the minimum allowable spectral amplitude of the
i€al component (the water level) expressed as a fraction of the maximum spec-
amplitude, o controls the width of the Gaussian pulse, and the bar over Dy,
§ its complex conjugate. The water-level, ¢, can be interpreted as a factor
trades off arrival time resolution with noise level. Our goal is to keep ¢ as
ﬁs possible in hopes of better resolving relative arrival time. The width of the
S81an, o, controls the smoothing of the high frequency noise. For example, for
\
‘

. b
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0. all frequencies above about 2 Hz are filtered out of the final result. How-

smooths details of the seismograms, possibly reducing our ability to iden-
istinct phases.

Transformation of (3.3) back into the time domain produces estimates of Hy (¢)
;(t) respectively. This source equalization technique produces estimated hor-
I receiver functions that are impressively similar even for events with quite
source functions. Figure 3.1 illustrates this for two events from the same

en!

e area. By isolating the effects of local crustal and upper mantle structure, a

le pulse is produced in particular for P-to-$ conversions. It is possible to asso-
arrivals or phases in the waveform with specific velocity-contrast interfaces

ath the station.

» s of Subsurface Structure

ceiver functions are most sensitive to P-fo-S wave conversions at velocity
ntinuities directly beneath the recording station. Successful analysis of subsur-
structure using receiver functions depends on the ability to model the shear
structure with simple geometries such as horizontal or -planar dipping
s. The following is a summary of features that are associated with flat and
dipping structures which may be observed in original seismograms and
olved receiver functions.

For vertically heterogeneous structure, P waves impinging upon an interface
constant ray parameter produce waveforms which are independent of azimuth.
ire 3.2 shows a sample flat-layer model, and the corresponding vertical, radial,
tangential seismograms generated from this model. The vertical component
of a direct P wave followed by smaller amplitude P multiples. The radial
nent is simply a scaled version of the vertical with the addition of P-to-S
ons and § wave multiples; there is no off-azimuth or tangential component
d in the flat-layer case.

In the presence of planar dipping structure, the radial seismogram is no longer
» scaled version of the vertical, and a tangential component is generated.
Ure 3.3 shows a dipping-interface model, and the corresponding vertical, radial,
fangential components of a P waveform produced at this interface. The dipping
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layer is inclined 15° due east, and the waveform is generated from a source at
| azimuth = 360° and distance = 50°.

A model with both a dipping and a horizontal layer, and the synthetic radial
and tangential receiver functions generated using this model are illustrated in Figure
The radial and tangential receiver functions are displayed for a constant dis-
e (A) and a complete range of backazimuths. Arrivals labeled P, D, and H are
direct P wave, and the P-f0-§ converted waves from the dipping boundary and
the horizontal layer, respectively. Significant differences are apparent between the
phases D and H as a function of backazimuth.

Waves converted at the dipping interface exhibit pulses with distinctive time
amplitude variations that depend on source backazimuth. These variations in the
radial and tangential receiver functions can be used in forward modeling to distin-
guish features in the dipping structure such as strike direction and dip angle.

Arrivals P and D on the radial receiver functions (Figure 3.4), display azimu-
thal variations in amplitude. The waveforms are identical for backazimuths that are
etric about the dip direction. Converted arrival D from the up-dip direction
s efficient P-fo-S conversion due to the high effective angle of incidence at the
ng interface and result in high-amplitude Pg pulses in the receiver function.
efficient conversion is experienced by arrivals from the down-dip direction due
0 a lower effective angle of incidence.

The corresponding P and D arrivals on the tangential receiver functions exhibit
A polarity change about the dip direction. As described by [Langston 1977], the
angential motions form mirror images across a line parallel to the dip direction.
amplitude of peak D is zero for updip and downdip arrivals, and largest for

als from the strike direction. This characteristic can be employed to constrain
1€ dip direction.

imitations of the Technique

An important limitation of the source equalization technique for determining
€ar surface structure is the assumption of laterally homogeneous or moderately
18 Structure. The validity of this assumption depends on the lateral extent of
& sampled structure; which is roughly equal to the depth of the deepest reflecting
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nterface for horizontal layers [Ammon et al 1990]. Cassidy [1991] has shown th

or dipping layers the lateral extent of sampling shifts to the updip side of thn -

(see Figure 3.5). P wave reverberations arrive at the surface at different i S;a-
angles

f incidence than the direct P wave and therefore these phases are not removed b
ved by

ource equalization.
Although a non-zero tangential component is an indication of dippin

t‘fansv.erse arrivals observed in this dataset are often as large or fai eg S:ucture
arrivals indicating complex laterally inhomogeneous structure (g)rlt -
. amplitude and arrival time variations with backazimuth and di;tan T phases
stent with that expected of a Pg phase should be modeled. In the cre nce of
ex structure, such as layers dipping different directions, very com feeSCncej of
ctions are produced and forward modeling may be impossible or im:ra ;z:ewer
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Chapter 4

Data Collection and Processing

The temporary seismic station deployed at the Indian Island site (IND) is
ipped with intermediate period (5 second) Kinemetrics SH-1 and SV-1 velocity
mometers and records three components of digital broadband data. For details
ing triggering parameters, and recording and playback procedures see Lapp
. Calibration of the seismometers and installation of the recording equipment
cussed by Hendrickson [1986]. The seismometers were installed at this site
June 1989 and data was collected for analysis through 7 May 1991.

dian Island is located north west of Seattle within the Puget Sound basin at
° Jatitude and 122.710° longitude. The station sits atop stable, gentle slopes
ped bedrock at the southern end of the island. In Puget Sound, pre-Tertiary
ock ranges in age from Devonian (360-410 Ma) to Cretaceous (63-138 Ma) and
s melange units, which formed by tectonic deformation and mixing of vari-
isting rock units [Pessel et al 1989]. The site at Indian Island was chosen
s strategic location near the apex of the proposed arch in the subducted slab.

eseismic Data Set

Event parameters for the forty-five teleseismic events collected for use in this
f are listed in Table 4.1. The global distribution of these events is shown in
t€ 4.1 as a function of azimuth and angular distance from IND.

Processing each of the recorded teleseisms includes:

| locating the event in the Preliminary Determination of Epicenters (PDE)
listing,

choosing events for which 30° < A < 100°,

Iotating the horizontal components into radial and tangential orientations,

femoving the D.C. offset from the data,

21 applying a three-second cosine taper to the ends of each trace,
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e 4.1: Event parameters for the earthquakes used in this study. The back
(BAZ) and angular distance (A) to each event are caculcated with respect

'ﬁmdian Island station (IND).

Events Used in Present Study

, Time Location Depth Magnitude| A BAZ  Stack
ym/dd (UTC) | Latitude Longitude | (km) m, (w.r.t. IND) Group

20:37 | 1.149N  79.649W | 19 58 |60°  128° 2
1”9 04:16 | 18.073N 105.627W | 34 57 [33°  149° DI
16:42 |51.116N 179.172W | 33 56 [36° 297° Gl
©17:42 |51.120N 179211W | 33 56 |36° 297° Gl
21:04 |10.998S 162.382E | 29 6.1 |88  251° F3
05:25 |39.546N 143333E | 28 60 |64°  301° G4
19:05 |36.785N  2.449E | 10 58 |82 41° A2
06:40 [21.252S  68.099W | 143 58 |85°  130° C3
01:00 | 15.781S 73.254W| 74 61 |78°  131° C3
14:16 | 7.704S  74.679W | 158 59  |70° 128° (2
18:43 | 8393N 126.778E | 33 74 |97°  291° G5
05:32 |15.046S 172.904W | 83 64 |77°  230° FI
06:48 |15.411S 166297E | 36 63 |89°  246° F3
22:51 |18.109S  69.299W | 141 56 |81°  129° C3
19:06 |26.732S 114.844W | 10 57 |75°  173° D2
09:28 [17.129S  64.219W | 611 55 |83  125° C3
12:16 {22.041S 175.156E | 33 64 |89° 235 P2
16:38 | 18.134S 167.949E | 33 56 |90°  243° F3
13:22 | 9.880N 84.885W | 19 63 |50° 127° ClI
14:17 |37.016N 72.959E | 32 60 [94°  348° HI
22:57 |11397N  86.388W | 53 59 |48°  128° CiI
21:12 |15226N 147.529E | 32 65 |79°  280° G2
14:57 | 15208N 147.560E | 33 58 [79°  280° G2
09:31 {25.659S 176.100W | 56 58 |88°  226° E2
20:51 |35.453N 135.484E | 369 57 |71° 303° G3

\

07:21 | 40.746N  15.850E 26 53 84° 30° A2
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. 4.1: (continued)

Events Used in Present Study

. Time Location Depth Magnitude| A BAZ  Stack
m/dd (UTC) | Latitude Longitude | (km) m, (w.r.t. IND) Group

00:01 | 695IN 82.635W| 6 63 |53 127° Cl
13:10 | 41.780N 130.881E | 580 57  |69°  310° G4
23:43 [17.333N 100.677W | 44 53 [36°  142° DI
04:50 |49.040N 141.881E | 611 64 |59°  310° G4
14:25 [35.986N  70.443E | 117 60 |95°  349° HI
23:28 |26.614N 127.814E | 39 61 [82°  302° G3
03:18 [10.291S 161.138E | 69 58 |88  253° F3
01:00 |19.340S  66.551W | 271 58 |84°  128° (3
14:30 [ 10.970S  70.776W | 599 67 |75°  127° C3
20:14 |53.468N 169.929E | 32 64 |41°  304° Gl
03:01 [24.032N 121.669E | 14 59 |88°  304° G6
11:36 |60.828N 167.118E | 33 63 |41° 315° Gl
08:08 [27.125N 127.400E | 105 62 |82°  302° G3
09:41 |22.845S 179.442W | 474 57 [87°  230° R2
11:25 [ 14.924S 175.150W | 33 56 |78°  231° FI
21:56 | 9.676N 83.082W| 10 66 |51° 126° Cl
06:34 |14.039N 91.667W | 65 54  |43° 132 Cl
09:12 [42.489N 43.647E | 10 62 |89° 10° Al
13:09 [39.333N 144.722E | 33 63 |63°  300° G4




F€ 4.1 Event locations with respect to IND for all events used in the

SIS, recorded between 16 June 1989 and 7 May 1991.

LSvd
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‘lf performing source equalization, varying the water-level and Gaussian
pa:ameters,

7 stacking the deconvolved components to improve signal-to-noise ratio.

1 | processing this dataset, the value of the water-level parameter was varied
0.0001 to 1.0, and the Gaussian parameter used was 5.0. Deconvolution is
yrmed for each event over these parameter ranges and the receiver functions are
sated and chosen based on the observation of stable, consistent phases and low
r,xto-noise ratio. The effects of varying the water-level and Gaussian parame-
in the deconvolution are discussed in detail by Owens et al [1983a].

Stacking the deconvolved components improves the signal-to-noise ratio, pro-
| single estimate of the receiver function from a particular source area, and
s an error bound for evaluating the fit of the synthetic signals generated
 forward modeling. The criteria used for stacking the deconvolved data in this
! are somewhat stricter than the guidelines recommended by Owens et al
of: £ 20° in back azimuth, + 15° in distance for distance > 70°, and *+ 10°
istance for distance < 70°. Their criteria were developed for predominantly hor-
y layered media. For this analysis we use stacking criteria suggested by
[1991], who demonstrated that to avoid attenuating P-fo-S phases generated
' dipping boundaries, both the back azimuth and distance ranges used in
} should be < 10°. The resulting thirteen stacked and four single-event

iver functions represent an estimate of the local structure response.

iver Function Stack Suites

An example radial and tangential component stack suite is shown in Figure
All other stack suites used in this study are shown in Appendix A. Each suite
of the deconvolved signals for each event, plotted above the resulting
d signal. Each event is identified by back azimuth (BAZ) and angular dis-
' (4). Stacked and single receiver functions are shown in Figures 4.3 through
'7‘: € 4.3 displays stacks at a range of distances for backazimuth = 128°, and
ackazimuth = 300°, Figures 4.4 and 4.5 show radial and tangential stacks and
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vents at a range of backazimuths. Each set shows radial (top) and tangen-

m) components and is identified by backazimuth, distance, and the number

h stack.

e features of this data that will be examined are: the character of the time-
1ee on both the radial and tangential components, the quality of the tangen-
, and the persistence of large-amplitude arrivals on the radial components.

n the radial component, the direct P wave should appear as a peak centered
_reference time. However, for several stacks (e.g. AI, G2, HI on Figure
e first arrival peaks are noticeably delayed. This time delay is evidence of
5‘;, allow structure beneath the recording station and will be analyzed in detail
: rward modeling. The development of side lobes on the impulsive first
result of noise introduced by the water level parameter; it is an unavoid-
snsequence of processing band-limited data [Owens et al 1983a].

Ithough some consistent arrivals are observed in the tangential data, espe-
first arrival, they contain a much lower signal-to-noise ratio than the
. The tangential component data will not be included in the modeling
s they will only be used in qualitative analysis of deeper interfaces.

he stacked radial receiver functions show that only a few coherent arrivals
nsistently observed after the prominent direct phase. Most notable are the
€ arrival at about four seconds, the negative pulse between four and five
Is, and the positive arrival between five and six seconds after the initial pulse.
d modeling was performed to reproduce these prominent features observed in

receiver functions and will be analyzed to infer the depth and orientation
major boundaries beneath IND.




Chapter 5§

Forward Modeling

éfg ard modeling of receiver functions requires approximating the true velo-
ture with a simplified geometric model, and then determining the right
on of layer thickness, strike direction, dip angle, and velocity that con-
tly match the amplitude and timing features for events from a wide range of
,,uths. As in other receiver function studies in the Puget Sound [Lapp et al
and Owens et al 1988], the starting velocity structure for the forward model-
'.‘ rmed in this study was based on a model which incorporates the results of
al regional seismic studies. The crustal model of Taber and Smith [1985] was
with average values of the upper mantle [Zervas and Crosson 1986] and
ucting slab [Taber and Lewis 1986] velocities. The average crustal P wave
ity is 5.9 km/sec with a 1.0 km/sec contrast at the Moho and the upper mantle

velocity is 8.0 km/sec. A V, / V; ratio of 1.73 has been constrained by
sis of local travel time data.

Synthetic seismograms were generated using the 3-D ray-tracing scheme for
' dipping boundaries described by Langston [1977]. Parameters which are
fied for each layer include: P wave and S wave velocities, density, strike and
» and thickness. Independent evidence constrains the average velocities in

S0 estimates of layer thickness, dip angle, and dip direction will be
Ied by generating synthetic receiver functions and then trial-and-error matching
idth, shape, and amplitude of the derived signals with the real receiver func-

Synthetic radial and tangential receiver functions are produced by processing
ynthetic seismograms in the same manner and using the same deconvolution
Cter values as the real data. The deconvolution algorithm provided by T.
S (based on Langston [1979]) and subsequently enhanced by C. Ammon
Ves the absolute amplitude ratio of P, | P,. Cassidy [1991] demonstrated that
of the absolute amplitude is robust, especially in the presence of shallow
1_‘“ deep) dipping structure, and that using the information preserved in the
e amplitude helps develop a more accurate earth model. Absolute
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are used in this study in the comparison of real and synthetic receiver
n waveforms.

Vhen comparing synthetic and real receiver functions from a dipping layer
ament, emphasis is placed on matching the relative time and amplitudes of
ent, stable arrivals in the radial receiver functions. Arrivals with similar
1des and simultaneous arrivals in time for a range of backazimuths are inter-
, conversions though a flat layer, while dipping layers may be recognized
.V‘and amplitude azimuthal variations in both the radial and tangential receiver
Reverberations in the signal make this matching process challenging.

[hree features of the sub-crustal velocity structure will be investigated by
7 synthetically derived receiver functions to the deconvolved real data. On
radial receiver functions these areas can be identified as: the structure of
allow crust, arrivals from zero to about three seconds; the continental Moho,
e an one-half seconds; and the subducted JDF slab, the negative-to-positive
f pulses occurring between four and six seconds after the zero reference time.

C TT Crust Model

hases arriving within the first second of a receiver function are generated by
urtace  structure. Evidence for non-horizontal shallow structure may be
€d in both the radial and tangential receiver functions. Complex shallow
te is typically observed in the radial deconvolved receiver function by an
h-dependent delay of the direct arrival at time zero [Owens and Crosson
This delay is the result of an extremely efficient P-t0-S conversion through
surtace dipping structure so that the first arriving energy in the waveform is
ted by Py, not the direct P wave.

BUre 5.1 displays the first four seconds of some typical stacked receiver
0S from IND. The radial component in the event from the southeast
= 128°% A = 81°) shows a sharp direct P arrival centered at the zero reference
However, in signals from the west (BAZ =248° A=89° and
% A =97° the shape of the initial pulse has broadened and the main
OCcurs from 0.25 up to 0.4 seconds after time-zero. Receiver functions from
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+h backazimuths (BAZ = 348° A =95° and BAZ = 10°, A = 89°) display an
+ar = 0.5 second, first arrival.

£

rariations in the time delays of the first-arriving energy occur in a distinct pat-
hich can be seen by plotting the time delay of the first pulse on the radial
ient versus the event backazimuth (Figure 5.2). This azimuthal dependence
a geometrical, rather than instrumental, source of the apparent time delays
. and Crosson 1988]. The range of possible dip directions inferred from the
elays is between 305° and 36° (dashed, vertical lines on Figure 5.2.).

nalysis of polarity changes observed on the tangential components of receiver
is a common interpretation method for non-horizontal structure. The
components plotted in Figure 5.1 exhibit a polarity reversal between the
imuths of 348° and 10°. Since transverse motions form mirror images across
parallel to the dip direction, a plot of the tangential first arrival polarities for
: tacks in this study can be used to further constrain the dip direction (Fig-
3). Using this criteria, the shallow interface dip direction is ascertained to be
n 350° and 10°. The first-arrival time delay is quite sensitive to changes in
ess, dip angle, and dip direction. From forward modeling, the structural
eters for the first layer are estimated to be:

Layer thickness: 2.1 km + 0.5 km
Dip direction: N 5° W + 5°
Dip angle: 11° + 3°

me delays calculated for the synthetic radial receiver functions generated from
ddel are shown on Figure 5.2 as a dashed, bell-shaped curve.

Erberations caused by shallow structure may complicate the first few
§ of the receiver functions and be large enough to obscure arrivals generated
ther crustal layers. Due to the presence of shallow structure beneath IND it
ur Prising that converted arrivals from other near surface layers are not con-
Observed at all backazimuths. However, on many of the radial receiver
: Small arrivals before = 2.5 seconds are observed. The amplitudes are not
€ due to noise, and do not appear to be azimuth-dependent so they are not
*d as dipping layers. The shallow structure model for the first few layers is
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< Time delay of first pulse on radial component versus event backazimuth
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M time delays. Dashed, bell-shaped curve is theoretical delay from the
model described in text.
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. Table 5.1 and the synthetic receiver functions generated from the
erust model are compared to examples of the observed data in Figure 5.4.
olitude of the time-delayed peaks is slightly lower than predicted by the syn-
2 and many attempts were made to reduce the amplitude. The time delay
 sensitive to thickness and dip angle, and reducing the velocity difference
fhe layers only succeeded in doing away with the time delay altogether.
shape and character of the first-arrival time delay on the radial com-
, and the polarity reversal on the tangential components match the observed

ry well.

pheric Model

fodeling of converted arrivals in the presence of dipping layers involves
between layer velocity, dip angle, and dip direction. The azimuthal dis-
n of the events also constrains the range of possible parameters values.
was placed on modeling the highest quality receiver functions and match-
nsistent, stable arrivals to obtain the best estimate of local structure.

he preferred model for the lithospheric structure is illustrated in Figure 5.5
ed in Table 5.2. The radial receiver functions generated from this model are
 with the real data in Figures 5.6 through 5.8. Figure 5.6 displays events at
8 distances for backazimuth = 128°, and for backazimuth = 300°. Figures
15.8 show events for a range of backazimuths and distances.

highest quality radial receiver functions are those labeled: C1, C2, C3, GI,
d G4. These were chosen due to the relatively high signal-to-noise ratio and
Sistent, stable arrivals. Event stacks HI, Al, and A2, while not of unusually
uality, occur from strategic azimuthal locations and so are very important in
. The receiver functions DI, D2, G2, G5, and G6 have good fits to the
3 model, but the presence of reverberations and noise prevents a great signal
Receiver function stacks: F 1, F2, and F3 have particularly bad fits even

their radial component signal-to-noise ratio is often very high. These

OUS waveforms will be discussed later in this chapter, after all modeled
are noted.




35

Shallow Structure Model

Vp Vs Density | Thickness Strike Dip
“i{ (km/sec) (km/sec) (g/ce) (km) (degrees)  (degrees)
[ 3.00 173 260 2.1 26500  11.00
| 510 2.95 2.60 2.8 0.00 0.00
1590 341 - 2.70 6.0 - 0.00 0.00
1 630 3.64 275 70 0.00 0.00
6.70 3.87 2.80 0.00 0.00
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. /5 Vp Vs density
SV km/s km/s gm/cc NE
AL N 300 17 _ 260 . Strike = 265
" 28km 510 295 260 Dip =11
6.0 km 5.90 3.41 2.70
7.0 km 6.30 3.64 2.75
11.0 km 6.70 3.87 2.80
-8.5km 7.70 4.45 3.00
\ Smke — 320‘:
6.70 3.87 2.80 Dip=28 |
\ Stl’lke - 3200 il
8.00 4.62 3.36 Dip =38 ° |

: :, lllustration of the preferred lithospheric model, cross-section is along the
0 of the JDF slab. The depth to the continental Moho (CM) is 28.9 km, and
'the oceanic Moho (OM) is 43.4 km.
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Lithospheric Model

v, Vs Density | Thickness Strike Dip
H (km/sec)  (km/sec) (g/ce) (km) (degrees)  (degrees)
[ 300 1.73 2.60 2.1 265.00 11.00
5.10 2.95 260 | 28 0.00 0.00
5.90 3.41 2.70 6.0 . 0.00 0.00
| 630 3.64 275 7.0 0.00 0.00
. 6.70 3.87 2.80 11.0 0.00 0.00
| 770 4.45 3.00 8.5 320.00 8.00
| 670 3.87 2.80 6.0 320.00 8.00
| 800 4.62 3.36 0.00 0.00
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ential receiver functions generated from this model are shown in Figures
;j_‘: 511. Figure 5.9 displays events at various distances for backazimuth
. and for backazimuth = 300°. Figures 5.10 and 5.11 show events for a
‘\backazimuths and distances. As observed above, the synthetic first arrival
des and polarity match the observed data well. There are also large
d transverse arrivals between three and six seconds, which is an indication
‘ structure. The tangential waveforms are in general very noisy and the
od amplitudes are much larger than predicted by the lithospheric model. In
sceiver function studies [e.g. Lapp et al 1990 and Owens et al 1988] the
v omponents have been found interesting but not very useful in quantita-
ing. In this study, the tangential components were not used for signal
ng but are displayed for qualitative comparison with the final lithospheric
and to verify the presence of dipping structure.

nental Moho

he arrival at = 3 seconds (labeled C on Figures 5.6 through 5.8) is interperted
A converted wave through the continental Moho. The interface was modeled
horizontal layer due to the relatively small amplitude of this arrival with
[ to the direct P wave at most backazimuths. Some C arrivals are double-
 suggesting the addition of a thin layer with a small S velocity contrast, how-
complication is not justified by other regional velocity studies and was not
ble by modeling.

de Fuca Slab

0 the radial receiver functions near five seconds, the large negative pulse fol-
By a large positive arrival indicates a low velocity layer. The negative
| (labeled J in Figures 5.6 through 5.8) is interpreted to be the converted
3_‘;‘-“9 the top of the subducting Juan de Fuca plate and the subsequent large,
€ pulse (labeled O) from the oceanic Moho. This negative-positive pair of

318 observed over a wide range of backazimuths. The amplitude variations
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¢ phases are slight over the wide range of backazimuths, indicating a shallow

be constructive-destructive influence of reverberations can be seen on the
ad amplitude fits to this pair from some backazimuths. The fits to the
.d-model receiver functions are consistent with the majority of stacked
the radial receiver functions generated from this model are compared to
'standard deviation from the calculated mean in Figures 5.12 through 5.14.

arge arrivals on the tangential components corresponding to the J—O phase
s also indicate dipping or complex structure. In the synthetic data the polar-
,m between 36° and 130° predicted by the modeled slab fits the observed
y variation well; supporting the interpretation of a northeastly dip. The
receiver functions, compared to + one standard deviation from the calcu-
gean, are shown in Figures 5.16 through 5.18.

tative Error Estimation

Io test the arch-model hypothesis we first modeled the subcrust with no dip-
lab. The synthetic fit to the events from the wide range of azimuths available
S study were incompatible with this interpretation. Fits improved substantially
model with a slightly northeast-dipping slab. The preferred model is the result
l-and-error modeling and analysis of the trade offs between dip direction, dip
nd event distribution.

igure 5.15 illustrates the qualitative bounds determined for the dip direction.
the modeled slab dip direction to N 20° E improves the match for events
backazimuth = 302°, however, the fits to events from backazimuth = 128°
€. Conversely, improving the fit for events from backazimuth = 128 by
ing the dip direction to N 80° E substantially reduces the amplitudes from
imuth = 302°, The event stacks from the northwest and southeast are the
Sensitive to changes in dip direction. Within the dip direction constraints the
l is very sensitive, and dips > 12° are not consistent with data from any
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ems

problems encountered during forward modeling of the radial and tangential
4 functions include observations of time delayed phase arrivals, apparently
cting dip directions, and anomalously large amplitudes on the tangential and
radial components. On each of the event stacks from the southwest: F1, F2,
F3, the negative-to-positive pulse arrives much too late to be modeled as the
pair of arrivals. These huge time shifts can not be explained by the simple-
model developed in this study. Beyond about backazimuth = 85°, P and
‘Iy merge and become core grazing phases. It is possible that some complex-
| the lower mantle may also affect the receiver functions by distoring the parti-
"on.

Another possibility is that local anisotropy could play a role in affecting those
icular backazimuths. The time variations may represent lateral variations due to
n-planar interface or lateral velocity variation beneath IND. As noted in
pter 3, problems due to lateral sampling may occur in areas of complex struc-
or areas with rapidly varying velocities. Approximation of the receiver func-
as the impulse résponse directly beneath the station requires the assumption of
mum lateral sampling. In cross-section view (see middle cross-section in Fig-
;f ), @ £ 50 km area on either side of the station encompasses very large struc-
 variation at depth. The pinchout of the asthenospheric wedge is updip of this
N and waveforms arriving from the SW will sample this very complex struc-
The structure of the asthenosphere encountered by arrivals from other
8 is very different and much less complex.

Along-strike lateral variations are expected to occur in this area of the Cas-
A Subduction Zone. The need to define the slab dip direction and angle at this
4l point motivated the positioning of the recording site near the apex of the
0Sed arch. Evidence of along-strike heterogeneity can be seen in map view
€ 2.1). Over a 50 km radius (the approximate depth to the deepest reflecting
Ce), the azimuths of the arch contours change drastically, from = N 45° W to
€ N. This heterogeneity may be the primary reason events from the NW and
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eld apparently conflicting slab dip-direction results, and is consistent with
forms sampling a near-apex arch structure.

The observed transverse component arrivals are often as large or larger than
yresponding arrivals on the radial component which also indicates very com-
inhomogeneous structure. Although the timing and polarity of the modeled
Is is consistent, the large amplitudes cannot be accounted for with this simple
" ic model. On the radial receiver functions, the amplitudes of the J-O
al pair is often up to two times as large as the first arriving energy; this large
mplitude on a converted phase can not be explained by a reverberation from
‘;y inhomogeneous structure alone. The observed signals from the northeast:
ve extremely large amplitude J and O arrivals. The effect of multiples gen-
d at the dipping shallow structure was qualitatively modeled as contributing to

‘anomalously high amplitudes, although this effect is not seen at all backa-
iths.




Chapter 6

Discussion

’urce equalized teleseismic P waveforms were used to determine crustal and
- mantle structure in central Puget Sound. Despite lateral complexities beneath
P-to-S converted arrivals corresponding to the shallow structure, the continen-
7 o, and the subducting Juan de Fuca slab were successfully modeled, provid-
al new pieces of information on the earth structure beneath IND.

Table 6.1 summarizes the results of this study for the major features modeled
e subcrust, and lists the results from two other studies in the region for com-
n. The bottom of the crust as well as the depth to the oceanic Moho beneath
are shallower than those depths obtained from receiver function studies to the
h [Cassidy 1991] and south [Lapp et al 1990]. The slab also has a relatively
ower dip in this area of the Cascadia subduction zone. The estimated uncertain-
for the parameters modeled in this study are:

North American Plate:

Continental Moho depth: 28.9 km + 1.0 km
Juan de Fuca Plate:

Oceanic Moho depth: 43.4 km + 1.0 km

Oceanic crust dip direction: N 50° E + 30°
, Oceanic crust dip angle: 8° + 3°

The depth to the continental Moho estimated through modeling corresponds to
fust thickness inferred from seismicity of 25-30 km. The shallow slab dip, and
L to the oceanic Moho derived in this study are also consistent with observa-
made from seismicity (see middle cross-section in Figure 2.2). From seismi-
the dip of and depth to the oceanic Moho are approximated at 10° and 40-45
espectively.

The parameters obtained in this study for the JDF slab are consistent with the
;, 10del of Crosson and Owens [1987] which predicted a shallow, northeastly
”5”' and a depth to the oceanic Moho of approximately 45 km. The large
@inty in the strike direction is caused by along strike heterogeneity near the
Of the arch where the dip direction sweeps through a 45° angle within a 50 km
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Comparison of Structural Parameters

Lapp et al | Indian Island | Cassidy [1991]
[1990] ALB
46.8 N 480N 493 N
1227 W 1227 W 1249 W
31 km 29 km .
54 km 43 km 50 km
N35E N 40 W N30wW
16 8 15
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s of the recording sight, i.e. waveforms sample the arch in a region where the
< changing rapidly. Reverberations from deep structure which is very different
nd down-dip also complicate the waveforms.

The local structure beneath IND is very complex and the geometric parameters
ped in this study have improved our knowledge of the JDF plate geometry as
the crustal structure. Ongoing studies north and south of this recording site
certainly further illuminate the slab structure and may help explain the complex
ls observed in this study.
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