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University of Washington
Abstract
Roles of plate locking and block rotation in the tectonics of the Pacific Northwest
Zuoli Ning

Chair of the Supervisory Committee:
Professor Anthony Qamar

Department of Earth and Space Sciences

The Pacific Northwest has potential for huge megathrust earthquakes. The influence of plate
locking in the Cascadia subduction zone dominates crustal deformation off the shores of
Washington and Oregon, but does not much affect areas far from the trench. The maximum
principal strain rate g is -0.013 + 0.007 pstrain/yr in the Olympic Peninsula, 0.007 = 0.005
pstrain/yr in the Puget Sound, -0.005 + 0.005 pstrain/yr at Mt. Rainier, -0.004 + 0.005
ustrain/yr along the northern Oregon coast, and 0.011 + 0.006 pstrain/yr in central Oregon.
The minimum principal strain rate g, is -0.083 = 0.008 pstrain/yr N56°E in the Olympic
Peninsula, -0.034 + 0.007 pstrain/yr N63°E in the Puget Sound, -0.020 + 0.006 pstrain/yr
NS53°E at Mt. Rainier, -0.051 £ 0.014 pstrain/yr N85°E along the northern Oregon coast, and
-0.010 £ 0.006 ustrain/yr N71°E in central Oregon. A new model of plate locking on the
Cascadia subduction zone is similar to a model (1997). The uncertainty of the widths of the

locked and transition zone in the model is about 25km - 40km.

Guided by computed site velocities, seismicity patterns, heat flow, volcanic data, and
geological structures, we find it is necessary to divide the crust in the Pacific Northwest into
separate moving blocks. We have analyzed a model in which the Oregon block is separated
from the Washington block at latitude 46°. The Washington block has been further divided
into S5-subblocks, three in the forearc and two in eastern Washington. We remove
contributions of JDF plate locking from the site velocity field and determine a rotation pole
and a strain rate for each sub-block. We conclude that Juan de Fuca plate locking has little

direct effect on crustal earthquake occurrence in the Pacific Northwest (except for periodic



megathrust earthquakes). In the Oregon block, plate locking and rigid block rotation are
sufficient to explain GPS observations and the lower rate of seismicity in Oregon. The
Washington block is more. The southwestern Washington sub-blocks have higher rotation
rates and smaller residual strain rates than the northern sub-blocks. The Olympic sub-block
shows the greatest north-south compression (0.017 pstrain /yr). The Puget Lowland
sub-block and Mt. Rainier sub-block are shortening along a NNE direction, roughly
consistent with the direction of maximum principal stress from fault plane solutions. The
overall north-south shortening across the Puget Sound is 3mm/yr, sufficient to generate M7+
earthquakes in the future. NS compression dominates eastern Washington near Yakima which
is also consistent with principal stress directions derived from fault plane solutions. Northeast

Washington sub-block is currently poorly constrained by GPS data.

As western Washington is pushed northward against the British Columbia, block rotation in
Oregon is slowed down in Washington and the motion produces NS compression in northern
Washington. The sub-blocks in southwestern WA act as a transition zone between Oregon
and British Columbia. Residual strain rate is proportional to crustal seismicity. The great
variation of residual strain rate in WA compared to Oregon may explain their crustal
seismicity difference. GPS derived velocities in NE Washington are still too uncertain to

determine the details of block rotation and strain rate there.
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Chapter 1: Introduction

§1.1 Objectives

The surface of the earth is composed of eight major tectonic plates and many minor plates. Their

interactions produce many natural events near their boundaries, such as mountain folding in the

Himalaya Mountains, volcanic eruptions, and earthquakes. Some of the physical mechanisms that

produce these events are still unknown. Fortunately in the Pacific Northwest we have a natural

“backyard laboratory”, the Cascadia Subduction zone between the young and hot Juan de Fuca

(JDF) plate, and the overriding North America (NA) plate. However, because plate motions are

very slow (millimeters per year), it is very hard to monitor their movement using traditional

techniques. Today the Global Positioning System (GPS) provides an efficient way to understand

plate tectonics and some associated natural disasters. The primary goal of this thesis is to use high

precision GPS measurements, inverse theory, and strain analysis techniques to understand the

nature of plate interaction in the Pacific Northwest. The computed crustal deformation is used to

constrain the kinematics and dynamics of the continental lithosphere, and strain accumulation in

the Pacific Northwest. This thesis addresses the following scientific questions:

& What is the deformation velocity field and its spatial distribution in the Pacific Northwest?

& What is the regional strain pattern and what is its relation to the Cascadia Subduction Zone
(CSZ)?

& What are the tectonic driving processes that affect the geodetic observations and what is their
relative importance?

& How are the geodetic data related to seismological and geological data?

& How does the rotation of western Oregon and Washington change in northern Washington
and southern British Columbia?

¢ What are the boundaries and what is the kinematics of crustal blocks comprising the forearc
and how is the geodetic strain related to block boundaries?

¢ What is the role of the Cascades in regional tectonics?
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§1.2 Introduction
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Figure 1.1. Map of the Pacific Northwest. The triangles are major volcanoes. The arrow indicates the convergence of the Juan De
Fuca plate relative to the North America plate.

My research area is Cascadia in the Pacific Northwest which comprises southern British
Columbia (Canada), Washington, Oregon, and northern California. It includes a part of the North
America plate boundary and the fore-arc of the only subduction zone in the conterminous U.S
(Figure 1.1). Thus it is an ideal place to study the relationship between the subduction zone
earthquake cycle, crustal earthquakes, and the behavior of a magmatic arc. Before presenting my
results, I will first describe tectonic, seismological, volcanic, and geological overviews of this

area. In chapter V, I will provide some interpretations that combine geodetic observations with

geology, tectonics and seismicity.



§1.2.1 Tectonic Overview

The Pacific Northwest (PN) region addressed in this thesis is bounded on the north and south by
two small plates, the Explorer and the Gorda (Figure 1.1) and on the east by Idaho. This region
deforms in response to complex North America (NA), Juan de Fuca (JDF), and Pacific plate (PP)
boundary interactions. As a result of these interactions, the small Juan de Fuca plate has been
subducting under the NA plate for 35M year (Engebretson et al., 1984) and produces the
Cascadia subduction zone, the only subduction zone in the continental U.S. The plate system has
a history of complex motion in the late Cenozoic. The oblique convergence rate (relative to the
North America plate) changes, to various degrees, along the continent margin (4twater, 1970,
Wells et al., 1998). It decreased from 6-7cm/yr 7Ma ago to the present comparatively slow rate of
4.4cm/yr in the direction N62°E (Riddihough, 1984). The NUVEL-1A global plate motions
model predicts an average convergence rate between these plates at Seattle be 40 mm/yr in the
direction N70°E (DeMets et al., 1990; 1994). Since the JDF is relatively small, the oceanic crust
produced at the JDF ridge doesn’t have to travel a long time before subducting at the trench. Thus,
the subducting slab, with a moderate thickness about 6 km (Parsons et al., 1998), is very young
at the deformation front, approximately 8M years. Thermal arguments and elastic dislocation
models indicate that the boundary between the NA and PP plates has a completely locked part
and a partially locked part that together make up the seismogenic zone (Figure 1.2). The
down-dip boundary of the locked zone lies offshore and varies in width and depth (Dragert et al.,
1994; Mitchell et al., 1994; Wang et al., 1994; Hyndman and Wang, 1993, 1995; Verdonck, 1995,
Fluke et al, 1997, McCaffrey et al., 2000). The dip angle of the subducting plate changes not only
along the margin, where it varies between 5° and 15°, but also increases normal to the margin
where it varies from 2°-7° to 12° where it encounters a 20km thick Siletz terrane or other accreted
oceanic crust (Parsons et al., 1998). The temperatures at the deformation front, the boundary
between the locked zone and transition zone, and the downward end of the seismogenic zone are
about 250°C, 350°C, and 450°C respectively (Hyndman and Wang, 1993) (Figure 1.2). Although
“Benioff zone” earthquakes in the Pacific Northwest occur at a depth of no more than 100 km,
other evidence such as tomography indicates that the slab of the JDF plate penetrates to 400-600
km depth beneath Washington, but rarely reaches that depth below Oregon (Rasmussen and
Humphreys, 1988; Bostock and VanDecar, 1995). The shape and varied tectonic regime of the
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margin may be related to a number of second-order effects, including arching of the Juan de Fuca
plate beneath the Olympic Mountains and the Puget Sound (Crosson and Owens, 1987; Weaver
and Baker, 1988) and inherited heterogeneity in the overlying North American plate (Trehu et al.,
1994; Wells, 1994). There is evidence for a depressed Moho beneath the central Cascade ranges
in Washington (Crosson and Owens, 1987).
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Figure 1.2 The subducting slab scheme. The arrows are the directions of the oceanic plate movement. The table gives properties
for different zones. The dark-grey area is the NA continent while the upper part of the subducting slab is light grey. Extracted from
Fliick, 1996.

Parallel to the margin of the continent, the Cascadia volcanic arc is characterized by a cluster of
volcanoes that separate the Pacific Northwest into three parts longitudinally. To the west the
fore-arc encompasses the coast range (CR), the Olympic Mountains, and the densely populated
Puget-Willamette Lowland. The arc comprises the Cascade range and associated mountains. The

back-arc lies to the east of the Cascade Mountains.

Using evidence about uplift rate, geometry of the arc--fore-arc--trench system, seismic character,
volcanic activity, heat flow data and paleomagnetic studies (Beck et al., 1986; Blackwell et al.,
1990; Ludwin et al., 1991; Mitchell et al., 1994; Trehu et al., 1994; Weaver and Baker, 1988), the
CSZ can be segmented into three distinct parts latitudinally (Figure 1.3): a northern part in
Washington, a central part in Oregon, and a southern part in north-central California. The
northernmost segment is characterized by the presence of a “compressional” volcanic arc, high

seismic activity, low magmatic extrusion rate, low heat flow, folded basement and small blocks
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in the forearc west of the Cascade Range. In this segment, the seismogenic zone of the CSZ is
wide, up to 200km at the Olympic Peninsula, and the oceanic plate is not subducting steeply
(Flitke et al., 1997). To the north at Vancouver Island the convergence becomes much more

margin - normal and the subduction is slightly bblique at Washington transect.

1200 1170

Figure 1.3: Major tectonic units along the Cascadia subduction zone. From south to north, the forearc is divided into three
tectonic blocks/segments: Sierra-Nevada (SN); Oregon Coastal (OC) and Washington (W). Thick arrows indicate observed
relative rates from very long baseline interferometry, paleoseismology and magmatic spreading. Figure is adapted from Wells et al.
(1998).

In the north segment of the CSZ the northward migration of the forearc is resisted by a
“backstop” of the pre-tertiary rocks of the Canadian Coastal Mountains. This causes the northern
section of the forearc to be broken into small blocks which undergo large vertical motions due to
the continuing north-south compression which in return generates significant structural units such
as the Tacoma, Seattle, Everett, and Port Townsend basins in the Puget lowland (Brocher et al,
2001). These units are associated with low gravity, indicating the presence of thick (5-10 km) low
density sedimentary layers (Blakely and Jachens, 1990; Finn, 1990; Pratt et al., 1997). The
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associated negative gravity anomalies are separated from the surrounding gravity highs by steep

gradients, with remarkably linear geometry, suggesting that these basins are separated from each
other by east-west oriented faults (Gower et al., 1985; Brocher et al., 1999) (Figure 1.4). One of
the faults is the Seattle fault, comprising three or more fault strands over a 4~7 km wide zone
(Johnson et al., 1994, 1999; Pratt et al., 1997) which can presumably generate a M7.7 crustal
earthquake (Pratt et al., 1997). The Seattle and Tacoma fault zones together bound the Seattle
uplift, one of the E-W pop-up structures underlying Puget Lowland from the Black Hills to the

San Juan Islands (Brocher et al, 1999, 2001).
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Cascadia Subduction Zone
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Figure 1.4, Schematic map of gravity anomalies in western Washington and northern Oregon. Gravity lows are indicated by light
grey and highs by dark grey. The stippled area is pre-Tertiary basement in British Columbia that is also exposed in the North
Cascades of the US. The gravity lows and highs are separated by faults that have undergone considerable vertical motion
producing basins such as the Seattle Basin. The southern boundary of the Seattle Basin is the so-called Seattle fault. The dashed
line shows depth contours on the top of the subducted portion of the Juan de Fuca plate, which lies below North America.

Paleomagnetic evidence suggests that southwestern Washington is rotating in a similar way to the
western Cascades of Oregon, indicating that clockwise Miocene-age rotation extends northward
into Washington and eastward into the axis of the arc (Hagstrum et al., 1999). The right-lateral St.
Helens and West Rainier seismic zone take an important position in regional tectonism
(Hagstrum et al., 1999; Moran et al., 1999) and may form a diffuse eastern boundary of the
migrating fore-arc terrane. To the east of the arc, the Yakima fold and thrust belt with long,

narrow, regularly spaced anticlined folds and thrust faults is thought to be an analog of planetary

wrinkle ridges (Watters, 1992; Mege et al., 2001).
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The central segment of the CSZ is located in Oregon, and is characterized by currently aseismic
oblique subduction, large forearc rotation, low seismicity, high magma extrusion, an
“extensional” arc, and the presence of an axial graben in the Cascade range (Figure 1.3). The
Oregon forearc, west of the Cascades, behaves as a rigid semi-block rotating clockwise
(Goldfinger et al., 1997, McCaffrey & Goldfinger, 1995; Wells, 1990; Wells et al., 1998;
McCaffrey et al., 2000; Savage et al., 2000; Wells et al., 2001; Svarc et al., 2002) with a rotation
pole on the eastern Oregon/Washington boundary (McCaffrey et al., 2000; Wells et al., 2001).
Due to extension from the eastern Basin Range and Cascade arc, and the shear motion of the
Sierra Nevada block, the rotation of the forearc causes western Oregon to move towards the
subduction trench and away from the arc, as well as migrate northward, producing compressional
deformation in Washington where the block rotation meets some resistance. In this model the
Cascades arc defines the long-term and major tectonic boundary between the rotating fore-arc
and the extensional Basin and Range province. The Oregon volcanic arc has little seismicity,
similar to a slow-spreading oceanic ridge. The southwestern and northeastern boundaries of a
structural basin now occupied by Portland, Oregon and Vancouver, Washington are the Portland
Hills fault zone and the Frontal fault zone, respectively, and they exhibit clear acromagnetic
anomalies (Blakely et al., 1995). The central segment of the CSZ is thought to move in response
to tectonic activity in eastern California and the Basin and Range of northwestern Nevada, and
eastern Oregon and provides a connection between the seismically active zones of northern

California and southern and central Washington.

The third segment of the CSZ is a short section located in northern California (Figure 1.3). It
includes the seismically active and rapidly deforming Mendocino triple junction region (McCrory,
1995; Velasco et al., 1994), and is characterized by a transpressive arc with high rates of
seismicity, a high magma extrusion rate, and small forearc rotations (Wells et al., 1998). The
shear motion of the Sierra Nevada block is accommodated by roughly 12 mm/a in the Eastern
California shear zone (Argus & Gordon, 1991; Sauber et al., 1994, Pezzopane et al., 1993). The
Eastern California shear zone and its northern extension, the Walker Lane and Central Nevada

seismic belt, splays into the Pacific Northwest (Pezzopane et al., 1993).

All three segments of the CSZ are kinematically linked (Wells, 1990; Wells et al., 1998); they may
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also be dynamically linked (Satake et al., 1996; Wells et al., 1998). Their boundaries are not
exactly defined. The clockwise rotation of the middle segment broadly accommodates extension

behind the southern segment and transpression behind the northern segment.
§1.2.2 Seismicity

Seismicity gives valuable insight into the tectonics of the Pacific Northwest. First, Benioff —
Wadati zone seismicity can be used to define the location of the Cascadia subducting slab, a
critical factor in modeling crustal strain. Second, the seismicity pattern reveals seismically active
areas and quiet areas which can help us define crustal block boundaries when combined with
other tectonic and geological evidence. Third, earthquake mechanisms help us understand the

stress systems that produce the tectonics.
§1.2.2.1 Earthquake History

The Pacific Northwest is subject to three types of earthquakes: A) shallow crustal earthquakes
occurring in the overriding NA crust; B) deeper intra-slab earthquakes within the subducting JDF
plate; and C) Inter-plate subduction earthquakes that occur along the interface between the JDF
and NA plates (Figure 1.5). Subduction does not proceed as a smooth and continuous process; it
happens in fits and starts. When the locked part of the subduction zone accumulates sufficient
strain energy on either side of the fault, the energy may be released as a catastrophic subduction

earthquake.

Due to the lack of historic recording of megathrust earthquakes, the CSZ was thought to be
aseismic for some time. After comparison with other similar subduction zones having huge
historic earthquakes such as southwestern Japan and southern Chile, Heaton & Kanamori (1984)
concluded the CSZ was capable of producing huge megathrust earthquakes. The most compelling
evidence for such megathrust earthquakes come from geologic studies of marine estuaries along
the coast of the Pacific Northwest (e.g. Atwater et al., 1995). The most recent such earthquake
was a magnitude 9 event which occurred in 1700 AD and apparently ruptured the entire CSZ
from Vancouver in British Columbia to northern California (dtwater et al., 1995; Satake et al.,
1996; Clague, 1997, 1999). Radiocarbon and tree ring dating of the buried soils and tsunami

deposits in Washington and Oregon reveal a recurrence interval of approximately 500 years for
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great CSZ earthquakes (Atwater et al., 1991; Yamaguchi et al., 1997). However, intervals
between the most recent seven events (M>8) range from less than 200 years to 700-1300 years,
indicating that the interval is not uniform (Clague, 1997, 1999). Holocene sediments from Lake
Washington near Seattle show that more than 30 depositional events have occurred in the past
12,000 years, and 21 disturbances happened after the deposition of the Mt. Mazama ash about
7,600 year ago. If all events were caused by earthquakes, the recurrence interval of major
earthquakes on the Seattle fault and/or the CSZ is about 300 — 400 years (Karlin et al., 1996).
The largest earthquake in the 150 — year written history of Washington and Oregon was probably

B Deep earthquakes (>60 km)
@ Shallow earthquakes (<25 km)

Figure 1.5. 3D view of three types of earthquakes. The paired arrows indicate the spreading of oceanic ridge. The shaded arrows
represent the motion of the subducted oceanic plate.

the magnitude 7.4 Cascade earthquake of 1872 (Malone & Bor, 1979). Based on the number of
aftershocks, the general character of current seismicity in eastern Washington, and intensity
pattern of the main shock, the hypocenter of the 1872 earthquake was estimated to lie within the
NA crust. The largest historical deep earthquake was the 1949 M7.1 event with depth 54 km near
Olympia. It caused eight deaths and $150M (in 1984 dollars) damage (Noson et al., 1988). In
2001, a M6.8 earthquake occurred at nearly the same location at a depth of 52km, and caused
considerable damage to roads, buildings, bridges, parks, etc. In 1965, a M6.5 earthquake with a
depth of 60km occurred between Tacoma and Seattle, causing 7 fatalities and $50M (in 1984

dollars) damage (Noson et al., 1988, Ludwin et al., 1991). These types of events are classified as
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intra-plate or intra-slab earthquakes and are included in the “Wadati - Benioff” zone of seismicity
that helps to constrain the geometry of the JDF plate beneath the North American continent. The
M5.8 1939 earthquake, the M6.1 1946 earthquake, the 1995 M5.0 earthquake at Robinson Point
at a depth of 20km (Dewberry and Crosson, 1996), and the 1997 M 4.9 event at a depth of 7 km
beneath Point White on southwestern Bainbridge Island are all examples of crustal earthquakes in
the Puget Sound. Their occurrence indicates that the Seattle fault remains active and raises the
possibility of a repeat of a major (M > 7) earthquake that happened 1100 years ago and resulted

in 7m of uplift at Restoration Point near Seattle (Bucknam et al., 1992).

Further north, the South Whidbey Island fault shows a similar potential for a major shallow
earthquake. The 6 to 7 km wide fault zone shows evidence of both strike-slip (right-lateral) and
thrust offset (Johnson et al., 1996). Like the Seattle fault, the South Whidbey Island fault displays
over 400m of offset on the base of Quaternary sediments and can presumably generate

earthquakes bigger than M7.

At the northern margin of Cascadia, a peaty marsh soil near Tofino and Ucluelet shows evidence
of coastal subsidence indicating a great earthquake between 100 and 400 years ago that affected
Vancouver Island, British Columbia (Clague et al., 1994). Three layers of sand within a sequence
of muddy gyttja on the central coast of Vancouver suggests three plate-boundary earthquakes on
the CSZ about 2600, 1600 and 300 years ago. It is estimated that during the earthquakes less than
half of the interseismic uplift was recovered (Hutchinson et al., 2000). The latest magnitude
seven earthquakes in central Vancouver Island were the 1918 M7.0 and the 1946 M7.2 events

which occurred in sparsely populated areas and thus caused little damage (Yelin et al., 1994).

By using buried marsh soil at Sixes River estuary, southern Oregon, Kelsey et al. (2002) checked
for evidence of plate boundary earthquakes and tsunamis of the past 5500 years. The
6000-year-long stratigraphic record revealed a suite of at least 11 buried marsh soils, suggesting
an average recurrence interval of CSZ boundary earthquakes of ~510 years. The youngest buried
soil at the mouth of the river subsided during the A.D. 1700 Cascadia earthquake (Satake et al.,
1996; Jacoby et al., 1997; Yamaguchi et al., 1997). However, not all CSZ boundary earthquakes
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have ruptured the entire subduction zone and some have triggered local upper-plate folding
(Kelsey et al., 2002). In 1873, a M7.3 earthquake occurred near the California - Oregon coast and
most likely was located on the CSZ or within the NA plate (Bakun, 2000).

There is additional strong geologic evidence for subsidence, tsunamis, and ground shaking from
major earthquakes along the CSZ and in the forearc region (4dams, 1990; Atwater, 1987, Atwater
et al., 1995; Darienzo et al., 1995; Nelson et al., 1995). In addition, geodetic data indicates
ongoing crustal deformation in the Pacific Northwest (Rielinger and Adams, 1982; Savage and
Lisowski, 1991; Savage et al., 1981). Modeling of the CSZ using GPS data suggests strain energy
is accumulating and will be released in a future mega-carthquake (Dragert et al., 1994; Fliick et
al., 1997, Hyndman and Wang, 1995; Savage et al., 1991). The subduction zone thus poses a
significant seismic hazard to the densely popﬁlated areas in the Pacific Northwest, such as the
greater Seattle and Portland metropolitan areas and rapidly developing communities along the

west flank of the Cascades (Heaton and Hartzell, 1987; Heaton and Kanamori, 1984).
§1.2.2.2 Earthquake spatial distribution

Figure 1.6 shows seismicity in the Pacific Northwest from 1971 — 2002. A noticeable feature of
this figure is the general decrease of seismic activity south of 45° north latitude. Washington state
is clearly more seismically active than most of Oregon. Every year more than 1,000 earthquakes
are recorded in Washington, although most of them are small. A dozen or more reported
earthquakes are felt each year (Noson et al., 1988). Most seismicity concentrates in the Puget
Sound and the western Cascade Range between west longitude 121.5° and 123.0°, and north
latitude 45° and 49° (Figure 1.6). West of the Cascades, most earthquakes have depths between 0
and 30km. East of the Cascades, depths are shallower, 0-15km. In the Olympic Peninsula there
are few crustal earthquakes. Events with depth more than 55km are not very common (Figure
1.7). The presence of the CSZ slab can be seen in this figure because the earthquake hypercenters
are believed to occur within the top of the subducting plate (Crosson et al., 1987; Leiph Preston,
Pers. Comm.). Two prominent linear zones are the nearly 90km long, northwest-oriented Saint
Helens seismic zone (SHZ) and the West Rainier seismic zone (Figure 5.8). A M5.5 earthquake
occurred in the SHZ’s middle section in 1981. Two earthquakes (M4.8 and M5.1) occurred at the
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SHZ’s southern end in 1961. Earthquakes on the SHZ are shallower than in Puget Sound.
Seismicity in eastern Washington occurs mainly on the western side of the Columbia basin and
along the eastern flank of the Cascade Range, approximately between 119°W and 121°W, 46°N
and 47°N. Most earthquake depths there are less than 8km. Outside of the Columbia basin, some
seismicity exists between Chelan and Wenatchee. Although Spokane has very sparse seismicity, a

M4.0 and a M3.3 earthquake occurred within the city in Nowv., 2001.
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Figure 1.6 Seismicity pattern in the Pacific Northwest. Events with magnitude larger than 1.5 were used here. All events are from
The Pacific Northwest Seismograph Network (PNSN) from 1971 to 2002
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Compared to Washington, Oregon has much less seismicity. Portland has experienced some
earthquakes with depths of 15-20km. The biggest earthquake occurred in 1962, M5.2. In
northeast Oregon, the activity decreases and earthquakes are shallow. Seismicity in central and
southern Oregon has been low historically, except for a swarm of earthquakes including M5.1,

and M5.0 events near Adel in 1968, and M5.9 and M6.0 earthquakes near Klamath Falls in 1993.
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§1.2.3 Overview of Cascade volcanoes

The major Cascade volcanoes lie in a 1000 mile long, generally less than 75 km wide zone from
southern British Columbia to northern California. Two are in British Columbia, six are in
Washington, fifteen are in Oregon and four are in California. The average eruption rate in the
Cascades is about 1-2 times per century during the last 4000 years (Figure 1.8). Since volcanic
processes vary along the Cascade arc, researchers have separated the arc into several segments.
The typical approach is to define segments based on the alignment of active stratovolcanoes (e.g.,
Hughes et al., 1980), the areal distribution of volcanism and seismicity, or a combination of these

(Weaver et al., 1985). In Hughes’s scheme segment boundaries are based on normal faulting,
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Figure 1.7 East-west cross section of seismicity through Seattle from 1969 to 2002. The arrow points to Seattle. The terrain
elevation is exaggerated vertically. The left side is West. The units for both axes are kilometers. Events between 47°N and 48°
were used in this figure. Earthquakes with poor quality have not been filtered out.

shallow seismicity, basaltic cinder cones, and catastrophic large eruptions. Guffanti and Weaver
(1988) used the spatial, temporal, and compositional distribution of approximately 4000 volcanic
vents in Washington, Oregon, northern California, and northwestern Nevada in the last 16Ma,
especially 2821 vents formed in the last 5Ma, to segment the Cascade Range into six parts
(Figure 1.9). The first segment includes the Meager Mountain volcanic complex, and Mount
Garibaldi in British Columbia, and Mt. Baker and Glacier Peak in northern Washington. The
Meager Mountain volcanic complex is the northernmost volcano in the Garibaldi Volcanic Belt
which is dominated by plagioclase porphyritic andesite to rhyodacite lava and pyroclastic
breccias. Mt. Garibaldi is notable both for its excellent internal structure exposures and for its

striking topographic anomalies. Mt. Baker is the most heavily glaciated of the Cascade volcanoes



14

after Mt. Rainier. Although fumarolic activity at Mt. Baker has increased from 1975 to the present,
there are no other changes suggesting that magma movement is involved (Gardner, et al., 1995).

Glacier Peak is the most remote volcano in Washington and not remarkably visible from any city.

But it produced the most explosive eruption in the state 11,000 years ago. The most recent

eruption was about 300 years ago (Mastin & Waitt, 2000).
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Figure 1.8 Cascade volcanoes and their history in recent 4000 years (from USGS/Cascades Volcano

The second volcanic segment according to Guffanti and Weaver (1988) extends from Mt. Rainier
to Portland, Oregon, and is dominated by large stratovolcanoes. Mt. Rainier is the highest and
third-most voluminous volcano in the Cascades after Mounts Shasta and Adams. It is also the
most dangerous volcano because it is close to the Seattle-Tacoma metropolitan area and because
it possesses a huge volume of ice and snow on its flanks. The last eruption was 150 years ago. Mt.
Adams, one of the largest volcanoes in the Cascade Range, dominates the Skamania, Yakima,
Klickitat, and Lewis county areas. It has been quiet for the past few thousand years and has not
erupted frequently (Figure 1.8). Mt. St. Helens, the youngest volcano among the Cascade
volcanoes has erupted most frequently and is just 50 miles away from Portland. It is a composite
and very active volcano and erupts explosively, thus posing extreme danger to nearby life and
property. Mt. Hood is the highest mountain in Oregon and one of the most-often-climbed peaks in

the Pacific Northwest, just 75 miles away from Portland. Its most recent eruption occurred 1,500

years ago.
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The third volcanic segment extends from south of Mt. Hood to the vicinity of the
Oregon-California border. In this segment, Mt. Jefferson has erupted repeatedly for hundreds of
thousands of years. It has been quiet for some time since its last eruptive episode during the last

major glaciation, 15000 years ago.
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Figure 1.9 Volcanic segmentation of the Cascade arc based on vents less than 5 MA. Open arrows show ridge-spreading
directions. Solid arrow shows the motion of the Juan de Fuca plate relative to the North America plate. Numbers and bold brackets
refer to segments. Dashed ends mean uncertainty. The 60 km contour shows depth of seismicity in the Juan de Fuca plate (Weaver
and Baker, 1988). The figure is adopted from Guffanti & Weaver, 1988.

The fourth volcanic segment comprises Mt. Shasta and Medicine Lake volcano in California and
their surrounding vents. Segment five includes the Lassen Peak area and is spatially isolated from
the rest of the Cascade Range. Volcanic segment six is formed by vents of the High Lava Plains
along the northern margin of the Basin and Range province in Oregon and is not clearly

connected with the Cascade arc (Guffanti et al., 1988).

The axis of the Cascade Range parallels the strike of the JDF subducting plate and is

perpendicular to the direction of convergence between JDF and NA plates. The first segment is
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characterized by the presence of isolated strato-volcanoes and low rates of volcanic extrusion.
Segment two is wider and marked by the presence of basaltic vents on both sides of the andesitic
arc. The orientations of segment one and two change from north-west in northern Washington to
north-east in southern Washington, parallel to the 60km depth contour of the subducting slab
(Figure 1.9). Between the two segments, there is a 90km wide volcanic gap possibly due to the
fact that the landward portion of the subducting slab beneath Puget Sound had a very small dip
angle (<10°) due to the arching of the Juan de Fuca plate. The volcanic front of segment one is
farther east of the 60km contour than that of segment two, probably because of the steeper dip of
the oceanic slab under segment two. Segment three is characterized by a dense distribution of
andesitic vents and a seismically quiet portion of the subduction zone. The narrowness of this
segment may indicate a steep dip of the subduction plate beneath the Cascade Range in Oregon.
In the Basin and Range province, volcanism migrated to its current position in the Cascade
10-5Ma ago. Since 5Ma, the westward migration of the Basin-Range is evident from the
cessation of volcanism in southern Oregon, the continuation of volcanism in northeastern
California and the decrease of mafic volcanism around Mt. Shasta, Medicine Lake, and Lassen

Peak (Guffanti et al., 1988; Blackwell et al., 1990).

Based on the distribution of late Cenozoic volcanism, many proposed tectonic models assume
that the difference in the amount of observed volcanism is the result of the difference in
interaction between the NA plate and the subducting JDF plate. Such models postulate that
volcanism at isolated major stratovolcanoes in Washington and British Columbia results from
compression in the NA crust and that widespread volcanism in Oregon reflects crustal extension
there (Weaver et al., 1983, 1985; Rogers, 1985). In such models the stress difference was thought
to come from 1> the velocity variation of convergence between NA and JDF plates along the
subduction margin (Rogers, 1985) and the dip angle variation of the oceanic subducting slab
(Weaver et al., 1985; Michaelson et al., 1986), and 2> the extension of Basin and Range (Priest et

al., 1983; Smith et al., 1984).

§1.2.4 Geological overview

Based on gross geological features, the Pacific Northwest is divided into four parts, two outboard
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units: the Cascadia Accretionary Wedge (CAW) and the Coast Range (CR), and two inboard
units: the North America Basement (NAB) and the Cascade Volcanic Arc (CVA) (Figure 1.10).

The CAW underlies most of the offshore continental margin east of the trench (Clowes et al. 1987)
and formed outboard of the coast range terrane. It is widely thought to be generated by frontal
accretion and underplating starting around ~35Ma (Brandon et al., 1990, 1998; Batt et al. 2001).
In Washington, the CAW includes the Olympic subducton complex (OSC) which has been locally
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Figure 1.10: Geologic units in the Pacific Northwest. Dotted line delineates approximate outline of main geologic terranes along
the CSZ: North America Basement (NAB), the Coast Range (CR), Cascade Volcanic Arc (CVA) and the Cascadia Accretionary
Wedge (CAW) including the Olympic Subduction Complex (OSC). Filled circles show the location of offshore wells. Blue circles
indicate wells bottoming in sediments and red circles bottoming in basalts. Figure adopted from Wells et al. (1998).

uplified since ~18 million years ago and exposed in the core of the Olympic uplift (Tabor and
Cady, 1978). The uplift and erosion have tilted the Peripheral sequence into a steep east-plunging
anticline (Tabor and Cady, 1978). The driving force of the uplift results from both accretion and

wedge deformation (Brandon et al. 1992, 1998). The short-term uplift is very fast in the
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Olympics, ranging from 1.2 ~ 3.2 m/ka, with the highest rate along the west side (Pazzaglia et al.,
2001). The exposed accreted sediments are hard, well - lithified rocks.

The OSC mainly consists of a relatively competent and homogeneous assemblage of sandstones
& mudstone (Tabor and Cady, 1978). The Hurricane Ridge fauilt (HRF) separates the OSC from
coast range terrane (Figure 1.11, 1.12). Tabor and Cady 1978 divided the OSC into 5 major litho -
tectonic units mainly based on sandstone petrology. Brandon et al. (1998) used detailed fission —
track data to study the exhumation processes occurring in the Olympic Mountains, and used these
data together with geological mapping to define three regional units called upper, lower, and

coast units. The upper unit is dominated by Eocene clastic sediments, mainly turbidite sandstone

Figure 1.11 The three units in the Olympic Peninsula. The dashed red lines enclose young basins surrounding the Olympic
Mountains uplift, and the black dotted line shows the shelf edge. Abbreviations: Lw.—lower; Up.—upper; CRT—Coast Range
terrane; OSC—Olympic subduction complex; PL—Puget Lowland, STF—Straits of Juan de Fuca; WL—Willamette lowland;
GL—Georgia lowland; NF—Nitnat submarine fan; and AF—Astoria submarine fan. Figure is reproduced from Brandon et al.
1998.

and subordinate mudstone, with exposed pillow basalts stratigraphically and compositionally
identical to Crescent basalts and related to the Coastal Range Terrane (CRT). The lower unit is
solely composed of clastic sediments of late Oligocene and early Miocene age. The coastal unit is
a Miocene accretionary unit and mainly consists of turbidites, mudstone, and minor pillow basalts.
The similarity of the basalt blocks and the Crescent formation suggests that basalt blocks might
have been generated by submarine landsliding from overlying Coast Range terrane (Figure 1.11).
The low dip angle of subduction slab beneath the Olympics resulted in a relatively early

emergence of this region and rapid uplift of the Olympic massif comparing with adjacent regions
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of the subduction zone (Pazzaglia et al., 2001). Using deformed erosional benchmarks to
estimate long-term permanent strain rates, Pazzaglia and Brandon 2001 disproved major margin
— parallel deformation across the Olympics. Batt et al. 2001 also concluded that margin — parallel

transport does not play a significant role in driving uplift of the Olympics.
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Figure 1.12: Schematic geologic map of western Washington, Abbreviations for cities (black circles): O = Olympia; MP = Mt.

Persis; S = Seattle; T = Tacoma; TM = Tiger Mt.; V = Victoria. Abbreviations for faults (heavy lines): CBF = Coast Range

boundary fault; DAF = Darrington fault; DF = Dotty fault; DMF = Devils Mountain fault; HCF = Hood Canal fault; HRF =
Hurricane Ridge fault; LRF = Leech River fault; SCF = Straight Creek fault; SF = Seattle fault; SWF = Southern Whidbey Island

fault. Abbreviations for Cenozoic sedimentary basins (enclosed hachured areas): BB = Bellingham basin; CB = Chehalis basin;

EB = Everett basin; SB = Seattle basin, TB = Tacoma basin. Abbreviations for modern Cascade volcanoes (triangles): GP =
Glacier peak; MA = Mt. Adams; MB = Mt. Baker; MR = Mt. Rainier; MSH = Mt. St. Helen. See Figure 1 in Johnson et al. (1999)
for more details.

In the central Oregon subduction zone, the main features are a set of late Quaternary thrust faults
and folds. These faults extend parallel to the deformation front and from the front to the
continental high (Peterson et al., 1986, Goldfinger et al., 1992b). Goldfinger et al. (1997) used
sidescan sonar, seismic reflection profiles, and swath bathymetric data and found nine WNW
trending left-lateral strike-slip faults (Figure 1.13). Among them, five faults cross the deformation
front and extend into the Juan de Fuca plate with a slip rate of 5.5 ~ 8.5 mm/yr obtained from
offsets of subsurface piercing points and roughly dated submarine channels. The possible driving
forces of these strike-slip faults might be the dextral shearing of the subduction slab. These faults

propagate upward through the overlying accretionary wedge. The accreted sedimentary rocks are
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thrust beneath some major eastward dipping boundary faults under the Coast Range (Tabor and
Cady, 1978; Snavely 1987).

The second outboard unit, the Coastal Range (CR) terrane extends a distance of 750km from the
Klamath mountains in northern California to the southern tip of Vancouver Island (Clowes et al.
1987). It covers most of the forearc west of the Cascades with a thick Eocene mafic basement
which is locally called the Crescent Formation in Washington, Siletz terrane in Oregon, and
Metchosin Volcanics in British Columbia (Snavely et al., 1968; Irving, 1979). The main rocks of
the Siletz terrane are tholeiitic submarine pillow lavas and breccias which erupted locally as
alkalic basalts (Snavely et al. 1968; Duncan et al. 1991). Its thickness varies along the margin,

reaching a maximum of 24 — 32 km beneath west central Oregon (Tréchu et al., 1994). 1t thins to

Figure 1.13. Major tectonic elements and geological features of the Cascadia subduction zone. There are important structural
variations along the margin. The accretionary complex broadens progressively along the margin, reaching its widest point at the
Olympic Mountains. Volcanic production is greatest in the central arc, where the seismicity rate is lowest. Extracted from Parsons

etal., 1999.

20 km beneath northwestern Oregon and southwestern Washington (Stanley et al., 1987; Tréchu
et al., 1994; Parsons et al., 1998), the same thickness as oceanic crust beneath the pre-Tertiary

terranes of Vancouver Island (Hyndman et al,, 1995). This variation in thickness influences
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long-term and short-term deformation in the forearc, and the thickest part rotates as a coherent
block (Wells et al., 1984; Tréchu et al., 1994; Parsons et al., 1998; Wells et al., 1998). The
ophiolitic basement of the CR may have originated as an oceanic plateau or by backarc or forearc
oblique marginal rifting with a complex subsequent emplacement history (Wells 1984; Clowes et
al., 1987). The CR generally has gentle to horizontal attitude except near the Olympic Peninsula
where it is steeply dipping and overturning, and wraps around the mountains. The deformation of
the CR reflects the prolonged uplift and exhumation of the Olympics (Tabor and Cady 1978a,
1978b). The Eocene submarine and subaerial tholeiitic basalt in the Olympics is thought to be the
exposed mafic basement of the Coast Range. In southern Washington, multiple accretionary
structures were generated during late Mesozoic and early Tertiary plate convergence (Stanley et al.
1990); and an electrically conducting body (conductor) up to 15km thick was formed as a
sequence of Paleogene marine sedimentary rocks. The conductor’s western boundary is the
90-km-long, 5~15-km-deep, northwest oriented St. Helens seismic zone (SHZ), which is thought
to be the eastern boundary of the CR.

The central and northern Oregon coast mainly consists of westward — dipping (around 60°)
Tertiary sedimentary rocks (Fleming & Tréchu, 1999). These rocks form the west flank of a
structural high from latitude 43° to 45° north which acts as a west boundary of the Coast Range.
This N-S trending, roughly 200km long silver is buried beneath the accretionary complex and is
derived possibly from the following sources: a “silver” detached from main Siletz terrane;
imbricated and thickened subducted oceanic crust that is in place; an aseismic ridge rafted in on
the subducting crust; and a series of ridges and/or seamounts rafted in for a long time and
transferred from the subducting crust to overlying plate (Fleming & Tréchu, 1999). The dextral
strike — slip fault, referred as the Coast Range boundary fault (CBF), along the eastern margin of
the rifted Coast Range high with different lithology, basin evolution, and potential — field defines
the CR’s inland boundary (Johnson 1984a; Johnson at al, 1994; Finn et al., 1990). The isostatic
residual gravity shows a long, north — south gravitational depression lying near the western limit
of the Western Cascades and stopping around the Oregon/Washington boundary. This depression
defines the CBF’s Oregon part (Johnson et al., 1996). After crossing several faults on
southeastern Puget Lowland, the CBF connects with the southern Whidbey Island fault (Johnson
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et al., 1996) and extends farther north to merge with west — trending Leech River fault in
Vancouver Island (Clowes et al., 1987).

The Puget Lowland — Willamette Valley comprises discontinuous basins extending from Puget
Sound to southern Oregon. In Washington, these basins are the Grays Harbor, Astoria, Chehalis,
and Puget Sound basins. They are filled with sedimentary sequences eroded from the Olympic
mountains. Puget Sound is cut by east — west striking folds and faults formed in Mid — Cenozoic

time (Johnson 1984a; Johnson et al., 1994).

The North America Basement (NAB in Figure 1.10), a rigid part of NA continent, originated from
pre-Tertiary (Mezozoic and Paleozoic) rocks sutured to NA sometime in the Jurassic and

Cretaceous (Monger et al., 1982).

The Cascade Volcanic Arc is a Tertiary-to-recent magmatic arc and was formed approximately
38 Ma years ago (Heller, 1987) as a consequence of subduction. In the northern Cascades, the
volcanoes are Quaternary stratovolcanoes that rest on Tertiary crust. In southern Washington, the
Cascades are a transitional zone characterized by unconformably folded Quaternary composite
volcanoes. In Oregon, the composite volcanoes rest on a broad platform of Pliocene and

Holocene mafic lava flows (Guffanti and Weaver, 1988).

The Cascades of Washington and Oregon are characterized by high heat flow, 80 — 100 mWm?>,
Heat flow in northeastern Washington is greater than 70 mWm? and in southeastern Washington
it is 60 mWm™. In the fore-arc area of Washington the heat flow is below normal and averages 40
mWm. The highest heat flow, 80 mWm?, is along the axial region that coincides with the India
Heaven, Mt. Adams, and Goat Rocks centers of Quaternary volcanism (Figure 1.14) (Blackwell
et al., 1990a). In the Oregon fore-arc, the heat flow is 40 — 50 mWm™m. In the Cascade Range in
Oregon, the heat flow is about 100 mWm (Blackwell et al., 1990b). The region of low heat flow
in Washington is wider than in Oregon, which is thought to correspond to trench-arc separation,
subducting plate dip and increased upper seismicity (Gutscher et al., 2003). Based on heat flow,
seismicity pattern, and well documented margin (Henry and Pollack, 1988; Gutscher et al., 2000),

Gutscher et al. (2003) suggested that the flat subduction between 46° and 49° has a causal relation
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to the observed heat flow there.

A prominent alignment of topographic features starts from the northern edge of the Olympic
Peninsula and extends to the southeast along the northeastern rim of the Wallowa Mountains in
northeastern Oregon. It is called the Olympic — Wallowa Lineament (OWL) and is a wide zone
first defined by Raisz in 1945. It consists of a series of north-west striking ridges and thrust faults
and marks a northern boundary of the Yakima fold and thrust belt (Reidel, 1984; Beeson et al.,
1990; Wells et al., 1998).
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Flgure 1.14 Heat flow map of Washington. Physiographic provinces are outlined with dashed lines and identified. The volcanoes
in the Cascade Range (large asterisks with a two-letter 1dent1ﬁcat10n) are also shown for reference. The map is contoured at 10
mWm? intervals. Heat flow symbols are triangle, 20-30 me ; circle, 30-40 mWm?; cross 40-50 mWm'%, plus, 50-60 mWm'%
solid dlamond 60-70 mWm'; sohd square, 70-80 mWm'?; sohd triangle, 80-90 me dot, 90-100 me ; star, 100-110
mWm2; small asterisk, >100 me Figure is extracted from Blackwell at al. (1990a).
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Chapter 2: GPS Data Collection and Processing

§2.1 Introduction

GPS has many applications, and in geodesy, it can be used to monitor positions of permanent
monuments with millimeter accuracy at sites around the world. Proper data collection and
processing are critical to obtain such accuracy. In this chapter, first I will describe briefly the
history of GPS, its main features, and its working principles. Then I will review the history of

GPS data collecting and the procedures to process GPS data in the Pacific Northwest.

§2.2 GPS history

Space-based navigation has been pursued by the U.S. military and NASA since the early 1960s.
One successful satellite positioning system was the Navy Navigation Satellite System
(TRANSIT). However TRANSIT was terminated in 1996 because this system couldn’t provide
positions with high resolution. The satellites had low earth - orbits so they were affected by local
gravity variations and the satellite transmission frequencies, at 150 and 400Mhz, were more
susceptible to ionospheric disturbances and weather. Finally, each satellite was only visible for

three hours at a time.

GPS was developed by the U.S. Department of Defense (DoD) to address these problems in 1978.
The original purpose of GPS was military navigation and the system initially cost about 8 billion
U.S. dollars. GPS gives the absolute position of any place on earth in real time. With improved
GPS technology and the dramatic decrease in the cost of GPS receivers in the early 1990s, people
began to use the system in a wide range of non-military applications. Because of its ability to get
very high resolution at low cost compared to traditional trilateration methods, GPS is now the

preferred tool to monitor crustal deformation.

§2.3 Main features of GPS

In order to get the position of a particular site, we need to install an antenna with a receiver that
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can record signals from GPS satellites. The distance L between a satellite and a receiver equals
the velocity of electromagnetic waves times the time the signal needs to travel from the satellite
to the receiver. Given this distance, the position of the receiver is somewhere on a spherical
surface of radius L whose center is at the.satellite. Theoretically three satellites would be
sufficient to determine the exact position of the receiver. However, because of uncertainty in the
clock correction of the receiver, a fourth satellite is needed to determine the position plus clock
correction. After 1993, a full constellation of 24 GPS satellites was achieved in orbits at an
altitude of 20,200 km. Each of the six orbital planes, inclined at 55° to the equatorial plane, has 4
satellites. With this configuration one can use land-based GPS receivers to estimate the absolute

position of any place on earth at any time.

Like the TRANSIT system, GPS transmits two carrier waves, L1 and L2. The L1’s transmission
frequency is 1575.42MHz, 154 times the “fundamental frequency”, 10.23MHz. The L2’s is
1227.60MHz, 120 times the fundamental frequency. The two carriers are modulated by the
pseudorandom noise (PRN) P(Y) code and the coarse/acquisition C/A code. The P(Y)-code
(wavelength A=30 meters) doesn’t repeat itself for 37 weeks so that all satellites can transmit on
the same carrier frequency and be distinguished. All codes are initialized once per GPS week at
midnight on Saturday. The C/A code (A=300 meters) belongs to the family of Gold codes which
can be utilized to rapidly distinguish signals simultaneously received from various satellites. The
C/A code contains 1023 bits and its period is about one msec. It’s available on the L1 carrier and
can also be put on the L2 carrier (Table 2.1). The C/A code is the basis of Standard Positioning
Service (SPS) which can provide an accuracy of 10 meters with 95% confidence with “Selective
Availability” off (Leick, 1995). Selective Availability (SA) is a procedure that intentionally
degrades the C/A code positioning capability to 100m but has not been in use for several years.
For civilian applications SA degradation is effectively reduced by relative positioning of
co-observing receivers and by making ample use of carrier phase observations. Compared with
precise positioning service (PPS) available to the military, SPS’s accuracy can be lowered by
intentionally introducing artificial errors in the transmitted clock and broadcast satellite
ephemeris by the DoD. However, Carrier phase signals and precise orbit information can be

combined to calculate positions with high precision. This approach is always used in geodesy to
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get a few mm accuracy in horizontal and 5-8 mm in vertical positioning (Khazarazde, 1999).

Table 2.1  Comparison of P(Y) code and C/A code (Leick, 1995)

C/A P(Y)
Chipping rate 1.023Mbps 10.23Mbps
Length per chip 293m 29.3m
Repetition 1 ms 1 week
Code type Gold Pseudo random
Carried on Ll L1, L2
Feature Easy to acquire Precise positioning, jam resistant

§2.4 GPS working principles

From the last section, the distance (L.x) between a receiver r and a satellite x can be computed as

the following:

L= vx tmx (2. 1)

v is the speed of electromagnetic waves, trx is the travel-time from the satellite to the receiver.

Since the path of GPS signal is not entirely in a vacuum, we need consider other factors like
ionospheric and tropospheric delays. We also need to estimate clock errors of satellites and

receivers. The carrier observable (L1 or L2) between receiver r and satellite x at time t can be

expressed in units of distance as:

Lrst = pra+ New+ Ist+ T+ Crt— st + Mist+ Mt 2.2)

prxt is the true distance between a satellite and a receiver.

Nrxt is an integer number of phase bias expressed in terms of wavelengths between a satellite and
a receiver. The procedure to get this number is called bias-fixing or ambiguity resolution. One
approach to estimate Nrxt is to use “double differences” based on “single difference” observation
which uses the difference in the Nrxt observable at two receivers recording signals from the same

satellite. The difference is independent of the satellite. Then one can use the same two receivers
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to record signals from another satellite which will give us another single difference. Combining
these two single differences, we can form a double difference observation independent of both
satellite and receiver by subtracting one from another. For a detailed theoretical description, refer
to P255 — P263 in Leick (1995). For more information about algorithms and implementation,
refer to Blewitt (1989).

Irxt is a distance equivalent to an ionospheric time delay of the signal which equals:

40.30

2

Irn =

TEC 23)

f denotes the carrier frequency and TEC is the total electron content which can be calculated by

the following equation:

TEC= | N,ds 2.4

path

The TEC represents the number of free electrons in a 1-square meter column along the path in
units of (eV/m?). Ne is the local electron density with units of (el/m®). From (2.3) we can see that
signals with higher frequency are delayed less than lower frequency signals, so L2 will be
delayed more than L1. Using the typical TEC value and combining phase measurements at L1
and L2 frequencies, we can get an ionosphere free observable (denoted as LC) by removing the
first order ionosphere delay (2.5). This approach requires dual-frequency receivers which are

more expensive than single frequency ones.

LC=—

£ £
- L L ——2— L, =2.546L, —1.546L, (2.5)
1 2

Ja =1
Here, f; and f, are L1 and L2’s carrier frequencies.

T is a distance term due to atmospheric (troposphere, tropopause, stratosphere) time delay.



28

Since the atmosphere is neutral and non-dispersive, its impact (refraction) does not depend on
frequency and, consequently, affects both the code modulation and the carrier phases in the same
way and can’t be eliminated by using dual frequency receivers, unlike the ionosphere time
delay. This delay depends on atmosphere temperature, humidity and pressure, and varies with

height. Like Irx, Trx: can be calculated by using the tropospheric refractivity (Nt):

T, = I,, _ Npds (2.6)
Based on an empirical formula including meteorological parameters, we have:
N, = (77.624-;1 - 12.92% +37 19007"’2-)10'6 Q.7)

Here p denotes the total atmospheric pressure in mbar, e represents the partial pressure of water
vapor in mbar, T is the surface temperature in Kelvins. The first term in (2.7) represents the dry
atmosphere which contributes about 90% of the total tropospheric refraction and can be modeled
to about 2-5% based on the laws of ideal gases using surface temperature and pressure (Leick,
1995). The second and third terms are for wet components and are hard to model due to turbinate
water vapor variations (Blewitt, 1993). Fortunately their contributions are only about 10% of Nt

and can be modeled to within 2-5 cm by assuming an exponential vertical profile (Leick, 1995).

Cr and c,, are distance factors caused by satellite and receiver clock errors. Although the accuracy
of satellite cesium atomic clocks is relatively high, clock oscillation drift still exists. GPS
receivers use less stable quartz crystal oscillators and, consequently, have clocks with a higher
drift rate. “Double differencing” is one way to eliminate most clock errors, but not the only way.
Stochastic techniques can also be used to estimate clock errors by using a “white noise” model

(Blewitt, 1993).

M, is caused by signal scattering or reflecting near the antenna. Signals from satellites that travel
along slightly different paths will arrive at the antenna at different times. Some of the signals

enter the antenna after reflecting or scattering and can be recorded by the receiver together with
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direct arriving signals at the same time. This phenomenon is called multipathing. Signals from
satellites near the horizon are more susceptible to multipathing. Although much antenna design
work has been done to prevent signals below a horizontal plane through the antenna, reflecting or

scattering from antenna edges is still a big problem.

m,,, accounts for errors which can be classified into two categories: random errors and systematic
errors. It includes errors from antenna mis-calibrations, reference point mis-measurements,
antenna mis-leveling, local weather, and ground instability. For example, alternate wet and dry

conditions can cause a tripod to go out of balance, slightly moving the antenna.

§2.5 GPS Data collection

In this study, GPS data come from two sources: permanent GPS sites and temporary “campaign”
GPS sites. Compared with campaign sites, permanent sites have the following advantages:
continuous recording 24 hours a day, high precision data (the RMS scatter of estimated positions
is small), fewer and more stable sources of errors which can be eliminated in data processing, and
short term data availability during all phases of the earthquake cycle. However, they also have
some disadvantages: they have high installation cost, and are often widely spaced. The spacing is
often filled in with campaign sites. Since the late 1980s GPS has played a more and more
important role in the study of the earth. Due to the diversity of GPS applications and continued
growth in the number of GPS sites (especially after the early 1990s when receiver cost was
dramatically decreased and GPS analysis techniques were more sophisticated), the international
scientific community was urged to set up international standards for GPS data acquisition and
analysis, and deploy and operate a common and comprehensive global tracking system. As a part
of this effort, the International GPS Service (IGS) based on worldwide continuous GPS sites was
established in 1993 by the International Association of Geodesy. It comprises networks of
tracking stations (Figure 2.1) analyzed by at least three IGS analysis centers for the purpose of
computing precise satellite orbits, seven data centers including operational, regional, and global

data centers, and analysis and associate analysis centers.

It also includes an analysis coordinator, working groups and pilot projects, a central bureau, and a
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governing board. IGS provides the following products:

. High accuracy GPS satellite ephemerides

. Earth rotation parameters

. Coordinates and velocities of the IGS tracking stations
. GPS satellite and tracking station clock information

. Ionospheric information

. Tropospheric information.

These products are available for download via the internet and are critical to get high precision

estimation of positions for crustal deformation monitoring.

Figure 2.1 IGS worldwide continuous GPS stations. From IGS http://igscb.jpl.nasa.gov/network/globals.html

Today, numerous continuous GPS arrays are operating worldwide. The largest one is in Japan
(Kato et al., 1998). In the United States, the National Geodetic Survey’s CORS (Continuously
Operating Reference Stations) program comprisés a nationwide network of permanently
operating GPS sites (Figure 2.2). In the Pacific Northwest, the Geological Survey of Canada built
up the first permanent GPS array in southern British Columbia, called the Western Canada
Deformation Array (WCDA) (Dragert et al., 1995). The University of Washington (UW) installed
site SEAT on the university campus and site NEAH near Neah Bay in the Olympic Peninsula in
1995, the first continuous GPS sites in Washington State. In 1996, the US Coast Guard and the
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National Geodetic Survey set up an additional three permanent GPS sites: FTS1, WHD1, RPT1.

Symbol color denotes sampling mates: {1 sec) (18 sco) (3 se0) (15 sec) (38 3e0)
Ponly EFI7/0S

Figure 2.2 Coverage of permanent GPS stations in the CORS program in the U.S. From http://www.ngs.noaa.gov/CORS/

In order to promote and coordinate the efficient collection, analysis, interpretation of high
precision deformation measurements using GPS, and further study the characteristics that
determine how active tectonics leads to earthquake and volcanic hazards in Northern California,
Oregon, Washington, and British Columbia, the regional Pacific Northwest Geodetic Array
(PANGA) was established in 1997. It comprises instruments operated by WCDA, UW, Oregon
State University (OSU), Central Washington University (CWU), the US Geological Survey
(USGS), and Rensselaer Polytechnic Institute (RPI). Currently, it has 17 permanent sites and has
a data processing center located at Central Washington University. In the upcoming Plate
Boundary Observatory (PBO) project, many new continuous GPS sites will be installed in the

Pacific Northwest.

Besides permanent sites, many temporary cémpaign GPS sites were surveyed in the Pacific
Northwest, beginning in 1986. In 1994 there was a joint UW/USGS survey. UW has carried out
six independent GPS surveys in Washington State from 1995 to 2000. In 2001, UW cooperated
with Rensselaer Polytechnic Institute, and the Geological Survey of Canada, and surveyed

campaign sites in Oregon, Washington, and British Columbia. Besides a re-survey of existing
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sites, we also added many new benchmarks in northeastern Washington, the Olympic peninsula,
and British Columbia. For each survey in a particular year the campaign sites were generally
occupied at least twice. Each occupation took about eight hours, sometimes, several days. At safe
sites the receiver can be left alone and picked up after eight hours; otherwise, an observer is
required to stay with the instrument, a time consuming process. We occupied more than 300 sites
from 1994 to 2001. Sites having GPS data spanning two years or more were processed for this

study (Figure 2.3). For the survey history at each site, please refer to Appendix A.
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Figure 2.3. Campaign and permanent GPS sites processed in the Pacific Northwest for this study. Black triangles are campaign
sites. Red circles are permanent sites

In campaign surveys, careful recording-keeping is required. First one needs any existing field
logs for the particular site. Sometimes they are obtained from the USGS or as datasheets from the

National Geodetic Survey (NGS). Even if equipped with a handheld GPS navigator, one can have
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difficulty finding a site without a detailed description. Second, one must set up a tripod for the
GPS antenna solidly; otherwise the tripod will not stay level over the course of the day.
Sometimes bench marks are buried and it is necessary to dig out the mark. Although different
GPS receivers have different setup procedures, one must always record site name, antenna type
and serial number, receiver type and serial number, height of the antenna above the bench mark

and time of occupation.

Our convention is to use universal time rather than local time on the log sheet. In general all
antennas should be oriented consistently toward true north. Since lowering the elevation cutoff
angle reduces the daily scatter in the computed vertical position, Bar-Sever et al. (1998)
suggested using 7° cutoff to estimate horizontal gradients of tropospheric path delay, so our

surveys used a 7° cutoff.

§2.6 GPS data Processing

After GPS data have been collected, the next step is to process them to estimate absolute site
positions versus time and, thus, get a “time-series” (position vs. time) and velocity for each site.
The software we used is called GIPSY/OASIS - II, an analysis package developed by the Jet
Propulsion Laboratory (JPL) (Webb and Zumberge, 1997) in Los Angelus, CA. GIPSY and
OASIS stand for GPS Inferred Positioning SYstem which is specifically for GPS data analysis,
and Orbit Analysis and SImulation Software which incorporates covariance analysis for earth
orbiting and deep space missions (Gregorius, 1996). The combination, often simply called
GIPSY, uses undifferenced GPS observables to reduce phase and pseudo-range data
simultaneously. Besides GIPSY there are other types of software to do this kind of analysis (e.g.
BERNESE, GAMIT) that use double-difference techniques. The advantages and disadvantages of
using undifferenced or double-differenced methods can be found in Blewitt (1993).

Generally, we divide the GPS data processing procedure into three parts: pre-processing,
processing and post-processing. The output of the first two steps is a free-network “stacov” file or

a “stacov” file in a common coordinate reference frame (e.g. the international terrestrial reference
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frame, ITRF2002). The stacov file (Table 2.2) contains the date and number of estimated
parameters, estimated coordinates X, Y, Z for each site in meters in an earth-centered, earth-fixed
cartesian reference frame with uncertainties for each parameter, and finally their covariances. The
vertical antenna phase center offset information (distance from the antenna to the surveyed

benchmark) is appended at the end.

Table 2.2 Free-Network Stacov File Format

3 PARAMETERS ON 96AUG09.
ALBHSTA X -0.234133263072189E+07 +- 0.229455313322056E-02
ALBHSTAY -0.353904972658988E+07 +- 0.265265774469544E-02
ALBHSTAZ 0.474579125157239E+07 +- 0.298344657077350E-02

1 0.470096706190010E+00

1 -0.625991793650735E+00

2 -0.792608797153501E+00
ALBH ANTENNA LC 0.1822 0.0000 0.0000 lup north east (m)
! Reference frame: free-network

W W N Wb —

After “stacov” files for each site-occupation have been created, we merge them into a combined
stacov file in which coordinates are transformed into the reference frame desired. This work is in

the post-processing stage of the analysis.

§2.6.1 Pre-Processing

After coming back from a campaign survey, we check station log sheets and put information
about sites, antennas, and survey times into a Microsoft ACCESS database containing the
occupation history of all surveyed sites. One must be very careful to determine correct survey
times and antenna information, particularly the height measurements. Raw binary GPS data
downloaded from receivers are converted to standard ASCII RINEX (Receiver INdependent
EXchange) format files (Gurtner et al., 1989) using a program developed by UNAVCO called
“TEQC?”. If necessary, TEQC can segment very long data into small sections of no more than 24
hours duration which is required for processing using GIPSY software. TEQC also is used to
check initial data quality and identify problems in the data, such as time gaps and an abnormally

high number of cycle slips. For other TEQC capabilities, check the UNAVCO website.

Commonly, additional GPS data are available for a particular day from the National Geodetic

Survey (NGS), Continuously Operating Reference Stations (CORS) operated by other agencies.



35
These agencies include the USGS, Canadian WCDA, and the IGS. If the data were stored on a
CD, one must check whether the days you want are on the CD and read any included instruction
very carefully to know how the CD was made. Sometimes, some DOY (Day Of the Year) days
and survey periods in the instructions are not consistent with those in the data directory. In this
case, one must read the RINEX file header to get the right DOY and recording periods.
Sometimes, some sites have several survey sections on the same DOY day with each section
using a different antenna. One must be careful to find the right antenna type and antenna height,
and determine by what method the height was measured because antenna height errors are the

most common problem in GPS processing.

Table 2.3  Format of site names in file “sta_ip”

AIS1 0 | AIS1

ALBH | 1 | ALBH | Vancouver Island, BC, Canada

ALGO | 1 | ALGO | ARO 883160

ANCI1 | 0 | ANC1

APSA | 1 | APSA | Chehalis Airport, WA, USA

APSA | 1 | STAA | (STA.A_AP_1956_USCG) NGS PID: SC0205 Chehalis Airport, WA, USA
AREQ | 1 | AREl | Arequipa, Peru (JPL)

ARLI | 1 | ARLI | Arlington Airport, WA, USA (CVO site) (UW Camp96)
ARLO | 1 | ARLO | Arlington Airport, WA, USA (NGS site) (UW Camp96)
ASTO | 0 | ASTO

AVIA | 1| AVI2 | Aviation 2, NGS NOAA, Seattle, WA, USA

AVIA | 1| AVIA | Aviation 2, NOAA, Seattle, WA, USA

AVIA | 1| AVA2 | Aviation 2, NOAA, Seattle, WA, USA, Ronnic added
B197 | 0 | B174 | (alternate name for Bremerton Air ie mistake)

B197 | 1 | B197 | B1974, Bremerton Airport, WA, USA  (UW Camp96)

When processing GPS data, GIPSY requires all site and survey information be stored in the
following files: sta_ip, sta_pos, sta_svec, pcenter, and antenna.truth which are kept in directories
/goa/sta_info or /gpsstor/GIPSY_OTHER/ STA_INFO_UW/. They are all ASCII files so that
they may be easily viewed and modified by a person using an editor. In file “sta_ip” the first
column is the site name by which we normally refer to a station. The third column is reserved for
an alias-name, a site name other people may use for the same station. The fourth and later
columns are for any comments of what the site name represents (Table 2.3). Some sites may have
several alias-names. In this case, all other names will be “converted” to the unique name in the

first column. The “sta pos” file contains the date a site was established and its X, Y, Z
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coordinates. It also indicates if a site is permanent or temporary (Table 2.4). Usually this file
doesn’t require multiple time entries for a particular site even if it is occupied more than once

every few years. Once a site’s information is input, there is usually no need to change it.

Table 2.4  Format of file “sta_pos”
NEAH 1994 10 04 00:00:00.00 9999999.00  -2415625.5876 -3498394.0244  4739316.8471
0.00000000e+00 0.00000000¢+00 0.00000000e+00 Sun Mar 10 16:35:39 PST 1994 gia
stacov2sta_pos 2.4 /stor/GIPSY/GIA/ANAL/289/RUN3/results/950ct16.stacov

CHEE 1994 10 04 00:00:00.00 9999999.00  -2415625.5876 -3498394.0244  4739316.8471
0.00000000e+00 0.00000000e+00 0.00000000e+00 Sun Mar 10 16:35:39 PST 1994 gia
stacov2sta_pos 2.4 /stor/GIPSY/GIA/ANAL/289/RUN3/results/950ct16.stacov

GWEN 1994 (09 30 00:00:00.00 9999999.00 -2316901.0622 -3806506.8622
4548956.5305 0.00000000e+00 0.00000000e+00 0.00000000e+00 Mon Nov 10 17:04:57 PST
1994 gia stacov2sta_pos 2.4 /datal0/GIPSY/PANGA_tseries/Run_itrf93/final.stacov

POUL 1994 08 15 00:00: 0.00 9999999.00  -2317551.9532 -3619717.7104  4696780.0663
0.00000000e+00 0.00000000e+00 0.00000000e+00 Thu Oct 1 15:19:57 PDT 1998 gia

stacov2sta_pos 3.1 /gipsyhome/Gia/Camps/Camp94/227_xt-gipsy/bias_free.stacov
For each entry, the first four upper letters indicate the name of one site. The following time is the site setup time. “9999999.00”
means it’s a permanent site. The following three values are X,Y,Z coordinates in the earth-centered Cartision reference frame.
“0.00000000e+00 0.00000000e+00 0.00000000e+00 ~ are site velocities in meters/year. The rest parts are comments. “Sun Mar
10 16:35:39 PST 1994” indicates when the site position information was input to the file. The rest indicates how the information
was input.

Another important file is “sta_svec” which needs updating whenever new data at a site will be
processed. Each survey at a site should have an entry in this file which means a site may have
multiple entries if it is surveyed many times over the years. Each entry consists of: a "to" station
identifier and a "from" station identifier (Usually both are the same); an epoch of the site vector
(vear, month, day, hours, minutes and seconds); a duration (seconds), indicating the length of
time the site vector is valid from the epoch time; an antenna type, corresponding to one of the
antenna types in the pcenter file; an station site vector; an antenna height; a site vector coordinate
system flag, where ¢ indicates Cartesian coordinates (XYZ) and 1 indicates local east-north-up
coordinates (ENU); a date the site vector was issued; and a comment about how this record was

input (Table 2.5).

Antenna information is stored in the “pcenter” file which normally is not modified unless there is

a new type of antenna added to the database. Generally three or more lines are used for each type
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Table 2.5 Example of “sta_svec” file
MESA MESA 1998 11 19 00:00:00.00 86400.00 TRIM_CGP 0.0000 0.0000
0.0000 2.000012001 09 04 Add from Access database

B317 B317 1998 11 19 00:00:00.00 86400.00 TRIM_CGP 0.0000 0.0000
0.0000 2.0000 12001 09 04 Add from Access database

FALL FALL 1998 11 17 00:00:00.00 86400.00 TRIM_CGP 0.0000 0.0000
0.0000 2.0000 12001 09 04 Add from Access database

VANC VANC 1998 10 30 00:00:00.00 86400.00 TRIM_MIC 0.0000 0.0000
0.0000 1.572012001 09 04 Add from Access database

CHAS CHAS 1998 10 29 00:00:00.00 86400.00 TRIM_CGP 0.0000 0.0000
0.0000 2.0000 12001 09 04 Add from Access database

HELE HELE 1998 10 29 00:00:00.00 86400.00 TRIM_CGP 0.0000 0.0000
0.0000 2.0000 12001 09 04 Add from Access database

VANC VANC 1998 10 29 00:00:00.00 86400.00 TRIM_MIC 0.0000 0.0000
0.0000 1.9680 12001 09 04 Add from Access database

VANC VANC 1998 10 28 00:00:00.00 86400.00 TRIM_MIC 0.0000 0.0000
0.0000 1.5100 12001 09 04 Add from Access database

of antenna. Each line gives the offset of the electrical phase center of the antenna from a standard
measurement point on the antenna (usually the center of the base of the antenna) for various types
of observables: L;, Ly, LC, etc. Each line has the following fields: the antenna type, the phase
center type, the phase center offsets in meters (east, north, and up), and a comment. The record

format is (a9, 1x, a2, 319.4) (Table 2.6)

“Antenna_truth” is another important file that can be used to later correct a “stacov” file for
errors caused by initial processing of the data with an incorrect antenna height. The
post-processing program, heightfix, utilizes this file (Table 2.7). If the right antenna height is used

in initial processing, this step is not necessary.

At the UW there are several ways to change these sta_info files. Two of them utilize the ACCESS
database once the information there is absolutely correct. Before changing these files, one should

first backup sta_info files in case something goes wrong and you need to restore them. One
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method uses an ACCESS query which has columns (StationCode, DOY, StartDate, HI,

Antenna_Type, HI_Type) to export a text file with autostart, save formatted options. Let's call the

Table 2.6 PCENTER format
ROGUE_T L1 0.0000 0.0000 0.1100 TurboRogue

ROGUE_T L2 0.0000 0.0000 0.1280 DORNE MARGOLIN T

ROGUE_T LC 0.0000 0.0000 0.0822 Entered by Gia Khazaradze

ROGUE_T P1 0.0000 0.0000 0.1100 10/28/1996 from IGS-01

ROGUE_T P2 0.0000 0.0000 0.1280

ROGUE_T PC 0.0000 0.0000 0.0822

ROGUE_.T C2 0.0000 0.0000 0.1280

ROGUE.T DR 0.0000 0.0000 0.0000

ROGUE_T R2 0.0000 0.0000 0.0000

ROGUE_R L1 0.0000 0.0000 0.0780 DORNE MARGOLIN R

ROGUE_R L2 0.0000 0.0000 0.0960 JPL design

ROGUE_R LC 0.0000 0.0000 0.0502 Entered by Gia Khazaradze

file "campaign.txt". Remember DOY should be sorted in descending order so that the most recent
times are first, consistent with the convention Gipsy uses for “sta_svec”. Then use a text file
editor to edit the above text file. Delete those stations you don't want due to lack of data and
upload the text file into a machine where you process the data using GIPSY. Run

“/ul/gps/bin/add_sta_info campaign.txt (the above exported text file)” to change sta_info files.

Another way to update the sta_info files is to use another query called “sta_info_export”
including | StaCode | StartDate | StartTime | EndDate | EndTime | HI | AntTypeCode | HI_type |
format for each line to export a text file with autostart and save formatted options. Let’s call this
exported text file "sta_info.txt", upload it to your machine and run “addsvec sta_info.txt”.

“addsvec” will split any record in the ACCESS database with more than 24 hours recording data
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Table 2.7 Example of Antenna_truth file

MESA 98NOV19 2.080 2.000 2.297? 77N 2.977?
B317 98NOV19 2.080 2.000 2.297? 272.277? 2.797?
FALL 98NOV17 2.080 2.000 2.977? 72.777? 2.277?
ANC 980CT30 1.652 1.572 2.777? 7.7 27777
CHAS 980CT29 2.080 2.000 2.7 72,7772 2.9
HELE 980CT29 2.080 2.000 2.297? 72.277? 2.9777
SiteName | Date Height® a® b° c® d®
®Height == the height from the monument to the phase center. Height = c+d.
@y = height from Ist to 2nd reference point (thickness of ant).
G = height to 1st reference point (in log, ¢.g. bottom chokering).
® = antenna reference point to phase center (e.g. TOC to PC).
®1 = height to 2nd antenna reference point (e.g. top of chokering). d = a+b

Columns a-d are for human consumption, and are not read by heightfix.

into several records beginning at time 00:00:00. Each record will account for no more than 24
hours of data, i.e., from 00:00:00 to 23:59:30. If the actual recording extends to the next day by a
small amount (less than 2 hours), there is no need to split it. Any day with less than 2 hours data
should be discarded. This is because the predicted orbits from the previous day will reasonably
predict the satellite positions for a short time into the next day. “addsvec” will update files
sta_svec, antenna.truth, and sta_id. For each entry in the sta_svec file, “addsvec” will input actual
start-time of recording and duration in seconds instead of just using 0:0:0 starting time and 86400
second duration. Sometimes the start-time and end-time are not accurately known, it’s better to
insert a starting time in “sta_svec” that’s 10 minutes earlier than the actual time in the ACCESS
database and a duration in “sta_svec” that is 20 minutes longer than that calculated from
ACCESS database to insure all data get processed. After running “addsvec”, you will get the
three files sta_ip, sta_pos, sta_svec. After making sure they are correct, move them into
/gpsstor/GIPSY_OTHER/STA_INFO_UW/. You can over-write the three files if you choose the y
option when running “addsvec sta_info.txt y”. This option also allows script "addsvec" to backup
the old sta_info files before updating. Station coordinates in your sta_pos file can be checked by

using the website http:/www.ngs.noaa.gov/datasheet.html and http://www.ngs. noaa.gov/FORMS

/ds_desig.html. If the coordinates are not very close, update them in sta_pos. Finally, one should
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check time-pole files before processing. These files contain information about polar motion and

planetary ephemeris. For updating these files, please read /ul/gps/DOCUMENTS/PROCESSING

/time-pole.notes carefully.

After sta_info files are ready, one needs to arrange RINEX data files before processing. First sort
all your RINEX data according to their DOY. Use DOY to create separate directories. Put all data
surveyed on the same DOY in the same year into the same directory. After this step, upload all

your data into a working directory.

Table 2.8 JPL final products required for PPP analysis

File Name Decription
YYYY-MM-DD.cci_nf.Z® Fiducial-free precise satellite orbits
YYYY-MM-DD.tpeo_nf.nml.Z | Time, polar motion and earth orientation information
YYYY-MM-DD.shad.Z List of satellites in passing through the earth’s shadow
YYYY-MM-DD_nftdpc.Z Time dependent parameter file (TDP)

©YYYY: year; MM: month; DD: day. .Z needs uncompression

§2.6.2 Processing

The strategy used here to process GPS data is Precise Point Positioning (PPP). The procedure is
used to estimate the coordinates of a single station. Via a series of scripts, the procedure
automatically downloads fixed orbits, satellite clock parameters, TPEO estimates (about Time,
polar motion and earth orientation information), and satellite eclipse information from JPL,
derived from a global fiducial network of stations (Table 2.8). The idea behind PPP is to estimate
the orbits and satellite clocks once using a high-quality global fiducial - free network, and then to
use all that information to estimate the station parameters of any site in the world on any specific
day with high confidence. The four day-specific files can be downloaded by using anonymous ftp
from sideshow.jpl.nasa.gov seven to ten days after the data are recorded. In each run, the PPP
strategy only processes one site at a time which takes a couple of minutes on a SUN Ultra 10. The
time needed to process a whole network of stations increases linearly, not geometrically, with the
number of stations. This means that PPP can be used to efficiently process hundreds of sites. This
makes PPP a robust tool, with an estimation accuracy that is comparable to that of global network

solutions. However, PPP still has some shortcomings, such as, inability to account for correlations
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between sites, and errors associated with imperfectly known satellite orbits.

When processing GPS data, two kinds of JPL products can be used. One is the final fiducial-free
products of table 2.8 which are available about 10 days after data are recorded. Another one is
rapid service products (Table 2.9) which are available within 24 hours after data recording.
Compared to the final products, rapid service products give slightly less accurate results but are
still very good for real-time applications. Table 2.9 lists all rapid products for rapid service. Note

that the TPNML file doesn’t have the $earth_orientation group and there is no complete TDP file.

Table 2.9 JPL rapid products used in PPP

File Name Decription
YYYY-MM-DD.eci_nf.Z° Fiducial-free precise satellite orbits
YYYY-MM-DD.TPNML_nf.Z Time, polar motion and earth orientation information
YYYY-MM-DD.shadow_events.Z List of satellites in passing through the earth’s shadow
YYYY-MM-DD.gps_clocks_nf.Z GPS clock file
YYYY-MM-DD.yaw_rates.Z® Need be converted to TDP format

QYYYY: year; MM: month; DD: day. .Z needs uncompression
@Need be converted to TDP format and merged with the clock information by using script yaw _rates2tdp

After getting all “stacov” files for individual sites, PPP finally merges them into a combined
stacov file and downloads an “x-file” to transform the daily solution into a specific reference
frame, such as ITRF. For detailed information about what scripts PPP calls and the PPP procedure,
please refer to Thierry Gregorius, 1996 and Webb & Zumberge, 1997.

A final optional step is to perform ambiguity resolution which generally gives a factor of 1.5 to 2
higher accuracy in site positions. There are four approaches to resolve ambiguities:
double-differencing (refer to section §2.4), wide-laning, narrow-laning, sequential bias-fixing and
sequential bias-optimising. For detail about these four methods and their mathematics, refer to
Gregorius, 1996. Ambiguity resolution is implemented by program ambigon2 in GIPSY starting
from undifferenced estimates (smcov.nio file). It sequentially executes programs smapper,
smcov2oafilter, ambigon and edtpnt2. In order to resolve ambiguities, an ambiguity-free solution
with a “wash template” file and a namelist file generated by amb_nml command must exist. The
result is a final stacov file called YYMMMDD _fix.ITRF97.stacov. Here YY is the last two digits
of the year, MMM is the first three letters of the month, DD is the day, and ITRF97 is the

identification of the particular reference frame. You can run PPP and ambiguity resolution
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separately or run them sequentially but automatically using the script called “point_amb”.
Currently, the maximum number of sites ambigon2 can run is less than 40. The following in
bulleted text are the steps to get through all the processes:

e  After sta_info files are ready and all data are uploaded, choose one day to process. Enter the
DOY directory associated with that day and use fip scripts in ~gps/bin to download other
continuous data you don't have. Then unzip them using gunzip or z2rnx. Use the up2low script to
convert all upper-case file names into names with lower-case letters. Since the number of sites
processed in each run is limited, you should include some sites to create a good geometrical
station distribution from available continuous sites. For example, choose sites uniformly located
in a circle or a square. Otherwise, gipsy program ambigon2 will fail.

¢  Go into the directory above the DOY directory and runlow "startp" script by "runlow startp
DOY >& log &". After “startp” is done, check the log file for each site to find if its processing
has run correctly. The log file will exceed lkbyte if processing is successful. If it is less than
1kbyte, the processing has probably failed. At the point_rnx level, there should be no problem. If
some errors pop up, check time-pole files first and make sure you have the latest version. Most
problems arise from incorrect or missing sites information in sta_info files or antenna information
in "pcenter”. If station information is missing, add it manually. Generally, "startp" will check if
each site is in the “sta_pos” file. If it is not there, then "startp" will use the RINEX header to add
it. If the position of a station in the “sta_pos” file is far from the actual position, for example, 100
meters, the final result will not be good and generate a bad point in the time-series later. "Startp”
calls "point_amb" which I changed a little bit since it couldn’t locate “x-file”. You can check
"point_amb" source file.

e When the processing is done, one must check the ambiguity results. If there are too many
sites to process (limit is 37), you may only obtain "free.stacov" and "free. ITRF97.stacov" files for
each site, and not the ambiguity outcomes. The program may dump at the last step of processing
and create a "core" file. In this case, delete all files except the original RINEX files, reduce the
number of RINEX files, and repeat the above steps.

e  Sometimes, the processing stops without any apparent reasons. In this case, delete all other
files except the RINEX files and re-arrange sites so that they are in a good geometry and do the

processing again.
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§2.6.3 Post processing

After all daily position solutions with ambiguity resolution are available, the next step is to
produce “time series” and estimate the velocity of each individual station. Backup all the files
including original RINEX files, log files, stacov files by compressing and downloading them to a
PC, burning them to CDROM. Then move all non-fiducial ambiguity “stacov” files into a
directory. If some days have multiple files, rename them by appending extra letters and keep the
date information in the filename. Since errors in the antenna phase center vertical offset may exist
in the initial GPS processing, script “heightfix” is used to correct them. Some “stacov” files
might be in different International Terrestrial Reference Frames (ITRF), if so, download the
appropriate “x-file” from JPL and use script “apply” to convert all non-fiducial ambiguity stacov
files from one ITRF system to another. You can also use script “/ul/gps/bin/ConvertITRF” since
it calls “apply”. For example, if want to convert all ambiguity stacov files to ITRF00, just run
"ConvertITRF fix 00”. The transformation requires an x-file from JPL and JPL computes it by
using continuous GPS sites around the world. The same sites are not always used in every

computation which may introduce noise in the fiducial solution.

Tthe JPL x-file computation doesn’t use many local stations so that the local factors affecting
daily solutions are not considered. One solution is to compute a regional x-file using local
continuous GPS stations. A localized time series has smaller scatter for all three components, x, Y,
z, and produce a better velocity determination (Dan Johnson, Personal communication). After all
stacov files are in a local reference frame, the next thing to do is to check each stacov file to see if
some sites have very big uncertainties by using “grep -i e+02 stacov_file”, then delete the lines
with big errors from the stacov file. A Perl script called “removebadsite” can do this job

automatically.

To extract positions of each site from all the stacov files one may use script "separatestations" and
execute “separatestations [option]”. The option determines whether "heightfix" is run or not. If
the option is y or Y, "heightfix" is run for each stacov file. Then the script reads sitetname from
“stacov” files and checks if the first line in stacov files has some date problem. For example,

sometimes the first line contains 0AUGOI instead of 00AUGOI, the script corrects it. The script
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also checks if the site is in “sta_id”. If not, it prints a message saying “site is not valid”.
"separatestations" will also change any station name aliases to conventional names. Finally the
script generates subdirectorics whose names are the same as station names. "separatestations"”
calls "statistics" with the -gd option to get absolute coordinates for each individual station for one
particular day. These coordinates are saved in three files, called “sitename”.lat, “sitename”.lon,
“sitename”.rad. “separatestations” uses the first point in each file as a reference, saves the three
reference coordinates in three files called “latreference”, “lonreference” and “radreference”, and
writes “sitename”. lat, “sitename”.lon, “sitename”.rad the site latitude, longitude and radius minus
the reference values. The last step is to check all three files and delete abnormal values for each
site manually. The reason I didn’t use “stamrg” to combine all “stacov” files when extracting
stations is because it takes a very long time to process the data and it has a 999 days limit.

Sometimes it will also fail due to large CHI/DOF (DOF means Degrees Of Freedom).
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Figure 2.4 Time series for a GPS campaign station AVIA and a permanent station SEAT in the ITRF2000 reference frame
generated by a Perl script “times”

A Perl script “times” is used to draw x, y, z time series and estimate station velocity and
uncertainty using a least squares approach and GMT software. It automatically detects bad points
and deletes those whose deviations are three times bigger than the computed standard deviation.

Here X, y, z components mean east, north, and up respectively. The script generates a graph in
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postscript format for each component as shown in figure 2.4 and outputs four files. File "vxyz"
contains three components of velocities: vy, Vy and v,. File "vxy" contains two components of
velocities: vx and vy. File "vframe" contains coordinates of each site. File "vname" contains

sitenames with additional font settings used to draw sitenames on a postscript file.

All site velocities were estimated in the reference frame ITRF2000. All velocity vectors in figure
2.5 are oriented toward the southwest because the velocities are computed relative to the
ITRF2000 reference frame, not relative to the stable part of the North America plate (NA). To

transform the velocities from ITRF (ITRF2000) into a fixed North America reference frame we
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Figure 2.5 Site velocities in ITRF2000

subtract a no-net-rotation (NNR) model of current plate motions (Altamimi, Z, et al. 2002). The
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following estimated NNR absolute rotation pole of the North America (NA) plate was used to
estimate NA velocity for each GPS site (Table 2.10). .

Table 2.10 ITRF2000 NNR Absolute Rotation Pole for the North America Plate
Plate Name Latitude (°N) | Longitude (°E) | Q (°/m.y. clockwise)
North America | -5.036 +1.142 | -83.144 + 1.945 | 0.194 % 0.003
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Figure 2,6 Deformation velocities relative to the North America continent after removing the motion of NA in the ITRF2000
reference frame. Sites in this figure include both campaign and permanent stations. The GPS data in the figure span from 1994 to
2001.

After this last transformation, all site velocities are expressed relative to the North America (NA)
plate (Figure 2.6). Most sites along the Coast Range move toward NA in a direction almost
perpendicular to the CSZ trench. The deformation velocities decay rapidly from the Coast Range

to the backarc and vary from south to north in both magnitude and direction. For example, site
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NEAH (Olympic Peninsula, Washington) moves 13mm/yr N65°E, WDH1 (Whidbey Island, WA)
moves 7mm/yr, and site 7CLO moves 2mm/yr. Note that stations far from the trench do not have
zero velocities. Even station DRAO (Penticton, Canada) exhibits a small motion relative to stable

NA, consistent with previous observations (Argus and Heflin, 1995; Argus and Gordon, 1996).

Most campaign sites that we have occupied are in western Washington. Some campaign sites are
in eastern Washington. In Oregon, we do not have as many campaign occupations as in

Washington. So I mainly processed GPS data from the sites in Washington (Figure 2.6).

Generally, we survey campaign GPS sites every few years and we process the current data and
re-process the previous data in the most recent ITRF reference frame. In chapter 3, I will discuss
results from data in Washington from 1994 to 2000 while in chapter four I will use an expanded
data set from 1994 to 2001 in the Pacific Northwest, which was completely reprocessed using
both Gipsy and GAMIT.
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Chapter 3: Model of Cascadia Subduction Zone

§3.1 Introduction

In the previous chapter we described how site velocities in Washington are obtained from GPS
data. In this chapter, we will investigate tectonic mechanisms that can cause these motions. The
biggest earthquake in the history of the Pacific Northwest was caused by a rupture of the
Cascadia Subduction Zone (CSZ) in 1700 AD (Atwater et al., 1995; Satake et al., 1996; Clague,
1997, 1999). Obviously the CSZ is a major element in the tectonics of the Pacific Northwest.
Previous studies (Wells et al., 1998; McCaffrey et dl., 2000; Savage et al., 2000) show that
western Oregon rotates clockwise as a rigid block. Here we explore the following questions:
Does rigid block rotation exist in Washington? Are there any other mechanisms contributing to
the observed crustal deformation? How important is each mechanism? What is the geometry of

CSz?

In this chapter, I will use an inverse three-dimensional model based on elastic dislocation theory
and inverse theory to investigate the contribution of subduction to present-day observations of
GPS data. We will see that in addition to subduction, we need to include both rigid block rotation

and N-S compression (unrelated to subduction) in order to match GPS observations.
A

Figure 3.1: Point source representation of a fault plane. X1 is oriented parallel to the strike of the fault, X2 perpendicular to X1.
The media where X3<<0 represents an elastic half-space. 8 is the fault dip angle. U1, U2, and U3 are the vectors representing the
movement of the hanging wall relative to the foot wall for strike-slip, dip-slip, and tensile components of elementary dislocations
on the fault surface (Okada, 1985).
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§3.2 Theory of elastic dislocation modeling

Steketee (1958a) first applied elastic dislocation theory to surface displacement modeling. He

showed that displacement field wu(x1, x2, x3) caused by a dislocation Aui(&1,&2,&3) across a

surface S in a uniform elastic half-space can be given by the following formula:
n J k
u, =—1—_UAuj 16, 245 4 4 ou 9\, ds G.1)
F s aén aék ag}

Here, the coordinate system is shown in Figure 3.1

u, : Displacement
F : Magnitude of a point source at (£1,&2,83)
Au, : Dislocation

A, i Lame constants
djx: a Kroenecker delta function

u/ : The ith component of displacement at (x1, x2, x3) point due to the jth component of a point

force with a magnitude F at (£1,£2,&3).

w: The outward normal unit vector to surface S.

dS : Surface element

Okada (1985) used Volterra’s formula (Equation 3.1) to derive a complete suite of analytic
expressions for surface displacements, strains and tilts for shear and tensile faults in three
dimensions, based on previous work about elastic dislocation modeling. In 1992, he furthered his
work and got compact and systematic expressions for internal displacements, strains due to shear
and tensile faults in a half-space for both point and finite rectangular sources (Okada, 1992).
These expressions are very powerful tools to do observational and theoretical analysis of static
field changes due to earthquakes and volcanoes. Since then, numerous studies have used his
formulas to do surface deformation modeling (e.g., Fluck 1997) and strain accumulation (e.g.

Murray et al., 1994, 1996, Verdonck, 1995).
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§3.3 Two dimensional modeling of surface deformation

Based on elastic dislocation theory, Freund and Barnett (1976) developed a two-dimensional

model (Figure 3.3) to calculate the crustal surface displacement u,(x,0),u,(x,0) and the slip
plane shear stress distribution 7(£) assuming a net Burger’s vector between neighboring points

sand s+dsof &(s)ds.

a+l

Uy (x,0) = j U, (x,5)8 (s)ds (3.2)
a+l '
(&)= [T(£,5)8 (s)ds (33)
where,
U.(x,5) = ss;na(zs— xcosa) +cosatan“’(x_ s.cosa) (3.4)
mT(x* +8" —2xscosa) ssina
xssin’ a X—5Cosa

U (x,8)= ing tan™ (———— .

y(%:8) w(x* +s* —-2xscosa) Fsina tan”( ssina -5

and B = x or yfor arbitrary relative slip 5(s). The constraint condition is & (a)=0 and 5 (a+D)=0.

For other parameters, please refer to figure 3.2. T(&,s) is not discussed further because we are

concerned with surface deformation.

After this two dimensional model was proposed, Savage (1981) used it to model contemporary
crustal deformation along the Cascadia subduction zone. In 1983, Savage refined his previous
model by introducing a no-relative-slip “locking” zone between the subducting plate and
over-riding plate. This was achieved by superposing a supplemental solution, which imposes a
backward motion on the main thrust zone at a rate of the relative transverse plate motion and a
locked zone in the shallowed asthenosphere, onto steady state subduction, moving at a constant
plate convergence rate (Savage, 1983) (Figure 3.2). Later in 1991, he added a transition zone in

models of interseismic strain accumulation in order to match an extended set of GPS observations.
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In models with a transition zone, the crustal deformation does not decay so quickly as one moves
inland away from the subduction zone. Other researchers used modified 2-D elastic models to
estimate the geometry of CSZ. (Hyndman and Wang, 1993, 1995, Dragert et al. 1994; Dragert
and Hyndman, 1995).

steady N supplemental
state solution

strain
accumulation

Figure 3.2. Elastic dislocation model of strain acoumulation for a subduction zone. Arrows are the directions of plate movement.
Streak lines indicate the locked place. (Savage 1983)

Figure 3.3 Geometry of the oblique dip-slip fault. The plane of deformation is the xy plane, the y direction is vertically downward.
The proximity of the slipped region to the free surface is measured by a, s is the distance along the slip plane, a is the dip angle, 1
is the slip zone length, and 8(s) is the relative slip distribution. For detail, please refer to L. B. Freund et al (1976).

§3.4 Three dimensional modeling

Although a modified two dimensional model can explain most observations of crustal
deformation, Verdonck (1995) noticed shortcomings in previous studies and proposed a three
dimensional model using a rectangular fault-plane source formula given by Okada (1985).
However, this 3D model could not account for the complex geometry of the Juan de Fuca plate.
To improve this situation, Flick (1996) and Fliick et al. (1997) developed a new three
dimensional model based on Okada’s point-source solution formula. This model divided the
whole CSZ into a locked zone and a transition zone whose widths vary along strike. The variation
in width was defined by sixteen profiles along the strike (Figure 3.4). The distance between

profiles in the northern part of the CSZ is shorter than in the southern part to account for the
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greater curvature in the north. The geometry of CSZ in this model is defined by depth contour
lines at the top of the subducting oceanic crust derived from Benioff-Wadati seismicity, seismic
reflection and refraction data, teleseismic receiver function analysis, and seismic tomography (e.g.
Crosson et al., 1987; Owen et al., 1988; Lapp et al., 1990; Cassidy et al., 1993; Cassidy, 1995,
Trehu et al., 1995). The contours are well constrained except in central and southern Oregon
(Figure 3.5). The other important factor in the model is the estimated velocity of the Juan de
Fuca plate which has been discussed by other researchers (e.g., Riddihough, 1984, DeMets et al.,
1990). In Fliick’s model the plate moves at a constant velocity of 42mm/year and at an azimuth of
69 degrees. The widths of the locked and transition zones at both ends are narrower than they are

near the Olympic Peninsula, where the plate dip angle is only 4° for the locked zone and 8° for

the transition zone.

Figure 3.4 Fluck’s 3-D model. (a) and (b) are the 2-D view of the locked zone and transition zone. Z>0 represents the elastic half
space. (a) The real geometry. (b) Geometry approximation of the 3-D model profile. (c) 3-D view of the CSZ geometry in 3-D model.
The view is from S-E in an elevation of 15°. This figure is taken from Fluke (1997)

§3.5 Inverse theory.

Inverse theory has been widely used in geophysics. Here 1 will briefly review its basics. Suppose
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we are given a set of linearly independent elements (x,,x,,%,,*--,xy) in a Hilbert space H, and

one unknown element m e H satisfying the following conditions:

12 430 28 28 124 a2 A2
Figure 3.5. Contour lines for the depth of the Jude de Fuca plate in the Cascadia subduction zone. Solid lines indicate
well-constrained depths. Dashed lines are extrapolated.

('xl’m) = dl
(xz,m) = d2

(xy,m)=d, (3.6)

(xN,m) = dN

Here, (x,m)is an inner product which can be represented by the following:

(f-8)= [fOg®)ar (3.7)

We call (3.6) the constraint equations. If we can express m as the sum,

m=Y ax (3.8)

then we can write
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K
Da(x;,x)=d, (3.9)
i=l

K is called the number of free parameters of m. Define a=(q,a,,a,,ay) ,
d=(d,,d,.d,, --,d,), and matrix T, =(x,,,xj),then

TF'a=d (3.10)
a=I"d .
Where acIRX,deIRY,T'e M(KxN), IRY is a real linear N-vector space. If the number of

free parameters K is greater than N, the dimensions of H, the solution of m, a, is not uniquely

determined.

Suppose we have a finite number of observation data d; and an unknown model m that satisfies

the data, we can write the solution of the forward problem as:
d;=F[m], j=12,---,N (3.11)
where each function Fjrelates the model m € H to the measurement d, € IR . If Fis not only a

linear but also a bounded function, we can write it in a general way by the Riesez Representation

Theorem,
dj =(xj’m)a j=1’2a"',N (312)

with x; € H . If the data are perfect, we can use the general way (3.6) to (3.10) to get a solution.

Assume that the ideal model is m, which, for some reasons we can’t find exactly in reality. What

we want to do is to find the closest model n. If let ny + r = m, then our task is to make the

departure r from the ideal m as small as possible. Here r,m,n, € H , and ny is the initial model.

Since, by equation (3.6),
(x,,m)=d,, i=12,-N (3.13)

we get
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(x,m+7)=4d,
(x,,15)+ (x,,r)=d,

(3.14)
Letting (x,,n,) =d,,andd, —d, =A, and following equations, (3.6) to (3.10), we get
r=T"A (3.15)
then update the initial model nyby
n=n,+r (3.16)
In order to get the smallest 7, we need to repeat (3.14) to (3.16) until we think we have converged

to a satisfactory model.

Although most problems in geophysics are non-linear, linear inverse theory remains a very
important approximation. Let ze H , a Hilbert space, and let F:Y < H — IR be a function on

some domain Y in H. Then F is called a Fréchet-differential at the element z when we can find a

D that for all A with ||A|| <g
F[z+A)= F[z]+ (D,A)+ R[A] 3.17)

and

RIAY/|A] - Oas|a] — 0 (3.18)

Here A,D e H, R is another functional on H, and D is called a Frechet-derivative.

We can also rewrite it as the following,

Flz+A]= Flz]+ iA,%ZL R (3.19)

which also can be obtaibed from a Taylor series expansion. Consider a continuous differential

function on EV with an ordinary Euclidean norm and associated inner product. Then

xy)=x-y=2x% (3.20)

Compare (3.17) and (3.19), and use (3.20), the element D is equal to the ordinary gradient at z,
namely D=VF,
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In general, if F is a bounded linear function on H, by the Riesz Representation Theorem:

Flz]= (x,2) (3.21)

it follows that

Flz+A]= (x,z+A) = (x,2)+ (x,A) = F[z]+(x,A) (3.22)

Obviously the remainder R here is zero and the Fréchet derivative D is just x itself. Compare
(3.17), (3.19) with (3.22), if we can make the remainder of non-linear problems, R, ignorable in
(3.19), non-linear problems can be solved in a linear way from (3.6) to (3.16). To begin with the
situation that we have N real data dj already known; we are asked to find any model m e H that

will fit the data exactly by a set of non-linear functionals F; over an approximate Hilbert space H,

d,=F[ml, j=12,3-,N (3.23)

We assume there is one solution m* and one guessed model m;, and further assume each Fj is
Fréchet-differentiable at m), then

d, = F,[m*]= F,[m+ m*~m]= F,[m]+(D,,m*~m)+R, (3.24)

Suppose our guessed model m, is so accurate that R is ignorable, and we replace the true m* with
m; and let A=m;»-m,, then we get a basis for an iterative scheme:

(DjaA)zdj"Fj[ml]’ Jj=12,3,---,N (325)

Since mjand d; are given, everything on the right is known. We can find the next approximation to
the solution by my=m;+A. So the set of equations is exactly in the form of standard linear inverse
problem for exact data. We can solve it using equations from (3.13) to (3.16). Here I will not
discuss the existence and uniqueness of the solution to the non-linear problem. For this, see

Parker (1994).
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§3.6 Previous studies of the Cascadia subduction zone

Savage (1981) is the first to model deformation of the CSZ. He created a 2D model based on
elastic deformation theory in a half-space to model crustal deformation. In 1991 he included a
transition zone in his model to refine his previous approach about strain accumulation and release
at a subduction zone in 1983 after the observations from the Seattle and Peninsula trilateration
networks were extended (Savage, 1983; Savage et al., 1991). Today the combination of the
locked zone and transition zone is called the seismogenic zone. Two dimensional elastic
dislocation models with thermal constraints were used to estimate its width and location by
Hyndman and Wang (1993), Dragert et. al. (1994), Dragert and Hyndman (1995). Hydnman and
Wang (1995), and Oleskevich et. al. (1999) discussed thermal and geological controls to the updip
and downdip rupture limits. At the updip end of the CSZ, the temperature is about 100°C, which
is controlled mainly by the thickness of incoming sediment, the age of the incoming plate, and the
heat flow that occurs there. The downdip limit is near a depth of 40km where the temperature
reaches 350°C.

Based on the results from two-dimensional models, Flick et. al. (1997) developed a general three
dimensional elastic dislocation model to estimate the curved thrust fault geometry. The bend of
the CSZ along the margin and the end effects of the subducting slab were included. In their
best-fit model the average widths of the locked zone and the transition zone along the margin are
both 60km at Vancouver Island and they vary smoothly from narrower and steeper in Oregon to
wider and shallower in northern Washington. Khazaradze et al. (1999) used additional data from
seven permanent GPS sites to get a “preferred” model in which the widths of the locked zone and
transition zone in Washington are 100km and 130km, respectively. The increased width of the
transition zone was required to explain the low rate at which the observed site velocities decay

with distance away from trench.

In addition to elastic dislocation models, viscoelastic models have been used to determine the
contemporary deformation of the Cascadia forarc. Wang et al. (1994) developed a two
dimensional viscoelastic finite element model to better understand the dynamical changes of

surface deformation. In this model, he used asthenospheric mantle with a viscosity of
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5x10”Pa s and a mantle wedge between the subducted oceanic plate and overlying plate with a

low viscosity of 10'® Pa s. Through various experiments, he concluded that the stick-slip zone is
about 70km wide, close to the result from a simple elastic model. Wang et al. (2001) developed a
three dimensional viscoelastic interseismic deformation model which used their previous
seismogenic geometry of the Cascadia subduction zone. In this model, the deformation rate at
inland sites first points seaward right after a megathrust earthquake, then gradually changes to the
currently observed velocity 300 years after the earthquake. This model also better fits the rate at

which the velocity decreases away from the trench.
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Figure 3.6. A silent slip event occurred on March 1, 2003. Daily relative positions in the east components. Circles give the raw
output from the GPS analyses. Squares are regionally filtered results with network-wide (30 sites) correlated day-to-day variations
removed.The change in trends over the last 4 days indicates westward motion.

When processing GPS data from permanent sites in British Columbia and Washington, Dragert et
al. (2001) found that in the summer of 1999 a cluster of sites reversed temporarily their direction
of motion without any accompanying seismicity. They interpreted the cause to be 2 centimeters of
aseismic slip over a 50km x 300km area on the subducted interface downdip from the
seismogenic zone. Miller et al. (2002) looked at changes in the lengths of seven baselines
between Penticton, B.C. and other sites above the seismogenic zone and found additional

evidence of multiple silent slip events. They estimated an average recurrence time for these
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events of 1.2 + 0.1 years since 1992. Thatcher (2001) also found silent slip on the Cascadia
subduction interface. On March 7, 2003, Dragert announced a silent slip event that had begun on
March 1 (Figure 3.6). These observations suggest that there is a silent slip zone downdip from the

seismogenic zone.

§3.7 Model Construction

§3.7.1 Data resources

49°

7"

45°
126° 125° 124° 123° 122° 121° 120° 119°

Figure 3.7 GPS data used. Yellow area is water. Data are from both campaign sites and permanent sites in Washington and
northern Oregon. Ellipses are the uncertainties estimated from time-series using least squares method (Chapter 2).

The GPS data shown in Figure 3.7 were processed using GIPSY software and Point Positioning
strategy (Zumberge et al, 1997) with an ambiguity strategy. The absolute positions of all GPS
sites are in the ITRF97 reference frame (Boucher et al., 1997). Horizontal components of site
velocities relative to North America with less than 3.0mm/yr uncertainties were used in

subsequent models. A model’s misfit was estimated from the variance:

, XY

= 3.26
o N1 (3.26)
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Here, v; is the velocity residual (observed minus calculated) of the ith observation and N is the
number of observations. There are 150 velocity vectors (2 components at each site) for a total of

300 observations.

§3.7.2 Geometry parameter sensitivity

Two-dimensional half-space elastic dislocation models have been widely used to study the
changes of the surface deformation in early 1990s. Since such models do not consider topography
and variations in the shape of the fault along strike, researchers began to use three dimensional
models in the late 1990s. Fliike (1996) first showed how much each 3-D model parameter can
affect the surface deformation in the Cascadia. Because 2-D models are simple and give similar
model results to those from 3D models (Flike, 1996), they are still been using in some

circumstances. Here, we used the 2D model (Figure 3.8) given in table 3.1 and the method of

Freund and Barnett (1976) to determine the sensitivities dv,/0X and dv,/0Z that were used to

constrain the magnitude of parameter changes at each iteration of later 3D models:
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Figure 3.8. Control points used in 2D and 3D models for the Cascadia Subduction Zone. The heavy line is the top of the
subducting slab. A, B, C are three control-points that specify the geometry of the subduction slab. In 2D models, each control
point has fully adjustable x, z coordinates. In later 3D forward models the control points are constrained to move up and down dip
along the circular profile. In the inversion the control points may move vertically as well as up and down dip.

In this 2D model the initial horizontal width of the locked zone is 80km and the initial horizontal

width of transition zone is 95km.
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Table 3.1 Control points of the initial 2D model
Point A Point B Point C

X(km) 0 80 175

Z(km) 5 13 28

Slip deficit rate(mm/a) 42 42 0
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Figure 3.9: 2D model. Sensitivity of horizontal surface velocity V, to variations in the X, Z coordinates of model control points,
A, B and C (shown in Figure 3.8). The upper figure (a) shows the sensitivity to changing X at the control-points. The lower figure
(b) shows the sensitivity to changing Z. The dashdotted curve is for control point A, the solid curve is for control point B, and the
dashed curve is for control point C. In each figure, the origin is at the trench. The red circles are locations of projected GPS
stations between latitude 47°N and S0°N. The vertical dashed lines indicate the boundaries between the locked and transition
zones. The model parameters in this figure correspond to a NE cross-section through Seattle.

(=]
g

The program used for 2D model calculations is called disloc2d written by Dr. Anthony Qamar. It
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calculates uplift, horizontal displacement, and derivatives by using formulae from Freund and
Barnert (1976). The Cartesian coordinate it adopts is X horizontal pointing in the dip direction, Y
horizontal pointing in the strike direction, Z pointing up. The program allows modeling complex

faults with multiple segments having different dips and slip rates.

126 125 124 123 122 121 120 119

Figure 3.10: Velocity residuals after removing the effect of plate locking on the CSZ

The results (Figure 3.9) show that, for the CSZ, horizontal velocity at the surface is more
sensitive to changes in the depths of the locked and transition zones than to changes to the widths
of the zones. Any change of control point A is very sensitive to velocities observed at stations
right above the trench (more than 1.0mm/a/km). Unfortunately no station has a distance less than
130km from the trench. For sites that are more than 200km away from control point A, changes
of model parameters have little effect on site velocities. Hence observed velocities there provide
no constraint on the subduction model. For sites along the coast in Washington, the maximum

sensitivity to changes in depth and width of the locked and transition zones is about 0.2mm/a/km.
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For control points A and B near the surface, site velocities are generally twice as sensitive to

depth as to width of the locked zone.
§3.7.3 Three-dimensional inverse modeling

Since the geometry of the CSZ cannot be approximated well using a 2D model, we have used a
3D model to account for plate locking (Fliick et al., 1997). However, experiments with 3D
models suggest that plate locking alone is not sufficient to explain the observed velocities as seen
in figure 3.10. Khazaradze et al. (1999) suggested that an additional uniform N-S strain rate was
necessary to explain the observed velocities, although this was based on only 7 continuous GPS
sites. As seen in figure 3.10, velocity residuals, after removal of the effect of plate locking, show
an apparent linear relationship with latitude (Figure 3.11(b)). Their relationship with longitude is
not as obvious, but residuals to the west are slightly larger than those to the east (Figure 3.11(a)).
McCaffrey et al. (2000) showed that clockwise block rotation of western Oregon could explain
this effect at sites in Oregon, a mechanism also proposed by Wells et al. (1998). To evaluate these
mechanisms in Washington, we have used a simplified model, in which Washington is treated as
one rigid block, with three tectonic components: 3D elastic deformation from plate locking on the
CSZ, a uniform North-South strain rate, and a clockwise rotation of western Washington relative
to North America. The three components were inverted simultaneously with N-S and E-W
velocities at each site given equal weight. For 3D forward modeling of plate locking on the CSZ,
we used the method of Fliick et al. (1997), which is based on the solution for a point-source
dislocation in an elastic half-space medium (Okada, 1985). The starting model was identical to
the model of Fliick et al. (1997) and was defined by sixteen east-west profiles along the CSZ. For
each profile, there are three control points to control the geometry of the subduction slab similar
to those shown in Figure 3.8. In the forward program, the curvature defined by the initial control
points is fixed and the control points are only allowed to move landward (positive) and seaward
(negative) along the curve of the boundary in the plane of the profile, thus changing the widths of
the locked and transition zones without changing its shape; the center of the circular boundary
was constrained to be somewhere in the earth. In the inversion, control points A, B, C were
allowed to move vertically as well as along the curve of the boundary. This provided 96 free

parameters in my model. To account for the supplementary N-S compression in the inversion, we
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assumed a uniform N-S strain rate over the whole region. This adds 2 free variables. Finally,
clockwise rotation of western Washington adds an additional three free variables: the longitude
and the latitude of the pole of rotation as well as the rotation rate. The total number of free
parameters in a complete inversion was therefore 101. Since the surface deformation decays with
distance away from the trench, stations in eastern Washington and Oregon have little sensitivity
to the geometry of the CSZ seismogenic zone. The question arises here whether there are
sufficient observations to constrain the parameters of the model. For example stations 200km east
of the coast have less than 10% of the sensitivity to the horizontal positions of the subduction slab
compared with stations on the coast. If we use iO% as a critical value, there are approximately 98

stations (196 observations) that are sensitive to the geometry of the CSZ (101 free parameters).
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Figure 3.11 The north component of velocity residuals shown in Figure 3.10 as a function of longitude (a) and latitude (b).

In each iteration of the linear inversion, the dj in equation (3.25) are the observed site velocities.
Fliick’s 3-D model is our guess model m; in equation (3.25). Flick & Wang's program for

modeling plate locking was used to calculate the site velocities, Fj[m;] in equation (3.25), and
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partial derivatives of velocities with respect to the model parameters associated with the CSZ, D;
in equation (3.25). Since our guess model m; is close to the real model m* (eq. 3.25) (Fliick et al.,
1997), the remainder R is ignorable. An inverse program was used to calculate the changes of all
free variables for CSZ and block rotation based on equation (3.25) and equations from (3.13) to
(3.16). The sensitivities calculated in Figure 3.9 were used to set standards to check if the
computed change in a model parameter associated with plate locking Ap; was reasonable at each

iteration. It was required that

<

Vio—vim|, i=1,N; j=1LM (3.27)

Ovi

Here, i is the ith station, 4p; is the computed change to the jth model parameter, 6w/3p,- is the

sensitivity to this parameter, vi» is the velocity from the model, v is the observed velocity, N is
the number of stations, M is the number of free variables. Any Apj that failed this condition was
set to zero for a particular iteration. In addition, the depth of each point was required to remain
greater than 0. Also the depth of point A was required to be smaller than that of point B which in
turn was required to be smaller than that of point C. At each iteration the uniform N-S strain rate
was computed by least squares from residuals like those in Figure 3.11(b) obtained after removal
of plate locking and WB rotation effects. The model variance ¢* was computed from equation

(3.26). The fit of the observed velocities to the final model is illustrated in Figure 3.13.

Assuming the sample variance o” (see equation 3.26) has a y* probability distribution, we can use
an F-test (Bruning & Kintz, 1977) to evaluate the influence of each proposed process in the model:
plate locking, N-S compression, and block rotation. For example, one could test the significance

of the ratio

Fm=g:/o (3.28)

where 6, is the variance corresponding to the inclusion of plate locking only in the model and o)’
is the variance corresponding to the inclusion of plate locking plus N-S compression. m and n are
the number of degrees of freedom of o,> and o, respectively. Here the number of degrees of
freedom f equals the number of observations minus the number of free parameters in the model.

In effect, the F-test in this example is used to determine whether the inclusion of N-S
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compression or clockwise WB rotation produces a significant reduction in the variance of the
model. The inclusion of plate locking by itself produces a significant reduction in the model
variance from 64 (mm/yr)® (£=300) to 17.6 (mm/yr)’ (£=204). The probability p of this happening
by chance alone is miniscule (p<102%). However, after removing the plate locking effect, the
remaining variance in the N-S velocities [31.1 (mm/yr)’] is considerably larger than the
remaining B-W variance [4.0 (mm/yr)®]. This asymmetry is removed by inclusion of a uniform
N-S strain rate in the model which again produces a significant reduction in overall model
variance to 4.0 (mm/yr)* (£=202, p<10°). The inclusion of block rotation for the whole data set
(southern Washington and northern Washington combined) produces no significant improvement

in the variance.
§3.7.4 Geometry uncertainty of Cascadia subduction zone

In the 3D inverse modeling, we did not compute the uncertainty for each parameter, since we do
not know what portion of the uncertainty belongs to plate locking, rigid block rotation, and NS
compression. The way to distinguish these three parts is not addressed here. Since we used (3.26)
to find the best model, we also can use it to estimate the uncertainty of the geometry of the CSZ
by using a two-dimensional elastic dislocation model in a half space. In this model (Figure 3.8),
we fix the curvature determined by the initial model and just let the three control points on each
profile move freely along the curve as is done in Fliike and Wang’s (1997) program for 3-D
forward modeling. We assume the curve made by the initial 3 control points is a polynomial and
then calculate the polynomial coefficients. Any changes in the X and Z coordinates of a control
point (along the polynomial curve) will produce a change in the surface displacement because
this changes the widths of the locked and transition zones. By keeping two control points fixed
and changing the third one can compute a difference between the predicted site velocities from a
2-D model that approximates the 3-D model and the projections of the observed site velocities on

the predicted velocities, and compute o’ using equation 3.26.

The 2D model parameters used are shown in table 3.2. The locked zone is 80km wide and the
transition zone is also 80km wide. The CSZ fault in the 2D model goes roughly through point
125.5°W, 46°N and its strike is parallel to the coast in Washington. For this test of the acceptable

limits of model parameters we use actual locations of GPS sites in a swath perpendicular to the
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CSZ located roughly between latitude 46° and 49. The model with minimum o” in each sub-figure
is the best. With the degree of freedom =153 and 95% confidence, the critical F-test value is
1.375. The horizontal line in each sub-figure is the critical o® corresponding to the F-test. If o’ of
a model in sub-figures is greater than the critical o’ from F-test, the model is significantly
different from the best model at the 95% confidence level. In other words, any model whose o is
smaller than the critical o* from the F-test cannot be distinguished from the best model. This
produces an estimate for the uncertainty of the CSZ geometry. Figure 3.12 shows that variation of
the downdip boundary of the locked zone (point B) affects site velocity the most. The uncertainty
of the horizontal position from GPS data is about 57km for control point A, (25, -38)km for

control point B, +30km for control point C.

Table 3.2 Control points of the 2D model used to
compute uncertainty in the CSZ geometry

Point A | Point B | Point C
X(km) 0 80 160
Z(km) 5 15 28
Slip deficit rate(mm/a) | 42 42 0
30 30 30
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Figure 3.13: Velocity residuals of the best model that takes into account 3D plate locking, WB block rotation, and NS
compression. The locked zone and transition zone of the CSZ are shown in different shades of gray. The final model includes a
N-S strain rate of -0.94+0.03mm/deg of latitude per year and a clockwise rotation rate about a pole at 45.8°N, 241.7°E of no more
than 0.03°/Ma.

§3.8 Summary

We have considered three processes to account for computed horizontal velocities obtained from
GPS observations: plate locking, N-S compression and block rotation. In the preferred model, the
widths of the locked and transition zones of the CSZ (Figure 1.3) are very close to the model of
Fliick and Wang (Fliick et al, 1997). The position of the trench moves less than a kilometer to the
west of the model of Fliick et al. (1997). The depths of the control points along the upper end of
the locked zone are 0-2km shallower along the length of the CSZ. The changes of the depths at
the lower-end of the locked zone are even smaller, generally less than 1.5km. The depths of the
lower end of the transition zone are slightly deeper, but less than a kilometer. In the vicinity of the

Olympic Peninsula, this depth is about 28 km. Thus, Fliick & Wang’s model does a good job of
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accounting for the contribution of subduction to the observed station velocities. The computed
depth of the downward end of the transition zone beneath the Olympic Peninsula is consistent
with the geometry of the Juan de Fuca slab beneath western Washington based on intra-plate
seismicity and broadband receiver function analysis (Crosson and Owens, 1987; Lapp et al., 1990;
Cassidy, 1991; 1995).

Khazaradze et al. (1999) noted an apparent N-S strain rate in western Washington of
approximately -1.8mm/deg of latitude per year based on data from 7 continuous GPS sites
observed over 3 years. In our analysis (150 sites spanning 7 years) we determine a rate of -0.94 +
0.03mm/deg of latitude per year corresponding to a strain rate of about —0.84x10"%/yr. By
extrapolation, a linear fit to the N-S velocity residuals versus latitude reaches zero at (51.7
1.5)°N latitude. It is likely that the N-S compression ceases somewhere north of the US-Canada
border, but our data do not directly address this question. It is well-known that much of western
Washington from the Puget Sound to the Columbia basin is characterized by earthquakes with
fault plane solutions having a N-S direction of maximum principal stress (Qamar and Ludwin,
1992; Ma et al., 1996). It is probable that the geodetically observed regional N-S strain rate is

responsible for much of the earthquake hazard due to shallow faults in western Washington.

McCaffrey et al. (2000) analyzed GPS data in Oregon and found that two mechanisms adequately
explain the observations: plate locking and clockwise rotation of the western Oregon block at a
rate of 1.05°/Ma about a pole at 45.9°N, 118.7°W. Various paleomagnetic and geological evidence
also supports the clockwise rotation of western Oregon by about 1.5 “Ma (Magill et al. 1982;
Beck 1984; Beck et al. 1986; Wells et al. 1998). We find that on average GPS observations in
much of western Washington are be explained by a combination of plate locking and regional
N-S compression with little contribution from block rotation if we treat Washington as one rigid

block. In chapter 4, we will use more GPS data in the Pacific Northwest and improve this model.

However, there is evidence in the data (Figure 3.10) of a transition near latitude 47° from block
rotation in Oregon to N-S compression in Washington, as the western block interacts with the

unyielding “backstop” provided by basement rocks of northern Washington and southern British
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Columbia (Wang, 1996; Wells et al. 1998). The details of the transition are still unclear, but an

understanding of the transition is presumably related to changes in the style of seismicity (Ludwin
et al. 1991) and volcanism (Blackwell et al., 1990; Sherrod and Smith, 1990) between Oregon
and Washington, as well as the major bend in the Cascadia Subduction Zone (Figure 3.13). This
is discussed further in chapter 5.
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Chapter 4: Rigid block rotation and strain analysis

§4.1 Introduction

Because GPS gives absolute coordinates of places on the earth, it can be used to more easily
determine strain, block rotation, and block translation than traditional geodetic methods (e.g.
trilateration). GPS is now commonly used to estimate the contribution of elastic strain in the
forearc of the subduction zone in response to the plate coupling, and the distribution of primarily
NW-directed dextral shear relative to North America plate motion that affects southern California,
Oregon, and the Cascadia arc and backarc region (Pezzopane and Weldon, 1993). 1t is hoped that
GPS observations will also help to determine the secular deformation that loads crustal faults that

cause shallow earthquakes in western Washington.

In Chapter 3, I introduced 3 physical mechanisms to explain observed deformation in western
Washington: subduction along the CSZ, rigid block rotation, and regional north-south
compression. However, I treated Washington as one simple rigid block and I did not consider data
from all GPS sites available in Oregon. Previous studies using paleomagnetic evidence and GPS
indicate western Oregon rotates as one rigid block (e.g. Wells et al., 1998; McCaffrey et al., 2000).
Can Oregon and Washington be treated as one block? If not, how does rotation in Oregon change
character in Washington? What is the role of the Cascade arc in the tectonics of the Pacific

Northwest? What causes differences in seismicity in Washington and Oregon?

In this chapter, I will use an expanded set of GPS data in the Pacific Northwest to examine these
questions. In the following sections, I will present a method to estimate block translation, rotation,
and strain, and review previous studies. I will then provide estimates of these quantities based on

GPS observations at both campaign stations and permanent stations from 1994 to 2001.

§4.2 Basic Theory

Since the vertical component of the observed station velocity derived from GPS data has a bigger
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uncertainty than the horizontal component, I will focus on the horizontal components, v, and v,.

Assuming plane strain, we can express v, and v, in the following way:

ov ov

X X

szaxx+ y+vox
4.1
o, o, 4.1)
vy=—a?x+——y+voy

Here, (Vax, Voy) is the rigid-body translation velocity at origin O in a Cartesian coordinate system.

avx avx

_ ox dy

L= (4.2)
&
Ox Oy

is called the deformation velocity gradient tensor.

In the above equations, there are six unknown parameters, so observed velocities (i.e. v, and v,) at
a minimum of 3 sites are needed to estimate all unknowns. Once this is done, we can calculate a
best-fit translation vector (vox, Voy) for the rigid block, a best-fit local rigid block rotation rate @,

and a principal strain rate tensor & as shown below.

The normal (¢,,, £, ) and shear(é£,,) strain rates are determined by:

ov
= 4.3
¥ ox (43)

ov,
- 4.4
"= 4.4)

., 1 v, Oy,

== (=X L 4.5
£, 2( ay+ ax) 4.5)

The local rigid-block rotation rate (& ) is obtained from velocity gradient tensor by:
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._.l avx_ Y —
b= (GG =0, 4.6)

One can also rotate the coordinate system so that the shear strainrate £,, is 0. When this is done,

the resulting strain rate components are called principal strain rates and are denoted £ and &,

where:
‘ 1
£ _+E & —¢& ) 2
él—_— XX ){V_I_{( XX }{V) +éf‘} (4.7)
2 4 :
5 1
E._+E (6.-€,) 2
g, = w2 w4 g2 4.8
2 2 [ 4 -‘y] (“48)

From (4.7) and (4.8), we can see £, is the minimum strain rate. The azimuth of the direction of

minimum principal strain rate relative to the unrotated coordinate system, «, can be computed

in the following way (Turcotte and Schubert, 1982):

28,
a:%atan(_ g*y. ] 4.9

In the rotated coordinate system, the ¢ axis is perpendicular to the £,axis. In the following

sections, we use the equations above and all observed site velocities derived from GPS to
compute the strain rate distribution and translation velocity field in the study area assuming that

the assumption of plane strain applies locally.

§4.3 Rigid-Block Rotation

Suppose a small block on the earth’s surface is rotating around a vertical axis P, located
somewhere else on the earth. If A is one site in the small block, we can calculate the surface
velocity caused by rigid block rotation of A about a pole P. The great angle between A and P is

a , the rotating rate is @, the radius of earth is R. Then the surface velocity at A is wRsina,
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and its gradient with respect to ais @wRcosa which goes to 0 when ais 90° (Figure 4.1).
Hence, if a small block is far away from the rotating pole, the velocity gradients at sites within
the block are very small. Velocity vectors at sites within such a block are almost uniform and can

be treated as translations.

Rotating Pole (P)
1w

Figure 4.1. Spherical block rotation. The circle represents the earth. P is the pole of rotation of a block containing a site at A. The
angle between A and P relative to the center of the earth is alpha.

Using the above method requires us to know the angle alpha between the rotation pole P and the
GPS site A, given the longitudes and latitudes of A and P. Figure 4.2 shows a spherical triangle,
formed by three intersecting great circles, with arcs of length (a, b, ¢) and vertex angles of (ZA,
#B, «C). The angle between two sides of a spherical triangle is defined as the angle between
the tangents to the two great arcs, as shown in figure 4.2 for vertex angle B. The arc lengths (a, b,
¢) and vertex angles (£/A, #B, ZC) of the spherical triangle in figure 4.2 are related by the

following cosine and sine formulae from spherical trigonometry.

.sma _ §1nb _ .smc (4.10)
sinZA sinZB sinZC

cosa =cosbcosc +sinbsinccos L4 4.11)

cosc =cosbcosa+sinbsinacos £ZC 4.12)
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If A is placed at the North Pole and we know longitudes and latitudes of B and C (One is a
rotation pole, the other is a GPS site) (Ap, ¢s) and (Ac, @c), then the great angle a and £C (the

azimuth angle of point C) can be computed as following:

cosa =sin@, sin @, +cos @, cos@. cos(i, —.) (4.13)

sin ZC =sin(4, - A.)cos, /sina (4.14)

However if g is small, (4.13) becomes unstable. For such a case, (4.13) and (4;14) can be

rearranged,

sin% = {sin2 [(@s - 0c)/2]+cos@, cos g sin [(4 —/1(:)/2]}”2 (4.15)

tan £C = cos, sin(1, -4.)

2% (4.16)
oS @, sin @, —sing,. cos @, cos (A, — Ac)

(4.16) is preferred for the calculation of C because it is stable when angle a is small (Snyder,

1987).

Figure 4.2: A spherical triangles with arcs of length (a, b, ¢) and vertex angles of (ZA, £B, £C)

§4.4 Previous studies

Paleomagnetic observations and geological data has suggested that the Oregon block and

southern Washington rotate clockwise as a unit with respect to the interior of North America,
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causing western Oregon to move northward (Beck et al., 1986; England and Wells, 1991; Magill
et al., 1982; Wells, 1990; Wells and Coe, 1985; Wells and Heller, 1988; Walcott, 1993; Wells,
1996; Wells et al., 1998; Hagstrum et al., 1999). Independently, McCaffrey et al. (2000) used 71
horizontal GPS vectors and 4 tilt rates in Oregon (a total of 146 observations) to determine a
rotation pole for the Oregon block relative to North America. Their result was a pole at 45.9° +
0.6°N, 241.3° = 0.7°E with a clockwise rotation rate of the block of -1.05 + 0.16°/Ma. McCaffrey
et al. noted the pole lay along the Olympic — Wallowa Lineament. Savage et al. (2000) used 21
GPS vectors from southern Oregon and determined a different pole, 43.5°N, 240°E with a
clockwise rotation rate of -1.66 + 0.33°/Ma. Wells et al. (2001) combined all poles from
paleomagnetic and GPS observations and got an averaged pole which is close to the pole given
by McCaffrey. Svarc and Savage (2002) used 75 GPS sites in western Oregon and southwestern
Washington and estimated a rotation pole at 43.4 = 0.14°N, 240.67 = 0.28°W and a rotation rate
of -0.822 + 0.057°/Ma. The possible tectonic mechanisms that have been proposed for Oregon
rotation are 1) varying rates of oblique convergence along the Juan de Fuca plate, 2) Basin and
Range spreading, 3) Right-lateral shear resulting from the Pacific — North America plate
interaction (Pezzopane and Weldon, 1993; Wells and Simpson, 2001).

Besides estimating rotation, researchers have used various methods to estimate strain in western
Washington. For example, Lisowski et al. (1989), and Savage and Lisowski (1991) found the
strain rate near the Olympic Peninsula was 0.09 pstrain/yr and near seattle was 0.04 pstrain/yr.
Early researchers tried to use dislocation models and thermal models of the CSZ to match
geodetic observations. However, the observed site velocities do not decrease with distance away
from the CSZ plate boundary as rapidly as predicted by subduction dislocation models (Dragert
et al, 1994; Hyndman and Wang, 1995; Fluck et al., 1997). Khazaradze and Qamar (1999)
analyzed three years of continuous GPS data from seven permanent sites and proposed that an
additional N-S oriented contraction of ~4mm/yr over a distance of 250km was present in western
Washington besides the dominant Juan de Fuca and North America convergence. Johnson et al.
(1999) used marine high-resolution and conventional industry seismic-reflection data and found
that the Quaternary slip rate across the Seattle fault zone is about 0.7 — 1.1 mm/yr. Murray and

Lisowski (2000) combined triangulation, trilateration, and GPS data to get the horizontal strain
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rate in the Pacific Northwest. They concluded that shear-strain rates are significantly greater than
zero in the forearc zone, but not significant in the arc and backarc regions. Miller et al (2001)
found 6 ~ 7 mm/yr north-south contraction within the Washington forearc from GPS

observations.
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Figure 4.3 The observed site velocity field in the Pacific Northwest relative to stable north America. GPS data from 1994 to 2001
at more than 300 GPS sites, including both campaign and permanent stations.

§4.5 Data resources and analysis

In this chapter, I consider an expanded data set of more than 300 GPS sites including both
permanent and campaign sites (Figure 4.3) (In Chapter 3, only a subset of these data were

considered, sites mostly in Washington). I used data from the U.S. Geological Survey (USGS),
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the Pacific Northwest Geodetic Array (PANGA), the U.S. Coast Guard CORS Array, the IGS, the
NGS HARN (National Geodetic Survey High Accuracy Reference Network), the Western Canada
Deformation Array (WCDA) of the Geological Survey of Canada (GSC), the University of
Washington, the Rensselaer Polytechnic Institute (RPI), and the Oregon State University (OSU).
The data were collected from 1994 to 2001. The time span for most sites is more than 4 years.
During the 2001 GPS campaign, RPI and UW added some new sites in Oregon, Washington, and
Canada, and in particular filled in an area in northeastern Washington. Some of these sites have
been observed only twice. Some of the data were processed using GIPSY software using fiducial
free orbit solutions, point positioning strategy (Zumberge et al., 1997), and ambiguity resolution.
The results were expressed in the ITRF2000 reference frame. RPI data were processed using
precise satellite orbits and GAMIT/GLOBK analysis software (King and Bock, 1999; Herring,
1998) in an ITRF97 reference frame. All site velocities were obtained from analysis of latitude
and longitude time-series by using least squares and are expressed relative to the North America
(NA) reference frame by removing NA-ITRF97 or NA-ITRF2000 rotation. Only horizontal

velocity components whose uncertainty is less than 3mm/yr were used here.

§4.6 Strain rate and translation velocity calculation

The computer program used to calculate both strain rate and the translation velocity of crustal
sub-blocks is straingps written by Anthony Qamar. It is based on the equations in section §4.2.
The program uses least squares to determine unknown parameters in equation (4.1) from site
velocities measured on the surface of the Earth. It sets up a local 2 dimensional coordinate system
with x pointing to east, y pointing north. The origin is set at the averaged x, y site positions in the
input data. The program first converts longitude and latitude in spherical coordinates to local x,

y Cartesian coordinate in units of kilometers and computes a "flat-earth" approximation to the

strain rates. The output includes longitude, latitude, the maximum principal strain rateé,, the
minimum principal strain rate £,, the azimuth of the &,axis, the standard error ofé and the
standard error of &,. The longitude and latitude are the coordinates of the local frame’s origin.

The standard errors are 1-sigma estimates of the error in £ and £,. An additional option of the
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program produces the estimated translation vector ¥V, Voy, together withe , and error estimates
ErrVo, ErrVoy (see equation 4.1). Using this program, we can get the best-fit strain rate,
translation vector, and regional rigid block rotation simultaneously.

In order to produce a smoothed view of the spatial variation of strain rate, we have divided the
Pacific Northwest into hundreds of small cells. Each “rectangular” cell has dimension of 0.5%n
both longitude and latitude. At each node in the grid we compute strain rate parameters by using
data from sites within 100km, say, of the grid point. A rigid block rotation & is computed for
each small cell. All sites in the cell are given equal weight in the computation. 3 or more sites are

required in each cell for computing all unknown parameters in equation (4.1).
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Figure 4.4 Principal strain rates in the Pacific Northwest. Both permanent and campaign GPS data from 1994 — 2001 were used.
Outward pointing arrows indicate positive (extension) principal strain rate. Inward pointing arrows indicate a negative
(compression) principal strain rate. Ellipses are estimated in one sigma standard errors
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Figure 4.4 shows that the principal strain rates near the coast are uniaxial and oriented
approximately along the direction of JDF — NA convergence, although some of the strain is more
normal to the trench than the plate convergence direction. This result is consistent with previous
studies (e.g. Murray MH and Lisowski, 2000). On the Olympic peninsula, the strain rates are €, =
-0.013 * 0.007 pstrain/yr, &, = -0.083 + 0.008 pstrain/yr NS6°E. In the Puget Sound, ¢, is about
0.007 £ 0.005 ustrain/yr, € is about -0.034 + 0.007 pstrain/yr N63°E. These strain rate estimates
are very consistent with those Savage et al. calculated in 1991. In Mt. Rainier, ¢, is about -0.005
+ 0.005 pstrain/yr, g, is about -0.020 % 0.006 pstrain/yr N53°E. In northern Oregon coast, €; is
about -0.004 + 0.005 pstrain/yr, &; is about -0.051 + 0.014 pstrain/yr N85°E. In central Oregon, €;
is about 0.011 + 0.006 pstrain/yr, &, is about -0.010 £+ 0.006 pstrain/yr N71°E. The strain rates
decay rapidly away from the coast and reach minimum values in central Washington and central
Oregon. The onshore area in western Oregon mainly shows east-west compression, while other
onshore areas show northeast-southwest convergence. In northern and eastern Washington, and in
eastern Oregon, strain rates are larger and have various orientations, but the results may be
misleading because of greater uncertainties there. These areas are so far from the Cascadia
Subduction Zone (CSZ) that the CSZ’s influence is relatively small. Therefore, any detectable
strain in these areas would be of interest because it would be caused by tectonic forces unrelated

to the CSZ.

We use the same program (straingps) to compute translation velocity for the center of mass of
each cell. Along the Canada — US boundary, the translation vectors should be close to zero but
are biased by stations that exist only to the south in the smoothing process (see Figure 4.3). In
northeastern Washington, since we do not have enough data, the estimated site velocities have
large uncertainties; thus the computed translation vectors there are also very uncertain. In eastern
Washington and eastern Oregon, we also have poor data coverage. The translation velocities
there reflect large scale smoothing (Figure 4.5). From northern California to northern Washington,
directions of station motion change from northwest to northeast. Stations along the northern
California and southern Oregon coasts move northward with almost the same rates (Figure 4.5).

Some nodes in northern and eastern Washington, eastern Oregon, and northern California do not
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have translation vectors since circular cells at these nodes do not contain sufficient sites with

uncertainty less than 3.0 mm/yr.

The translation velocity field (Figure 4.5) is a smoothed version of the site velocity field shown in
figure 4.3. However, it is useful to look in detail in figure 4.3 to evaluate some inconsistences in
figure 4.5. Figure 4.3 shows that a few stations in close proximity to one another move in
different directions, for example, LIND and WILS in Ellensburg, ARPO and PTS5 in

southwestern Washington, and some sites located in Puget Sound and along the central Oregon
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Figure 4.5 Smoothed translation vectors in the Pacific Northwest. The components of the translation vectors are Vo, and V,, from
equation 4.1. The uncertainty of each vector is derived from a least squares fit to site velocities within 100km of each grid point.
More than 300 GPS sites including both permanent and temporary sites were used.
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coast. The north component time series of LIND and WILS are very similar, while the east
components differ (Figure 4.3). North of Lake Chelan, sites such as 7LCO, A515, R378 move to
the northwest, which differs from other stations nearby. Also there is a lot of variation in the
uncertainty of site velocities computed for each velocity vector. Most permanent sites and some
campaign sites, like OLYM, MORT, THUN, APSA, have small uncertainties. Other sites like
ARPO, 9040, ATHE, and some sites in southwest Oregon, have large uncertainties. Different
places have a varying density of GPS stations. Generally, western Oregon and the Puget Sound
have a high station density whereas the Olympic Peninsula, the arc, and back-arc areas have low
station density. In the rest of this chapter, I will use the smoothed translation velocity field shown
in figure 4.5 for all my work. However, as described above, there are still some sites where

apparent inconsistencies need to be addressed in the future.

§4.7 Rigid Block Rotation in Oregon and Washington

Paleomagnetic evidence, geological data, and GPS data suggest western Oregon is rotating
clockwise (Wells, 1998, McCaffrey et al., 2000; Savage et al., 2000). In Oregon the smoothed
velocity field in Figure 4.5 clearly shows a clockwise block rotation whose pole is somewhere in
eastern Oregon, and this rotation appears to affect parts of Washington. However, in Washington
the velocity vectors are nearly parallel, so the applicability of block rotation is not as clear as in
Oregon. We first check if Oregon and Washington can be treated as one rigid block. To do this we
calculate a theoretical pole of rotation for all available data after removing the effect of the CSZ
plate coupling and check the residuals to see how good our original assumption is. We use a
program to estimate a rotation pole by least squares called findpole written by Anthony Qamar. It
uses equations in section 4.3 to find a best - fit rotation pole for a given block containing GPS
sites. The best estimated pole for the combined Washington-Oregon block is at 245.11+0.30°E,
45.53+0.11°N with a clockwise rotation rate of -0.55+0.02°/Ma, which is just east of the figure.
Most sites do not match well (as judged by the large residuals) except in central Washington and

central Oregon (Figure 4.6).

To improve the fit we try an alternative method. Since previous studies have shown that a rigid
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block rotation model fits Oregon data well, we begin by using the Oregon data only to get the
rotation pole and assume Washington is rotating around the same pole with the same rotation rate.
This gives a residual map shown in Figure 4.7. The estimated pole of rotation is located at 243.18
+ 0.18°E, 44.80 £ 0.06°N and the estimated rotation rate is -0.9°/Ma. This assumption fits the data
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Figure 4.6. Vectors shown here are the residual velocities after removing plate locking and clockwise rigid block rotation
assuming Oregon and Washington act as one rigid block.

in Oregon and southern Washington very well, but not the rest of Washington. In the coastal area
in southwestern Oregon, residual vectors at several sites point to the west with relatively large
magnitudes. This may indicate an inappropriate Cascadia Subduction Zone model in southwest
Oregon or tectonic complexity there (Miller et al., 2001). From Oregon to Washington, the

residuals become steadily larger. North of latitude 46.5°N, the residuals show a counter-clockwise
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rotation indicating that the rigid-block rotation model of Oregon does not fit large areas of

Washington. This suggests that Oregon and Washington are not one rigid block.
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Figure 4.7. Residuals after removing contributions from plate locking and rigid Oregon block rotation. The assumption here is
that Washington rotates around the same pole as Oregon with the same rate estimated from Oregon data

40

We next attempt to divide Washington and Oregon into two rigid blocks with a boundary at 46°N
as suggested by the residual pattern shown in Figure 4.7. Assuming Washington is a rigid block
and using the same approach as before we obtain an estimated pole of rotation for Washington at
247.56+1.04°E, 44.43+0.48°N with a clockwise rotation rate of -0.32 +0.04°/Ma which is only
one third of the rotation rate of the Oregon block. We also estimated the maximum principal
residual strain rate for this block which indicates a roughly north-south compression with a
magnitude of 0.85mm/yr per degree of latitude (Figure 4.8). In western Washington along the

coast, residuals of some sites point west or northwest, suggesting that either the CSZ plate
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locking is over-estimated, or the assumption that Washington is one rigid block does not work
well. Residuals of some sites in the southwest Washington coast decrease quickly from west to
east and from south to north, and reach zero at the northern Olympic Peninsula and the Cascade
arc. The residuals at northern Washington sites point to the south, indicating north-south
compression in western Washington. The three northeast sites have big residuals, most likely
caused by that fact that there are insufficient data to estimate accurate velocities there. The same
situation exists in southeastern Washington where there are insufficient data (Figure 4.8). Most

sites fit the Washington block rotation model reasonably well.
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Figure 4.8 Assume Washington is in one rigid rotating block separated from Oregon. Then compute the rotation of Washington

after removing effects from the CSZ and estimate a principal residual strain rate after subtracting CSZ plate locking and rotation
contributions from the site velocities. Red arrows are final velocity residuals. Blue arrows are principal strain rates. Inward arrow
means compression. Qutward arrow means expansion. The magnitude of the minimum principal residual strain rate is about
-0.84mm/yr per degree of latitude.

We have treated Oregon and Washington as two different blocks. After removing effects of the
CSZ, the GPS site velocities yield poles and rotation rates different in Oregon and Washington.
The residual figure 4.9 shows that such a model can match the observed velocity data reasonably
well. Comparing figure 4.7 and figure 4.8, the area between 46°N and 47°N may act as a
transition zone, since the residuals in figure 4.7 increase gradually and in figure 4.8 decrease
gradually from south to north. Using the two estimated poles of rotation, we can calculate

theoretical site velocities in the Pacific Northwest (Figure 4.10). On the arbitrary 46°N boundary
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between these two blocks, the velocity of sites on the Oregon side differs from sites on the
Washington side. Since Oregon rotates faster than Washington, this model implies that
Washington is being compressed across this boundary, with the largest compression along the
coast and smaller compression further inland. In reality, this compression is probably distributed
throughout Washington, rather than just at the block boundary. In eastern Washington, the only
mechanisms likely to affect site velocities are block rotation and regional strain accumulation
unrelated to the CSZ plate coupling, because the CSZ has negligible influence there (Figure 4.9).
Near the coast the N-S compression rate between the Oregon and Washington blocks for the 2 -
block model is around 5Smm/yr, and the averaged strain rate in Washington is about 2.5mm/yr.
Residuals in northern Washington are still large and suggest a counter-clockwise rotation, which

means we over-estimated the rotation in this area. The big residuals in southwestern Washington
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Figure 4.9 Residuals in the Pacific Northwest. Blue vectors are for Oregon block, red vectors are for Washington block.



also suggest that we under-estimated the rotation there.

interaction between the Oregon and Washington blocks

Northwest and why different areas in Washington and

87

An obvious question is how the
affects the tectonics in the Pacific

Oregon have different earthquake

distributions (Figure 4.11). The variation in seismicity suggests that the assumption that most of

Washington is one rigid block is an oversimplification.
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Figure 4.10 Theoretical site velocities resulted from two estimated poles for Oregon and Washington blocks. Blue vectors are

from the Oregon pole, red vectors are from the rotation pole of Washington.

§4.8 Where are the Block Boundaries?

From the previous section we know the Pacific Northwest

is not one rigid block, and Washington

also does not act as one rigid block. It is difficult to distinguish block boundaries from GPS data
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alone. We will use seismicity, geology, heat flow, and volcanic data to help us identify

appropriate boundaries.
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Figure 4.11 Seismicity and sub-block separation. Blue triangles are volcanoes. Red circles are cities. Small dots are shallow
earthquakes whose depths are less than 30 kilometers and magnitudes are greater than 2.0. Blue lines are the boundaries of the
CSZ. Thin red lines are faults. Thick red line is the Olympic — Wallowa Lineament (Raisz, 1945). The capital letters A, B, C, D, E

are sub ~ blocks.

In the Pacific Northwest, earthquakes mainly occur along the Juan de Fuca-Pacific plate

boundary, and in British Columbia, Washington, Oregon, and northern California. Few

earthquakes occur along the CSZ. Crustal seismicity in Washington concentrates on a north-south

strip from the Georgia Strait - Puget lowland to Portland just west of the volcanic arc. Along the
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Washington coast there are very few earthquakes. Under the Cascades there is a seismicity gap.
In the back-arc, earthquakes are shallower, with 0 — 15km depths, and occur mainly from
Richland to Moses Lake, and from Yakima to Ellensburg. Southwest of Chelan there is also a
concentration of seismicity. Compared to Washington, Oregon is seismically inactive (Figure
4.11). Thus, seismicity seems to confirm that there is a tectonic boundary between Oregon and

Washington,

Based on the distribution of approximate 2800 volcanic vents in the Pacific Northwest and
northwestern Nevada in the past 16Ma, Guffanti and Weaver (1988) separated the volcanoes into
six segments. Two of the segments are in Washington and one is in Oregon. Volcanoes in
Washington are stratovolcanoes with a smaller magmatic extrusion rate than Oregon. They form a
compressive arc (Wells et al., 1998). In Oregon, volcanoes form an extensive arc with a high rate
of magma extrusion. The Washington Cascade Range has high surface elevations and topographic
relief (Reiners et al., 2002).

There are several other lines of evidence that suggest Washington and Oregon may be divided
tectonically into smaller blocks. The thickness of the Coast Range (CR) reaches a maximum of
24 — 32 km beneath west central Oregon (Tréchu et al., 1994) but is only 20km beneath
southwestern Washington (Stanley et al., 1987; Tréchu et al., 1994; Parsons et al., 1998) and the
pre-Tertiary terranes of Vancouver Island (Hyndman et al., 1995). Western Washington contains
several east-west or northwest-oriented faults which separate the forearc into folded basement
and small blocks that may act independently (Figure 4.12), such as the Bellingham, Chehalis,
Everett, Seattle, and Tacoma basins (Pratt et al., 1997). Paleomagnetic evidence and geodetic
studies show that western Oregon has a larger clockwise rotation than Washington as we have
seen (Wells et al., 1984, 1998, 2001; McCaffrey et al., 2000; Savage et al., 2000; Svarc et al.,
2002; this study). Heat-flow data in the Pacific Northwest shows that Washington has lower heat
flow than Oregon (Blackwell et al., 1990a; Gutscher et al., 2003). Furthermore, the dip of the slab
in the Cascadia Subduction Zone is shallower in Washington than in Oregon. Gutscher et al.
(2003) suggested that the flat subduction between 46° and 49° has a causal relation to the
observed variation in heat flow and seismicity. All these characteristics indicate that Washington

and Oregon cannot be treated tectonically as one rigid block (Figure 1.3) (Wells et al., 1998) and



90
support the idea of a boundary near 46°N. The evidence also suggests ways to further divide

Cascadia into additional sub-blocks.

128° 122°

Figure 4.12 Bouguer gravity map of the Puget Sound overlain by locations of faults and the surface projections of axial surface of
folds (letters A-K, M) interpreted from the seismic reflection, geologic and potential field data. Bouguer gravity values are
residual values after removing wavelengths greater than 100 km (Finn et al., 1991); low values (blue and green) generally
correspond with basins and high values (red) with uplifts, the exception being the Olympic Mountains core rocks which are of
relatively low density. The triangles denote uplifts and inverted triangles denote subsidence 1000 to 1100 years ago (Bucknam et
al., 1992), Axial surface F is the active tip of the Seattle fault. Figure is extracted from Pratt et al. (1997).

From the last section we have concluded that Washington does not act as one rigid block. The
Cascade arc separates Washington into a fore-arc and a back-arc and serves as a possible block
boundary (Figure 1.3). The depths of crustal seismicity in the fore-arc are greater than in the
back-arc and little seismicity exists beneath the arc, again suggesting that the Cascades form a
natural boundary. The Cascade arc consists of Tertiary to recent magmatic rocks. The Puget
Lowland — Willamette Valley is composed of continental and marine sediments as well as
volcaniclastic rocks underlain by lower and middle Eocene marine basalt of the Crescent

Formation (e.g. Wells et al., 1984, Snavely, 1987). Continental thickness is ~20km at the coast
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line, ~30km beneath the Coast Range, ~40 — 45km beneath the arc, and ~30 — 38km under the
Columbia Plateau (Parsons et al., 1998). Heat flow in the fore-arc is low, ~ 35-50 mW/m?. The
maximum heat flow, ~ 120 — 150 mW/n?’, is found in the Cascade arc (Gutscher et al., 2003). In
northeastern Washington, heat flow is greater than 70 mW/m? while in southeastern Washington
it is 60 mW/m’. So again, the arc appears to be a natural choice for a block boundary in

Washington.

The Olympic Peninsula is the largest onshore continental area in the Cascadia Accretionary
Wedge (Figure 1.10, Figure 1.11 in Chapter 1). The core rocks of the Olympics have been locally
exposed and uplifted since ~18 million years ago. The uplift has exposed the Crescent formation
and tilted the peripheral sequence into eastward-dipping anticlines (Tabor et al., 1978). The core
of the Olympics is separated from eastern coast range terrane and Puget Sound by the Hurricane
Ridge Fault (Figure 1.13) (Tabor et al., 1978). Combined with changes in the seismicity pattern
in Washington (section 1.2.2.2 in chapter 1 and the beginning of this section), the geology
suggests that a N-S boundary at 123°W is a natural block boundary to divide the fore-arc in

western Washington into an outer fore-arc block (the Olympic block) and an inner fore-arc block.

¢ 0.0
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. , A
2000 122.5W, 47N 200.0

Figure 4.13. Cross section of earthquake hypocenters centered at 122.5°W, 47°N. Left of the figure is south. Events from 1969 to
2002 that fall in +200km on N-S direction, +10km on E-W direction, and depth from 0 to 60km are used in this figure.

There is evidence that the inner fore-arc block should be further subdivided at 47°N. For example,
according to Guffanti and Weaver (1988), there exists a 90km wide gap in the volcanism of the
arc which may be related to the shallower subduction slab beneath the Puget Sound (Crosson and
Owens, 1987). There is a similar gap in seismicity at latitude 47°N (Figure 4.13). The number of
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Quaternary volcanic eruptions and the number of volcanic vents decrease dramatically north of
Mount Rainier (Wells et al., 1998). In addition, the Puget Lowland contains E-W folds and faults,
together with depositional basins north of 47°, The basins are filled with sedimentary sequences
eroded from the Olympic Mountains during Miocene uplift and during Pleistocene glaciation
(Tabor, 1972). The southern Washington Cascades are filled with a large volume of Tertiary
sediments and volcanics which have high velocity in the upper crust (Miller et al., 1997). Thus,
the Puget Sound to the north and the Mt. Rainier/Mt. St. Helens area to the south have different

tectonic expressions, suggesting a boundary separating the inner-fore-arc at 47°N.

In the back-arc, seismicity concentrates mainly in the Yakima fold and thrust belt. Northeastern
Washington is possibly part of the stable North America plate. The so-called Olympic — Wallowa
Linecament (OWL) (Raiz, 1945) appears to tectonically separate the Yakima fold belt from
northeastern Washington. Heat flow in northeastern Washington is higher than southeastern
Washington (Figure 1.14) (Blackwell et al., 1990a). So we tentatively divide eastern Washington

into two sub-blocks: the northeastern block and the southeastern block (Yakima block).

For the purpose of geodetic modeling, we have defined five small sub-blocks in Washington and

one big block in Oregon. Details about these blocks are in Table 4.1.

Table 4.1. Sub-block Separation in Washington State (Figure 4.11)
Name Simple Description Longitude(*W) Latitude(°N)
Coast Coast areca from Columbia 125-123 46-49
Block river to southern Vancouver
(A) Island includes the Olympic
Peninsula.

Puget Puget Sound with high 123 -121.2 47-49
Sound (B) | seismicity and range from the
Olympia to the U.S.-Canada
border

Mt. Range from Portland to 123 -121.2 46 - 47
Rainier | Olympia including Mt

© Rainier, Mt. Adams, Mt. St.

Helens
Yakima | Southeastern Washington 121.2-116 46 — 47
D)
Northeast | Northeastern Washington 121.2-116 47 -49

E)
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§4.9 Strain rate and block rotation

We can extend the analysis procedure of section 4.7 to the 5 sub-blocks in Table 4.1. We use the
3D modeling program from Wang (Pers. Comm.) and Fluke et al. (1997) to remove the
contribution to site velocities from the Cascadia Subduction Zone using the plate — locking
geometry calculated in Chapter 3. Then we compute block rotation and residual strain rate

distribution in each of the new sub-blocks. The flow chart of the processing procedure is:

Remove the CSZ ]
Observed Translation > plate-locking Velocity
velocities vectors contribution residuals
Compute and New
> remove »  velocity »| Estimate residual > Final
contribution of residuals strain rate residuals
block rotation

The program findpole is used to find a best-fit rotation pole and rotation rate from horizontal
components of surface deformation velocity. 1t is an iterative non — linear fitting procedure that
requires initial estimates of the unknown parameters. As described in the last section, the program
does not converge well to a solution if the block is distant from the pole. Strain rates are

computed using equations in section §4.2.

All estimated poles are listed in Table 4.2. The Oregon block has the biggest clockwise rotation
rate of 0.90 + 0.03°/Ma. Its pole is at 243.18 + 0.18°E, 44.8 + 0.06°N. This pole is near the
border between Oregon and Idaho and is very close to the Olympic-Wallowa lineament (OWL),
different from the pole given by Rob McCaffrey et al. (2000) and the poles from Savage et al.
(2000) and Svarc et al. (2002). However, the location is still within the confidence ellipse of the
rotation pole for the Oregon Coast fore-arc block with respect to North America as given by Wells
et al. (2001). The Mt. Rainier block in SW Washington rotates clockwise at a slower rate than the
Oregon sub-block. Its pole is at 243.87 = 1.46°E, 44.81 + 0.46°N with a rate of 0.66°/Ma.
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Paleomagnetic and geologic evidence in this area also shows small-scale tectonic rotation in
southwest Washington (Wells, 1985, Hagstrum 1999). In the Puget Sound block (B), site-velocity
vectors are similar in magnitude and nearly parallel, so the location uncertainty of the estimated
pole is large. The rotation rate here is not significantly different from zero. In eastern Washington
blocks (block D and E), most site velocities are small and uncertainties are large (Figure 4.3).
Their estimated rotation poles are farther to the southeast. The computed uncertainties in the
rotation rates are probably under-estimated in Table 1.2. In general the clockwise rotation of
subblocks appears to decrease from south to north (Oregon to Washington). Site velocities clearly
decrease to almost zero in southern BC so the rotation must stop somewhere north of the US —
Canadian border but the details of what happens to the rotation in northern Washington is still

unclear and will require more data in the future.

Table 4.2 Estimated poles for all blocks in the Pacific Northwest

Block Name Longitude(®) | Latitude(®) Rotation RMS of final residual’
Rate’ (*/Mas) | (mm/yrs)
Oregon Block 243.18£0.18 | 44.8+0.06 -0.90+0.03 1.07
Al 24928+8.61 | 44.90x1.96 | -0.32£0.19 1.58
B 266.29£30.61 | 31.56426.39 | -0.08+0.11 0.75
c! 243.87+1.46 | 44.81:0.46 | -0.66+0.16 0.52
D' 254.73+7.99 | 40.934.62 -0.16£0.11° 0.77
E' 24927+3.22 | 43.12+2.13 -0.21£0.09° 1.09

1. For the definitions of these block, please refer to Table 4.1

2 “+* means counter-clockwise rotation, ‘-* means clockwise rotation.

3: Uncertainties probably under-estimated because uncertainties in the velocity vectors were not taken into account.

4; The RMS is for the final residuals. The procedures to get them is in the above flow chart.

5. ‘a’ or ‘yr’ means ‘years’, ‘Ma’ means ‘million years’.
After removing contributions to the site velocities from CSZ plate coupling and rigid block
rotation, we can use the residuals to calculate residual strain rate in each sub-block (Table 4.3).
The Oregon block has the smallest residual strain accumulation, with &2 = -0.001+0.001 pstrain/yr.
It also has the biggest block rotation rate. The residual strain in the Oregon sub-block is therefore
not significant. CSZ plate locking and rigid block rotation are sufficient to explain the observed
crustal velocities (McCaffrey, 2000; Savage et al., 2000; Svarc et al. 2002; Wells, 1998, 2001).
The lack of strain may explain why seismicity in Oregon is much less than in Washington. At the

same time, the Oregon is experiencing a small east-west extension with a rate of 0.002pstrain/yr.



95
The Mt Rainier sub-block is defined here as extending from 46°N to 47°N latitude. Its minimum
(compressive) principal residual strain rate & is -0.015 £ 0.001 pstrain/yr oriented in the direction
of N31.54°E. Over the whole block, this is equivalent to 1.7mm/yr of compression. From Mt.
Rainier to the Puget Lowland, the direction of the minimum residual strain rate rotates closer to
north, but has about the same magnitude of -0.013 + 0.001 pstrain/yr oriented N25°E. This is
equivalent to 3mm/yr of shortening across block B (Puget Sound), slightly smaller than
Khazaradze’s (1999) result of 4mm/yr north-south compression over a distance of 250km.

In the Yakima sub-block (D), the dominant strain accumulation is a marginally significant
north-south compression with a rate of -0.01+0.004 pstrain/yr, N6.26°E, equivalent to 1.1mm/yr
compression across the block. For northeast Washington (block E), an approximate E-W
extension dominates it with a rate of 0.007+0.001 pstrain/yr. Due to lack of good data there, this

apparently significant result may not reflect the real situation. This area will need more survey

work.

The residual strain in the Olympic sub-block (A) shows both E-W extension and N-S
compression and the largest strain rates. The compressive rate is 0.017+0.001pstrain/yr,

equivalent to 6mm northward contraction across the Olympics each year.

Table 4.3 Residual strain and translation in pacific northwest
Block Principal Strain Rates( gstrain/ yr ) Translation(mm/yr)
1 ] o 4

Name gtlo? 'f'l@()ilc V. tlo V. tlo

Oregon  10.002+0.001 1155.44+8.54 |0.01+0.28 0.01+0.20
A 10.019+0.005 79.23+£2.70  10.00+0.24 0.00£0.11
B -0.001+0.001 5.06:4.67 0.00+0.10 0.00+0.84
C 0.002+0.001 1.54£3.17  |-0.01£0.08 0.01+0.05
D 0.0030.001 .26+7.67 -0.00+0.14 0.00+0.17
E 0.007+0.001 68.84+10.41 (0.00+0.19 -0.02+0.84

for the block names, refer to Tabie 4.1

the maximum principal stress, ‘+’ means extension represented by outward-pointing arrows
the minimum principal stress, negative values is compression represented by inward-pointing arrows
Azimuth of g, measured clockwise from North.

Ealiadl Ml

Figure 4.14 shows that the residuals to the multi-block model are small. The computed RMS of
the residuals for each sub-block is less than 1.6 mm/yr (Table 1.2). Thus the multi-block model
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matches the observations very well. However, relatively big residuals in northeast Washington
and northeast Oregon still exist where we have sparse data. Large residuals along southern
Oregon coast may come from inadequate modeling of plate locking on the CSZ or from an
over-simplified geometry of the 3-D subduction model. For more discussion, please refer to

Chapter 5.
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Figure 4.14. Residual vectors of averaged site velocities and principal strain rates for a multl-block model. All residuals
are from removing the contributions from plate locking, rigid block rotation and strain within each block. Blue
vectors are the principal residual strain rates estimated from the residuals after removing both CSZ and block
rotations’ contribution in each sub-block. Locations of rotation poles for Oregon are presented by circles with
an arrow and an “o” character. Arrows indicate sources (McCaffrey et al. 2000, Savage et al. 2000). The other
pole, marked with an “07, is from this study. Rotation pole for Mt. Rainier block is also plotted.
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Chapter S: Discussion

§5.1 Introduction

In the previous two chapters, we have used a 3-D inverse model to obtain the geometry of the
Cascadia Subduction Zone and we have found a preferred model to explain the observed velocity
field in the Pacific Northwest. In this chapter, I will further discuss the CSZ geometry, sub-block
boundaries, and the mechanisms causing surface motion, and I will interpret the results using
available geologic, volcanic, and seismic data. I will also focus on several interesting areas within

the sub-blocks.

§5.2 The Cascadia Subduction Zone (CSZ)

Hyndman and Wang (1993) argued that the geometry of the CSZ is controlled primarily by
temperature. The updip limit of the locked zone is controlled by the transition of stable sliding
clays like smectite to illite and chlorite at 100 - 150°C. This transition occurs by dehydration of
the clays. The temperature at the deformation front is about 250°C. They argue that the
temperature controlling the downdip limit of the locked zone is about 350°C, where a critical
transition occurs from seismogenic velocity-weakening to stable-sliding velocity-strengthening.
The downdip limit of the transition zone is at a temperature around 450°C, where feldspars begin
to behave plastically. They concluded that the fully locked zone is about 40km wide beneath the
outer shelf of Vancouver Island, and the transition zone extends another 60km to the east, where
it reaches the coast. They estimated that the widths of the locked and transition zones are slightly
wider along the Oregon margin and much wider near the Olympic Peninsula under Washington.
Dragert et al. (1994) compared tide gauge data, leveling data, gravity data, and horizontal strain
data with the predictions from elastic dislocation and viscoelastic models. Their elastic model has
a locked zone 40km wide and a transition zone 60 km wide. They also produced a viscoelastic
model with a wider locked zone and a narrower transition zone. Dragert and Hyndman (1995)
obtained a locked zone and a transition zone of comparable widths at southern Vancouver Island

and the northern Olympic Peninsula by using GPS data: each zone was 80 — 100 km wide.
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Hyndman and Wang’s (1995) dislocation model for the entire length of the CSZ indicates that the
total width of the locked and transition zones changes from 70km in central Oregon to northern
California (35km locked, 35km transition) to 180km in northern Washington (90 + 90 km) and
120km in Vancouver Island (60 + 60 km) with a uncertainty of about 15% or 10km. A 3D elastic
dislocation model developed by Fliick (1996, 1997) with a width of 40 + 40 km for Oregon, 100
+ 100 km for Washington, and 60 + 60 km for Vancouver also fits deformation data reasonably
well. Khazaradze and Qamar (1999) suggested that the maximum locked and transition widths of
the seismogenic zone under the Olympic Peninsular reach 100 km and 130 km respectively,
based on data from seven permanent GPS sites. In 2001, Wang at al. developed a 3D viscoelastic
interseismic deformation model and found that some inland sites will actually have seaward
motion (SW) during the early interseismic period after a great megathrust earthquake. By 300
years after the earthquake, all stations are moving to the NE as observed today. They did not find
that the CSZ geometry required a significant change from the elastic dislocation - based model.
Gutscher et al. (2003) adopted finite element thermal models of six transects across three
different subduction zones in the world and obtained a 170km (100 + 70 km) wide seismogenic
zone in their Olympics — Puget Sound transect thermal model, and a 140km (80 + 60km) wide
seismogenic zone in their central Oregon thermal model. Wang et al. (2003) revised previous 3D
elastic dislocation model by using a slip deficit rate that changes exponentially with downdip
distance, rather than linearly. They introduced a new concept for the transition zone based on the
new slip deficit rate function which is called the “effective transition zone” (ETZ). This modified
model yielded a width for the locked zone that was similar to earlier models, but a width for the

transition zone that was twice as wide as Fliick’s model.

My analysis of GPS data in Chapter 3 using a 3-D elastic dislocation model in a half space,
required only small shifts in the positions of the locked and transition zones given by Flick et al.
(1997). The northern part of the trench moves westward, generally less than 1.5 kilometers. The
central part migrates less than 2.0 km westward while the southern part moves less than one
kilometer westward. The transition zone at the north part of the CSZ was made wider by less than
one kilometer. At the bend of the CSZ, the transition zone is less than one kilometer wider than

the transition zone in Fliick’s model. In the central part of the subduction zone between latitude
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44° and 46°, the locked zone is 0 — 3 kilometers wider and the transition zone moves less than one
kilometer eastward with no width change. The southern part of the subduction below latitude 44°
is unchanged. In general, the widths of the locked zone and transition zone did not require

significant changes from Fluck’s model.
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Figure 5.1. Depth contours on the top of the Cascadia subducting slab. The numbers are the depth in km below sea level. Solid
lines are well defined by seismicity data. Dashed lines are extrapolated. The triangles are volcanoes. This map is adopted from
Fliick et al, 1997.

The depth contours of the top of the Cascadia subducting slab (Juan de Fuca plate) are well
defined by seismic data from earthquake in the Benioff-Wadati zone, seismic reflection and

refraction data, and teleseismic waveform analysis and tomography in Vancouver Island,
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Washington and northern California (Figure 5.1). The depth of the upper seaward part of the slab
is known mainly from marine multichannel seismic reflection data. The depth of the middle part
below 60km is constrained mainly by Benioff - Wadati earthquakes (Figure 5.2). The geometry of

the deep part of the slab is known from seismic tomography.

Along Vancouver Island, multichannel seismic reflection and refraction yield a good image of the
CSZ slab (e.g. Hyndman et al., 1990, 1994) whose depth is in good agreement with receiver
function analysis results using teleseismic broadband seismometer data (Cassidy et al, 1993, 1995)
and the depths of Benioff — Wadati zone earthquakes (Rogers et al, 1994). Beneath northern
Washington, the slab depths are well constrained by active Benioff — Wadati zone seismicity.
Crosson and Owens (1987) analyzed receiver functions of teleseismic waves and the depths of
local earthquake hypocenters, and determined the position of the slab between depths of 20km
and 60km quite well. The slab in the northern part of CSZ has been detected to a depth of at least
400 km (Bostock and VanDecar, 1995) by seismic tomography.

Beneath southern Washington and Oregon, the slab has been detected to 300km and 150km
respectively using tomography (Rasmussen et al., 1988). Oregon does not have much Benioff —
Wadati zone seismicity to define the shallow part of JDF plate boundary. However, Tréhu et al.
(1994) used observations from a seismic experiment between 44° and 46° to show that the slab in
Oregon extends to a depth of 50km. In the southern part of the CSZ, the slab is mainly

constrained by Benioff — Wadati zone seismicity (e.g., Wang and Rogers, 1994).

Our 3-D model has a trench that is shifted westward less than 1.5 kilometers compared to the
model of Fliick and Wang. The lower end of the locked zone is less than one kilometer shallower
at the bend of the CSZ and less than 1.5 kilometers deeper to the north and south of the bend. The

bottom end of the transition zone extends a little bit deeper, generally less than 1.5 kilometers.

Fliick and Wang’s Cascadia subduction geometry model is based on a depth-contour map of the
top of the subducting slab, constrained by seismic data (Figure 5.1). Their estimated error for the
seaward end of the slab based on seismicity is +0.5km and increases to +5km at a depth of 50km.
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Our model is not significantly different than theirs and there are no abrupt bends in the plate

along the margin.

Given the average slip displacement d and the fault area 4, we can calculate the seismic moment

M, released by an carthquake on the CSZ by using the formula (4ki and Richards, 1980)
M, =pdA (5.1)

: N70E )
-200 ! 1 1 1 9| ) 1 200
Distance perpendicular to the CSZ délsmfiront (km)

100.0

Figure 5.2: Depth distribution of earthquakes within a box which is 1° wide and 400 km long centered on Seattle and
perpendicular to the deformation front. Total number of earthquakes shown is 944. 86 events between 30 and 100 km depth define
the “Wadati-Benioff” zone and are presumed to take place near the top of the subducting JDF plate. The wiggly line on top of the
plot represents a crude topography with 5:1 vertical to horizontal exaggeration. This figure is adopted from Khazaradze (1999)

Here 4 is the shear modulus, d is the fault displacement, and A is the fault area. For continental
crust, y is approximately 3.3x10'© Nm? (e.g., Brune, 1968). Since we assume a model that varies
linearly from completely locked to free slip across the width of the transition zone, and since we
assume that both the locked and transition zones have the same widths, the average slip in a great
earthquake is %xvoXt. vy is the convergence rate of the Juan de Fuca plate relative to the North
America plate and t is the interseismic period ¢ (500 years, e.g., Atwater, 1996). From this the
average slip is about 15.8m. The fault area of the CSZ in our 3-D model is 1.14 x 10° km’, and
the seismic moment is 5.9x10Nm. If we use the empirical formula M,, = (2xlog;oMo)/3 — 10.7
given by Kanamori (1977), the maximum moment magnitude M,, for a great earthquake is 9.1.
Even if only one tenth of the fault area ruptures, M,, is still greater than 8.0 which means the CSZ

has a potential for a huge mega-thrust earthquake in the future.

The site velocities at most terrestrial GPS stations are theoretically affected by plate locking on

the CSZ by amounts shown in Figure 5.3 (model shown in Figure 3.4). The maximum sensitivity
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of CSZ model parameters to the site velocity field observed on the surface is 0.2mm/yr/km,
produced by a depth change of the middle of the locked zone (control point B in Figure 3.9 and
Figure 3.8). Changing the widths of the locked zone or the transition zone has a smaller effect
than changing the depths of control points A, B, and C in figure 3.9. For sites far away from the
trench, especially on the eastern side of the Cascades, the CSZ’s contribution to crustal
deformation is very small (Figure 5.3). To fit the magnitude of observed site velocities in the
back-arc would increase the width of the seismogenic zone. But this would not produce the
correct orientations of site velocity vectors and it would also cause site velocities at stations along
coast to increase dramatically. Consequently, observed station velocities on the coast and east of

the Cascades cannot be fit simultaneously with a simple dislocation model of plate locking.
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Figure 5.3 Predicted contribution of plate locking on the CSZ to site velocity at existing GPS sites. The ellipses are the
uncertainties of the observed site velocity at each GPS station, not the uncertainty of the theoretical site velocity from the
modeling. Sites with uncertainty larger than 3.0mm/yr are not shown.
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A measure of the fit of the 3-D model to the observed site velocity is estimated from the variance
o’ given in equation (3.20). The final model of Washington in Chapter 3 that includes plate
locking, rigid-block rotation and north-south compression produces o = 4.0 (mm/yr)* (6 ~ 2.0
mm/yr) (Chapter 3). If we constrain the control points A, B, and C in Figure 3.8 to move freely
only along the initial curve defining the top of the subducting plate, we can estimate the changes
to o® caused by physically reasonable changes in the widths of the locked and transition zones.
The maximum contribution to o is about 23 (mm/yr)’ caused by a 75km variation in the position
of the downdip end of the locked zone. The F-test shows that the uncertainty of the horizontal
position is about 58km for control point A, 25km for control point B, and 30km for control point
C (Figure 3.12). This indicates that a 25km variation in the width of the transition zone and a
30km variation in the width of the locked zone are possible given current GPS observations. In

principle, GPS observations of vertical velocity could further constrain the seismogenic zone.

Figure 5.4 shows that there are few stations directly over the transition zone along the
Washington coast. This makes modeling of the subduction geometry more difficult. There are
several ways to solve this problem. The first is to increase the number of GPS sites in the
Olympic Peninsula which is located right above the transition zone. Deploying more GPS sites
there would help us understand the mechanism that gives rise to the Olympic Mountains, and
would provide information about the uplift rate (from future observation of v,), which will further

help us constrain the geometry of the CSZ (Fliick et al., 1997).

Currently the forward 3-D elastic model of plate locking assumes that the transition zone changes
linearly from completely locked at its upper end to free slipping at its lower end. This assumption
causes the surface velocity to decay rapidly to the northeast, so that it is hard to adjust the CSZ’s
geometry to find a “best-fit” model. Wang et al. (2003) modified this assumption in their
“revised” 3-D elastic model. They assumed an exponential rather than a linear function from
100% locked to free slip, and called the newly defined transition zone an “effective transition
zone” (ETZ). They found that a wider ETZ (two times as wide as the original transition zone) can

fit the observed site velocity field better.
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Figure 5.4 shows that residuals after removing the influence of the CSZ from the site velocities
are large. The motion is about 11 — 30 mm/yr WNW in the southernmost fore-arc, and 4 —
8mm/yr N in the northernmost fore-arc. Thus plate coupling alone cannot explain the
observations. Figure 5.4 also shows a clear image of clockwise rotation. In the following sections,
I will discuss other possible mechanisms that contribute to the observed deformation in the

Pacific Northwest, including block rotation.
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Figure 5.4 Residuals after removing contributions of CSZ plate locking from the observed site velocity field in the Pacific
Northwest. Ellipses show uncertainties of site velocities. The velocity field that is left must be explained by block rotation and
internal deformation from other physical mechanisms.

§5.2 Rigid-block rotation in Oregon

McCaffrey et al. (2000) used GPS data mainly from Oregon to show that plate locking and



105
rigid-block rotation are sufficient to explain crustal deformation in Oregon. Their best-fit pole for
the western Oregon block is located at at 45.9° + 0.6°N, 118.7 © = 0.7°W, near the eastern
Oregon/Washington boundary, and has a clockwise rotation rate of -1.05° + 0.16°’Ma. This
rotation pole is close to the pole from paleomagnetic evidence (Wells et al., 1998), but far from
the pole inferred from GPS data in southern Oregon and northern California by Savage et al.
(2000), which is at 43.4° £ 0.1°N, 120.0° + 0.4°W with a rotation rate of -1.67° + 0.17° (ma)™.
Svarc et al. (2002) obtained a clockwise rotation pole at 43.40° + 0.14°N, 119.33° £ 0.28°W with
a rotation rate of -0.822° + 0.057° (Ma)™, very close to the pole in Savage’s results, by using 75
GPS monuments in western Oregon and southern Washington. Wells and Simpson (2001) used
paleomagnetic evidence to show that western Oregon has rotated at a constant rate of -1.19° +
0.10° (Ma)! with a pole location close to McCaffrey’s when averaged over the last 10 — 60 Ma.
Based on more than 110 GPS sites, our preferred model shows that the Oregon forearc rotates
-0.90 £ 0.03° (Ma)" (or -15.7 + 0.5 nanoradians/yr) with a pole at 44.80 = 0.06°N, 116.82 +
0.18°W. This rotation rate is close to paleomagnetically determined rotation rates of basalt flows
along the Columbia River between Oregon and Washington (Hagstrum et al., 1999) and to the
rotation rate of -0.82° + 0.06° given by Svarc et al. (2002). It also fits the rate estimated from a
kinematic model for western Oregon rotation given by Wells et al. (1998). The average rotation
rate from paleomagnetic data 225 km away from the trench is -18 = 2 nanoradians/yr for 15 Ma

flows (England and Wells, 1991),

Our rotation pole is different from McCaffrey’s (2000) because we used different models for the
CSZ. Also, their model does not include regional strain, although inclusion of this parameter in
Oregon does not affect the rotation rate very much. In our model, the geometry of the CSZ

consists of two parts: a fully locked zone and a transition zone that changes linearly from fully
locked to unlocked. Their model deals with partial locking differently (¢ parameter in their

model). Our data are from more than 140 GPS sites that cover most Oregon, while McCaffrey’s
(2000) rotation pole is derived from data in central and northern Oregon with only 71 GPS sites.
Savage et al. (2000) used a conventional 2D model for the CSZ and a limited number of GPS
sites from Cape Blanco on the Oregon coast to the volcanic arc near Newberry Crater. Svarc et al.

(2002) also used a conventional 2D CSZ model and a somewhat larger number of stations but



106

their data set still does not cover the area from southern Washington to northern California.
Generally, the rotation pole given by McCaffrey et al. (2000) fits the observations in northern
Oregon. The pole estimated by Savage et al. (2000) fits the observations in southern Oregon. Our
data cover all of Oregon and our estimated pole fits observations there. Thus, the differences of
the CSZ model and GPS dataset cause the differences in the rotation poles for western Oregon
rotation. One should remember that the rotation estimates from GPS observations reflect only a
short-term motion, unlike paleomagnetic data which reflect long-term motion over millions of
years. It is remarkable that rotation rates from paleomagnetic data and modern GPS observations

agree so well.
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Figure 5.5 Site velocity residuals in Oregon. Red vectors are residuals after subtracting contributions from plate coupling and
rigid block rotation. The blue arrows are the principal strain rates by assuming regional strain is uniform.

Plate coupling and rigid block rotation dominate crustal deformation in Oregon, and any residual

strain is very small. If we assume that residual strain is uniform in Oregon, the principal residual

strain rates¢, and&, are 0.25 £ 0.07 and -0.09 + 0.07 mm(yr)'(®)" (2.3 £ 0.6 and -0.8 + 0.6

nanostrain/yr, extension reckoned positive) respectively with an azimuth of the minimum

principal axis of 155.4°. The minimum principal residual strain rate is only 6% of the residual
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strain rates computed for western Washington. This indicates that Oregon undergoes a small
amount of southwest — northeast extension (regional strain rate shown in Figure 5.5) which might
be caused by magma circulation below the Cascades produced by the descending JDF lithosphere
(Taylor, 1989). In general, the regional strain in the Oregon fore-arc is not significant, compared

to regional strain rates in western Washington.
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Figure 5.6 Residual strain rate in the vicinity of the Klamath mountains. Red vectors are final residuals after subtracting CSZ
plate coupling, Oregon rigid block rotation, and regional strain from observed site velocities estimated at sites in this figure. Site
velocities with a 3.00mm/yr uncertainty do not participate in the estimation.

The Klamath graben is located at the junction of northwestern Basin and Range, northern
California, and southern Oregon. It is in the Cascade arc — Basin and Range transition zone, and
bounded on the north by the Crater Lake caldera and on the west by the west Klamath Lake fault
zone, formed by north to northwest trending, east-facing normal faults (Hawkins et al., 1989;
Bacon et al., 1999). Very few earthquakes were known in this region before two M 6.0
earthquakes occurred on Sept. 20, 1993, followed by thousands of aftershocks (Sherrod, 1993;
Braunmiller et al., 1995). Using an empirical relation between earthquake magnitude and surface
rupture length for normal fault or earthquake magnitude and downdip rupture area, Bacon et al.

(1999) estimated that this area may have earthquakes of M6 to M7.2. We have used several GPS
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sites to estimate the local strain accumulation in the Klamath graben. The result shown in Figure
5.6 is dominated by northwest-southeast compression with a magnitude of roughly 0.013
microstrain/yr. The computed strain field from the GPS data is not consistent with the normal

faulting observed from the geology of the Basin and Range.

In southwestern Oregon and northwestern California, the model does not fit the GPS data well.
This region is tectonically complex. The Mendocino transform is located to the west. The Eastern
California shear zone and the San Andreas fault system such as the Ma’acama and Barlett Springs
faults lie to the southeast. The Basin and Range province is to the east. The interactions of all of
these are expected to contribute to the observed crustal site velocity. In general, such a

complicated system cannot be modeling by a simple elastic dislocation model in a half space.

§5.4 Kinematics in Washington

§5.4.1 Introduction

The previous sections show that CSZ plate locking and block rotation are the two major
mechanisms driving surface motion in Oregon. In Chapter 4, we already showed that Washington
cannot be modeled as one block. Based on geologic, seismic, volcanic, and paleomagnetic
evidence, Washington has been divided into five sub-blocks. In the following sections, I discuss

the kinematics of these sub-blocks.
§5.4.2 Rigid body rotation in Washington

There are two ways to estimate rigid block rotation parameters. The first method is to determine
the age and directions of remnant magnetization of rocks laid down in the past few millions of
years. This gives a long term average rotation. The second method is to geodetically determine
the current rotation for individual regions, using GPS data. This gives a short term average
rotation over a few years. Paleomagnetic measurements in rocks of the forearc, arc, and back-arc
blocks of the CSZ indicate clockwise rotations in Cenozoic (<62 Ma) rocks. These
paleomagnetically estimated rotations have the following two characteristics (Magill et al., 1982;

Beck et al., 1986; Wells, 1990; England and Wells, 1991; Hagstrum et al., 1999).
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e The youngest paleomagnetic rotations estimated from Columbia River basalts of Miocene

age (12-15 Ma) exhibit a rotation that decreases from west to east: from ~30° along the coast

to ~6° 300 km away from the CSZ trench (England and Wells, 1991). This is equivalent to
rotation rates of ~2.2 and ~0.4°/Ma, respectively.

e Rotation rates decrease from South to North. A maximum total rotation of 80° is found in the

Paleocene (~60 Ma) rocks of southwest Oregon, equivalent to a rotation rate of ~1.5°/Ma

(Wells, 1990).

I compare rotation rates estimated from paleomagnetics and geodesy in Table 5.1 and Table 5.2.
The Oregon block, Mt. Rainier block, and Puget Sound block can be used to check the
relationship between rotation rate and latitude. The Oregon block, Mt. Rainier block, and Yakima
block can be used to test the dependence of rotation rate on longitude. Table 5.2 mostly confirms
the observation that geodetically estimated rotation rates decrease from west to east and from
south to north, in agreement with paleomagnetics. Our current estimated rotation rate for the
Oregon block is -0.9 + 0.03°/Ma. The long term Neogene rotation rate is -2.2 + 1.8°/Ma estimated
by England and Wells (1991). The match is also reasonable further inland. The rotation rate
estimated from GPS data for the Mt. Rainier block is -0.66 + 0.16° /Ma and the Neogene
deformation rate estimated approximately 300 km away from the deformation front is ~ -0.4 +
1.5°/Ma. Hagstrum et al. (1999) used paleomagnetic data from a transect across the Cascadia arc
in southwestern Washington and grouped them into three sets. Set I showed 34° & 13° clockwise
rotation between 39 and 30Ma. Set II showed 17° £ 11° clockwise rotation between 30 and 24Ma.

Set ITI showed 20° + 12° clockwise rotation between 24 and 16Ma.

Table 5.1 Variation of paleomagnetically determined rotation rates

Direction Rotation rate(®/Ma) Uncertainty(°/Ma) Reference*
West > East 22->-04 1.8 1,2
South = North -1.5-20.0 1.5 1,3

*: (1) Magill et al. (1982); (2) England and Wells (1991); (3) Wells (1990).

I have converted the rotations to average rates in Table 5.3. Our estimated rates for the Oregon
block (-0.9 °/Ma) and the Mt. Rainier block (-0.66 °/Ma) match paleomagnetical results

reasonably well. From west to east our estimated rotation rate changes from -0.9 °/Ma in the
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western Oregon block to -0.66 °/Ma in the Mt. Rainier block, and finally to -0.16 °/Ma in the
Yakima block, a rate which decreases to the east. From south to north, the geodetically
determined clockwise rotation rate changes from -0.9 °/Ma in Oregon to -0.66 °/Ma in the Mt.
Rainier block, and finally to -0.08 °/Ma in the Puget Sound block, also clearly demonstrating a

trend of decreasing rotation rate with latitude. However, from the coast block to the Mt. Rainier

Table 5.2 Estimated rotation rates for all blocks in the Pacific Northwest from GPS data’

get
_B)
-0.080.11

Block Name : Yakima Block
Rotation Rate = (DY
uncertainty” (YMa) -0.16£0.11

: For the definitions of these blocks, please refer to table 4.1
2. 4> means counter-clockwise rotation, ‘-* means clockwise rotation.
3: Shaded areas are small blocks. Each shaded area has two lines. The first line is the name of the block. The
second line is the estimated rotation rate in that block

block and from the Yakima block to the northeast block, one sees an opposite trend. The
discrepancy for the coast block might be caused by over-estimating the widths or
under-estimating the depths of the Cascadia subduction zone. These errors would produce larger
westward residual components. The discrepancy in the northeast block may be due to insufficient
and inaccurate GPS data there. Of course the paleomagnetically determined rotation rate is a
long-term average rate, while the geodetically estimated clockwise rotation rate is an
instantaneous rate, so the two rates cannot be necessarily expected to agree.

Table 5.3 Paleomagnetically determined rotation rates
in southwestern Washington (Hagstrum et al., 1999)

Set name Rotation rate(°/Ma)* Time (Ma)
Set I -1.0 39~30
Set II -0.6 30~24
Set III -1.0 24~16

*: Minus sign means clockwise rotation
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Figure 5.7 Relative motion on boundaries between sub-blocks. Black arrows in middle of blocks are motions caused by block
rotations. Black velocities on horizontal boundaries are motions of lower blocks relative to upper blocks, and on vertical
boundaries they are motions of left blocks relative to right blocks. Green lines are boundaries of sub-blocks. The long red line is
the OWL (Raisz, 1945). The thin blue lines are faults. The offshore lines on the left show boundaries of locked and transition
zones for the CSZ.
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In general, the GPS rotation rates match remarkably well with paleomagnetically determined
rotation rates. In Washington, all blocks rotate clockwise according to the GPS data, and the
rotation rates decrease from west to east and from south to north. In northern Washington, close
to British Columbia, rotation is quite small. The rotation in northeastern Washington and the
back-arc is still very uncertain because we lack well-constrained site velocities there. The poles
and rotation rates of all blocks are given Table 4.2. The possible driving forces for these rotations
are: /) dextral shear along the coast due to the PA/NA plate interaction (e.g. Pezzopane and
Weldon, 1993); 2) the tangential component of JDF/NA oblique subduction (e.g. Beck, 1993;

Wang, 1995). Both of these forces would contribute to margin-parallel translation of the forearc; 3)
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intra-continental extension in the Basin and Range (Figure 5.3), causing clockwise rotation in the

forearc of the CSZ (e.g. Walcott, 1993; Wells et al., 1998).

The computed block rotations in the Pacific Northwest would generate relative motions between
sub-blocks (Figure 5.7). The Oregon block pushes northward on the Washington coast block (A)
and Mt. Rainier block (C). The Washington coast (A) moves faster to the north than the Puget
Sound (B) and produces northwest relative motion between the two blocks, in agreement with
evidence of strike-slip (right-lateral) offset shown on the 6 to 7 km wide South Whidbey Island
fault zone (Figure 1.12) (Johnson et al., 1996). The Mt. Rainier block (C) pushes to the northeast
on the Puget Sound block (B) and generates N-S compression in the Puget-Georgia basin. The
northeastward motion of the Mt. Rainier block relative to the Yakima block may contribute to the

formation of a compressive arc in Washington (Weaver et al., 1983, 1985; Rogers, 1985).

In Chapter 4, we showed that after subtracting contributions from CSZ plate locking and rigid
block rotation, there is still an unmodeled component of the velocity field which may reflect

regional strain accumulation. In the next section, I discuss such strains, together with other

geological and seismological data.

§5.4.3 Residual strain analysis in Washington

In Chapter 4, we computed maximum and minimum principal residual strain rates in all modeled
blocks in Washington. These are summarized in tables 5.4. and 5.5. The bottom of both tables
corresponds to south, top to north, right side to east, left side to west. Rotation rates decreases
from south to north, but most of central west Washington shows a uniform N-S residual strain
rate of about 0.013pstrain/yr. Remarkably, a similar N-S residual strain rate is seen east of the
Cascades in the Yakima block. These minimum principal residual strain rates exhibit a slight
change in rate from south to north and from west to east. The total N-S contraction is about 4.7
mm/yr across the Puget Sound — Mt. St. Helens corridor, about 5.7mm/yr across the coast block,
and about 1mm/yr across the Yakima block. This Washington fore-arc “residual compression”

agrees well with the north-south shortening predicted by the kinematic model of the Cascadia
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Table 5.4 The minimum principal residual strain rates €; estimated regionally
for all blocks in Washington GPS data’

Block Name *Puget Sound Block
(:B)

Regional strain -0.013+0.001

Rate * error /

(ustrainf yr) /

/ Azimuth(®)

1. For the definitions of these block, please refer to table 4.1

: “+’means expansion, ‘-* means compression.
3: Shaded areas are small blocks. Each shaded area has two cells. The first cell is the name of the block. The
second cell is the minimum principal strain rate and its error as well as the azimuth to the & axis

Table 5.5 The maximum principal residual strain rates €, estimated regionally
for all blocks in Washington GPS data’

f B Puget Sound Block
®)
-0.001%0.001

Block Name

Regional strain
Rate + error’

(ustrainfyr)

! For the definitions of these block, please refer to table 4.1

2, *+’ means expansion, ‘- means compression.

3: Shade areas are small blocks. Each shade area has two cells. The first cell is the name of that block. The
second cell is the maximum principal strain rate and its error

forearc blocks proposed by Wells et al. (1998) (Figure 1.3). According to this model, the
Washington block (shown as a green shaded area) is characterized by the presence of several
broken sub-blocks squeezed against the Canadian Coast Mountains to the north. This squeezing is
most likely due to the northward translation of the central Oregon block (shown as a pink shaded
area in Figure 1.3) driven by Pacific-North America dextral shear that dominates tectonics in
California (Pezzopane and Weldon, 1993; Wells et al., 1998) and/or by the margin-parallel

translation of the forearc segments driven by oblique subduction across the CSZ (McCaffrey,
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1992; Wang, 1996).

Seismicity in the Mt. St. Helens and Rainier block is grouped into two narrow NW-SE clusters
(Figure 5.8). One is located to the north of Mt. St. Helens and called the St. Helens seismic Zone
(SHZ) (Weaver and Smith, 1983; Grant et al., 1984). The other is roughly 15km west of Mt.
Rainier and called the western Rainier seismic zone (WRSZ) (Thompson and Qamar, 1989;

Malone et al, 1991). Our residual strain rate -estimation in this area is -0.015+0.001

ustrain/ yr oriented N31.54°E. Fault plane solutions show that most earthquakes occurred in the

Mt. St. Helens and Mt. Rainier area from 1970 to present are associated with NE-SW direction of

maximum principal stress, consistent with the direction of compressional residual strain rate

(Figure 5.9).

Figure 5.8 Map showing locations of earthquakes whose magnitude is bigger than 1.0 within block C from 1969 to 2002.

The crustal seismicity continues northward to Puget-Sound. Due to heavy vegetation, thick

Quaternary glacial deposits, and alluvium, seismicity here has not been generally correlated with
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specific faults visible at the surface, except in some instances such as the E-W trending Seattle
fault. Our model shows a N-S contraction at a strain rate of 0.013+0.001 pstrain/yr in the
direction N25°E in block B. Over the whole Puget Sound, the estimated shortening rate is 3mm/yr,
consistent with Hyndman et al. (2003). The geologically determined north — south contraction
rate accommodated by all the faults in this area is roughly 3 — 6 mm/yr (Wells and Simpson,
2001), in approximate agreement with the GPS estimates. Focal mechanisms (e.g. Crosson, 1972;
Wang et al., 1995; Ma et al., 1996) and geologic data (Johnson et al., 1994; Pratt et al., 1997,
Johnson et al., 1999) also suggest that crustal seismicity in Puget Sound reflects N-S contraction.
East-west or northwest trending reverse faults in this region accommodate this compression. The
largest active fault so far mapped in this region is the Seattle fault. If we assume that the fault is
7km wide and 110km long (Figure 1.12), and that all accumulated strain energy is released by

this fault in one earthquake, and that such earthquakes have a recurrence

45.00 ’ 45.00
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Figure 5.9 Horizontal projection of the maximum principal stress axis of earthquakes in block C from 1970 to 2003.

time of 1000 years, then the area of rupture is about 770(km)* and the average slip is 2.9m per

event. Using equation 5.1 and 3.3x10'" Nm? for the shear modulus x4 (e.g., Brune, 1968), we

estimate the seismic moment My will be 7.4x10"N-m. Using M, =2/3logl—10.7 given by
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Kanamori (1977), the moment magnitude M,, is about 7.2. Alternatively if we use the relation

logA=-4.07+ M from Wells and Coppersmith (1994), the magnitude M is also about 7. The

most recent such event occurred about 1000 years ago (e.g., Johnson et al., 1999). Hyndman et al.
(2003) used earthquake catalog statistics to predict that the recurrence times are 45 years for M >
6 and 400 years for M>7 (Figure 5.10). If we use their method (Figure 5.10) but consider the size
of our Puget Sound block, the recurrence for M>7 is about 770 years. Hyndman et al. counted the
number of earthquakes vs. depth, and concluded that the depth of maximum seismicity for the
western part of this region is about 20km and for the eastern part about 10km (Hyndman et al.,
2003) (Figure 5.11). So the effective depth for the west part is about 18km and is 6km for the east
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Figure 5.10. Earthquake magnitude versus cumulative frequency of occurrence for crustal events in the Puget Sound — S. Georgia
Strait region using the method of Weichert (1980). The error estimates assume the statistics are Poissonian. The figure is extracted
from Hyndman et al. (2003).

part (% of earthquakes times depth/total percent). So for the whole Puget sound, the effective
depth of crustal earthquakes is about 12km. The overall seismic slip rate in a broadly converging

region can be estimated (Kostrov, 1974) by a simple formula:
s=CM, /(2uAd) 5.2)

Where C is a constant and depends on the orientation of the faulting with respect to the regional
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motion, A’ is an effective cross-sectional area of the converging zone perpendicular to the
shortening direction, M, is the seismic moment per unit time (Nm/yr). If the fault dip angle is 45°,
C =1.0. For the Seattle fault, the angle has been estimated variously between 25-30° and 55 - 65°
(Brocher et al., 2001; Pratt et al., 1997). Here we make C=1. Then, the seismic slip rate can be

calculated by
s=M,/2uAd) (5.3)

If we assume the Seattle fault is 110km long (Figure 1.12), and the effective depth of the crustal
seismicity is 12km, the seismic moment rate of a maximum M?7.5 earthquake in the Puget sound
is 2.4x10" Nm/yr  (Hyndman et al., 2003), and the seismic slip rate is 2.8mm/yr, matching our

geodetically estimated slip rate fairly well.
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Figure 5.11 Number of earthquakes (1985 —2001) as a function of depth for the Puget — Georgia basin small study region, similar
to our block B. Extracted from Hyndman et al., 2003

Unlike Puget Sound, the Olympic Peninsula has few earthquakes. The core rocks of the Olympics
have been locally exposed and uplified since ~18 million years ago (Zabor et al., 1978). GPS
observations show that this region has the largest north-south strain rate about -0.017+0.001
ustrain/yr. Geologically, Magee and Zoback (1992) found that this region south of the Copalis
River is undergoing shortening with a N14°E principal compressive stress, and south of Joe Creek
is undergoing a N5°W directed contraction. Young marine strata off the Washington coast also

show evidence of north-south oriented folding and faulting (McCrory, 1996). This N-S
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compression might also contribute to the uplift of the Olympic Mountains (e.g., Walcott, 1993).
At the same time, the GPS data show that this region also has the largest east-west extension rate
(0.019ustrain/yr) after accounting for plate locking on the CSZ. This may indicate that the plate

coupling on the CSZ in this region has been over-estimated.

The Olympic — Wallowa Lineament (OWL) goes through the Yakima fold and thrust belt in block
D. The OWL consists a set of east — west trending anticlinal ridges and associated thrust faults
and has several seismic zones (one is along the Idaho-Oregon border, another one is along
Washington — Oregon border) (Mann et al., 1993). The GPS observations show that the Yakima
block is shortening from north to south by about 1.1mm/yr. This may produce the E-W trending
anticlines in the Yakima fold belt (Malone et al., 1975). The seismicity in much of this region has
not been correlated to specific faults, but fault plane solutions show most earthquakes in this

region are caused by N-S compression (Figure 5.12).
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Figure 5.12 Horizontal projection of the maximum principal stress axis of earthquakes in the Yakima block from 1970 to 2003.

Most of the seismicity in northeastern Washington (block E) lies between Wenatchee and Chelan
near the boundary of the north Cascades and Columbia Plateau geologic provinces, and near the
northern edge of the Yakima fold belt. The biggest known earthquake in this region occurred on
15 Dec. 1872. It was probably a shallow earthquake near the south end of Lake Chelan with an
“intensity magnitude” MI 6.8 (Bakun et al., 2002). This region is actively deforming, but the
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recurrence time for such earthquakes is unknown. Focal mechanisms for earthquakes from 1970
to 2003 indicate a predominantly northwest — southeast direction of maximum principal stress on
the west side of the Columbia River (a few earthquakes in the east side exhibit a northeast —
southwest maximum stress direction (Figure 5.13)). GPS data in this region are probably not

good enough vet to determine principal strain rate directions.

The Washington coastal block (A) has high strain rate and low short-term seismicity. Puget Sound
(block B) and Mt. Rainier (block C) have high regional strain rates and high crustal seismicity.
The Yakima (D) block has a lower strain rate and lower seismicity. The Oregon block has the
lowest regional strain rate and is seismically quiet. Thus, crustal seismicity is usually greater
when strain rates are high, but the coastal region, where the strain rate is high, is an exception. Of

course this region is subject to megathrust earthquake every few hundred years.

120.50 119
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4740 4740
120.50 119.80

Figure 5.13. Orientations of P axes for the lake Chelan region determined by routine first-motion analysis for earthquakes from
1970 to 2003 recorded by the Pacific Northwest Seismograph Network (PNSN) of Univ. of Washington.

§5.5 Further discussion

We used tectonic, seismic, geologic, and heat-flow evidence to separate Washington into five
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small blocks. Others propose that the Olympic — Wallowa Lineament (OWL) (Raisz, 1945), a
prominent topographic feature extending from northern edge of the Olympic Peninsula to
northeastern of Oregon, serves as a major block boundary and that portion of Washington south
of the OWL, and most of Oregon are in one rigid block. But so far GPS observations do not show
any obvious changes across the OWL. As we have seen, other block boundaries are required to

explain observed geodetic data, seismicity, etc.

§5.6 Postglacial rebound

Besides CSZ plate coupling, block rotation, and regional strain accumulation, another possible
mechanism for surface deformation in the Pacific Northwest is postglacial rebound, especially in

the northern part of the CSZ.

120°wW

120°

130° 128° 126° 124° 122°
Figure 5.14. Tectonic setting of the northern Cascadia subduction zone, where the Juan de Fuca plate subducts beneath North
America. Dashed lines show the depth to the top of the subducting plate (Fluck et al., 1997). Heavy line shows the maximum
extent of the Cordilleran ice-sheet at about 14 ka (Clague, 1983). Location of profiles from which Puget Sound proglacial lake
shoreline tilts were determined are designated RH (Lake Russell-Hood) and Br (western Lake Bretz). Relative sea level data
locations are marked with filled circles. FL is Fraser Lowland, SG is Strait of Georgia, and JF is strait of Juan de Fuc. Adopted

from James et al. (2000).

At its maximum extent, the Cordilleran ice-sheet once covered southwestern British Columbia

and the Puget Sound in northwestern Washington State (Figure 5.14) and depressed this region.
During deglaciation from 14 to about 10ka, northern NA experienced postglacial rebound which
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depends on original ice thickness, deglaciation history, effective elastic lithosphere thickness, and
the viscosity of the underlying mantle. According to two commonly used global rebound models,
ICE-3G (Tushingham and Peltier, 1991) and ICE-4G (Peltier, 1994), the rebound process is still
contributing to crustal deformation in the northern Cascadia forearc at rates comparable to that
due to subduction earthquakes. ICE-3G and ICE-4G assumed a 120 km thick elastic lithosphere
and a viscosity of 10*' Pa s for the upper mantle. However, based on a local rebound model
constrained by shoreline tilts of pro-glacial lakes in Washington and relative sea level changes in
southern British Columbia, James et al. (2000) claimed that appreciable land tilt due to rebound is
negligible in this region at present, a result that was confirmed by Clague and James in 2002.
Postglacial rebound influences primarily vertical uplift, and in this study we have used horizontal

components of motion only, so we can ignore this effect.
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Chapter 6: Conclusion

Nearly 300 GPS sites, including both permanent and campaign sites, are used in this geodetic
study of Cascadia. Observed horizontal components of velocities are large at coastal sites and
generally smaller to the east. The directions of the site velocity vectors are roughly normal to the
continental margin in northern Washington and southern British Columbia, oblique (northeast
directed) from southern Washington to northern Oregon, and parallel to the continental margin
from central Oregon to northern California. Thus, from northern California to northern
Washington, these GPS sites respond to plate locking on the Cascadia Subduction Zone but also
display a clockwise “rotation” of the crust in Oregon and Washington. A simple rotation model

works well in Oregon. A more complex model is required in Washington.

Modeling shows that contemporary crustal deformation rates at coastal sites are strongly
influenced by the convergence of the Juan de Fuca and North America plates. The CSZ is
accumulating elastic strain energy for a next megathrust earthquake (Wang et al., 1995; Fluck et
al., 1997; Khazaradze et al.,, 1999; Wang et al., 2003). Inverse 3-D modeling in this study results

in only small changes to the plate locking model of the CSZ given by Fluck et al. (1997).

In modeling plate locking we find that the influence of plate locking on the Cascadia subduction
zone decreases rapidly to the east and the observed site velocity field is more sensitive to the
depth of the lower end of the CSZ’s locked zone than other model parameters. The uncertainty in

the widths of the locked and transition zones is about 25km - 40km.

The GPS observations also show that plate locking alone cannot explain observed GPS velocities,
and that the Pacific Northwest cannot be modeled as one rigid block. Based on seismicity as well
as tectonic, and geologic evidence, we have divided the Pacific Northwest into six blocks. With
this model, western Oregon rotates clockwise, consistent with previous studies (Wells et al., 1984,
1990, 1998, 2001; Savage et al., 2000; McCaffrey et al., 2000). The clockwise rotation pole is at
116.82 = 0.18°W, 44.8 + 0.06°N with a rotation rate of -0.90+0.03°/Ma. The location of this pole
is between McCaffrey’s (2000) pole and Savage’s (2000) pole and fits better the observed site
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velocity field. The results also indicate that CSZ plate coupling and rigid block rotation are the
two major mechanisms driving crustal deformation in Oregon, consistent with previous studies

(e.g. McCaffrey et al., 2000; Svarc et al., 2002)

After subtracting contributions of the CSZ and block rotation from observed velocities, we found
slight extension between western Oregon and eastern Oregon. Southwestern Oregon is
tectonically complex (Miller et al; 2001). Our model over-simplifies this region and does not fit
GPS data well.

In Washington, the preferred model requires several sub-blocks. Clockwise rotation rates of
sub-blocks decrease from south to north. The rate decreases from 0.90°’Ma in Oregon to
0.08°/Ma in the Puget Sound. Clockwise rotation also decreases from west to east with rates of
0.90°/Ma in Oregon, 0.66°/Ma in Mt. Rainier area, and 0.16°/Ma in the Yakima area. These rates
are consistent with long term rates determined from paleomagnetic studies (Magill et al., 1982,
Beck et al., 1986; Wells, 1990; England and Wells, 1991; Hagstrum et al., 1999). The clockwise
rotation in western Oregon pushes on Washington to the northeast and generates N-S
compression in the Washington forearc. The varying rotations in sub-blocks produce relative

motion between blocks in this model that may explain compression in the arc in Washington.

Short-term strain accumulation from the Cascadia subduction zone in Washington dominates GPS
observations at coastal stations. In addition, there is a long-term residual strain buildup further
inland that is unrelated to subduction. This long-term residual strain is also detectable from the
GPS observations. From south to north, the residual strain rate increases from less than
-0.001ustrain/yr in Oregon to -0.013ustrain/yr in the Puget Sound. From west to east in
Washington, the residual strain rate decreases from 0.017ustrain/yr in the Olympic Peninsula to
-0.010ustrain/yr in the Yakima block.

The residual strain in the Olympic Peninsula does not currently produce a high rate of crustal
seismicity, but probably contributes to aseismic deformation that produces uplift in the core of the

Olympics. Crustal seismicity in other blocks appears to be proportional to the residual strain
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accumulation rate. For example seismicity in Puget Sound is high where N-S residual strain rate
is relatively high. This relationship between residual strain rate and crustal earthquakes seems to

explain why Oregon has much less seismicity than Washington.

Except in the northeast Washington block, where GPS site velocities are still uncertain, other
blocks in Washington show generally north — south compression with different residual strain
rates. This compression is consistent with the principal stress directions derived from earthquake
focal mechanism solutions. The residual strain rate along the Washington coast (block A) is
equivalent to 6mm/yr of N-S shortening across the block. In Puget Sound (block B), the
shortening is about 3mm/yr, in the Mt. Rainier area (block C) the shortening is 2mm/yr, and in
the Yakima area it is about Imm/yr, in agreement with previous studies (e.g. Wells et al., 1998;
Miller et al., 2001; Hyndman et al., 2003).

In the Puget Lowland, CSZ plate coupling and N-S shortening are the two major mechanisms
driving crustal deformation. Rigid block rotation in this region is negligible. The N-S contraction
probably controls current seismicity in the crust, and is sufficient to produce M7.0+ earthquakes
in the future, for example on the Seattle fault. The geodetically estimated regional strain rate is in

agreement with the seismic strain rate derived from historical earthquakes.

The Oregon block has the highest clockwise rotation rate and the lowest regional strain rate. The
Mt. Rainier block has an intermediate rotation rate and regional strain rate. The Puget Sound has
a negligible clockwise rotation rate and a high N-S shortening rate. This suggests that southern
Washington acts as a transition zone between Oregon and the rest of Washington. This zone

transforms the rigid block rotation in Oregon into N-S compression in western Washington.

The Cascadia arc tectonically separates the Pacific Northwest into two parts: the fore-arc and the
back-arc. From geologic evidence, the arc in Oregon is extensional, whereas in Washington it is
compressive. This has obvious implications for GPS site velocities. For example, one might
expect block rotation in western Oregon and Washington to not be transmitted across the arc.

However, current GPS observations suggest such rotation does transfer across the arc.
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Future work

From the observed site velocity field, one can see that the back-arc currently has very poor data
coverage, but this region holds the key to what happens to the rotation induced by western
Oregon. Although we have surveyed some NGS monuments in northeastern Washington, and we
added new benchmarks in 2001, we need more measurements at these sites to improve the
precision of the site velocities. The Olympic Peninsula is also of great interest because it is the
only region on land right above the transition zone of the CSZ. We should take advantage of this
region in order to monitor the uplift of the Olympic Mountains and to constrain the geometry of
the CSZ. Ideally, one should have stations across the boundary of the locked and transition zones
to provide the best constraints on models but such places are offshore! Some GPS sites in the
Pacific Northwest have large uncertainties and abnormal site velocities compared with sites

nearby. These may have unstable monuments or just need more occupations.

In current modeling, only horizontal components of site velocities are used. However, in many
cases the models are not very sensitive to these components. If vertical components of site
velocities could be used, depths of the locked and transition zones of the CSZ could be better
constrained (Figure 6.1). The sensitivity of the vertical velocity to slab depth is up to 0.5mm/a’km,
which is twice as much as the sensitivity of horizontal velocity to slab depth. The sensitivity of
velocity to slab depth decays with distance from the trench but measurements of vertical velocity

might improve constraints on the geometry of the CSZ (Figure 6.1, Figure 3.9).

Currently vertical components of site velocities from GPS data have large uncertainties. We may
have to use other survey techniques like leveling or gravity surveys to obtain vertical components

with higher accuracy.

In our preferred model, we assumed a fully locked zone plus a transition zone varying linearly
from 100% locked to 0% locked. Wang et al. (2003) used an exponential relationship in their
“revised” 3-D elastic dislocation model in a half space, and concluded that the transition zone
could be twice as wide as their old 3-D model result that used a linear transition zone. What is the

real character of the transition zone? With improved GPS data including vertical velocities we
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may eventually be able to answer this question.
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Figure 6.1: Sensitivity of vertical surface velocity V, to variations in the X, Z coordinates of model control points, A, B and C
(shown in Figure 3.8). The upper figure (a) shows the sensitivity to changing X at the control-points. The lower figure (b) shows
the sensitivity to changing Z. The dashdotted curve is for control point A, the solid curve is for control point B, and the dashed
curve is for control point C. In each figure, the origin is at the trench. The red circles are locations of projected GPS stations
between latitude 47°N and 50°N. The vertical dashed lines indicate the boundaries between the locked and transition zones. The
model parameters in this figure correspond to a NE cross-section through Seattle. For sensitivity of horizontal velocity Vy to

variations in the X, Z coordinates of model control points, A, B and C, please refer to Figure 3.9
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Appendix A. Occupation history of campaign sites
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