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University of Washington
Abstract

Tectonic Deformation in Western Washington State from Global
Positioning System Measurements

by Giorgi Khazaradze

Chairperson of the Supervisory Committee:
Professor Anthony Qamar

Graduate Program in Geophysics

Western Washington state is adjacent to the Cascadia Subduction Zone (CSZ), which stretches
from northern California to southern British Columbia. More that three years of continuous and
“campaign” style GPS measurements in western Washington indicate that the direction of the
observed horizontal velocities is roughly parallel to the direction of relative plate convergence of
the Juan de Fuca (JDF) and North America (NA) plates and that the relative plate convergence and
velocities decrease away from the deformation front. The average maximum principal strain rate
for the entire study area calculated from the GPS velocities indicates compression of 0.05+0.01

ustrain/yr in the direction N75°E.

Most of the observed velocities can be attributed to locking of the CSZ thrust interface causing the
accumulation elastic strain as the next great subduction earthquake approaches. Three-dimensional
elastic dislocation modeling results suggest that the seismogenic zone along the Washington sec-
tion of the CSZ is ~10% wider than the earlier published values of 90 km; This can theoretically
cause higher levels of ground shaking in the densely populated Puget basin of western Washing-

ton.

Although the subduction related signal dominates the observed GPS velocity field, there is also
evidence for an additional north-south oriented compression. To isolate this signal from the sub-
duction related signal the dislocation model predictions must be subtracted from the observed
velocities, yielding a "residual” velocity field that suggests the presence of N-S oriented compres-
sion at a rate of ~4 mm/yr over a N-S distance of approximately 250 km. This signal presumably
represents a more long-term deformation pattern than the periodic accumulation and release of
elastic strain connected with subduction earthquakes and most likely is related to the occurrence
of shallow earthquakes in western Washington, which are characterized by predominantly north-

south oriented maximum principal stress directions.
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I. Introduction

1.1 Objectives
The primary objective of my dissertation is to determine the nature of contemporary crustal
deformation in western Washington measured by means of Global Positioning System (GPS)
technology and to link these observations with the tectonic processes driving lithospheric
deformation at the convergent plate margin of the Pacific Northwest United States. Specific
questions I intend to answer are:

e« What is the magnitude and orientation of crustal deformation rates in western

Washington?
* What are the main driving forces behind the observed tectonic deformation?

e How do measured geodetic strain rates relate to the north-south oriented
maximum principal stress deduced from earthquake focal mechanisms in the

Puget Lowland?

 How are the geodetically determined strain rates related to the geologically and
seismically determined strain rates?

[ believe this study has been successful in answering most of the above questions and thus has
significantly enhanced our knowledge of the regional tectonics and its implications for the

earthquake potential in the Pacific Northwest United States.

1.2 Study Area

1.2.1 Introduction

My study area (shown as a box in Figure 1.1) encompasses western Washington State, which is
located in the forearc of the Cascadia Subduction Zone (CSZ), the only subduction zone within
the contiguous United States. This makes the CSZ, including western Washington State, an ideal
“back-yard laboratory” for studies of subduction related processes, and in particular, for
investigating the nature of elastic strain accumulation in the crust of the overriding North
American plate. Before I describe the results and interpretations of my own investigation, it is
necessary to present an overview of tectonic, geologic and seismic characteristics of the study
area. Sections 1.2.2, 1.2.3 and 1.2.4 will serve this purpose. Later, in the discussion chapter of this
dissertation (Chapter V) I will frequently refer to various geologic, tectonic and seismic

characteristics of the study area presented in these sections.
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Figure 1.1: Map of the Cascadia subduction zone. Triangles indicate Cascade volcanoes. The

study area is shown as a box. The inset in the upper comner of the figure shows the outline of
the Circum-Pacific tectonic plates.
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1.2.2 Tectonic Setting

The Cascadia Subduction Zone (CSZ) stretches from northern California to southern British
Columbia (Figures 1.1 and 1.3). The CSZ is the result of oblique convergence of the Juan de Fuca
(JDF) and North America (NA) plates. According to the NUVEL-1A global plate motions model
(DeMets et al., 1990; 1994) the convergence rate between these plates at Seattle is 40 mm/yr in
the direction of N70°E. On the other hand, according to Riddihough (1984), the convergence rate

at the same location is equal to 44 mm/yr in the direction of N62°E. Figure 1.2 shows the JDF/

235° 236° 237° 238° 239° 240°

NUVEL-1A
(207°N; 1122°w; 077 %imyn) . 470
L SEEEETE—— — -

Riddihough (1984)
(29.4°N; 111.7°w; 1.09 “/m.yr)
e ———————-

40 mm/yr

§ 46°
|

Figure 1.2: JDF and NA plate convergence vectors. Velocities predicted by the NUVEL-1A
(DeMets et al. 1990; 1994) and Riddihough (1984) models at the selected GPS sites along
the coast are displayed as vectors. Euler poles used to calculate velocities are listed in the
figure.

NA convergence vectors predicted by two models at selected GPS stations along the coast and in

the Puget Lowland.

The JDF plate is a last remnant of the Farallon plate, which has been subducting under the NA
plate for more than 35 Ma (Engebretson et al., 1984). Among a dozen or so known tectonic plates
worldwide, the JDF plate is among the smallest. It’s much smaller than the adjacent North
America and the Pacific plates (PA) (see the inset of Figure 1.1). For this reason, we can not

study neotectonic processes along the CSZ without taking into account the forces arising from the
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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 adopted from
Wells et al. (1998).



PA/NA plate interaction. Due to the small size of the JDF plate, the oceanic crust produced at the
Juan de Fuca ridge (Figure 1.1) does not have to travel very far before it subducts under the NA
continent. Hence, the average age of the subducting slab at the deformation front is only 8 Ma,
which is considerably younger than at most of the other subduction zones worldwide. The young

age of the slab contributes to the following characteristics of the CSZ:

e Shallow dip angle (5°-15°) of the subducting JDF plate from the deformation
front to 60 km depth landward.

e A moderate thickness (~6 km) of the JDF subducting plate (Parsons et al., 1998).
» High temperature at the deformation front (~250°) (Hyndman and Wang, 1993).

The latter factor is enhanced by the presence of a thick layer (~3 km) of sediments, deposited
on top of the JDF plate from the adjacent NA plate. Also, due to the thick layer of sediments,
the CSZ has developed an extensive accretionary wedge, reaching a maximum width of 65
km in western Washington (Duncan, 1982).
Based on variety of geological and geophysical evidence, including seismic and volcanic activity,
uplift rates, plate boundary geometry, heat flow data and paleomagnetic studies (Beck er al.,
1986:; Blackwell et al., 1990; Ludwin et al., 1991; Mitchell et al., 1994; Trehu et al., 1994,
Weaver and Baker, 1988), three distinct segments can be identified along the CSZ (e.g. Wells et
al., 1998). 1) The northern segment (marked Washingron block in Figure 1.3) is characterized by
the presence of a compressional volcanic arc, high seismic activity, low magmatic extrusion rate,
low heat flow, folded basement and small rotations in the forearc west of the Cascades range. 2)
The central segment (marked Oregon Coastal block in Figure 1.3) is characterized by an
extensional arc with low seismicity, high extrusion rate, large forearc rotation and the presence of
an axial graben in the Cascade range. 3) The southem segment (marked Sierra-Nevada block in
Figure 1.3) is located in northern California and it is the shortest of the three segments along the

CSZ and represents a transpressive arc with high rates of seismicity, high extrusion rate and small

forearc rotations.

My study area lies in the northern segment of the CSZ (shown as a box in Figure 1.1). According
to the recent tectonic model proposed by Wells et al. (1998) this segment is characterized by the
presence of a compressional volcanic arc, and is marked by several broken sub-blocks squeezed
against the Canadian Coast mountains buttress in the north. This is mainly due to the northward

translation of the central Oregon block caused by the Pacific/North America dextral shear that



dominates tectonics in California (Pezzopane and Weldon, 1993; Wells et al., 1998) (see Figure
5.3). The margin-parallel translation of the forearc segments may also be due in part to the

obliqueness of subduction across the CSZ (McCaffrey, 1992; Wang, 1996).

The varied tectonic regime of the Cascadia margin may be partially related to arching of the Juan
de Fuca plate beneath the Olympic Mountains and Puget Sound (Crosson and Owens, 1987,
Weaver and Baker, 1988). It may also reflect the inherited heterogeneity in the overlying North
America plate (Trehu et al., 1994). Although earthquakes only occur to depth of 100 km, there is
evidence that the slab of the JDF plate penetrates to 400-600 km depth beneath Washington, but
does not reach similar depths below Oregon (Rasmussen and Humphreys, 1988; Bostock and
VanDecar, 1995). There is also evidence for a depressed Moho beneath the central Cascade

ranges in Washington (Crosson and Owens, 1987; Schultz and Crosson, 1996).

Neogene deformation rates estimated from paleomagnetic observations (Beck et al., 1986;
England and Wells, 1991; Magill et al., 1982; Wells, 1990; Wells and Coe, 1985; Wells and
Heller, 1988; Wells et al., 1998) indicate that the forearc of the CSZ rotates clockwise with
respect to the interior of North America, causing the northward motion of its constituent blocks
(Figure 5.3). Possible driving forces behind this motion are: 1) varying rates of oblique
convergence along the Juan de Fuca plate, 2) Basin and Range spreading, or 3) right-lateral shear
resulting from the Pacific/North America plate interaction (see Figures 1.1, 1.3 and 5.3)
(Pezzopane and Weldon, 1993; Wells and Heller, 1988). However, the question of the relative

importance of each of the above driving forces is still not resolved.

As the CSZ forearc moves northward, it encounters a resistance from the pre-Tertiary rocks of the
Canadian Coastal mountains, causing the break up of the northern section of the forearc (Figure
1.3) into smaller blocks. In order to accommodate continuing north-south compression, these
blocks have undergone large vertical motions, producing significant structural units, such as the
Everett, Seattle, and Tacoma basins in the Puget Lowland (marked EB, SB and TB in Figure 1.5).
These basins are associated with large gravity lows (Figure 1.4), indicating the presence of thick
(5-10 km) low density sedimentary layers (Blakely and Jachens, 1990; Finn, 1990; Pratt et al.,
1997). The fact that these negative gravity anomalies are separated from the surrounding gravity
highs by steep gradients, with remarkably linear geometry, led Gower er al. (1985) to the

conclusion that these basins are separated from each other by east-west oriented faults. One of the
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Figure 1.4: Magnetic and pseudogravity anomaly maps of the Pacific Northwest United
States. A) Dotted line delineates approximate outline of main geologic terranes along th
CSZ: North America Basement (NAB), the Coast Range (CR), CascadeVolcanic Arc (CVA)
and the Cascadia Accretionary Wedg (CAW) including the Olympic Subduction Complex
(OSQC). An inset around the OSC shows location of Figure 1.6. Filled circles show location
of offshore wells. Blue circles indicate wells bottoming in sediments and red circles
bottoming in basalts. B) Pseudogravity anomaly (gravity that would be observed if
magnetization were replaced by mass in 1:1 proportion) reflects total volume of the CR
basalts and coincides with low geodetic uplift rates shown as red contour lines from Mitchell
et al. (1994) (see Tables 1.1 and 1.2 for further details) and margin contraction (white arrows
from Murray and Lisowski (1994)). Dotted line represents an eastward limit of coupling
between the JDF and NA plates afte Hyndman and Wang (1995) (see Figure 4.4 for further
details). Figure adopted from Wells et al. (1998).



major block-bounding faults is the Seattle fault (marked SF in Figure 1.5), consisting of perhaps

four fault strands distributed over a 7 km wide zone (Johnson et al., 1994; Pratt et al., 1997).

1.2.3 Geologic Setting
The gross features of the regional geology along the Cascadia subduction zone can be divided
into four major geologic provinces/terranes: the North America Basement, the Coast Range, the

Cascade Volcanic Arc and the Cascadia Accretionary Wedge (see Figure 1.4).

The North America Basement (marked NAB in Figure 1.4) province represents a rigid part of the
NA continent, consisting of pre-Tertiary (Mezozoic and Paleozoic) rocks sutured to NA sometime
in the Jurassic and Cretaceous (Monger et al., 1982). The Coast Range province consists of
anomalously thick (2-30 km) (e.g. Pratt et al., 1997) allocthonous Paleocene and Eocene oceanic
basalts, straddling the CSZ along its entire length from northern California to southern British
Columbia. The stratigraphic units for this province are referred to by different names, based on
their geographic location: Silletz River Volcanics in Oregon, Metchosin Volcanics in southern
Vancouver Island, and Crescent Formation in Washington (Snavely, 1987; Tabor and Cady,
1978). While there is a consensus regarding the timing of the Coast Range formation (it was
formed sometime during the Eocene), the question of its origin is still not well known. Two main
hypotheses exist. According to the first one, a seamount complex on the in-coming oceanic plate
was accreted to the continent. The seamount was generated by the Yellowstone hot-spot or the re-
organization of the spreading directions of the Farallon and the Kula plates (Duncan, 1982;
Snaveiy, 1987; Wells et al., 1984). The second hypothesis proposes that the Coast Range terrane
was formed locally due to continental rifting (Babcock et al., 1992). The Crescent formation in
Washington is exposed in the eastern part of the Olympic Subduction Complex (OSC) (Figures
1.4 and 1.6) as a crescent shaped province of basaltic flows and sills, underlain by pillow basalts
(Tabor and Cady, 1978). Due to the extensive late Cenozoic uplift and exhumation processes
taking place in the Olympic Peninsula (Brandon et al., 1998; Brandon and Vance, 1992), the
Crescent Formation has tilted into a steep, east-plunging anticline, underlain by Eocene and
younger subduction deposits (Brandon and Calderwood, 1990; Tabor and Cady, 1978). To the
west, the Crescent formation is truncated by series of faults, such as, the Hurricane Ridge fault
(marked HRF in Figure 1.5); to the east, in the Puget Lowland, it is buried under a thick layer of

Quaternary sediments. Based on seismic reflection studies, Johnson et al. (1996) suggest the



presence of a north-south oriented, dextral strike-slip fault called Coast Range boundary fault
(marked CBF in Figure 1.5), which separates the Coast Range province from the third geologic
province, the Cascades volcanic arc (CVA). The CVA has formed as a result of continuing
subduction of the JDF plate. It stretches for more than 1000 km along the CSZ, forming a chain
of strato-volcanoes starting with Lassen Peak in northern California and ending with Mount
Garibaldi in southern British Columbia. The formation of the CVA started approximately 38 Ma
years ago (Heller, 1987). The most recent volcanic eruption along the CV A took place on Mount
St. Helens on May 18th, 1980. Based on spatial, temporal and compositional distribution of
approximately 3000 volcanic vents and their relation to the JDF subduction and the Basin and
Range extension, Guffanti and Weaver (1988) have divided the CVA into 6 separate segments.
My study area, encompasses two of their northern segments. The first segment, stretching from
Mt. Garibaldi in southern British Columbia. to Glacier Peak in northern Washington, is
characterized by the presence of isolated strato-volcanoes and low rates of volcanic extrusion.
The second segment, stretching from Mt. Rainier to Mt. Hood, is wider and is marked by the
presence of basaltic vents, located on both sides of the andesitic arc. Interestingly enough, these
two segments are separated by a volcanic gap, coinciding with the north-south extent of the Puget
Lowland to the west. Guffanti and Weaver (1988) suggest a possible link between this gap in the
Cascades volcanism and the geometry of the JDF plate. According to Weaver and Baker (1988)
the subducting JDF plate along this latitude has the smallest dip angle (<10°) due to the arching

of the Juan de Fuca plate.

The fourth major geologic province along the CSZ is the Cascadia accretionary wedge, which
formed as a result of sediment scraping from the downgoing JDF (i.e. Farallon) plate. Since the
initiation of the subduction approximately 45 to 50 Ma years ago (Duncan and LeVerne, 1991)
the CSZ has undergone a complex history of development, which affected the structure and
composition of the modern accretionary wedge. The earliest evidence of accretion is found in the
Olympic Mountains, a spectacular mountain range topped by Mt. Olympus (2427 meters). This
part of the Cascadia accretionary wedge is usually referred to as the Olympic Subduction
Complex (OSC) (Figure 1.6) (e.g. Brandon and Vance, 1992) or the Olympics core rocks. To the
east and north respectively, the OSC is separated from the adjacent Crescent Formation and North
America basement rocks by the east-dipping Hurricane Ridge thrust fault (marked HRF in Figure

1.5) and the north-dipping San Juan and Leech river faults (marked SJF and LRF in Figure 1.5).
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Figure 1.5: 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. (1996) for more details.
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Figure 1.6: Topography and tectonic features of the Olympic Mountains. Faults are marked as
solid black lines (see Figure 1.5 for more details); The dashed black lines enclose young
basins surrounding the Olympic Mountains uplift; Abbreviations: CRT = Coast Range
Terrane; OSC = Olympic Subduction Complex. Map reproduced from Brandon et al. (1998).

Using fission-track dating techniques for detrital zircons found in sandstones, Brandon and Vance
(1992) have estimated the timing of deposition, accretion and metamorphism in the OSC. Based
on their findings, Brandon and Vance divide the OSC into rhree lithologically distinct units
(Figure 1.6). The Upper unit is mainly represented by Eocene clastic sediments with exposures of
lower Eocene pillow basalts which are related to the Coast Range terrane. The Lower unit
consists solely of younger (late Oligocene and early Miocene) clastic sediments. The Coasral unit
is mainly represented by Miocene clastic sediments and minor enclosures of Eocene pillow
basalts and sedimentary rocks. The origin of the latter geologic unit, is not clear. However,
Brandon et al. (1998) label them as “exotic blocks” and suggest that they were derived by a
submarine landsliding from the overlying Coast Range terrane. In terms of deformation and
metamorphism, the Upper and Lower units differ distinctly from the Coastal unit. While the first
two exhibit strong cleavage and prehnite-pumpellyite facies metamorphism, the Coastal unit lacks

cleavage and metamorphic grade is restricted to zeolite facies.



1.2.4 Seismicity

The Cascadia subduction zone, and western Washington in particular, is subject to three types of
earthquakes: 1) subduction earthquakes, occurring along the JDF and NA plates interface; 2) deep
intra-slab earthquakes within the JDF plate; 3) shallow crustal earthquakes within the NA crust

(Figure 1.7).

Pacific Plate

S

®
orth American
(Continental)
Plate

8 Deep earthquakes (>60 km) \ Subduction earthquakes

® Shallow earthquakes (<25 km) A\//\ Cascades Volcanoes

Figure 1.7: 3-D diagram of the Cascadia subduction zone. Figure is a courtesy of Dr. A.
Qamar (Geophysics Program, University of Washington).

Due to the absence of historic megathrust earthquakes, the CSZ was formerly assumed to be

aseismic (Ando and Balazs, 1979; Crosson, 1972). However, since Heaton and Kanamori (1984)
first noted the similarities between the CSZ and the subduction zones in southwestern Japan and
southern Chile (with a proven record of large megathrust earthquakes), the hypothesis that the
CSZ could not generate large megathrust earthquakes has been questioned. The most compelling
evidence for the occurrence of such earthquakes comes from paleoseismological investigations
(e.g Arwater er al., 1995). The main evidence for the occurrence of great subduction earthquakes
along the CSZ is based on the discovery of buried tidal marshes and forest soils, indicating a

sudden subsidence along the Pacific coast (Arwatrer, 1992; Atwater, 1996).
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Figure 1.8: Historic earthquakes along the Cascadia subduction zone. Short vertical bars on

the top indicate approximate times for the occurrence of each earthquake. Figure from Brian
Atwater (University of Washington/United States Geological Survey).

Figure 1.8 shows approximate dates for the seven great subduction earthquakes (greater than
magnitude 8) which probably occurred along the CSZ in the last 3500 year. Dates were
constrained using radiocarbon (Atwater et al., 1991) and tree ring (Yamaguchi et al., 1997) dating
techniques. These data suggest an average recurrence time-interval of 500 years between
subduction type earthquakes along the CSZ. However, the repeat interval is highly non-uniform,
varying from 400 to 1300 years. Interestingly enough, in line with the paleoseismological
evidence, studies based on modeling tsunami records in Japan have suggested that the most recent
earthquake on the CSZ took place in January, 1700 and measured approximately 8.9 in magnitude
(Satake et al., 1996). In addition to the above geologic evidence, contemporary crustal
deformation and heat flow measurements, combined with elastic dislocation and thermal
modeling, indicate that the thrust zone is currently locked and elastic strain is accumulating
towards the next great subduction earthquake (Dragert et al., 1994; Fliick et al., 1997, Hyndman
and Wang, 1995; Savage et al., 1991).

Although subduction type earthquakes theoretically pose the biggest hazard to the Pacific
Northwest Unites States, the most damaging earthquakes in the past half a century in the study
area have occurred within the subducting Juan de Fuca plate. These were the 1949 Olympia
earthquake (my 7.1; depth 54 km) and 1965 Seattle earthquake (my 6.5; depth 60 km) (e.g.
Ludwin er al., 1991) (Figure 1.7). These types of events are referred to as intra-plate or intra-slab
earthquakes. They comprise the “Wadati-Benioff” zone of seismicity (Figure 1.10) and constrain

the geometry of the JDF plate beneath the North American continent.
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Figure 1.9: Seismicity in the Pacific Northwest United States. Green circles indicate 9339
events located within the crust of the North American plate. Red circles show 8192 events
assigned to the Juan de Fuca plate. See Figure 1.10 for the cross-sectional view of
earthquakes within A-A’ profile. The study area is shown as a dashed box. Figure is courtesy
of Karen Meagher (USGS/UW).

To further complicate the picture, the largest known earthquake in the written history of
Washington and Oregon occurred in 1872 in the North Cascades earthquake (Milne et al., 1978)
(Figure 1.7). Based on the intensity pattern Malone and Bor (1979) estimated the magnitude of

this earthquake to be 7.4. Although there is no clear evidence for the exact depth and location of
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Figure 1.10: Depth distribution of earthquakes within the A-A’ box shown in Figure 1.9. The
box represents a 1° wide and 400 km long swath, oriented perpendicular to the CSZ
deformation front and centered on Seattle. 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. Wiggly line on top of the plot represents
a crude topography with 5:1 vertical to horizontal exaggeration.

the 1872 North Cascades earthquake, the number of aftershocks, the general character of current
seismicity, and intensity pattern of the main shock indicate that the hypocenter of this earthquake
was located within the NA crust. The most recent earthquake activity in western Washington has
also been concentrated in the crust of the overriding North America plate. Geologic and recent
seismological evidence suggests that there are major shallow faults in the crust of Washington
and Oregon that may pose a more direct threat to populated regions in the conceivable future than
the megathrust type earthquakes on the CSZ. Recent examples of crustal earthquakes in the Puget
Lowland are the January 29, 1995 (M 5.0) Point Robinson earthquake, that occurred on an E-W
thrust fault (possibly the Seattle fault) 24 km south of Seattle at a depth of 20 km (Dewberry and
Crosson, 1996), and the June 23, 1997 (M 4.9) event that occurred at a depth of 7 km beneath
Point White on southwestern Bainbridge Island. These recent events indicate that the Seattle fault
remains active and raises the possibility of a repeat of the major (M > 7) earthquake that
happened 1100 years ago and resulted in 7 m of uplift at Restoration Point (Bucknam et al.,

1992).

Further north, the South Whidbey Island fault (marked SWF in Figure 1.5) shows similar
earthquake potential. 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
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fault displays over 400m of offset on the base of Quaternary sediments and is estimated to be

capable of generating earthquakes exceeding magnitude 7.

1.3 Previous Geodetic Investigations

1.3.1 Introduction

Previous geodetic estimates of crustal deformation in the vicinity of the study area come from tide
gauge records, traditional geodetic surveys using leveling, triangulation and trilateration, and
continuous GPS observations on Vancouver Island. The following two sections summarize the
results obtained from these surveys. In general, most of the previous geodetic estimates of the
tectonic deformation along the CSZ are consistent with subduction of the Juan de Fuca plate

under North America, where the thrust fault is locked and elastic strain accumulates towards the

next subduction earthquake.

1.3.2 Vertical Deformation Measurements
Previous vertical deformation rate estimates in the study area come from repeated leveling

surveys and long-term trends in tide gauge records. Details of these measurements are given in

tables below as well as in Figures 1.4 and 1.11.

Vertical deformation measurements (tide gauge and leveling data) in the Pacific Northwest date
back to the beginning of this century (Ando and Balazs, 1979; Holdahl et al., 1989; Reilinger and
Adams, 1982). Although several issues still remain controversial such as the proper size of the
eustatic rate of sea-level change to be applied to tide gauge data (variable yin Table 1.1) (Dragert
et al., 1994; Savage et al., 1991) and the computed uplift rates at specific stations (e.g. Toke
Point), the overall trend of deformation is well resolved. The highest uplift rates are observed
along the coast, reaching its maximum of 3.4 mm/yr at Neah Bay (Figure 1.11, Tables 1.1 and

1.2). The west to east transition from regional uplift to subsidence apparently occurs in the Puget

Sound basin.

The location of the point of zero uplift (i.e. “hinge line”) is important for estimating the width of
the “locked” portion of the JDF and NA plate interface (Savage et al., 1991). Vertical uplift rates
presented as dashed contour lines in Figure 1.11 are based on results of Mitchell et al. (1994) who
point out that the contouring they use is “crude and locally arbitrary”, hence the discrepancy

between the tectonic uplift rates presented in Table 1.1 and Figure 1.11. The apparent north-south
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Table 1.1: Vertical uplift rates in mm/yr from tide gauge data.

Ticéet: Qau ge Duration® | Distance® Se;g;:: el E;Z;tgiicc;gl TS;?ELC Refer?n-
ation (years) (km) (h) o) ™) ces
Astoria (AS) 67 131 0.0+0.2 -0.7 25+02 1,24
Friday Harbor (FH) 49 211 0.6£05 1.1 0.1+05 3
Neah Bay (Nb) 58 140 -1.6+0.2 0.0 34+02
Seattle (S) 68 270 23+05 -0.7 02+05 1,2
Toke Point (TP) 23 133 2.1+£03 -1.0 0.7 £0.3 4
Toke Point (TP) 23 133 -02+0.2 -1.0 3.0+£02 5
Victoria (V) 80 184 0.7+0.1 1.0 0.1 +£05 3

a. Duration of observations.

b. Approximate distance of the site from the base of the continental slope.

c. Positive values indicate upward movement of the sea level relative to tand.

d. Postglacial rebound 8 in mm/yr with 1o errors calculated from ICE-3G model of Tushingham and
Peltier (1991).

e. Tectonic uplift v in mm/yr with 1o errors calculated using the following equation: v=y—(h+3), where h
and & are described above and v is a constant eustatic correction of 1.8 mm/yr from Douglas (1991).

f. References: (1) Holdahl et al. (1989); (2) Savage et al. (1991); (3) Dragert et al. (1994). (4) Mitchell et
al. (1994); (5) Hyndman and Wang (1995);

Table 1.2: Vertical uplift rates in western Washington from leveling surveys®.

Leveling Lines® D(l;r::r:;l ’ Daitr:?g © (rr?:;};f;)e IpJ;cht? lr(ltn_}: Ref.f
Neah Bay - Twin River (Nb - Tr) 33 160 1.2 1,2
Twin River - Blyn (Tt - Bl) 44 193 4.0 0.9 1,2
Westport - Aberdeen (We - Ab) 27 135 1.5 1
Aberdeen - Olympia (Ab - Ol) 55 167 4.0 0.7 1
Astoria - Rainier (AS - Ra) 21 125 3.5 3.6 1,2

. Table is adopted from Hyndman and Wang (1995).

. Location of leveling lines is shown in Figure 1.11.

. Duration of observations.

. Approximate distance of the site from the base of the continental slope.
. Uplift rates between the end points relative to the most landward point.
f. References: (1) Reilinger and Adams (1982); (2) Mitchell et al. (1994).

0O 00 o

variation in the observed uplift in Figure 1.11 is mainly due to Mitchell et al.’s interpretation of
the tide gauge records from station Toke Point (TP) near Grays Harbor. Hyndman and Wang
(1995) noted that near zero uplift rate at Toke Point presented a significant outlier and after re-

examining the original tide gauge data they found that the omission of two years of intermittent
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data resulted in a 3.0 mm/yr uplift rate for Toke Point. This value is also more consistent with the

leveling results shown in Table 1.2.

1.3.3 Horizontal Deformation Measurements

Horizontal deformation measurements in the vicinity of the study area are based on repeated
positional surveys using trilateration, triangulation and GPS methods. Within the study area five
strain networks have been surveyed (shown as shaded polygons in Figure 1.11). Two main
features of horizontal deformation rates along the CSZ deduced from these measurements are: 1)
the observed strain rates decrease away from the coast: from 0.18 pstrain/yr in the JDF network to
0.04 ustrain/yr in the Seattle network; 2) the direction of maximum compression is roughly
parallel to the relative motion of the JDF and NA plates: N68°E in the Seattle array, N59°E in the
Olympic array, and N71°E in the Bellingham array (Table 1.3). Note that the strain rate estimate
for the Bellingham network, which comes from the combination of GPS measurements with
previous trilateration and triangulation data (Snay and Matsikari, 1991) is not very accurate (1o
errors are 75% of the observed signal), and therefore does not provide meaningful constraints for

crustal deformation modeling.

Table 1.3: Horizontal strain measurements in western Washington State®.

Strain Network D(l;r::r:;l ° Dlzlt::nn)c e S(l;lortemng rare " Referencest
& O (1o)
Bellingham 80 280 -0.12 £ 0.09 71 +£21 1
Columbia 50 160 -0.09 £0.03 605 2
Juan de Fuca 95 180 -0.18 £ 0.04 645 3
Olympic 8 220 -0.09 £ 0.03 59%7 4
Seattle 13 270 -0.04 £0.01 686 4

a. Adopted from Hyndman and Wang (1995)

b. Duration of observations years.

¢. Approximate distance of the site from the base of the continental slope in kilometers.

d. &, Maximum principal strain rate in pstrain/yr with 1c errors. Negative value represents compression.

e. Azimuth of & in degrees, measured clockwise from North with {o errors.

f. References: (1) Snay and Matsikari, (1991); (1991); (2) Vincent (1989); (3) Lisowski et al. (1989); (4)
Savage er al. (1991).

The updated results of continuous GPS observations from two stations on Vancouver Island
(Dragert et al., 1998; Henton et al., 1998) located just north of the study area, indicate that the

station UCLU which is located closer to the deformation front, is moving relative to DRAO at a
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Figure 1.11: Summary of geodctic measurements in western Washington. The area covered by
the horizontal strain networks are shown as shaded boxes. Thick lines within these boxes
represent maximum compressive strain averaged over the shaded area and given in Table
1.3. The scale is given in the legerd. Actual values of strain (in pstrain/yr) and orientation
(measured clockwise from North) with 16 uncertainties are given in boxes for each net.
Dashed contour lines represent geodetic uplift rates (in mm/yr), which are also shown in Fig-
ure 1.4. See page 12,274 in Mitchell et al. (1994) for details regarding the construction of
these contour lines. Small quadrangles show locations of tide gauge stations with station
codes given in Table 1.1. Thick dashed lines indicate leveling routes listed in Table 1.2.
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rate of 11.3£0.4 mm/yr in the direction N52°E+2°. Station ALBH located near Victoria, B.C.,
exhibits motion of 4.7+0.4 mm/yr in the direction N62°E+5° (Figure 1.12 and Table 1.4). These
rates are consistent with the main features of geodetic strain accumulation deduced from earlier
positional surveys (listed in Table 1.3), as well as with the findings presented in this study and

discussed in the following chapters.
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Figure 1.12: GPS horizontal velocities with respect to station DRAO in Penticton, Canada.
See Table 1.4 for more details, including references.

Table 1.4: Horizontal GPS station velocities relative to DRAO.

. Duration |Distance?| North? East Horiz. |Horiz. Az. c
Stations Ref.
(years) (km) | (mm/yr) | (mm/yr) | (mm/yr) | (degrees)
ALBH ~5 185 22+03 1 42+03 | 47+04 62+5 1,2
UCLU ~5 90 69+02}89+04 [113+04| 522 1,2

a. Approximate distance of the site from the base of the continental slope in kilometers.
b. Errors represent 95% estimates.
c. References: (1) Dragert et al. (1998); (2) Henton et al. (1998).

The advantage of the GPS positioning compared to classical surveying techniques (e.g.
trilateration) is the ability to determine all three components of the strain rate tensor, as well as
associated rigid body rotation and translation. In Chapter III I will present calculations of these
parameters for several subregions located within the study area based on crustal deformation rates

estimated with GPS measurements.
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II. GPS Data Collection and Analysis

2.1 Introduction

The advent of Global Positioning System (GPS) technology has revolutionized our ability to
determine geodetic positions and to navigate. The primary reason for GPS development by the
United States Department of Defense (DoD) was to aid the military in navigation. For this
purpose, the DeD has invested more than 8 billion dollars in GPS. Since the early 1990s, with the
advancement of GPS technology and decreasing costs of GPS receivers, the system has started to
be used in a wide range of non-military applications. The most common uses of GPS are real-time
navigation (air, sea or land navigation) and position estimation (e.g. cadastral surveying, crustal

deformation monitoring).

In this chapter first I will describe the main features of GPS technology (section 2.2) with the
emphasis on its application to high-precision geodesy, such as crustal deformation monitoring.
Detailed description of GPS technology can be found in various books published in recent years
(e.g. Leick, 1995). Section 2.3 includes the description of the GPS data used in this study,

followed by the presentation of data analysis and velocity estimation procedure (section 2.4).

Figure 2.1: GPS satellites nominal constellation. 24 satellites orbit the earth every 12 hours at
an altitude of 20,200 km. Each of 6 orbital planes, inclined at 55° to the equatorial plane,
have 4 satellites. Figure from Dana (1998).



2.2 Overview of GPS technology
2.2.1 GPS Satellites and Signals
The first GPS satellite was launched by the DoD in 1978. However, the Initial Operational
Capability (IOC) of the system was not achieved until 1993, when the full constellation of 24
satellites was in orbit (Figure 2.1). Since that time, signals from at least 4 satellites can be
received at any time and place on the earth, which is the minimum number of satellites needed to

estimate position.

The main principle of GPS positioning is simple: location of a point can be uniquely determined
by knowing the distance to three other points (i.e. satellites) at known locations (Figure 2.2). In
practice a fourth satellite is also needed to estimate the clock offset for each GPS receiver. The

principle is the same one used in determining the position and origin time of earthquakes.

14

7

Figure 2.2: Main principle of GPS positioning. Three spheres with a radius equal to the
distance from the respective satellite to the receiver antenna on the earth surface intersects
within a small area, which is an estimated position of the antenna. The signal from the fourth
satellite is necessary to correct for the receiver clock bias. Figure from Dana (1998).

The GPS satellites transmit electro-magnetic waves at two carrier frequencies, L/=1575.42 MHz
(A'=19 cm) and L2=1227.60 MHz (A=24.4 cm), which are derived by multiplication of the
fundamental frequency (10.23 MHz) by factors of 154 and 120, respectively. The fundamental
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frequency is produced by highly stable atomic clocks on board the satellites. Carrier frequencies
are modulated by precision (P) code and coarse-acquisition (C/A) codes, in order to encode date
and time information. In addition, a navigation message modulates both L/ and L2 carrier signals
(Figure 2.3). P code (A=30 meters) is a pseudo-random noise (PRN) code which modulates both
LI and L2 carrier frequencies. Since the introduction of antispoofing (AS) capabilities on new
Block-II GPS satellites, P code can be accessed only by the military and is the basis for the
Precise Positioning Service (PPS), which provides real-time positioning accuracy of
approximately 25 meters (Dana, 1998). Civilian users have to rely on Standard Positioning
Service (SPS), based on the C/A code (A=300 meters) which modulates only the L/ carrier
frequency. The SPS provides a positioning accuracy of 100 meters with 95% confidence (Leick,
1995). The lower level of accuracy of the SPS compared to PPS is implemented by the DoD by
introducing artificial errors in the transmitted clock and broadcast satellite ephemeris, a process
collectively known as selective availability (SA). For high precision geodetic studies (e.g.
tectonic deformation measurements) researchers rely on more accurate carrier phase signals in
combination with precise satellite orbits (as opposed to broadcast orbits). This approach ensures
the achievement of a few mm precision in horizontal and 5-8 mm in vertical positioning (see

Figures 3.1 and 3.2 for precisions obtained in this study).

2.2.2 GPS Observables

There are two main observable quantities or “observables” in GPS technology: carrier phase (L)
and pseudorange (P), the apparent distance to a satellite. The carrier phase observations provide
higher precision estimates of the distance between satellites and receivers than pseudorange
observations but require the estimation of the integer number of cycles (n) that the wave traveled
along its path (because the phase can only be determined modulo nA). The correct estimation of n
is not a trivial task, since the GPS signals travel from high-speed satellites which orbit the earth at

a distance of ~20,000 km above the surface.

I. A =VIf=VxT; where A is wavelength in meters, fis frequency in Hz and T is period in seconds, and V
is the velocity of light.
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Figure 2.3: Schematic representation of GPS signals. Figure from Dana (1998).

D

The carrier phase observable (LI or L2) between receiver r and satellite x at time t (e.g. Leick,

1995; Zumberge et al., 1997) can be expressed using the following equation:

ert = Prxt ert + Irxt + Trxt + Crt —Cxe ert Vit (EQ2.1)

All terms in Equation 2.1 are assumed to be converted to ranges in meters (i.e. Ty, tropospheric
time delay in seconds is multiplied by wave propagation velocity). Terms on the right hand side
of Equation 2.1 are: p,, - is a true range between the satellite and the receiver. If the path of GPS
signal were entirely in a vacuum and the travel time were known exactly then L., = pp,. Since
this in not the case, the expression for L contains 7 additional terms: ¥V, - integer number of
phase biases; I, - ionospheric time delay; T,,, - tropospheric time delay; C,, and c,, - satellite
and receiver clock errors; M,,, - multipath effects; v, - measurement noise. The expression for
P pseudorange is essentially the same as for the carrier phase L given in Equation 2.1, except that

it does not contain the bias term NV,

N, - integer number of phase biases
This term, unlike others in Equation 2.1 is characteristic only of carrier phase data (L). The
procedure of resolving an unknown integer number of wavelengths that the wave has traveled

from the source to the receiver, is most commonly called bias-fixing or ambiguity resolution. The
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simplest way to estimate N, is by forming double-differences for phase or pseudorange
observables, as illustrated schematically in Figure 2.4. The procedure of forming double-
differenced observable involves the combination of two single-difference observables. The latter
is the case when two different receivers record signals from the same satellite. For example, two
receivers k and m observe a satellite p as shown in Figure 2.4. Since the observed carrier-phase at
both receivers is affected by the same satellite clocks errors, if any, the difference of the observed
phases at each receiver is independent of the satellite clock error. Thus single-differencing
eliminates common satellite clock errors. Moreover, one can take two single-difference
observations from different satellites and form a double-differenced observable by subtracting
one from another. This procedure eliminates receiver clock error. More discussion concerning the
use of double-differenced observables in estimating NV, follows in section 2.4.2. For a detailed

description of algorithms used in ambiguity resolution the reader can refer to Blewitr (1989).

I

et - ionospheric time delay

The ionosphere, which stretches from approximately 50 to 1500 km above the earth’s surface, is a

dispersive medium. For this reason, the ionospheric time delay I, has a frequency dependence,

as illustrated in Equation 2.2 (Leick, 1995):

_ 40.30-TEC (EQ2.2)

rxt c. fz

where f is the carrier frequency, c is the wave propagation velocity in vacuum (mn/sec) and TEC is

I

the total electron content along the wave path (electrons/m?) which can be expressed as:

TEC = [ Nds (EQ2.3)
path

where N, is a local electron density in electrons/m>. From Equation 2.2 we can see that waves
(i.e. signals) with higher frequencies are delayed less in the ionosphere. By using typical values
for TEC in Equation 2.2, Leick (1995) has estimated the range of expected ionospheric

corrections for LI and L2 carrier phase frequencies (Table 2.1).

From Table 2.1 we see that the TEC in the ionosphere has a profound impact on observed

pseudorange values when compared to the desired precision in the range of a few millimeters.



Table 2.1: Ionospheric range corrections for L1 and L2 frequencies.

Range Correction I, (meters)
Frequency
TEC®=10'¢ | TEC=10'%
L1 (1575.42 MHz) 0.16 16
L2 (1227.60 MHz) 0.26 26

. 2
a. TEC: Total electron contents in electrons/m~.

The greatest values for TEC are usually associated with observations taken during the day, during

increased solar activity, and close to the equator or at high latitudes.

Fortunately, due to the dispersive character of the ionosphere, by combining phase measurements
at two frequencies into an ionosphere-free combination observable (denoted as LC), it is possible

to eliminate the first-order delays caused by the ionosphere:
o f
LC=1LI1- -L2- =L1-2546-12-1.546 (EQ 2.4)

£2—f3 £2-f2

where LC, LI and L2 are expressed in meters, and f; and f; are 1575.42 MHz and 1227.60 MHz

carri~r frequencies, respectively.

Using appropriate expressions for LI and L2 from Equation 2.1 in Equation 2.4 eliminates the
ionospheric delay term I,....:

LC = Pexe ert + Trxt + Crt —Cx T ert + Vi (EQ2.9)

However, to take advantage of this technique, data have to be recorded with dual-frequency

receivers which are considerably more expensive than single-frequency receivers.

T, - tropospheric time delay

The tropospheric delay is a combined effect of the troposphere, the tropopause and the
stratosphere, stretching up to a height of 40 km from the earth’s surface (Leick, 1995). Although
the thickness of this layer is only a fraction of the ionosphere thickness, signal delays it can cause
are of the same magnitude as those caused by the ionosphere. Due to the non-dispersive nature of

the troposphere, signals of all frequencies (e.g. LI and L2) are delayed by the same amount. Thus
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forming a linear combination of observations from different signals, analogous to the ionosphere-

free combination, is not effective to eliminate tropospheric time delays.

Like the ionospheric time delay expressions given in Equations 2.2 and 2.3, the tropospheric time

delay (T ) can be expressed in terms of the tropospheric index of refraction (Nr) (Leick, 1995):

Texe = j Npds (EQ 2.6)
path

where the tropospheric index of refraction (N7) is a sum of the dry (Npp) and wet (V)

component:

Np = NDry + Nye (EQ2.7)

where Np,, and Ny, are functions of the atmospheric pressure (p), partial pressure of water

vapor (e) in mbars, and the surface temperature (T in degrees Kelvin:

Npry = 77.624-E- 107 (EQ 2.8)
Nyee = = 12.92 - 2 +371900 - T% 107 (EQ 2.9)

The coefficients in Equations 2.8 and 2.9 are based on empirical observations and were calculated
by Essen and Froome (1951). 90% of the tropospheric delay is due to the first term in Equation
2.7 (Leick, 1995). Thus by measuring temperature and pressure on the surface of the earth, it is
possible to estimate this part of the delay. The right hand side of Equation 2.9, representing the
wet component of the tropospheric delay (Nwy,,), includes water vapor pressure (e) terms. Proper
modeling of this part of the delay requires the estimation of the water vapor content along the
propagation path. The latter task is hard to achieve with simple measurements of pressure and
temperature on the surface. [t requires either a water vapor radiometer (WVR) or a radiosonde,
both tremendously expensive tools. In real life, atmospheric observations at the surface are not
available either. Therefore, both dry and wet components of the tropospheric delay have to be
modeled. Since the dry component of the tropospheric delay depends mainly on atmospheric
pressure and temperature, it is relatively safe to model it using simple relationships for a standard

atmosphere. For example the relationship between the pressure P (in bars) and station surface
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elevation 4 is given by Equation 2.10 (Blewirt, 1993), where a typical value for H is 7 km (Tralli
et al., 1988).

P=1013-¢™H (EQ 2.10)
Modeling of the wet component of the tropospheric delay is more complicated, since the water
vapor pressure dependence on turbulence causes random variations in the wet component delay
over a wide range of spatial and temporal scales (Blewirt, 1993). The most commonly used
approach to model tropospheric delays is to use a mapping function for estimating delays at
different elevations from the zenith (i.e. vertical) wet delay (ZWD) (e.g. Davis et al., 1985; Lanyi,
1983). Residuals between the model and actual delays are estimated using stochastic models, such
as, for example, a random walk process (e.g. Tralli and Lichten, 1990). With improvements in
satellite orbit estimation and ground antenna and receiver designs, correct modeling of the
troposphere related errors remains a major obstacle towards improving GPS precision, especially
in the vertical component. However, in recent years significant advances have been achieved on
this front. For example, Bar-Sever et al. (1998) report 19.5% and 15% average improvement in
radial and horizontal site position repeatabilities, respectively, by lowering an elevation angle
cutoff?> and by including horizontal gradients in tropospheric delay modeling. This and other
advances in modeling various parameters affecting GPS signal propagation, make GPS an
increasingly useful tool in studying the atmosphere. For example, starting in 1998, the IGS offers
a stand alone product of tropospheric delay estimates in the form of the ZWDs for more than 100
worldwide [GS GPS stations (Gendt, 1998). To convert ZWD into an estimate of precipitable
water vapor (PWV), which is of great importance for numerical weather forecasting, climate
research and atmospheric studies, one has to conduct surface meteorological observations
simultaneously with recording GPS signals from space-borne satellites. For this reason,
increasing number of continuous GPS stations are being equipped with surface meteorological
packages. It is worthwhile to mention that both of the University of Washington continuous GPS
stations used in this study (see NEAH and SEAT in Figure 2.6), have simultaneous

meteorological observations (Tad Anderson, pers. comm) that can be utilized for atmospheric

studies in the future.

2. In GPS data processing, data from a satellite are used only if the satellite is above the horizon by an angle
that exceeds the elevation angle cutoff.



C,; and c,, satellite and receiver clock errors

Satellite and receiver clock errors are due to drift in clock oscillators. Receiver clock errors are
especially significant, since the receivers employ less accurate quartz crystal oscillators that are
subject to higher drift rates. Although GPS satellites are equipped with highly stable cesium
atomic clocks (rubidium as backup), the introduction of selective availability (SA) by the DoD
artificially degrades the quality of satellite clocks. Fortunately, as mentioned earlier, the method
of double-differencing GPS observables eliminates most of the satellite and receiver related clock

errors. The basic idea behind this method is that two receivers k and m observe two satellites p

and g simultaneously (Figure 2.4).

Figure 2.4: GPS double difference observations. Figure from Dana (1998).

Creating double differences is not the only way to eliminate clock errors. Some GPS processing
software, including the GIPSY/OASIS-II analysis package used in the current study, rely on
undifferenced data and instead of eliminating clock errors by forming double-differenced
observables, they estimate clock errors (i.e. biases) stochastically (e.g. using a “white noise”

model). See discussion by Blewitt (1993) for further details.

M,,, - multipath effects

Multipathing effects are caused mainly by signal scattering/reflection on the ground near the
receiving antenna. The outcome of this effect is that the same signal arrives at the antenna at

different times due to the different paths is has traveled. Multipath effects can also arise at
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satellites, although errors associated with the ground multipathing are much more significant.
Since signals from satellites near the horizon are more susceptible to multipathing, GPS users
have traditionally discarded data below 10° elevation. Much work has been applied to developing
antennas that reduce multipath induced errors. Initial improvements included the use of antenna
groundplanes, which are successful in preventing waves below 0° (i.e. ground reflected) from
entering the antenna sensor. However, there are also problems associated with signals reaching
the antenna via antenna edge diffraction (Leick, 1995). This has led to the development of choke

ring antennas (Tranquilla et al., 1994), the state-of-the-art of today’s GPS antenna technology.

V¢t - IReasurement noise

Measurement noise includes inherent random errors as well as systematic errors. The latter can be
caused by miscalibrations of GPS antennas or by errors in the measurement of the height of the

antenna above a GPS reference point (e.g. geodetic marker).

2.3 GPS Data
The GPS data used in this study to estimate crustal deformation rates in western Washington State
can be divided into two categories: continuous and “campaign” style data which are discussed in

sections 2.3.1 and 2.3.2, respectively.

2.3.1 Continuous GPS Stations

Since the early 1990s, with the decreasing cost of GPS receivers and sophistication in analysis
techniques (Yunck, 1995), the geodetic community has pursued a novel approach of recording
GPS data on a continuous basis. Obvious benefits of continuous recording over “campaign” style
(or episodic) surveys include the increased precision of observations (due to the reduction in
RMS scatter of daily position estimates, 24 hour long daily observations, elimination of setup and
antenna related errors) and possible detection of short term geodetic signals from pre and post-
seismic effects. A recent example of the latter was provided by GPS data from stations near the
Landers, California earthquake (Blewirt et al., 1993; Bock et al., 1993; Murray et al., 1993; Wyart
et al., 1994). Today, numerous arrays of continuous GPS receivers operate worldwide. The

largest and surely the most impressive one is located in Japan which consists of more than 1000

permanent GPS stations (Kato et al., 1998).



IGS Worldwide Stations

Figure 2.5: IGS worldwide network of permanent GPS trackers. Stations used in daily
analysis are shown as diamonds with upper case names next to them. See Table A.l for more

details.

The establishment of a worldwide network of continuous GPS stations, under the aegis of the
International GPS Service (IGS), led to a major advance in high precision GPS geodesy (Beutler
et al., 1994). Instead of relying on less accurate “broadcast ephemeris” transmitted from satellites
with the navigation message (see section 2.2.1), 7 analysis centers located in the United States
(3), Canada (1), Germany (2) and Switzerland (1), compute satellite precise orbits on a daily
basis, which are later merged into combined IGS orbits available on the Internet at htzp:/
igsch.jpl.nasa.gov. These orbits are crucial for achieving the high precision required for crustal
deformation monitoring. The combination of positions and velocities computed with various
space geodetic techniques (e.g. GPS, VLBI, SLR and DORIS) have enabled the International
Earth Rotation Service (IERS) to produce a dynamic global reference frame: International
Terrestrial Reference System (ITRF) (Sillard et al., 1998). In the analysis, I have consistently
included data from at least five IGS stations (ALGO, DRAQ, FAIR, KOKB and NLIB), shown as
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diamonds in Figure 2.5 and listed in Table A.1. With the exception of KOKB, all of these stations
are located on the North America plate. KOKB is located in Hawaii on the Pacific Plate. The
inclusion of IGS stations is necessary to ensure a reliable transformation of daily position
estimates spanning several years of observations to a common reference frame (e.g. ITRF96). See

the description of post-processing in section 2.4.2 for further details.

Regional Stations
One of the first permanent GPS arrays in North America was established in 1991 by the

Geological Survey of Canada (GSC) in southern British Columbia; it is called the Western
Canada Deformation Array (WCDA) (Dragert et al., 1995). In the summer of 1995, the
University of Washington, in cooperation with the GSC, installed the first continuously recording
GPS stations in Washington State, located in Seattle (SEAT) and near Neah Bay (NEAH)
(Figures 2.6 and 2.7) (Khazaradze et al., 1995).

In early 1996, the US Coast Guard and the National Geodetic Survey established three additional
permanent GPS stations in the region: at Fort Stevens (FTS1), Whidbey Island (WHD1) and
Robinson Point (RPT1) (Figure 2.6). These stations are part of a nationwide network of
Continuously Operating GPS Reference Stations (CORS) shown in Figure 2.8 (Strange, 1994).
Although the antennas at these stations (due to their location on top of ~10 meters tall towers) are
less stable than antennas at stations specifically designed for high precision geodetic work (e.g.
NEAH), our results show that the CORS stations located in western Washington can be

successfully used in crustal deformation monitoring.

Table 2.2: Number of analyzed days for the continuous GPS stations.

Station Code ALBH | DRAO| FTS1 | NEAH | RPT1 | SEAT | WHDI1

# of analyzed days 1023 | 1042 | 836 872 869 933 879

Crustal deformation rates presented in this study are based on data from seven regional
continuously operating GPS receivers (ALBH, DRAO, FTS1, NEAH, RPT1, SEAT and WHD1)
that are presently part of a larger network called the Pacific Northwest Geodetic Array (PANGA)
(Figure 2.6). (Khazaradze and Qamar, 1997; Miller et al., 1998). Detailed information regarding
PANGA, including the station locations, dates of the installation and a list of responsible agencies

is given in Table A.2. Each of the 7 analyzed GPS stations has at least 2.5 years of continuous
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Figure 2.6: Pacific Northwest Geodetic Array (PANGA) as of January, 1999. A box shows the
study area. Filled circles show stations with at least 2.5 years of continuous data that were
used in this study. The white arrow shows the direction of relative motion between the Juan
de Fuca and North America plates based on NUVEL-1A global plate motions model (DeMets
et al., 1990; 1994). Table A.2 provides more details regarding PANGA stations.

data. The number of days analyzed for each of the stations are given in Table 2.2. Newer PANGA

stations shown as open circles in Figure 2.6 have been in place for substantially less time and

therefore, I refrain from interpreting their velocities.

2.3.2 “Campaign” GPS Stations
Starting in 1986 the Geological Survey of Canada, the United States Geological Survey (USGS)
and the National Geodetic Survey have conducted half a dozen GPS “campaigns” (i.e. surveys) in

Washington State and British Columbia. Since 1994, the University of Washington (UW) has
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Figure 2.8: Map of Continuously Operating Reference Stations (CCRS) in the United States.
From the National Geodetic Survey WWW homepage at: http://www.ngs.noaa.gov/CORS.
joined their efforts and has carried out three independent GPS campaigns in 1995, 1996 and 1997.
In 1994, the UW was a participant in a USGS survey. The 1996 campaign concentrated on
establishing first-time (or zero epoch) measurements in the Puget Lowland. This survey was a
collaboration between the UW and the USGS Cascades Volcano Observatory (CVO)in
Vancouver, Washington. Overall, since the late 1980s, more than 150 geodetic benchmarks have
been surveyed in Washington State using GPS. Although I have analyzed data from 119 of these
sites (shown as circles in Figure 2.9), in this study I have chosen only 38 “campaign” stations,
shown as shaded triangles in Figure 2.9 and listed in Table A.3. The main criteria for the selection

of these stations were:

* Surveys were conducted in 1994, 1995, 1996 and 1997.
* Observations for each station spanned at least two years.
» Stations surveyed only in two different years had at least two occupations per year

* Stations were located within the study area.
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Figure 2.9: Map of geodetic benchmarks in western Washington State surveyed in GPS
“campaigns” since 1994. Stations considered in this study are shown as triangles, with
station codes next to them. Each of the stations were surveyed for at least two years. See
Table A.3 for detailed description of analyzed stations. Stations that did not meet the selection
criteria are shown as circles. Station KLSO in Kelso, Washington is operated by the Cowlitz
county GIS group (George Bradford and Todd Wilson). Because the data from this station is
not available on the Internet, [ have analyzed KLLSO data only for days during the “campaign”
observations. Since 10/09/97 the UW installed an additional station 10 meters away from the
original Cowlitz county tracker.

A summary of the occupation history for all of the 38 stations is given in Table 2.3. More detailed
information can be found in Table A.4

As can be seen from the occupation history summary presented in Table 2.3, more than half of the

analyzed data were obtained by the USGS. If not for the generosity of Will Prescott from the



Table 2.3: “Campaign” GPS station occupation summary.

Campaign Year 1994 1995 1996°¢ 1997 1994-97
# of occupations by UW? 9 23 28 66 126
# of occupations by USGS 18 27 15 31 91
# of occupations by CVO 21 0 32 0 53
# of occupations by Cowlitz? 0 2 15 13 30
# of total occupations 48 52 90 110 300
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a. UW: University of Washington; USGS: United States Geological Survey, Menlo Park,
California; CVO: Cascades Volcano Observatory, USGS, Vancouver, Washington.

b. Since 1995 Cowlitz county GIS group (George Bradford and Todd Wilson) operates a
continuous GPS station in Kelso, Washington (KLSO in Table A.3). Because the data is not
available on the Internet, I have analyzed KLSO data only for days during the “‘campaign”
observation. Since 10/09/97 the UW installed an additional station 10 meters away from the
original Cowlitz county tracker (see the entry for KELS in Table A.2 for more details).

c. In 1996 the UW and CVO conducted a joint 6 day campaign from June 10th to Junel5th.

USGS office in Menlo Park, California and Elliot Endo from the Cascades Volcano Observatory
in Vancouver, Washington in sharing their data with us, the number of stations meeting our
selection criteria would have been twice as small. On the other hand, the reason we rely on the
USGS data so heavily is that we have intentionally attempted to re-occupy as many of their
stations as possible. This way we were able to increase the time-span of observations and
ultimately reduce the errors in our velocity estimates. Unfortunately, the combination of data
collected by different agencies has led to extra complications in the analysis mainly due to the
need to combine data from different types of GPS receivers and antennas used by the USGS,
CVO and the UW. Problems arise when various types of antennas were used at the same station
during different occupations. Because of variation in antenna phase center locations (see Table
2.5), mixing of different types of antennas degrades the precision of estimated position (e.g Wu er
al., 1993). Such variations affect mainly the vertical component of position and can lead to errors
exceeding 10 mm (Schupler et al., 1994). Since the expected rates of vertical deformation (i.e.
uplift) in the Cascadia subduction zone do not exceed 5 mm/yr, two or three years of GPS
observations is not a sufficient time to reliably estimate vertical velocities, especially with
“campaign” style intermittent observations. For this reason, in this study no attempt is made to

estimate vertical velocities from GPS data.
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Mixing different antenna types at the same station can also cause up to several millimeter errors
in horizontal position estimates. This fact is manifested from non-zero North and East component
antenna phase center offsets for six out of seven different types of GPS antennas used for the
selected 38 “campaign” and 6 continuous sites (Table 2.4). In an ideal situation, when the same
type of antennas exhibit identical characteristics, and they are correctly oriented to true North
during the setup, mixing of antennas should not pose a significant problem. Unfortunately, in real
life all of the above can be false, thus degrading the achievable precision of position (and

velocity) estimation.

Table 2.4: Type of used GPS antennas and their phase center offsets®.

L1b L2°

#| AntCode Antenna Name

North| East| Up |[North | East| Up?
I | ASH_CHK | Ashtech Choke Ring 0.0 | 0.0 | 1100] 0.0 | 0.0 | 128.0
2 | ASH_GDP | Original Ashtech L1/L2 20|50]| 786 | 20 | 50| 786
3 | ASH_WHP | Ashtech Geodetic ITI 06|02 839 | 1.1 |-1.6| 623
4| ASH_GD | Ashtech Geodetic ITI CORS -12|-08| 877 | 09 |-1.6| 598
5 | TRIM_CGP | Trimble Geodetic L1/L2 GP 01|-06| 742 | -05 |28 | 705
6 | TRIM_CHK | Trimble Choke Ring 1.2 { 0.5 (1098 | 1.2 | 0.6 | 128.0
7 | TRIM_SST | Trimble 4000ST L1/L2 Geodetic | -0.7 | -0.2 | 75.7 | -1.9 | -0.3 | 74.5

a. Phase center offsets are based on NOAA calibration results (Mader, 1999).

b. LI phase center in millimeters from the Antenna Reference Point.

c. L2 phase center in millimeters from the Antenna Reference Point.

d. Note: Up component for L/ and L2 antenna phase center offsets represents an average value which has
been determined for a standard elevation cutoff angle of 15 degrees. In reality, the phase center
location changes with the changing direction of the signal from a satellite. As illutrated by the NGS
calibration results for Trimble 4000ST L1/L2 Geodetic antenna given in Table 2.5.

Detailed information regarding individual station occupation history for the 1994, 1995, 1996 and
1997 campaigns (including the antenna height information) can be found in Tables A.5, A.6, A.7

and A.8, respectively.
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Table 2.5: Vertical phase center variations for Trimble 4000ST L1/L.2 Geodetic GPS antenna®.

Satellite Angle® 90° | 80° | 70° | 60° | 50° | 40° | 30° | 20° | 10° | O°

L1 phase center (mm) 0 10.1 1771221 234221192164 |157} O

L2 phase center (mm) 0 15 33|46 52|49 | 40 | 3.0 | 2.7 0

a. Phase center offsets are based on NOAA calibration results (Mader, 1999). Values for L1 and L2
vertical offsets are given relative to the average values for the Trimble 4000ST L1/L2 Geodetic
antenna presented in Table 2.4 and calculated using 15° elevation cutoff. The phase center
elevation variations at 10° were calculated by arbitrarily constraining the L1 and L2 correction
to zero at the zenith (i.e. 90°) and the horizon (i.e. 0°) and finding an interpolated value for 10°

(Mader, 1999).
b. Satellite angle is the angle of arriving signals measured above the horizon.

2.4 Data Analysis

2.4.1 Introduction
To estimate GPS station positions and velocities I have used the GIPSY/OASIS-II analysis

package developed at the Jet Propulsion Laboratory (JPL) (Webb and Zumberge, 1997). GIPSY
stands for GPS Inferred Positioning SYstem and OASIS for Orbit Analysis and SImulation
Software. While the GIPSY was designed specifically for GPS data analysis, OASIS is a more
general package incorporating covariance analyses for earth orbiting and deep space missions

(Gregorius, 1996). From here on I will refer to both modules as GIPSY.

The GIPSY analysis package uses undifferenced GPS observables, and reduces phase and
pseudo-range data simultaneously. Most of the other GPS data analysis packages used for high
precision geodesy rely on forming double-differences (e.g. BERNESE and GAMIT). Using
undifferenced phase observations provides several advantages, such as the ability to
independently estimate individual site and/or satellite specific parameters (e.g. clocks, phase
residuals and tropospheric delays). This makes the task of isolating problematic receivers or
satellites much easier. More in depth discussion of the advantages and disadvantages on using

undifferenced versus double-differenced data can be found in Blewirr (1993).

2.4.2 Data Processing

GPS data analysis using the GIPSY software can be divided into three main steps: pre-

processing, processing and post-processing.
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The first two steps, pre-processing and processing, are performed for each day to be analyzed,
which means on a daily basis for the continuous data processing. The final product of these two
steps is a “stacov” file, containing the date and number of estimated station parameters followed
by the estimated parameters and their covariance. The estimated parameters include individual
station positions in an earth-centered, earth-fixed cartesian reference frame (ECEF). Vertical
antenna phase center offset information for each station is appended to the *stacov” file. This
information can be used to correct erroneous entries for the antenna heights during the post-

processing, avoiding time-consuming reprocessing procedure.

The final post-processing step in GPS data analysis involves the transformation of daily “stacov”
files to a common reference frame (e.g. [ITRF96) and the creation of time series (station positions
versus time) in a local North-East-Up geodetic coordinate system. These time series are used to

estirate relative station velocities.

Specific models and parameter values I used in the processing of GPS data presented in this study
are given in Table B.1. Below I describe each of the three main steps involved in the estimation

of station positions and velocities.

Pre-processing

The pre-processing step involves translation of raw binary GPS data collected in the field into
ASCII RINEX (Receiver INdependent EXchange) format files (Gurtner et al., 1989). [ have used
a program called TEQC developed at UNAVCO (hrrp://www.unavco.ucar.edu) to perform the
translation. TEQC also performs an initial data quality check, which enables the identification of
obvious problems in the data, such as, time gaps (e.g. due to power failure) or the presence of
abnormally high number of cycle slips3 (e.g. due to increased multipath effects near the antenna).
After all the data are translated into RINEX format, four day-specific files described in Table 2.6
are obtained from JPL. These files are available via anonymous ftp from sideshow.jpl.nasa.gov

seven to ten days after the data are recorded.

3. A cycle slip is usually a break in the data that prevents the receiver from keeping an accurate count of
received cycles of phase data. Recall that the number of cycles between the satellite and receiver must be
estimated to compute the range. For each cycle slip one must compute the number of missed cycles. Thus
cycle slips add to the number of unknowns that must be estimated.
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Table 2.6: JPL products used in the GPS data analysis

# File Name Description

1 YYYY-MM-DD.eci? precise satellite orbits, fiducial®

2 YYYY-MM-DDtpeo.nml time, polar motion and earth orientation information

3 YYYY-MM-DD.shad list of satellites in passing through the earth’s shadow
4 YYYY-MM-DD.tdpc time dependent parameter file including satellite clocks

a. YYYY: year; MM: month; DD: day .
b. Fiducial orbits are obtained by constraining positions of 13 IGS stations to a priori value from an
appropriate reference frame (e.g. [TRF96).

In the next step, pseudo-range and phase data from each station is decimated from 30 seconds to 5
minute samples using second order polynomial fit and merged into a binary QMfile. Afterwards,
the TurboEdit (Blewirz, 1990) and PhasEdit (Freymueller, 1992) data editing programs are used to
detect outliers and fix cycle slips for the code tracking (e.g. TurboRogue receiver manufactured
by Allen Osbormne and Associates) and codeless receivers (e.g. Ashtech and Trimble
manufactured receivers), respectively. Both types of receivers record L/ and L2 carrier phase
signals. In the absence of antispoofing, the code-tracking receivers have the capability of
recording P/ and P2 code signals, while the codeless receivers can not record P code and rely on
C/A code (see section 2.2.1). However, since February 1994, the DoD has permanently switched
the antispoofing on and the P code can only be accessed by the authorized users with

cryptographic equipment and keys and specially equipped receivers.

The pre-processing step also involves the elimination of signals which were recorded from “un-
healthy” satellites as reported by the US Naval Observatory (agency responsible for the GPS
satellite maintenance/operation). In addition, signals from satellites below a certain number of
degrees above the horizon (i.e. elevation cutoff angle) are ignored. I have consistently used
satellite data only if the satellites where 10° or more above the horizon, although default value in
the GIPSY analysis package is set to 15°. Lowering the elevation cutoff angle reduces the daily
scatter in the computed vertical component of position. Bar-Sever et al. (1998) have suggested

using 7° cutoff to estimate horizontal gradients of tropospheric path delay.



Processing

The processing step consists of model generation and parameter estimation parts. The term
“model” here is used to denote all the known forces (e.g. earth rotation) which effect the

estimation of various parameters of our interest (e.g. station position or satellite orbit parameters).

The model generation part includes orbit and measurement models (Webb and Zumberge, 1997).
Orbit models are not used explicitly in the analysis. However, because the orbits are held fixed to
the JPL estimated values, orbit models are present implicitly in the final position estimates.
Schematic description of satellite orbit modeling parameters used by JPL is provided in Table B.1

as shaded cells. More information on orbit models can be found in Gregorius (1996).

The measurement models can be divided into two parts: earth and observation models
(Gregorius, 1996). The former includes forces affecting motion of the whole earth and station
position estimates: tidal effects (e.g. solid earth tides, pole tides and ocean loading), earth rotation

(UT1), polar motion, precession, nutation and rotation, perturbation.

The observarion model deals with the GPS observables and various factors affecting their
propagation through the atmosphere as described in section 2.2.2. It also incorporates a database

of known antenna phase center offsets from the point of reference (e.g. geodetic benchmark).

Most of the model parameters described above are defined in the gregres.nm{ FORTRAN
namelist which is used as input to a GIPSY program called, gregres. Actual values used in the
analysis are provided in Table B.1. Detailed description of measurement models, including

mathematical formulations, can be found in Sovers and Border (1990) or Gregorius (1996).

As mentioned earlier, the second step in the processing part of the analysis is parameter
estimation. In this step, all the parameters, such as station positions and orbit and measurement
models, are estimated using a Square Root Information Filter (SRIF). SRIF is a modification of a
Kalman Filter and was initially developed by Bierman (1977). Detailed description of its
application to high-precision GPS positioning can be found in Lichten (1990). The GIPSY
program modules which handle the parameter estimation part are: pre-pre-filter, prefilter, filter,
smapper, postfit, postbreak, edtpnt2, postfit. For the detailed description of these programs the

reader can refer to publications by Webb and Zumberge (1997) or Gregorius (1996).
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At the final stage in the processing step, the user generally has a choice to proceed further to
perform an ambiguity resolution and obtain ambiguity-fixed solutions or be content with
somewhat lower accuracy (factor of 1.5 to 2) ambiguity-free solutions. Ambiguity resolution
entails fixing biases to integer values by forming double-differences (see Figure 2.4) for phase
(called the wide-lane combination with A=86.2 cm) and pseudorange (called the narrow-lane
combination with A=5.4 cm) observables. It is performed by the GIPSY program called
ambigon?2. Detailed description of ambiguity resolution techniques used in the GIPSY is given in

Blewirr (1989).

In the analysis of continuous and “campaign” GPS data I have performed ambiguity resolution
for each of the analyzed day and all the results presented in this study are based on these

solutions.

Post-processing

The main goal of the post-processing step of the GPS data analysis is to determine individual
GPS station velocities based on daily position estimates. A summary of the steps undertaken to
achieve this goal is listed below as a bulleted text. The UNIX C-shell script calling specific the

GIPSY programs used in the post-processing is given in Table B.2.

e Correct for possible errors in the antenna phase center vertical offsets.

» Combine all daily non-fiducial* solutions (i.e. “stacov” files) into one solution with
station positions, velocities and covariances (i.e. “all.stacov” file) for the specified
epoch (I have used January 01, 1997).

e Apply minimal constraints to rotational, translational and scale elements in the
combined non-fiducial solution file (i.e. “all.stacov” file). This procedure removes
uncertainties due to the loosely defined internal reference frame (Gregorius, 1996)
and only affects the covariance matrix and does not change station position and
velocity estimates. Details regarding this procedure can be found in Vanicek and
Krakiwsky (1986).

« Transform the combined solution to an appropriate reference frame. I have used the
International Terrestrial Reference Frame ITRF96 (Sillard et al., 1998). This
transformation is performed by using a generalized 14 parameter (3 for rotations, 3
for translations and 1 for scale, plus the same number of parameters for the rates)

4. “Fiducial” means constrained. Thus non-fiducial solution stands for the daily position estimate obtained
without constraining any of the analyzed station position to previously determined value. In the analysis,
each station was assigned an a priori standard deviation of 100 meters. Non-fiducial approach is discussed in

Heflin et al. (1992) and Blewitt et al. {1992).
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Helmert transformation. The output file “final.stacov” includes individual station
position and velocity estimates in earth-centered, earth-fixed, cartesian (X, Y, Z)
coordinate system. It also includes the covariance matrix and nominal epoch.

Normally, the last step provides the derived estimates of station velocitics. However, the GIPSY

programs ‘“stamrg”, “statistics” and “heightfix” were limited to combining a maximum of 999

1]

days of data. Since this maximum was exceeded at the two Canadian sites, the following steps

were added to produce velocity estimates:

Following the post-processing procedure described above, obtain the combined
“final.stacov” solution for 999 days.

Use “final.stacov” and the daily solutions to obtain daily time series in the ITRF96
reference frame as described in Table B.2 under the title: “# start creating time series
for each daily solution”.

Plot deviations from the mean value for each station in latitude, longitude (and height
for the continuous stations) as shown in Figures C.1, C.2, C.3, C.4, C.5 and C.6 (I
refer to these plots as station time series).

Estimate velocities for each station in latitude, longitude (and height for the
continuous stations) by weighted least squares linear regression using the GIPSY
estimated formal errors as weighting factors. Regression was carried out using the
Least Squares Spectral Analysis (LSSA) program by Pagiatakis (1997).

Transform estimated station velocities from an absolute (e.g. ITRF96) reference
frame to a fixed North America reference frame by subtracting a no-net-rotation
model of current plate velocities (NNR-NUVEL-IA)5 by Argus and Gordon (1991).

The following Euler pole of rotation was used to calculate NA plate velocities at each of the
GPS station locations:

Table 2.7: The NNR-NUVEL-1A Euler pole of rotation for North American plate.

: o . o (O]
Plate Latitude (%) Longitude (*) (°/Ma clockwise)
North America -2.5 274.0 0.21

Finally, convert station velocities in the NA fixed reference frame to a reference frame
where station DRAO in Penticton, Canada is held fixed. This step is performed in
order to reduce day-to-day scatter due to common error. The choice of DRAO as a

5. The NNR-NUVEL-1A model is based on the assumption that there is no net rotation of the lithosphere
(i.e. no-net-rotation or NNR frame). Relative plate velocities in the NWR-NUVEL-1A model are constrained
to the NUVEL-1A global plate motions model values derived from sea floor spreading rates and transform
fault and earthquake slip azimuths (DeMets et al., 1990; 1995).
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reference station is due to its location on a stable part of North American continent.
The section below discusses the validity of this assumption. A detailed description of
the procedure used to estimate velocities relative to DRAO is given in Table B.3.

Table 2.8: DRAO GPS station velocity relative to stable NA continent.

# Reference Method? Velocity® (mm/yr)
1 Argus and Heflin, 1995 GPS 2.0+4.0
2 Argus and Gordon, 1996 VLBI 2.0+£5.2
3 ALGO 2.8+3.4
this study
4 NLIB 2.0+4.5

a. Entries 1 and 2 show DRAO velocities relative to the stable NA continent, where the
latter is defined as a combination of 9 sites assigned to the NA continent (Argus and
Heflin, 1995; Argus and Gordon, 1996). Errors represent 95% confidence limits.

b. Entries 3 and 4 show DRAO velocities relative to the stable NA continent, where the
latter is assumed to be fixed to ALGO and NLIB, respectively. Errors represent 95%
confidence limits computed by adding (in quadrature) 5 mm/yr systematic error to
each station velocity divided by the duration of observations following the procedure
adopted by Argus and Heflin (1995) and Argus and Gordon (1996).

DRAO Velocity relative to the “stable” North American Continent

Plate motion estimates based on the analysis of globally distributed GPS (Argus and Heflin, 1995)
and VLBI (Argus and Gordon, 1996) stations show insignificant motion of DRAO relative to the
stable NA continent (Table 2.8). I have tested whether this observation is also supported by the
results of this study. This task was relatively simple to achieve, since I have systematically used 5
IGS stations in the daily analysis, including two stations located on the stable NA continent:
ALGO and NLIB (Table A.1). Therefore, by inspecting estimated velocities at these stations
relative to DRAO, I was able to check the assumption of DRAOQO stability. The computed
velocities at stations ALGO (located in Ontaric, Canada) and NLIB (located in Iowa, USA)
relative to DRAOQO are equal to 2.8+3.4 and 2.0+4.5 mm/yr, respectively (Table 2.8 and Figure
2.10). Where errors represent 95% confidence limits calculated as described in footnote b to Tab